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1 Introduction

Originally we were asked to write two separate papers. One on Barry Simon’s
work, and one on the state of the art in the theory of orthogonal polynomials.
However, Simon’s work on orthogonal polynomials is so fresh and fundamental
that it will be for quite some while the state of the art of the theory on the unit
circle. This conflict could have only resolved in a joint article.

This work is meant to non-experts, and therefore it contains some introduc-
tory material. We tried to list most of the actively researched fields, but because
of space limitation we had one or two pages for areas where dozens of papers
and several books had been published. As a result our account is necessarily
incomplete.

The connection of orthogonal polynomials with other branches of math-
ematics is truly impressive, without even trying to be complete we mention
continued fractions, operator theory (Jacobi operators), moment problems, an-
alytic functions (Bieberbach’s conjecture), interpolation, Padé approximation,
quadrature, approximation theory, numerical analysis, electrostatics, statistical
quantum mechanics, special functions, number theory (irrationality and tran-
scendence), graph theory (matching numbers), combinatorics, random matrices,
stochastic processes (birth and death processes; prediction theory), data sorting
and compression, Radon transform and computer tomography.



The theory of orthogonal polynomials can be divided into two main but
only loosely related parts. The two parts have many things in common, and the
division line is quite blurred, it is more or less along algebra vs. analysis. One
of the parts is the 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. All the discrete polynomials and the ¢-
analogues of classical ones belong to this theory. We will not treat this part; the
interested reader can consult the three recent excellent monographs [39], [27]
and [4]. Much of the present state theory of orthogonal polynomials of several
variables lies also close to this algebraic part of the theory. To discuss them
would take us too far from our main direction, rather we refer the reader to the
recent book [23].

The other part is the analytical aspect of the theory. Its methods are ana-
lytical, and it deals with questions that are typical in analysis, or questions that
have emerged in and related to other parts of mathematical analysis. General
properties fill a smaller part of the analytic theory, and the greater part falls
into two main and extremely rich branches: orthogonal polynomials on the real
line and on the circle. The richness is due to some special features of the real
line and the circle. Classical real orthogonal polynomials, sometimes in other
forms like continued fractions, can be traced back to the 18th century, but their
rapid development occurred in the 19th and early 20th century. Orthogonal
polynomials on the unit circle is much younger, and their existence is largely
due to Szegd and Geronimus in the first half of the 20th century. Simon’s re-
cent treatise [79, 80] (see also [90]) summarizes and greatly extends what has
happened since then.

The organization of the present article is as follows. First, in Part I we give
a brief outline of general and real orthogonal polynomials. Then we elaborate
on some recent trends and the state of the art of this branch of the analytic
theory. Simon’s contributions to real orthogonal polynomials will be mentioned
in this part. After that, in Part II, we move to orthogonal polynomials on the
circle, and, finally, Part III lists many of Simon’s contributions.

Each of us has opted for his own style of exposition. Part I, prepared by the
second author, deal mostly with the state of art in orthogonal polynomials and
covers areas/results that are from a period of over 100 years and from a large
number of people, therefore the style there is somewhat informal. In contrast,
Part IIT discusses mostly achievements of Barry Simon, and there more formal
statements are given.



Part 1
General Theory

2 Orthogonal polynomials

Orthogonal polynomials with respect to measures

Let 1 be a positive Borel measure on the complex plane with infinite support
for which

/|z|mdu(z) < oo
for all m > 0. There are unique polynomials
Pn(2) = pn(pt, 2) = Kp2™ + -+ kn >0, n=0,1,...

which form an orthonormal system in L?(p), i.e.

__ 0 ifm#n
/pmpnduz{l 7&

if m=n.

These p,,’s are called the orthonormal polynomials corresponding to u. &k, is
the leading coefficient, and p,(z)/k, = 2™ + -+ is called the monic orthogonal
polynomial. The leading coefficients play a special and important role in the
theory, many properties depend on their behavior. When du(x) = w(z)dz on
some interval, say, then we talk about orthogonal polynomials with respect to
the weight function w.

The p,’s can be easily generated: all we have to do is to make sure that

/M?kdﬂ(z):o, k=01,....n—1,

Kn
which is an n xn system of equations for the coefficients of p,, (z)/k, with matrix
(0i7j)Z;:10’ where

oij = /zi;d,u(z)

are the complex moments of p. This matrix is nonsingular, so the system has a
unique solution, and finally x,, comes from normalization.

In particular, the complex moments already determine the polynomials. In
terms of them one can write up explicit determinant formulas:

00,0 001 't O0n—1 1
01,0 011t Olgp—t1 z
1 . . . . .
pn(2) = ———| : g : : (2.1)
\Y4 Dn—an .. n—1
On—-1,0 On-—1,1 Opn—1,n—1 <~
On,0 On,1 ce On,n—1 2"



where
D, = |Ui,j|?,j=0 (2.2)

are the so called Gram determinants.
Note that if u is supported on the real line then

Oij = /xiﬂdﬂ(x) = Qg

so Dy, = |aiq |? j—o is a Hankel determinant, while if y is supported on the unit
circle then

Tij = /Zi_jd,u(z) =: Bi—j>

s0 Dy, = [Bi—j|} ;= is a Toeplitz determinant. In these two important cases the
orthogonal polynomials have many special properties that are missing in the
general theory. For example, in the real case, i.e., if p is supported on the real
line, the p,’s obey a three term recurrence formula

l‘pn(ﬂﬁ) = &npn+1($) + bnpn(x) + an—lpn—l(z)v (2'3)

where
R

ap =

0. b= [k @duta),

/{nJrl

and conversely, any system of polynomials satisfying (2.3) with real a,, > 0, b,
is an orthonormal system with respect to a (not necessarily unique) measure on
the real line (Favard’ theorem). In the real case the zeros of p, are real and
simple and the zeros of p,, and p,41 interlace, i.e. in between any two zeros of
Pny1 there is a zero of p,. We emphasize that the three term recurrence is a
very special property of real orthogonal polynomials, and it is due to the fact
that in this case the polynomials are real, hence

/ P (@) pr(@)dpu(z) = / P (&) (@pon () dps(x) = 0

for m < n—1. This three term recurrence is missing in the general case, and it is
replaced by a different recurrence for polynomials on the circle (see Part IT). For
example, in the real case the three term recurrence implies for the reproducing
kernel the Christoffel-Darboux formula
zn: po(@)pi(t) = Kn Pnt1(2)pn(t) — po(®)pni1(t) .

Kn41 r—t

k=0

The starting values of the recurrence (2.3) are p_; =0, po = (u(C)))fl/Q.
If one starts from ¢_1 = —1, go = 0 and use the same recurrence (with a_; = 1)

xQn(x) = an‘]n-‘rl('x) + ann(aj) + a’n—lQn—l(x)a (24)



then ¢, is of degree n — 1, and by Favard’s theorem the different ¢,,’s are orthog-
onal with respect to some measure. The ¢,,’s are called orthogonal polynomials
of the second kind (sometimes for p,, we say that they are of the first kind).
They can also be written in the form

inz) = (e [P gy,

zZ—X

The Riemann-Hilbert approach

Let p still be supported on the real line, and suppose that it is of the form
du(t) = w(t)dt with some smooth function w. A new approach to generating
orthogonal polynomials that has turned out to be of great importance was given
in the early 1990’s by Fokas, Its and Kitaev [26]. Consider 2 x 2 matrices

C( Ya(2) Yasl2)
Y<Z>_(yli<z> Yi(z))

where the Y;; are analytic functions on C \ R, and solve for such matrices the
following matrix valued Riemann-Hilbert problem:

1. forallz e R
1 m(x)

Vi) =@ (o "))

where Y, resp. Y_ is the limit of Y (z) as z tends to x from the upper resp.
lower half plane, and

o-(o)(7 %)

at infinity, where I denotes the identity matrix.

There is a unique solution Y (z), and its entry Y71(2) is precisely the monic
polynomial p,(u,2)/k,. The other entries can also be explicitly written in
terms of p,, and p,_1, furthermore k,, and the recurrence coefficients a,,, b, can
be expressed from the entries of Y7, where Y7 is the matrix in

27" 0 1 1
Y(z)( 0 z”>_I+Y1z+O<z2>'
For details on this Riemann-Hilbert approach see [19] or [18] in this volume.

Orthogonal polynomials with respect to inner products

Sometimes one talks about orthogonal polynomials with respect to an inner
product (-, -) which is defined on some linear space containing all polynomials. In
this case orthogonality means (p,,, pm) = 0 for m # n. When the inner product
is positive definite in the sense that (p,p) = 0 only for the zero polynomial



p, then the aforementioned orthogonalization process can be used, and with
oi; = (z',27), the determinantal formula (2.1) is still valid. The same is true if
the Gram determinants (2.2) are different from zero. However, if this is not so,
e.g. in the so called non-Hermitian orthogonality (see section 11), then these
cannot be used. In this case we write

Pa(2) = 2" + pn-12"

and make sure that p,, is orthogonal to all powers z*, 0 < k < n, i.e., solve the
homogeneous system of equations

n
Z’yjaj,kzo, k=0,...,n—1
=0

for v9,7v1,---,Yn- Since the number of unknowns is bigger than the number of
equations, there is always a non-trivial solution, which gives rise to non-trivial
orthogonal polynomials. However, we cannot assert any more 7, # 0, so the
degree of p,, may be smaller than n, and there may be several choices for p,,.
Still, in applications where non-Hermitian orthogonality is used, these p,, play
the role of orthogonal polynomials.

Varying weights

In the last 25 years orthogonal polynomials with respect to varying measures
have played significant role in several problems, see e.g. the sections on expo-
nential and Freud weights or on random matrices in Section 4. In forming them
one has a sequence of measures p, (generally with some particular behavior),
and for each n one forms the orthogonal system {pj(tn,2)}7>,. In most cases
one needs the behavior of p,(tn,, 2) or that of p,+x(in, z) with some fixed k.

Matrix orthogonal polynomials

Orthogonality of matrix polynomials (i.e. when the entries of the fixed size ma-
trix are polynomials of degree n = 0,1,... and orthogonality is with respect to
a matrix measure) is a very active area which shows extreme richness compared
to the scalar case. See section 13 for a short discussion.

3 Classical orthogonal polynomials
These are

e Jacobi polynomials P,(La’ﬁ )7 a, > —1, orthogonal with respect to the
weight (1 —2)%(1 + )% on [-1,1],



e Laguerre polynomials LS{X), «a > —1, with orthogonality weight x®e™

[0, 00),

? on

e and Hermite polynomials H,, orthogonal with respect to e on (—00, 00).

In the literature various normalizations are used for them.
They are very special, for they possess many properties that no other or-
thogonal polynomial system does. In particular,

e they have derivatives which form again an orthogonal polynomial system,

e.g. the derivative of P is a constant multiple of Pfﬁ?’ﬁﬂ):

1 a
(PP) (@) = S(n+a+ B+ DPZT (@),
e they all possess a Rodrigue’s type formula

1 ar
Pn = - " 5
@) = ) dor @@
where w is the weight function and o is a polynomial that is independent
of n, for example,

L

(@) N il
L(w) = ' n! dan

(e—xmn—&-a) ,

e they satisfy a differential-difference relation of the form
(2) P, (x) = (an + Bp) Po(x) + 1 Po-1(2),

e.g.
(L) (z) = nL{ () — (n + )LL) (x),

e they satisfy a non-linear equation of the form
o(z) (Pn(x)Pn—1<x))/ = (anz + Bn) Po () Pr—1(z) +'7nPr%(x) +6nP3—1(x),

with some constants a,, By, Yn, 0n, and o a polynomial of degree at most
2, e.g.

(Hp(2)H, 1 () = 22H, (2)H,_1(x) — H2(x) + 2nH?2_ ().

Now every one of these has a converse, namely if a system of orthogonal polyno-
mials possesses any of these properties, then it is (up to a change of variables)
one of the classical systems [1]. See also Bochner’s result in the next section
claiming that the classical orthogonal polynomials are essentially the only poly-
nomial (not just orthogonal polynomial) systems that satisfy a certain second
order differential equation.

Classical orthogonal polynomials are also special in the sense that they pos-
sess a relatively simple



e second order differential equation, e.g.
2y +(a+1—2)y +ny=0
for L,(la)

)

e generating function, e.g.

H
Z ZL('I) w" = exp(2zw — w?),

e integral representation, e.g.

(1—z)*(1+ "E)ﬂP?gaﬁ) (r) = 2(;4.11)7:@- /(1 _ t)n+a(1 + t)n-',—,B(t _ x)_n_ldt

over an appropriate contour,

and these are powerful tools to study their behavior.
For all these results see [104].

4 Where do orthogonal polynomials come from?

In this section we mention a few selected areas where orthogonal polynomials
naturally arise.

Continued fractions

Continued fractions played extremely important role in the development of sev-
eral branches of mathematics, but their significance has been unjustly dimin-
ished in modern mathematics. A continued fraction is of the form

By
B,
Ar+ Az-:---
and its n-th convergent is
S, B
Rin:A—le’ ’I’L:1,2,....
mn 1 + A2+'“%Z

The value of the continued fraction is the limit of its convergents. The de-
nominators and numerators of the convergents satisfy the three term recurrence
relations

R, = A,R,_1+ B, R, _o, Ry=1, R.1 =
S, = AnSn_1+ B,Sn_o, So=0, S_1=1,

10



which immediately connects continued fractions with 3 term recurrences and
hence with orthogonal polynomials.

But the connection is deeper than just this formal observation. Many el-
ementary functions (like z — v/22 — 1) have a continued fraction development
where the B,,’s are constants while the A,,’s are linear functions, in which case
the convergents are ratios of some orthogonal polynomials of the second and
first kind. An important example is that of Cauchy transforms of measures u
with compact support on the real line (so called Markov functions):

£(2) :/d”(x) . (4.1)

1 z 22

The coefficients «; in the development of (4.1) are the moments

a; z/:cjdu(x), j=0,1,...

of the measure p. The continued fraction development

By
B
s i ey perrs

f(z) ~

of f at infinity converges locally uniformly outside the smallest interval that
contains the support of p (A. Markov’s theorem).

As has been mentioned, the numerators S, (z) and the denominators R, (z)
of the n-th convergents

n B
;(z): - L n=12,...
n(z) z— A+ Z_A2+.“27372n
satisfy the recurrence relations
R.(z) = (2—An)Rn_1(2)+ BpRy—2(2), Ro=1, R.1=0 (4.2)
Sp(z) = (2—An)Sn-1(2) + BpnSn—2(2), Sp=0, S_1=1.

These are precisely the recurrence formulae for the monic orthogonal polynomi-
als of the first and second kind with respect to u, hence the n-th convergent is
cqn(2)/pn(2) with ¢ = pu(C)Y/2.

See [104, pp. 54-57] as well as [45] and the numerous references there.

Padé approximation and rational interpolation

With the preceding notation the rational function Sy (2)/Rn(2) = cqn(2)/pn(2)
with ¢ = p(C)Y? of numerator degree n — 1 and of denominator degree n
interpolates f(z) at infinity in the order 2n. This is the analogue (called [n —
1/n] Padé approximation) of the n-th Taylor polynomial (which interpolates

11



the function in the order n) for rational functions. The advantage of Padé
approximation over Taylor polynomials lies in the fact that the poles of Padé
approximants may imitate the singularities of the function in question, while
Taylor polynomials are good only up to the first singularity. The error in [n —
1/n] Padé approximation has the form

qn(2) _ 1 /p%(x)d (

) - 2@ ) =)

Orthogonal polynomials appear in more general rational interpolation (called
multipoint Padé approximation) to Markov functions, see e.g. [98, Sec. 6.1].

Moment problem

The moments of a measure p, u(C) = 1, supported on the real line, are

an:/x”du(x), n=20,1,....

The Hamburger moment problem is to determine if a sequence {a,, } (with nor-
malization ag = 1) of real numbers is the moment sequence of a measure with
infinite support, and if this measure is unique (the Stieltjes moment problem
asks the same, but for measures on [0,00)). The existence is easy: {a,} are
the moments of some measure supported on R if and only if all the Hankel
determinants |ai+j|?fj=0, m = 0,1,... are positive. The unicity (usually called
determinacy) depends on the behavior of the orthogonal polynomials (2.1) de-
fined from the moments o, ; = a;4;. In fact, there are different measures with
the same moments c; if and only if there is a non-real zg with > |p,(20)]* < oo,
which in turn is equivalent to > |p,(2)]? < oo for all z € C. Furthermore, the
Cauchy transforms of all solutions v of the moment problem have the parametric

form
/du(x) _ C(z)F(z) + A(z)
z—z D(2)F(2) + B(z)’

where F' is an arbitrary analytic function (the parameter) mapping the upper
half plane C4 into C; U {oo}, and A, B, C and D have explicit representation
in terms of the first and second kind orthogonal polynomials p,, and g,:

A(Z) = Zzn Qn(O)Qn(z); B(Z) = _1+Zzn Qn(o)pn(z)§
C(Z) =1+ Zznpn<0)Qn(Z); D(Z) = Zzn pn(o)pn(z)

For all these results and for an operator theoretic approach to the moment
problem see Simon’s survey [81] (in particular, Theorems 3 and 4.14).

12



Jacobi matrices and spectral theory of self-adjoint operators

Tridiagonal, so called Jacobi matrices

bo ao 0 0
Qg b1 ay 0
J = 0 a1 bg ag

0 0 a9 bg

with bounded a,, > 0 and bounded real b,, define a self-adjoint bounded operator
J in Iy, a so called Jacobi operator. These are the discrete analogue of second
order linear differential operators of Schrodinger type on the half line. Every
self adjoint operator with a cyclic vector is a Jacobi operator in an appropriate
base.

The formal eigen-equation J7m = A is equivalent to the three term recurrence

Ap—1Tp—1 + bnTrn + AnTp4+1 = )\777” n = 17 27 o

bomo + apm = Ao, m = 1.

Thus, 7, () is of degree n in A.

By the spectral theorem, J, as a self-adjoint operator having a cyclic vector
((1,0,0,...)) is unitarily equivalent to multiplication by x in some L?(u) with
w having compact support on the real line. More precisely, if p,(z) = pn (1, x)
are the orthonormal polynomials with respect to i, and U maps the unit vector
en =1(0,...,0,1,0,...) into p,, then U can be extended into a unitary operator
from Iy onto L?(u), and if Sf(z) = zf(z) is the multiplication operator by x in
L?(u), then J = U~1SU. The recurrence coefficients for p, (u,z) are precisely
the a,’s and b,’s from the Jacobi matrix, i.e. pyp(z) = cmp(z) with some fixed
constant c¢. These show that Jacobi operators are equivalent to multiplication
by @ in L?(u) spaces if the particular basis {p,(u)} are used (see e.g. [18, Ch.
2]).

The truncated n X n matrix

bo Qg 0 0
ag bl a1 0
Jn _ 0 ai bQ az

0 0 0 Ap—2 bn—l
has n real and distinct eigenvalues, which turn out to be the zeros of p,, i.e.
the monic polynomial p,,(2)/k,, is the characteristic polynomial of .J,,.

13



Quadrature

For a measure p an n-point quadrature is a set of points z1,...,z, and a set of
associated numbers A1, ..., A,. It is expected that

[ fdnn > s
k=1

in some sense for as large class of functions as possible. Often the accuracy of
the quadrature is measured by its exactness, which is defined as the largest m
such that the quadrature is exact for all polynomials of degree at most m, i.e.
m is the largest number with the property that

n
/xjdu(x) = Z )\kaxi for all 0 < j < m.
k=1

For p with support on the real line and for quadrature based on n points this
exactness m cannot be larger than 2n — 1, and this optimal value 2n — 1 is
attained if and only if x1,...,x, are the zeros of the orthonormal polynomial
Pn(, ) corresponding to u, and the so called Cotes numbers Ay are chosen to
be

-1

)\k = ij(/j‘vxk)2
j=0
See [104, Ch. XV].

Random matrices

Some statistical-mechanical models in quantum systems use random matrices.
Let ‘Hy, be the set of all n x n Hermitian matrices M = (m; ;);';_;, and let there
be given a probability distribution on H,, of the form

P,(M)dM = D, ' exp(—nTr{V(M)})dM,

where V(A), A € R, is a real-valued function that increases sufficiently fast
at infinity (typically an even polynomial in quantum field theory applications),
Tr{H} denotes the trace of the matrix H,

dM = [ dmws [T dRmx; dSmy
k=1 k<j

is the “Lebesgue” measure for Hermitian matrices, and D,, is a normalizing
constant so that the total integral of P, (M)dM is one.

14



Every matrix M € H,, has n real eigenvalues which carry physical informa-
tion on the system when it is in the state described by M. The quantity

N, (D) = #{eigenvalues in D}

n

is the random variable that equals the normalized number of eigenvalues in the
interval D. This model is known as the unitary ensemble associated with V.

Let p;(w™,x) be the orthonormal polynomials with respect to the varying
weight w"(x), w(z) = exp(—V(z)). Then the joint probability density of the
eigenvalues can be written in the form

2
. AN w2 (s
pi—1(w", J)w ( J) 1<ij<n’

dn

where d,, is a normalizing constant built up from the leading coefficients of the
pj(w™,-). With the so called weighted reproducing kernel

n—1
Kn(t, S) = ij(,wn, t)’wn/Q(t) D (w", S)’w”/Q(s)

Jj=0

it can also be written in the form
1
! |Kn(>\ia /\j)|1§i,j§n'

In particular, for the expected number of eigenvalues in an interval D we have
Kn(A\ A
EN, (D) = / AN dX,
D n

where 1/K,, (A, A) is known in the theory of orthogonal polynomials as the n-th
(weighted) Christoffel function associated with the weight w™, while the limit
of the left hand side (as n — o) is known as the density of states.

See, e.g., [63] and [70].

5 Some questions leading to classical orthogonal
polynomials

The are almost an infinite number of problems where classical orthogonal poly-
nomials emerge. Let us just mention a few.

15



Electrostatics

Put to 1 and —1 two positive charges p and ¢, and with these fixed charges
put n positive unit charge on [—1,1] to the points x1,...,2z,. On the plane
the Coulomb force is proportional with the reciprocal of the distance, and so a
charge generates a logarithmic potential field. Therefore, the mutual energy of
all these charges is

I(zy,...,2n Zlog +quog‘1+ +Zlog

1<J

and the equilibrium problem asks for finding 1, ...,x, for which this energy
is minimal. The unique minimum occurs (see [104, Section 6.7]) for the zeros
of the Jacobi polynomials PT(LQP —12a-1) orthogonal with respect to the weight
(1 —2)?P=1(1 4+ 2)% L.

There is a similar characterization of the zeros of Laguerre and Hermite

polynomials, and even of more general orthogonal polynomials (for the latter
see [39, Section 3.5]).

Polynomial solutions of eigenvalue problems

Consider the eigenvalue problem

F@) () + g(a) () + ha)y(a) = Ay(a),

where f, g, h are fixed polynomials and A is a free constant, and it is required that
this has a polynomial solution of exact degree n for all n = 0,1,..., for which
the corresponding A and y(x) will be denoted by A, and y,(z), respectively.
Bochner’s theorem [13] states that except for some trivial solutions of the form
y(z) = ax™ 4 bz™ and for some polynomials related to Bessel functions, the
only solutions are (in all of them we can take h(z) = 0)

e Jacobi polynomials ple?) (flx) =1—-22% g(x) =B —a—z(a+B+2),
An=—nn+a+p+1))

e Laguerre polynomials L' (flx)==,g(z)=1+a—2xz, A\, = —n) and
e Hermite polynomials H,(z) (f(z) =1, g(z) = =2z, A, = —2n).
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Harmonic analysis on spheres and balls

Harmonic analysis on spheres and balls in R? is based on spherical harmonics,
i.e. harmonic homogeneous polynomials. In this theory special Jacobi polynomi-
als, so called ultraspherical or Gegenbauer polynomials Py(f‘) play a fundamental
role — they are orthogonal with respect to the weight (1 — a:2)a_1/2.

Let S9! be the unit sphere in R? and let HZ be the restriction to S9! of
all harmonic polynomials Q(z1,...,z,) of d variables that are homogeneous of
degree n, i.e.

n 62
> 52@ =0, Q01 Awn) =NQw1,. -, Tm),  A>0.
=1 9Tk

The dimension of H is

n+d-—1 B n+d-—3
d—1 d—1 ’

and an orthogonal basis in it can be produced as follows. With p = 22 | + 22
let gs0 = psPS(O) (xa—1/p) and g5 1 = xdpsPs(l)(a?d_l/p). Withng=0o0rng=1
consider all multiindices n = (nq,no,...,nq) such that n; +--- 4+ ng = n, and
if for such a multiindex we define

d—2

Yn(a?l, ce ) = Ing_1,n4 H ((aj? 4+ ... +$L2{)njprgi\j)($j($? 4o +$3)_1/2)) 7
j=1

then these Y, constitute an orthogonal basis in HZ (see e.g. [23, p. 35]).

Approximation theory

In the literature expansions of functions into classical orthogonal polynomial
series are second only to trigonometric expansions, and numerous works have
been devoted to their convergence and approximation properties, see e.g. [104,
Ch. XIII].

The Chebyshev polynomials given by cos(n arccos z) are orthogonal on [—1, 1]
with respect to the weight w(x) = (1 — 22)~/2. These directly correspond to
trigonometric functions, and expansions into them have virtually the same prop-
erties as trigonometric Fourier expansions. But there are many other aspects of
approximation where Chebyshev polynomials appear. If one considers e.g. the
best approximation on [—1, 1] of ™ by polynomials P,,_1(z) of smaller degree
then the smallest error appears when 2™ — P, (z) = 217" cos(n arccos z) is the
monic n-th Chebyshev polynomial.
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The monic orthogonal polynomials p,(u)/k, are the solutions to the ex-
tremal problem

/ | P, |2dp — min, (5.3)

where the minimum is taken for all monic polynomials of degree n. This ex-
tremal property makes orthogonal polynomials, in particular Chebyshev poly-
nomials, indispensable tools in approximation theory.

Lagrange interpolation and its various generalizations like Hermite, Hermite-
Fejér interpolation etc. is mostly done on the zeros of some orthogonal poly-
nomials. In fact, these nodes are often close to optimal in the sense that the
Lebesgue constant increases in the optimal rate. In many cases interpolation on
zeros of orthogonal polynomials have special properties due to explicitly calcula-
ble expressions. Recall e.g. Fejér’s result that if Py, _; is the unique polynomial
of degree at most 2n — 1 that interpolates a continuous function f at the nodes
of the n-th Chebyshev polynomial and that has zero derivative at each of these
nodes, then P,,_; uniformly converges to f on [—1,1] as n — oco. For the role
of orthogonal polynomials in interpolation see the books [103] and [62].

6 Heuristics

In this section we do not state precise results, just want to indicate some heuris-
tics on the behavior of orthogonal polynomials. For the concepts below, as well
as for a more precise form of some of the heuristics see the the following sections,
in particular section 7.

As we have just seen, the monic orthogonal polynomials p, 1)/, minimize
the L?(u) norm in (5.3), therefore, the polynomials try to be small where the
measure is large, e.g. one expects the zeros to cluster at the support S(u) of
. The example of arc measure on the unit circle, for which the orthogonal
polynomials are z", shows however, that this is not true (due to the fact that
the complement of the support is not connected). The statement is true when
the support lies on R or on some systems of arcs, and also in the general case
when instead of the support one considers the polynomial convex hull of the
support of p: on any compact set outside the polynomial convex hull there can
only be a fixed number of zeros of p, () for every n. When the complement of
S(p) is connected and S(p) has no interior, then the distribution of the zeros
shows a remarkable universality and indifference with respect to the size of p,
practically in every situation the distribution of the zeros is the equilibrium
distribution of the support S(u). When S(u) = [—1, 1], this means that under
very weak assumptions the zero distribution is always the arcsine distribution
dz /71 — 22,

The L?(p) minimality of p,(u)/kn in the sense of (5.3) is something like
minimality in L* norm on S(u). Therefore, p,(1)/k, should behave like the
monic polynomial T,, minimizing the L° norm on S(u) (so called Chebyshev
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polynomials for S(u)). Since

1
—log |T,.(2)| = /log|z — tldvy(t)
n

where v, has mass 1/n at each zero of T,,, in the limit the behavior should be
like

U’ (z) = /log |z —t|dv(t), (6.1)

where v is the probability measure on S(u) for which the maximum of U” on
S(p) is as small as possible (this is the so called equilibrium measure of S(u)).
More generally, if dv = dv,, = w™(x)dx is a varying weight in the specified way,
then the same reasoning leads to a behavior like (6.1), but now v is a measure
for which the supremum of U”(z) + logw(z) is as small as possible (weighted
equilibrium measure).

Universal behavior can also be seen for the polynomials themselves. Usually
they obey

1
—log [Pn (11 2)] = g\ s (2, 00), z & S(u) (6.2)

where goy s, (2, 00) is the Green function with pole at infinity associated with
the complement of the support. When the unbounded component of the com-
plement of S(u) is simply connected, then in that component often there is a
finer asymptotic behavior of p,(u) of the form

Pn(2) ~ dngu(2)®(2)", 2 & S(p) (6.3)

where ® is the mapping function that maps C\ S(u) conformally onto the
outside of the unit disk, and g,, is a function (might be called generalized Szegé
function) that depends on u. Such a fine asymptotic is restricted to the simply
connected case, see e.g. section 8.

Asymptotics on orthogonal polynomials have a hierarchy, and the different
types of asymptotics usually require the measure to be sufficiently strong with
different degree on its support. Consider first the case of compact support S(u).
The weakest is n-th root asymptotics stating the behavior (6.2) for [p, (u, 2)|*/™
outside the support of the measure. It is mostly equivalent with a correspond-
ing distribution of the zeros, as well as asymptotical minimal behavior of /@}/ ",
It holds under very weak assumption on the measure, roughly stating that the
logarithmic capacity where ' > 0 (derivative with respect to equilibrium mea-
sure) be the same as the capacity of S(u). Ratio asymptotics, i.e. asymptotic
behavior of p,y1(, 2)/pn(p, 2) is stronger, and is equivalent with asymptotics
for the ratio ky1/kn of consecutive leading coefficients. It can only hold when
C\ S(u) (more precisely its unbounded component) is simply connected, and in
this case it is enough that p' > 0 almost everywhere with respect to the equi-
librium measure of the support of u (see section 8). Finally, strong asymptotics
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of the form (6.3) needs roughly that log 1/ be integrable (Szegd condition, see
section 8).

All these are outside the support. On the support the orthogonal polyno-
mials are of oscillatory behavior, and in the real case under smoothness as-
sumptions on the measure often a so called Plancherel-Rotach type asymptotic
formula

Pn(p, ) ~ dng(x)sin(nh(z) + H(z))
holds, where g, h, H are fixed functions. Here h(x) is directly linked with the
zeros, h'/m is precisely the distribution of the zeros. When S(u) = [—1,1] and
the measure is smooth, then h(z) = arccosz.

When S(p) is not of compact support (like Laguerre, Hermite or Freud
weights), then usually the zeros are spreading out, and one has to rescale them
to [—1,1] (or to [0,1]) to get a distribution, which is mostly NOT the arcsine
distribution. In a similar fashion, various asymptotics hold for the polynomials
only after the corresponding rescaling.

7 General orthogonal polynomials

In this section p is always of compact support S(u). For all the results below
see [98] and the references there.
The energy V(K) of a compact set K is defined as the infimum of

1
I(v) ://log mdy(aj)du(t) (7.1)

where the infimum is taken for all positive Borel measures on K with total
mass 1. The logarithmic capacity is then cap(K) = e~V(K)_ For the leading
coefficients k,, of the orthonormal polynomials p,,(x) we have

1
———— <liminf s}/™. 7.2
cap(S(K)) = n—oo (72)

When cap(K) is positive, then there is a unique measure ¥ = wx minimizing
the energy in (7.1), and this measure is called the equilibrium measure of K.
Green’s function g\ (2, 00) with pole at infinity of C\ K can then be defined
as

1 1
We have for all p (with cap(S(u)) > 0) the estimate
| n
lim inf —log [pn (1, M > gensu (2,00) (7.4)

locally uniformly outside the convex hull of S(x), while in the convex hull but
outside Pc(S(p)) (see below) (7.4) is true quasi-everywhere (i.e. with the ex-
ception of a set of zero capacity). The same is true on the outer boundary of
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S(w), which is defined as the boundary 99 of the unbounded component Q of
the complement C\ S(u), namely for quasi-every z € 9

lim inf [p, (1, 2)[/" > 1.

All these estimates are sharp.

The zeros of p,(p) lie in the convex hull of S(p). When £ is the unbounded
component of the complement C \ S(p), then Pc(S(p)) = C\ Q is called the
polynomial convex hull of S(u) (it is the union of S(u) with all the “holes” in
it, i.e. with the bounded components of C\ S(u)). Now the zeros cluster on
Pc(S(p)) in the sense that for any compact subset K of € there is a number
Nk independent of n, such that p,(u) can have at most Ny zeros in K. For
example, if p is supported on the real line, then Pc(S(p)) = S(p), and if K is
a closed interval disjoint from the support, then there is at most one zero in K.
Denisov and Simon [21] showed that if g € R is not in the support, then for
some ¢ > 0 and all n either p,, or p,+1 has no zero in (xg — 9§, 29 +J). Note that
if o is a symmetric measure on [—1, —1/2] U [1/2, 1], then ps,+1(0) = 0 for all
n, so the result is sharp.

In [21] Denisov and Simon focused on attracting properties of isolated points
of the supp u. Let zg be an isolated point of S(u), such that its distance from
the convex hull of S(u) \ {20} is 6 > 0. Then p,, has at most one zero in the
disk {|z — 20| < §/3}. Tt is also clear that for any symmetric measure p with
S(p) = [-1,—1/2] U {0} U [1/2,1] the polynomials pa,(p) have 2 zeros near 0
(in this case § = 0). Moreover, if p lies on the unit circle, then there exist two
positive constants C' and a and a zero z, of p, such that |z, — zg| < Ce ™.

Next put a unit mass to every zero of p,(u) (counting multiplicity), this
gives the so called counting measure v, (,) on the zero set. Zero distribution
amounts to finding the limit behavior of L, (). The normalized arc measure
on the unit circle (for which p,(u,2z) = 2™) shows that if the interior of the
polynomial convex hull Pc(S(u)) is not empty, then the zeros may be far away
from the outer boundary 0€2, where the equilibrium measure wg(,, is supported.
Thus, assume that Pc(S(p)) has empty interior and also that there is no Borel
set of capacity zero and full y-measure (the case when this is not true is rather
pathological, almost anything can happen with the zeros then). In this case

lim k1™ = log (7.5)

LS cap(S(K))
if and only if
lim — =
MV (i) = @S ()

in weak™® sense, i.e. asymptotically minimal behavior of Ii»}/ " (see (7.2)) is equiv-
alent to the fact that the zero distribution is the equilibrium distribution.

(7.5) is called regular limit behavior, and in this case we write u € Reg.
Thus, the important class Reg is defined by the property (7.5). If Q is a
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regular set with respect to the Dirichlet problem, then i € Reg is equivalent
to either of

. 1
o lim, . ||pn(M)HS£;L’S(#) =1

e For any sequence {P,} of polynomials of degree n =1,2,...

1/n
lim <|Pnsup,S(/L)> —1
n—0oo ”Prb”L?(u)

The last statement expresses the fact that in n-th root sense the L?(p) and L
norms (on S(u)) are asymptotically the same.

All equivalent formulations of ;1 € Reg point to a certain “thickness” of
i on its support. Regularity is an important property, and it is desirable to
know “thickness” conditions under which it is true. Several regularity criteria
are known, e.g. either of the conditions

e all Borel sets B C S(u) with full measure (i.e with u(B) = p(S(u))) have
capacity cap(B) = cap(S(u))

e dy/dwg(,) > 0 (Radon-Nikodym derivative) wg(,)-almost everywhere

is sufficient for ;1 € Reg. Regularity holds under fairly weak assumptions on
the measure, e.g. if S(u) =[0,1], and

limiglfrlogu([m —r,x+r]) >0

for almost every x € [0,1] (i.e. if p is not exponentially small around almost
every point), then u € Reg.

No necessary and sufficient condition for regularity in terms of the size of
the measure p is known. The only existing necessary condition is for the case
S(p) =10,1], and it reads that for every n > 0

Jim_cap ({z|w(z—1/n,z+1/n)) = e ™}) = i

(here 1/4 is the capacity of [0, 1]).

8 Strong and ratio asymptotics
Let u be supported on [—1, 1] and suppose that the so called Szegé condition

! log /(1)
VI

holds, where p’ is the Radon-Nikodym derivative of u with respect to linear
Lebesgue measure. Note that this condition means that the integral is finite,

dt > —oo (8.1)
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for it cannot be co. It expresses a certain denseness of y, and under this con-
dition G. Szegd proved several asymptotics for the corresponding orthonormal
polynomials p,,(x). This theory was developed on the unit circle and then was
translated into the real line. The Szegé function associated with u is

D, (z) = exp (\/z2 — 1% B bf//(tt)\/%) (8.2)

and it is the outer function in the Hardy space on C\ [—1,1] with boundary
values |D,,(z)|> = p/(x). Outside [—1,1] the asymptotic formula

Palin2) = (1+0(1) =+ V2= 1) D, ()" (8.3)

holds locally uniformly, in particular, the leading coefficient k,, of p,(u) is of
the form

B 2" —1 (! log /' (t)
kn = (14 o(l))MeXp <27r 9 mdt) . (8.4)

For all these results see [104], Chapter 6. The Szegé condition is also necessary
for these results, e.g. (8.3) and (8.4) are equivalent to (8.1).

If one assumes weaker conditions then necessarily weaker results will follow.
A large and important class of measures is the Nevai class M (b,a) (see [66]),
for which the coeflicients in the three term recurrence

xpn(x) = GnPn+1 (l‘) + bnpn(x) + an—lpn—l(x)

satisfy a,, — a, b, — b. This is equivalent to ratio asymptotics

. Pnyi1(2) z—b+ \/m
lim — 5

nsoo pu(z)

for large z (actually, away from the support of u), and the monograph [66]
contains a very detailed treatment of orthogonal polynomials in this class. Simon
[85] showed that if the limit of p,41(2)/pn(2) exists at a single non-real z, then
uw € M(b,a) for some a,b.

The classes M(b,a) are scaled versions of each other, and the most impor-
tant condition ensuring M (0,1) is given in Rahmanov’s theorem [76]: if p is
supported in [—1,1] and y' > 0 almost everywhere on [—1, 1], then u € M (0, 1).
Conversely, Blumenthal’s theorem [12] states that u € M (0,1) implies that the
support of p is [—1,1] plus at most countably many points that converge to
+1. Thus, in this respect the extension of Rahmanov’s theorem given in [20]
is of importance: if y/ > 0 almost everywhere on [—1,1] and outside [—1, 1]
the measure p has at most countably many mass points converging to +1, then
@ € M(0,1). However, M(0,1) contains many other measures not just those
that are in these theorems, e.g. in [22] a continuous singular measure in the
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Nevai class was exhibited, and the result in [107] shows that the Nevai class
contains practically all kinds of measures allowed by Blumenthal’s theorem.

Under Rahmanov’s condition supp(p) = [—1,1], ¢/ > 0 a.e., some parts of
Szegd’s theory can be proven in a weaker form (see e.g. [56, 57]). In these the
Turan determinants

To(x) = pp () = pn—1(2)pnt1(x)

play significant role. In fact, then given any interval D C (—1,1) the Turdn
determinant Tj, is positive on D for all large n, and T, !(z)dz converges in
weak* sense to du on D. Furthermore, the absolutely continuous part p’ can be
also separately recovered from T,:

Tl (x) — 21— 2)/?

lim dr =0.

Under Rahmanov’s condition we also have weak convergence, e.g.

Jn [ s =1 [ g (8.5)

for any continuous function f. Pointwise we only know a highly oscillatory
behavior: for almost all = € [—1,1]
: 2 \—1/2 2\-1/4
limsup pn(z) > = (4 (2))~/2(1 = 2?) 71,

n—oo

\V]

lim inf p, (z) < —= (' (x))"/2(1 — 2?)~1/4,

n— 00 -

3

and if F, (¢) is the set of points « € [—1, 1] where

pa(@)] = (14 )2 (1 (@) /21— 22) 74,
then |E,(¢)] — 0 for all € > 0. However, it is not true that the sequence
{pn(p, )} is pointwise bounded, since for every & > 0 there is a weight function
w > 1 on [—1,1] such that p,(0)/n'/?2~¢ is unbounded (see [77]).

Simon [85] extended (8.5) by showing that if the recurrence coefficients sat-
isfy b, — b, aspy1 — @’ and as, — a”, then there is an explicitly calculated
measure p depending only on b, a’,a” such that

n—oo

i [ f(@)p (@) (@)de = / f@dp(a) (8.6)

for any continuous function f, and conversely, if (8.6) exists for f(x) = z,z?, z*,
then b, — b, as,11 — a’ and as, — a” with some b,a’,a”.
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Szegd’s theory can be extended to measures lying on a single Jordan curve
or arc J (see [40] where also additional outside lying mass points are allowed),
in which case the role of z + /22 — 1 in (8.3) is played by the conformal map &
of C\ J onto the exterior of the unit disk, and the role of 2" in (8.4) is played
by the reciprocal of the logarithmic capacity of J (see section 7). Things change
considerably, if the measure is supported on a set J consisting of two or more
smooth curve or arc components Ji,...,J,,. A general feature of this case is
that xn,cap(J)™ does not have a limit, its limit points fill a whole interval. The
polynomials themselves have asymptotic form

pa(2) _ cap(J)" ®(2)"(Fn(z) + o(1))

Rn

uniformly away from J, where ® is the (multi-valued) complex Green function of
the complement C\ J, and where F}, is the solution of an L?-extremal problem
involving analytic functions belonging to some class I',,. The functions F' in
I',, are determined by an H? condition plus an argument condition, namely if
the change of the argument of ® as we go around Ji is ;27 modulo 27, then
in I';, we consider functions the change of the argument of which around Jj is
—ny,2m modulo 2. Now the point is that these function classes I';,, change
with n, and hence so does Fj,, and that is the reason that a single asymptotic
formula like (8.4) or (8.3) does not hold. The fundamentals of the theory was
laid in H. Widom’s paper [114]; and since then many results have been obtained
by F. Peherstorfer and his collaborators, as well as A. I. Aptekarev, J. Geronimo
and W. Van Assche. The theory has deep connections with function theory, the
theory of Abelian integrals and the theory of elliptic functions. We refer the
reader to the papers [6], [29], [71]-[75].

The Christoffel functions

n

A () = pel(p, )

k=0

behave somewhat more regularly than the orthogonal polynomials. In [58] it
was shown that if p is supported on [—1, 1], it belongs to the Reg class there
(see Section 7) and log ' is integrable over an interval I C [—1,1], then for
almost all x € T

lim n\,(z) = 7V 1 — 224/ (2).

n—oo

This result is true [108] in the form

lim nA,(z) = dp(z)

=7 ae.xel
n—e0 dwsupp () ()

when the support is a general compact subset of R, u € Reg and log p/ € L'(I).
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Often only a rough estimate is needed for Christoffel functions, and such one
is provided in [55]: if w is supported on [—1,1] and it is a doubling weight, i.e.

/wSL/w
21 I

for all I C [—1,1], where 21 is the twice enlarged I, then uniformly on [—1,1]

V1—2a2 1
An<x>~/ w;  Ap(z) =T 4
A*Vl(x)

n n?’
9 Exponential and Freud weights

These are weight functions of the form e 29(*) where  is on the real line or on
some subinterval of it. For simplicity we shall first assume that @ is even. We get
Freud weights when Q(z) = |z]|%, a > 0, z € R and Erdé&s weights if @ tends to
infinity faster than any polynomial as |z| — co. G. Freud started to investigate
these weights in the sixties and seventies, but they independently appeared also
in the Russian literature and in statistical physics. One can safely say that some
of Freud problems and the work of P. Nevai and E. Rahmanov were the primary
cause of the sudden revitalization of the theory of orthogonal polynomials since
the early 1980’s. In the last 20 years D. Lubinsky with coauthors have conducted
systematic studies on exponential weights, see e.g. [48, 49, 52, 53, 109]. In the
mid 1990’s a new stimulus came from the Riemann-Hilbert approach that was
used together with the steepest descent method by P. Deift and his collaborators
([19]) to give complete asymptotics when @ is analytic.

One can roughly say that because of the fast vanishing of the weight around
infinity, things happen on a finite subinterval [—a,,a,] (depending on the de-
gree of the polynomials), and on [—ay, a,] techniques developed for [—1,1] are
applied. For Freud weights one can also make the substitution  — n'/*z and
go to orthogonality with respect to the varying weight e_”‘wp, in which case
things are automatically reduced to a finite interval which is the support of a
weighted energy problem.

a, are the so called Mhaskar-Rahmanov-Saff numbers with definition

1 /
po [ wt@lant) (9.1)
T Jo V1—t2
The zeros of p, (w?), w(z) = exp(—Q(z)) are spreading out and the largest zero
is very close to a,, which tends to oc.

To describe the distribution of the zeros and the behavior of the polynomials
one has to make appropriate contractions. Let us consider first the case of Freud
weight w(z) = exp(—|z|*), and let p, be the n-th orthogonal polynomial with
respect to w? (on (—oo,00)). In this case

1 1
o=t ap=r(5)r(3) (54 5)-
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Thus, for the largest zero z,, we have J;n,n/nl/“ — Yo a8 n — 00, and to

describe zero distribution we divide (contract) all zeros z,, ; by n'/®y,. These
contracted zeros asymptotically have the distribution

Ay (t) o /1 u1
=2 L gy, tel-1.1] 9.2
dt o VeE B =11 52

This measure p,, minimizes the weighted energy

/ / log [ du(x)dp (1) +2 / Qdys 9.3)

among all probability measures compactly supported on R. It is a general
feature of exponential weights that the behavior of zeros or the polynomials is
governed by the solution of a weighted energy problem (weighted equilibrium
measures). If &, is the leading coefficient of p,, i.e. p,(z) = k,2" + - -, then

n —n/a (n+1/2)/ _ 17

lim &, nl/29-

n—oo
and we have

hm |pn(n1/a7az)|1/n

u®— 1

Zu
= exp (log |2+ 22 — 1]+ Re Y >
locally uniformly outside [—1,1]. This latter one is so called n-th root asymp-
totics, while the former one is strong asymptotics. Strong asymptotics for p,,(2)
on different parts of the complex plane was given in [46] using the Hilbert-
Riemann approach (see also [18] in this volume).

Things become more complicated for non-Freud weights, but the correspond-
ing results are of the same flavor. In this case the weight is not necessarily sym-
metric, but under some conditions (like Q being convex or zQ'(z) / for z > 0
and an analogous condition for z < 0) the relevant weighted equilibrium mea-
sure’s support is an interval, and the definition of the Mhaskar—Rahmanov—Saff
numbers a4, is

T / . V(@ — a_/(x) — z)dx’
o Q'(z)

= dx.
a \/a:fa_n Yan — x)
Now one solves the weighted equilibrium problem (9.3) for all measures p with
total mass n, and if p, is the solution then [a_,,ay] is the support of u, and
tn/n will play the role of the measure p,, from (9.2) above.

The weight does not even have to be defined on all R, e.g. in [48] a theory
was developed that simultaneously include far reaching generalizations of non-
symmetric Freud, Erdds and Pollaczek weights (the latter are defined on [—1,1]
and vanish at high order at +1).
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10 Sobolev orthogonality

In Sobolev orthogonality we consider orthogonality with respect to an inner
product

(f,9) = Z/f(’“)ﬁduk, (10.1)
k=0

where py are given positive measures. There are several motivations for this
kind of orthogonality, perhaps the most natural one is smooth data fitting. The
Spanish school around F. Marcellan, G. Lopez and A. Martinez-Finkelshtein
have been particularly active in developing this area (see the surveys [59] and
[61, 60] and the references there).

In this section let @,(z) = z™ + --- denote the monic orthogonal polyno-
mial with respect to the Sobolev inner product (10.1), and g,(ug) the monic
orthogonal polynomials with respect to the measure py.

Most arguments for the standard theory fail in this case, e.g. it is no longer
true that the zeros lie in the convex hull of the support of the measures puy,
k=0,1,...,r. It is not even known if the zeros are bounded if all the measures
1 have compact support. Nonetheless, for the case r = 1, and pp, 11 € Reg
(see section 7) it was shown in [28] that the asymptotic distribution of the zeros
of the derivative Q) is the equilibrium measure wg, g, , where F; is the support
of p;, i = 0,1 (which also have to be assumed to be regular). Furthermore, if,
in addition, Ey C Ey, then the asymptotic zero distribution of @, is wg,.

In general, both the algebraic and the asymptotic/analytic situation is quite
complicated, and there are essentially two important cases which have been
understood to a satisfactory degree.

Case I: The discrete case. In this case g is some “strong” measure, e.g. from the
Nevai class M (b,a) (see section 8), and fi1,. .., g are finite discrete measures.
It turns out that then the situation is similar to adding these discrete measures
to po (the new measure will also be in the same Nevai class), and considering
standard orthogonality with respect to this new measure. E.g. if r = 1, then

Qn(2)

lim —————— =1
n—o0 qn (ko + pi1, 2)
holds uniformly on compact subsets of C \ supp(uo + 11). Thus, the Sobolev
orthogonal polynomials differ from those of the measure pg, but not more than
what happens when adding mass points to pg.
In this discrete case the Q,,’s satisfy a higher order recurrence relation, hence
this case is also related to matrix orthogonality (see the end of the section 13).

Case II: The Szegd case. Suppose now that pg,...,ur are all supported on
the same smooth curve or arc J, and they satisfy Szeg&’s condition there (see
Section 8). In this case the k-th derivative of @Q,, satisfies locally uniformly in
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the complement of J the asymptotic formula

. QP (2) 1
lim — = TH Nk
n—=o0 NPk (ftm, 2)  [®'(2)]

where ® is the conformal map that maps C\ J onto the complement of the
unit disk. That is, in this case the measures pg,...,u.—1 do not appear in
the asymptotic formula, only g, matters. The reason for this is the following:
@ = @, minimizes

@@= [ 1" du (10.2)
k=0

among all monic polynomials of degree n, while ¢ = ¢, (1) minimizes

/Wm

among all monic polynomials of degree n — k. But the polynomial Q%k) (t) =
n(n—1)---(n—k+1)t""* 4 ... is a monic polynomial times the factor n(n —
1)---(n—k+1) ~nF and this factor is dominant for & = r, so everything else
will be negligible. There are results for compensation of this n* factor which
lead to Sobolev orthogonality with respect to varying measures.

Under the much less restrictive assumption that py € Reg and the other
measures p, are supported in the support E of pg it is true ([50]) that the

asymptotic zero distribution of lek) is the equilibrium measure wg for all k,
: k) l/n
Jim (|Q 54 5 = cap(E),

and hence, away from the zeros in the unbounded component of the complement

of FE, we have
i Q4 (:)[1/" = e7e\e()

n—oo

where gc\ g is the Green function for this unbounded component.

The techniques developed for exponential weights and for Sobolev orthogo-
nality were combined in [30] to prove strong asymptotics for Sobolev orthogonal
polynomials when r = 1 and pg = p1 are exponential weights.

11 Non-Hermitian orthogonality
We refer to non-Hermitian orthogonality in either of these cases:

e the measure p is non-positive or even complex valued and we consider p,,
with

/pn(z)?fduza k=0,1,...,n—1, (11.1)
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e 1 is again non-positive or complex valued, or positive but lies on a complex
curve or arc and orthogonality is considered without complex conjugation,
ie. if

/pn(z)zkd,u:O7 k=0,1,...,n—1. (11.2)

More generally, one could consider non-positive inner products, but we shall
restrict our attention to complex measures and orthogonality (11.2).
As an example, consider diagonal Padé approximant to the Cauchy trans-

form
fo)= [0

z—1
of a signed or complex valued measure, i.e. consider polynomials p, and ¢, of
degree at most n such that

F(@)pn(2) = qu(z) = O(z""71)

at infinity. Then p,, satisfies the non-Hermitian orthogonality relation

/pn(m)xjd,u(m) =0, j=0,1,...,n—1. (11.3)

In this non-Hermitian case even the Gram-Schmidt process may fail, and
then p,, is defined as the solution of the orthogonality condition (11.1) resp.
(11.2), which give a system of homogeneous equations for the coefficients of p,,.
Thus, p, may be of smaller than n degree, and things can go pretty wild with
this kind of orthogonality, e.g. in the simple case

du(z) = (x — cosmay ) (z — cosman)(1 — %)~V 2dz, € [-1,1]

with 0 < a1 < ag < 1 rationally independent algebraic numbers, the zeros
of p, from (11.3) are dense on the whole complex plane (compare this with
the fact that for positive p all zeros lie in [—1,1]). In [99] it was shown that
it is possible to construct a complex measure p on [—1,1], such that for an
arbitrary prescribed asymptotic behavior some subsequence {py, } will have this
zero behavior. Nonetheless, the asymptotic distribution of the zeros is again the
equilibrium distribution of the support of © under regularity conditions on . For
example, this is the case if |u| belongs to the Reg class (see section 7), and the
argument of p, i.e. du(t)/d|p|(t) is of bounded variation ([8]). In [99]-[101] H.
Stahl obtained asymptotics for non-Hermitian orthogonal polynomials even for
varying measures and gave several applications of them to Padé approximation.
When the measure y is of the form du(z) = g(z)(1 — 22)~Y%dz, = € [~1,1]
with an analytic g, for z € C\ [—1, 1] strong asymptotic formula of the form

pnT(nZ) =(1+ 0(1))WDM(Z)_1 exp (;ﬂ B l\iglui;)dt)
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(with D,, the Szegé function (8.2)) was proved by A. I. Aptekarev and W. Van
Assche via the Riemann-Hilbert approach. A similar result holds on the support
of the measure, as well as for the case of varying weights, see [7].

12 Multiple orthogonality

Multiple orthogonality comes from simultaneous Padé approximation. It is a
relatively new area where we have to mention the names of E. M. Nikishin, V.
N. Sorokin, A. I. Aptekarev and W. Van Assche (see the survey [110] by W.
Van Assche and the references there).

On R let there be given r measures p1, ..., 4, with finite moments and infi-
nite support, and consider multiindices n = (n1,...,n,) of nonnegative integers
with norm |n| = ny + -+ + n,.. There are two types of multiple orthogonality
corresponding to the appropriate Hermite-Padé approximation.

In type I we are looking for polynomials @, ; of degree n; — 1 for each
7 =1,...,7r such that

3 [P us @@ =0, k=01l -2
j=1

These orthogonality relations give |n| — 1 homogeneous linear equations for the
|n| coefficients of the 7 polynomials @, ;, so there is a non-trivial solution. If the
rank of the system is |n| — 1, then the solution is unique up to a multiplicative
factor, in which case the index n is called normal. This happens precisely if
each @, ; is of exact degree n; — 1.

In type IT we are looking for a single polynomial P, of degree |n| such that

/kaﬂ(z)dul(x) = 0, k=1,...,n—1

/kaﬂ(x)d,ur(x) = 0, k=1,...,n, — 1.

These are |n| homogeneous linear equations for the |n|+1 coefficients of P,, and
again if the solution is unique up to a multiplicative constant, then n is called
regular. This is again equivalent to P, being of exact degree n.

n is regular for type I orthogonality precisely when it is regular for type II, so
we just speak of regularity. This is the case for example if the ;’s are supported
on intervals [a;, b;] that are disjoint except perhaps for their endpoints; in fact,
in this case P, has n; simple zeros on (a;,b;).

To describe recurrence formulae, let e; = (0,...,1,...,0) where the single 1
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entry is at position j. Then for any k
”
2Py () = aj j Poye, (1) + ) ap,j Po—c, ().
j=1

Another recurrence formula is

2Py () = by Pave, (2) + Y bngPac e, (2,

=1

where w(1),...,7(r) is an arbitrary but fixed permutation of 1,2, ...,r. The or-
thogonal polynomials with different indices are strongly related to one another,
e.g. Pyie (7) — Ppie () is a constant multiple of P, (z).

If dppj = wjdp, then similar recurrence relations hold in case of type I or-
thogonality for

Qn() = Y Qnj(@)w;(2).
j=1
Also, type I and type II are related by a biorthogonality property:

/ PoyQudp =0

except for the case when m = n + ¢, for some k, and then the previous integral
is not zero (under regularity condition).

To describe an analogue of the Christoffel-Darboux formula let {n,} be a
sequence of multiindices such that n, is the identically 0 multiindex, and n;,,
coincides with n; except for one component which is 1 larger than then corre-
sponding component of n;. Set P; = Pﬂj7 Q; = Qﬂj+1 and with n =n,,

) = [ Pt dy (o).

Then [16] with n = n,,

n—1 r h%j)
(z—y) Z P(2)Qk(y) = Pa(2)Qn(y) — Z h(TPQ—gj (x)Qﬁ—&-gj (y)-

k=0 Jj=1""n—e;
Thus, the left hand side depends only on n = n, and not on the particular
choice of the sequence n; leading to it.

There is an approach [111] to both types of multiple orthogonality in terms
of matrix valued Riemann-Hilbert problem for (r + 1) x (r + 1) matrices Y =
(Yij(z));,j:O'

Asymptotic behavior of multiple orthogonal polynomials is not fully under-
stood yet, due to the interaction of the different measures. For all the existing
results see [5, 110] and W. Van Assche’s Chapter 23 in [39] and the references
there.
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13 Matrix orthogonal polynomials

In the last 20 years the fundamentals of matrix orthogonal polynomials have
been developed mainly by A. Duran and his coauthors. The theory shows many
similarities with the scalar case, but there is an unexpected richness which is
still to be explored.

For all the results in this section see [51] and [24] and the numerous references
there.

An N x N matrix

pu(t) - pin(t)
P(t) = : - :
pN1(t) -+ pNn(t)

with polynomial entries p;;(t) of degree at most n is called a matrix polynomial
of degree at most n. Alternatively, one can write

P(t) = Cpt" + -+ Cp

with numerical matrices Cp,,---,Cy of size N x N.

t = a is called a zero of P if P(a) is singular, and the multiplicity of a is the
multiplicity of a as a zero of detP(a). When the leading coefficient matrix C,
is non-singular, then P has nN zeros counting multiplicity.

From now on we fix the dimension to be N, but the degree n can be any
natural number. I will denote the N x N unit matrix and 0 stands for all kinds
of zeros (numerical or matrix).

A matrix
paa(t) o pan(t)
wo=|
pni(t) - pnn(t)
of measures defined on (or part of) the real line is positive definite if for any
Borel set E the numerical matrix W (F) is positive semidefinite. We assume
that all moments of W is finite. With such a matrix we can define a matrix
inner product on the space of N x N matrix polynomials via

(R@Z/P@MWWW%

and if (P, P) is nonsingular for any P with nonsingular leading coefficient, then
just as in the scalar case one can generate a sequence {P,}°°, of matrix poly-
nomials of degree n = 0,1, ... which are orthonormal with respect to W:

/Pn(t)dW(t)Pé(t) = { (1)' iﬁﬁfz
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and here P, has nonsingular leading coefficient matrix. The sequence {P,} is
determined only up to multiplication on the left by unitary matrices, i.e. if
U,, are unitary matrices, then the polynomials U, P, also form an orthonormal
system with respect to W.

Just as in the scalar case, these orthogonal polynomials satisfy a three term
recurrence relation

tPu(t) = Ani1Prsr(t) + BuPo(t) + AZPu_1(t), 1 >0, (13.1)

where A, are nonsingular matrices, and B, are Hermitian. Conversely, the
analogue of Favard’s theorem is also true: if a sequence of matrix polynomials
{P,} of corresponding degree n = 0,1,2,... satisfy (13.1) with nonsingular 4,
and Hermitian B,,, then there is a positive definite measure matrix W such that
P,, are orthonormal with respect to W.

The three term recurrence formula easily yields the Christoffel-Darboux for-
mula:

n—1
(w—2) Y Pi(2)Pe(w) = Py_1(2) An Pa(w) = Pyi(2) A} P (w),
k=0

from which e.g. it follows that
P 1(2)A,Pn(z) — Pi(2)A;P,_1(2) =0

n—1
Y Fi(2)Pi(z) = Pi_y(2)An Py (2) = Pi(2) AL Py (2).
k=0
The orthogonal polynomials @,, of the second kind
P,(t) — P,
= [BO=2 D ), n-e

also satisfy the same recurrence and are orthogonal with respect to some other
matrix measure. For them we have

Pr_1(0)AnQn(t) — Pr(2)ALQu-a(t) =1

and
Qu(t)Py_1(t) — Pu(t)Q_1 (1) = A

With the recurrence coefficient matrices A,, B, one can form the block
Jacobi matrix
By A4 0 0
A B1 A1 O
J = 0 A7 By A
0 0 A5 Bs
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The zeros of P, are real and they are the eigenvalues (with the same multiplicity)
of the N-truncated block Jacobi matrix (which is of size nIN). If a is a zero then
its multiplicity p is at most N, the rank of P, (a) is N —p, and the space of those
vectors v for which P,(a)v = 0 is of dimension p. If we write x4, 1 <k <m
for the different zeros of P,,, and [}, is the multiplicity of z,, , then the matrices

1
(det(Py(t)) ) (Tn,k)

are positive semidefinite of rank [, and with them the matrix quadrature for-
mula

Ty = AP ON* ™ (@0 1) Qu(zng), 1<k<m

/ P(t)dW (t) = Z Pz )Thk
k=1

holds for all matrix polynomial P of degree at most 2n — 1.

If the matrix of orthogonality is diagonal (or similar to a diagonal matrix)
with diagonal entries p;, then the orthogonal matrix polynomials are also diago-
nal with i-th entry equal to p, (;), the n-th orthogonal polynomial with respect
to w;. Many matrix orthogonal polynomials in the literature can be reduced to
this scalar case. However, recently some remarkably rich non-reducible families
have been obtained by A. Duran and F. Griinbaum (see [24] and the refer-
ences there), which may play the role of the classical orthogonal polynomials in
higher dimension. They found families of matrix orthogonal polynomials that
satisfy second order (matrix) differential equations just like the classical orthog-
onal polynomials. Their starting point was a symmetry property between the
orthogonality measure matrix and a second order differential operator. They
worked out several explicit examples, here is one of them: N = 2, the matrix of

measure is | ‘2 . )
2 14alt at
H(t) =€ < atQ 1 9

where a € C\ {0} is a free parameter. The corresponding P, (t) satisfies

moemo( 2 ) ¢ )

te R,

_ < —276—4 za(ir;;: 1) )Pn(t)

There is an explicit Rodrigues’ type representation for the polynomials them-
selves, and the three term recurrence (13.1) holds with B,, =0,

A - n+1 ’7n+3/’7n+2 AYn+4+2Vn+1
e V 2 0 'Yn/7n+1 ’

2 lal* (n
=14 —= .
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Matrix orthogonality is closely connected to (2N + 1)-term recurrences for
scalar polynomials. To describe this we need the following operators on poly-
nomials p: if p(t) = 3, axt”, then

RN,m(p) = ZasN+mts7
s

i.e. from a polynomial the operator Ry ., takes those powers where the exponent
is congruent to m modulo N, removes the common factor ™ and changes tV
to t.

Now suppose that {p, }52, is a sequence of scalar polynomials of correspond-
ing degree n = 0,1,... and suppose that this sequence satisfies a (2N + 1)-term
recurrence relation

N
N pu(t) = cnopn(t) + Y (@akpn—k(t) + otk pPair(t)),
k=1

where ¢, is real, ¢, v # 0 (and pg(¢t) =0 for k < 0). Then

Ry o(pnn) e Ry n—1(pnN)
0 Ryo(pnnt1) -+ Ry N-1(pny + 1)
Ryo(pnntn-1) -+ Ry n-1(pov +N —1)

is a sequence of matrix orthogonal polynomials with respect to a positive definite

measure matrix. Conversely, if P, = (P, m, j)fq\i;l:() is a sequence of orthonormal

matrix polynomials, then the scalar polynomials

N-1

Pavam(®) = Y Py (tY),  0<m<N, n=0,12,...
Jj=0

satisfy a (2N + 1)-recurrence relation of the above form.

Part 11
Orthogonal polynomials on the
unit circle

In what follows we shall use Simon’s abbreviation OPUC for orthogonal poly-
nomials on the unit circle.
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14 Definitions and basic properties

Orthogonality

The unit circle T is by far the simplest closed curve on the complex plane with
a number of additional properties, so polynomials orthogonal with respect to
measures on T are of specific interest.

If u is a nontrivial probability measure on T (that is, not supported on a
finite set) the monic orthogonal polynomials ®,,(z, u) (or @, if u is understood)
are uniquely determined by

n

O, (2) = [[(z = 2n), /FC‘J'@n(C)du:O, j=0,1,...,n—1 (14.1)

j=1

so in the Hilbert space LZ(T), (P, Pp,) =0, n # m. The orthonormal polyno-
mials ¢, are ¢, = ®,,/||®,||. The orthonormal set {¢,, },,>0 may not be a basis
in Lﬁ(T) (e.g., if 4 = dm is the normalized Lebesgue measure, then ¢, = ("
and (7! is orthogonal to all ¢,,). A celebrated result of Szegé states that {¢,}
is a basis in Li(T) if and only if log i’ ¢ L'(T), where ' is the Radon-Nikodym
derivative of y with respect to dm.

Clearly, (14.1) and the fact that the polynomials of degree n have dimension
n + 1 implies

deg(P)=n, PL¢, j=0,1,....,n—1= P =cd,. (14.2)
On L2(T) the anti-unitary map f*(¢) := ¢"f(¢) (which depends on n) is
naturally defined. The set of polynomials of degree at most n is left invariant:

P(z) =Y p;jzl = P*(2) =Y pn_j2’. (14.3)
j=0 =0
(14.2) now implies
deg(P)=n, PL{, j=1,....n= P =cd]. (14.4)

Szeg6 recurrences and Verblunsky coefficients

A key feature of the unit circle is that the multiplication operator Uf = zf
in L7(T) is unitary. So the difference ®,,41(z) — 2®,(z) is of degree n and
orthogonal to 27 for j = 1,2,...,n, and by (14.4)

D,11(2) = 2P, (2) — @, P (2) (14.5)

with some complex numbers «,, called the Verblunsky coefficients. (14.5) is
known as the Szegd recurrences after its first occurrence in the Szegé book
[104]. (14.5) at z = 0 implies

Ay = —(I)n+1(0). (146)
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Applying (14.3) to (14.5) yields
ni1(2) = 7 (2) — apz®y(2). (14.7)
It follows from the unitarity of U and ®} 1 ®,,,; that

n—1

1Pnal® = (L= Jan)[@all?,  1€al® = JTQ ~ lay), (14.8)

J=0

and so |ay,| < 1. Since it arises often, define

Pj = 1- ‘aj|2v 0<p<l, |aj‘2 + P? =1 (149)

Using (14.8) one can get the recursion relations for ¢,, written in matrix form

( Pt ) ZA(Zaan)( i:ﬁi; ) Az, 0) = 1( o ) (14.10)

ony1(2) p\ —za 1

( z:i% ) :T"“(Z>< 1 ) Tp(z) = A(z,ap-1) ... A(z,00)  (14.11)

known as the transfer matriz.

Let D be the set of complex sequences {«;}32, with |a;| < 1. The map
S, from p — {a;(1)}52, is a well defined map from the set P of nontrivial
probability measures on T to D°. The following fundamental result is proved
in [112].

Theorem 14.1 (Verblunsky’s Theorem). S is a bijection.

As a matter of fact, S is a homeomorphism if P is given the weak* topology
and in D* the topology of component convergence is considered.
The following result is usually attributed to Szegé , Kolmogorov and Krein.

Theorem 14.2 For any nontrivial measure u, the following are equivalent
(i) limp oo [|@n| = 0,

(i) ZZO:O |, | = oo,

(iti) {¢n}nzo is a basis for L2 (T),

(iv) [plogu' dm = —oo, that is log i/ ¢ L*(T).
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Bernstein — Szegd approximation

An interesting problem is to identify measures p with finite sequences of Verblun-
sky coefficients: «;(u) = 0 for all large enough j.

Theorem 14.3 Let p be a nontrivial probability measure on T with orthonor-

mal polynomials ¢,,. Let
dm

Hn = .
lon (Q)[?
Then u, are probability measures with

(14.12)

aj(:un) = ij(,u), J=0,1,...,n—1; Oéj(/u‘n) =0, j=n (1413)

This result is often credited to Geronimus [35] even though it was proven (in
different terms) by Verblunsky [113] 10 years earlier. Since, for each fixed j,
a;(ptn) — oj(p) (indeed, they are equal for n > j), p, — p weakly since S is a
homeomorphism. It was Verblunsky who also found the Carathéodory function
for measures (14.12):

C(+z
TC—2

5 (2)
where the second kind polynomials v,, are the orthonormal polynomials with
respect to the measure g1 with a;(u—1) = —a; ().

In fact, the measures with finite sequences of Verblunsky coefficients are
exactly those of the form p = ¢|P(¢)|~2 dm, where ¢ is picked to make p a
probability measure, and P is a polynomial of degree n with all zeros in D.

15 Schur, Geronimus, Khrushchev

Schur functions and algorithm

Given a probability measure p on T, define the Carathéodory function by

Fleun) = [

the moments of p. F'is an analytic function in D which obeys RF > 0, F(0) = 1.
The Schur function is then defined by

F(z)-1 ; :1—|—zf(z)
2(F(z) +1)’ F(z) (15.2)

1—2f(z)

which is an analytic function in D with supp |f(2)] < 1. So a one-one corre-
spondence can be easily set up between the three classes (probability measures,
Carathéodory and Schur functions). Under this correspondence p is trivial, that

(+z B = " _ .
szdu(é“)—1+2;ﬁnz, ﬁn—/TC du (15.1)

flz,p) =
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is, supported on a finite set, if and only if the associate Schur function is a finite
Blaschke product.
Let us proceed with the Schur algorithm. Given a Schur function f = fy
which is not a finite Blaschke product, define inductively
fo(2) =
frv1(2) = (1= Anzfn(2) Yo = fn(0). (15.3)
It is clear that the sequence {f,} is an infinite sequence of Schur functions
(called the n-th Schur iterates) and neither is a finite Blaschke product. The
numbers {v,} are called the Schur parameters.

The fundamental paper of I. Schur [78] had appeared a few years before Szegd
introduced the notion of orthogonal polynomials on the unit circle (OPUC).
Amazingly, neither of them benefited from the results of the other. And only
20 years later coupled Geronimus [34] these ideas together and came up with
the following

Theorem 15.1 (Geronimus’ Theorem) Let p be a nontrivial probability mea-
sure on T, f its Schur function and v,(f) the Schur parameters of f. Then

Y (f) = an(p).

The latter formula explains why a minus and conjugate is taken in (14.5). As
a straightforward consequence of this result we see that v;(f) = v;(g) for all
j implies f = g. Furthermore, a nice relation between the moments 3, from
(15.1) of the measure (Taylor coefficients of the Carathéodory function) and the
Schur parameters (Verblunsky coefficients) is given by

n—2

Brn = Qn_1 H(l — |a|*) + polynomial in (g, ao, , . - -, n—2, Gn_2).
§=0

Khrushchev’s theory

In two remarkable papers [42, 43] Khrushchev found deep connections between
Schur iterates and the structure of OPUC. A key input for the theory is

Theorem 15.2 (Khrushchev’s formula) The Schur function for the measure
|on |2dp is given by the product b, (2)f,(2), where f, is the n-th Schur iterate,
and by, is the finite Blaschke product

en(2)
"= oy
The most important consequence of Khrushchev’s formula is
Theorem 15.3 The essential support of the a.c. part of u is all of T if and
only if
tim [ 1fu(Q)f dm =0,

n—oo
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dm is the normalized Lebesgue measure on T.
Here are some other important results of Khrushchev’s theory.

Theorem 15.4

* — lim |pp|?du =dm & lim a4 ja, =0, j=1,2,....

Define the n-th Schur approximate f™ b

’YJ(f[n]):P)/j(fL ]:1,2,,77/ fyj(f[n]):()’ ]Zn

Theorem 15.5 Let 1" be the n-th Schur approzimate. Then

lim \f Q) = FQPdm =0

n—oo

if and only if either u is purely singular or ay,(u) — 0.

16 Szegld’s theory and extensions

Szegd’s theorems may well be the most celebrated in OPUC. They have re-
peatedly served as a source for further development. For historical reasons one
should state them in terms of Toeplitz determinants, D,,(x). This is defined as
the determinant of the (n+41) x (n+1) matrix {Bx—; }o<k,j<n With moments 3’s
given in (15.1). The invariance of such determinants under triangular change of
basis implies (using (14.8))

n—1
HH‘P 1P =TT —ley?)",
7=0

and so
o0
S = tim (Da0)"" = [T - foy)
OO_
G('LL) = nh_m)o Sn+1 H |a]| 1'

S is always defined and is a nonnegative number. G is defined as long as S > 0
and is finite if and only if Y272 jay|* < oo.

Szegd’s theorems express S and G in terms of the a.c. and singular compo-
nents of the Lebesgue decomposition of p: = wdm + s, w € L*(T).
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Theorem 16.1 (Szegd’s Theorem).

- 1
50 = [[0 -l =ew (52 [ logu(@am). (o)
=0 T
Szegb proved this when ps = 0 in 1915 (in his very first paper!). The result
does not depend on g - this was shown by Verblunsky [113].
It is immediate from Szegd’s Theorem that
> layl* < 00 & logw € L'(T). (16.2)
§=0
The equivalent conditions (16.2) are called the Szegd condition, and the corre-
sponding class of measures is known as the Szegd class. Within this class the
Szegd function

C+=z
o —
is well defined. Standard boundary value theory implies D({) = lim,11 D(r2)

exists almost everywhere and |D(¢)|?> = w(¢) a.e. The main asymptotic result
(due to Szegd ) claims that

D(z,w) = exp < logw(C)dm) , |z| <1 (16.3)

lim () = D (2)

n—oo

uniformly on compact subsets of D.

Theorem 16.2 (Strong Szegd Theorem). If pus = 0 and the Szegd condition
holds, then

oo oo
H (1—|ay|?) 77t = exp (Z n|wn|2> ,

n=0
where wy, are the Fourier coefficients of logw.

For the up-to-date approach to this result see [91].

In a series of papers [56, 57, 58] M4té, Nevai, and Totik extended some parts
of Szegd’s theory to the cases where the Szegd condition fails. Their main result
can be viewed as a comparative asymptotics.

Theorem 16.3 Let p = wdm + ps be a nontrivial probability measure on T
obeying w > 0 a.e. Consider another probability measure v = gdu for a non-
negative function g € L*(u). Suppose next, that there is a polynomial Q so that
gtQ € L>(u). Then

tm P20 e o),
w5 1 (2, 10)

(D is defined in (16.3)), uniformly on compact subsets of the unit disk D.
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Another natural extension of Szegé’s theory deals the ratio asymptotics.

Theorem 16.4 Let p be a nontrivial probability measure on T. Suppose

. ‘I’ZH(Z) — (s
nh_)néc i) =G(z) (16.4)

exists uniformly on compacts of D. Then either G =1 or

I Az + /(1= A2)? + 42Xz
B 2

G(z) = Gaa(2)

for some A € T and a € (0,1].
(16.4) holds with G = Gq » if and only if o, (u) obeys the Lopez condition

. . On41
lim |ay,| = a, lim —4L =\,
n—oo n— o0 an

In this case the essential support of i is an arc, and (16.4) holds uniformly on
compact subsets of C\supp f.

The first statement is due to Khrushchev [43] and the second one to Barrios
and Ldépez [9)].

17 CMYV matrices

One of the most interesting developments in the theory of OPUC in recent years
is the discovery by Cantero, Moral, and Veldzquez [15] of a matrix realization for
multiplication by ¢ on L?(T, 1) which is of finite band size (i.e., [{CXm, Xn)| = 0
if [m —n| > k for some k); in this case, k = 2 to be compared with k =
1 for the Jacobi matrices which correspond to the real line case. The CMV
basis (complete, orthonormal system) {x,} is obtained by orthonormalizing the
sequence 1,¢, (7%, ¢2,¢72, ..., and the matrix, called the CMV matriz,
C(NJ) = ||Cn,m||$n,o,n:0 = <§XmaXn>a m,n € Z+

is five-diagonal. Remarkably, the x’s can be expressed in terms of ¢’s and ¢*’s

X2n = Z_n(p;n(z)a X2n+1 = Z_n@2n+1(2)7 n e ZJra

and the matrix elements in terms of a’s and p’s: C = LM where L, M are block
diagonal matrices

L:Diag(@o,@2,64,...), M = Diag(l,@l,@g,...) (171)

with B
@jz(aj pj_), j=0,1,... (17.2)
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(the first block of M is 1x1). By Cy we denote the CMV matrix for the Lebesgue
measure dm.

There is an important relation between CMV matrices and monic orthogonal
polynomials akin to the well-known property of orthogonal polynomials on the
real line:

®,,(z) = det(zI,, — C™), (17.3)

where C(™) is the principal n x n block of C. The CMV representation provides
one of the proofs of Verblunsky’s theorem.

The natural extension of L, M,C to doubly infinite matrices proves helpful
in some problems related to periodic and stochastic Verblunsky coefficients. For
the standard basis {e;},;ez denote by Ej the 2-dimensional subspace spanned

by {ek, ext1}, so
*(2) = P Esj = P Eajir.
JEZ JEZ
Let the operator O act in Ej, by (17.2). We come to
L=oy. M=oy, =L (17.4)
JEZ jEZ

The CMV matrices play much the same role in the study of OPUC that
Jacobi matrices in orthogonal polynomials on the real line.

Part 111
Simon’s contribution

18 Analysis of CMYV matrices

CMYV matrices and spectral analysis

Perturbation theory involves looking at similarities of measures when their
Verblunsky coefficients are close in some suitable sense. The CMV matrices
provide a powerful tool for the comparison of properties of two measures p; and
w2 if we have some information about ., (u2) as a perturbation of a,(u1). Of
course, this idea is standard in the real line setting where Jacobi matrices do
the job.

Put

an(ﬂla/@) = ‘O‘n(ﬂl) - O‘n(u2)|a pn(ﬂlaﬂ2) = |pn(ﬂl) - pn(ﬂ2)|'

An easy estimate using the LM factorization shows with || - ||, the S, trace ideal
norm
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Lemma 18.1 Foralll <p<oo

oo 1/p
[C(pa) = Clp2)llp < 6 <Z ab (p1, p2) + Pﬁ(ﬂh#ﬁ) : (18.1)

n=0

For p = oo the right hand side of (18.1) is interpreted as sup,, max (., (11, 12), pn (41, 12))-
This result allows one to translate the ideas of Simon — Spencer to a new

operator theoretic proof of the following result sometimes called Rakhmanov’s

lemma: p is purely singular as long as limsup, |a,| = 1. It is also a key

ingredient in proving the following (see [79, Section 4.3])

Theorem 18.2 Let ji; = wjdm + pj, j=1,2.

1. If limy,— 0o (1, o) = 0, then the supports of p1 and s have identical
sets of limit points: (suppuy)’ = (suppus)’.

2. If >, an (1, p2) < 00, then up to sets of Lebesgue measure zero
{¢:wi(€) # 0} ={¢: wa(C) # 0}
Concerning the essential spectrum of CMV operators see [47]

CMYV matrices and the Szeg6 function

An intimate relation between the CMV matrices and the Szegé functions (16.3)
is presented in [79, Section 4.2]. Let

1 oo
log D(z) = 3Wo + anz", Wy, = / logw(¢)¢™* dm (18.2)
n=1 T

Fourier coefficients of log w.
Theorem 18.3 (i). Assume that the Verblunsky coefficients {ay,} € ¢*. Then

1. C — Cy is Hilbert—Schmidt;

2.

D(0) ( I-2C ) =~ _

——~ =det — ezwl, w1 = g — QO —

D(2) 2\T-2C, P ; '

with dety being renormalized determinant for the Hilbert — Schmidt class;
” Tr(C" — Cf!
5, = -G S,
n

ii). Assume that {a,,} € £*. Then
(ii)
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1. C —Cy is trace class;

2.
D(0) 1-2zC
= det —
D(z) (1— ZCO)
v Tr(C™ —
W, = r(C" — 0)’ n>1

In either case

19 Zeros

Limit sets of zeros

The structure of zero sets for OPUC is another fascinating topic of the theory.
Given a nontrivial probability measure u € P denote by Z,,(u) the zero set for
D,,:

Zn(,“) = {ZjTL}?=17 |Znn| < |Zn—1,n| <...< |Zl,n|7 (I)n(zjna,LL) =0.

The basic property of zeros reads that |z1,| < 1, i.e., Z, (i) C D. Indeed, let
20 € Zy, and define P = ®,, /(2 — 2p). Since degP =n —1, P1®,, and so

IPI[? = [[2P|* = [l20P + @n|* = 20" | PI|* + [|©n | *.

Hence ||®,]|? = (1 — |20]|?)||P]||?, as needed.

In 1988 Alfaro and Vigil [2] answering a question of P. Turédn showed that for
an arbitrary sequence of points {2z} in D there exists a unique measure y € P
with ®,,(z,, #) = 0. Hence the total set of zeros of ®,,’s Zoo () = UnZyn ()
can be dense in D. The vast generalization of Alfaro — Vigil theorem is due to
Simon — Totik [95].

Theorem 19.1 For an arbitrary sequence of points {zx} in D and arbitrary
sequence of positive integers 0 < mq < mo < ... there exists u € P such that
D, (25, 0) =0 for j =mg_1 +1,...,mg.

The following consequence of this result may seem kind of amazing. Let a
measure i belong to the class of nontrivial probability measures P. Consider
the sequence {vy, (@) }n>1 of normalized counting measures for zeros of ®,,, that
is,

(zin
Supp v, = Zp, Vn{zjn} = (rjz ) (191)
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with [(2;,) equal to the multiplicity of the zero z;,. Let M (D) be a space of
probability measures on D endowed with the weak* topology. A measure p € P
is said to be universal if for each o € M (D) there is a sequence of indices n;
such that v, (1) converges to o as j — oo in weak™ topology. The existence of
universal measures is proved in [95, Corollary 3].

It is known that zeros of @, (1) cluster to the support of the orthogonality
measure /4 as long as the support is not the whole circle. The situation changes
dramatically if supppu = T (see, e.g., the Lebesgue measure). By the Alfaro —

Vigil theorem zeros of ®,, can cluster to all points of D. Denote by

Zyw(p) :={z € D : liminf dist(z, Z,) =0

the point set of limit points for the zeros of all ®,, (weakly attracting points).
Let Zy, = {Zy(1)}ep be the class of all such point sets. So, D € Z,. It
turns out that 7, is rich enough. More precisely, each compact subset K of D
belongs to Z,,, and the same is true if K D T ([95, Theorem 4]). On the other
hand, K = [1/2,1] is not in Z,,.
Similarly, denote by
Zg(n):={2€D: nlLIr;O dist(z, Z,) = 0}

the point set of strongly attracting point and Z, the class of all such point sets.
The structure of the latter is quite different from that of Z,,. For instance, it
is proved in [3], that if 0 € Z,(u) for some p € P, then Z,(p) is at most a
countable set which converges to the origin. So, e.g., the disk {|z| < 1/2} is not
in Z.

Mhaskar — Saff and clock theorems for zeros

A remarkable theorem of Mhaskar and Saff [64] provides some information about
the limit points (in the space M (D)) of the sequence of counting measures of
zeros associated with a nontrivial probability measure p € P in the case when
Verblunsky coeflicients tend to zero fast enough.

Theorem 19.2 (Mhaskar — Saff). Let

1 1
A= limsup o, (1) |5 = lim Jau, ()| 77
J—00

n—oo

Suppose that either A <1 or A=1 and Z?;Ol |aj ()] = o(n) as n — oo. Then
{vn,; (1)} converges to the uniform measure on the circle of radius A.

Simon suggested a new approach to this result based on CMV matrices
instead of potential theory. A key relation which links two subjects is obvious
from (17.3):

lTr(C(”))k:/ 2Kdv, ().
D

n
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Theorem 19.3 Let Z;:(} |an (p1) — an(p2)| = o(n), n — oco. Then for each
keZ,

lim 2k (dvp(p1) — dvp(pe)) = 0.

n— o0 D

In particular, if v,(11) tends to v and v is any limit point of v, (uz), then

/zkd'y:/ 2Fdv.
D D

A crucial feature of the Mhaskar — Saff theorem is its universality. Under its
assumption the angular distribution is the same. The get certain quantitative
bounds on the distance between zeros, Simon studies various more stringent
conditions, and among them the so-called Barrios — Ldpez — Saff condition

an(p) = C" + 0((b0)™); CeC\0, 0<b,0,<1. (19.2)
The following result is proved in [82].

Theorem 19.4 Under the assumption (19.2) ®,(u) has a finite number J of
“spurious” zeros off the circle |z| = b for all large n. Furthermore, let for
j=1,2,...,n—J

iOjn . — —
Zjn = |2:jn|€Z ins 0= Oon < O1p < ... < @n_Jm <2m = @n_J+17n

be the other zeros. Then the limit relations hold

1
sup ||zjn| =0 =0 ( 0gn> , N — o0; (19.3)
1<j<n—J n
2
sup 1 |Oji1n — O — —| =0(l), n— oo; (19.4)
1<j<n—J n
. 1
Zeanl g . n— oo (19.5)
|Zjn] nlogn

Note that (19.4)—(19.5) imply lim,, n|zj41,n — 2jn| = 27b.
Amazingly, the spurious zeros also follow the clock pattern!
In [83] Simon treats the more general case

an(p) = Z CremOp™ 4+ O((b6)™).

=1
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20 Spectral theory in special classes

High order Szeg6 theorem

Simon came up with the idea to extend Szeg&’s Theorem by allowing “Pollaczek
singularities” (so all quantities in (16.1) may be infinite). His result can be
viewed as the first order Szegdé’s Theorem: for any {, € T

€= Col* logw € LN(T) & > |ajiyr — Gooyl* + Jay|* < oo

Moreover, there is a precise formula for this case similar to the second equality
n (16.1) [79, Section 2.8]. The second order Szegs’s Theorem appeared in [97].
Let Ck eT, k= 1,2. Then for Cl 75 <2

(=GP [C—Gal? logw € LNT) & Y aj12—($1+Co) 41 4C1Gaas [P +ay* < oo,

=0
and for Cl = CQ
> _ R
€= G[* logw € LNT) & > |ayya — 20,41 + Gay* + |y < 0.
=0

The general nicely looking conjecture called the the higher-order Szegd’s
Theorem is put forward in [79, Section 2.8]. Given (; € T, k = 1,...,n and

Cp # (g, P # ¢, define a polynomial

H< Ck k, mk€N7 HC Ck i

k=1
and put m = 1 + maxy my. Then
|P(¢)*logw € LY(T) < (ﬁ(S)) {a;} € £? and {a;} € ™,

where S is the shift operator: S(wg, a1,...) = (a1, a2,...).

Baxter’s theorem

The celebrated paper [10] by Baxter appears to be one of the cornerstones of
OPUC theory. He was interested in general complex-valued weight functions
and corresponding non-Hermitian Toeplitz matrices of moments in connection
with two sets of Verblunsky coefficients. Applied to the case of OPUC his basic
result looks as follows.

Theorem 20.1 (Baxter). Let p = wdm+pus be a nontrivial probability measure
on T with Verblunsky coefficients o, (1) and moments By, (). Then the following
are equivalent:

49



L. Z?io oy ()] < o0;
2. Z?io |85 (k)] < 00, s =0, w is continuous, and minw(¢) > 0.

A far reaching extension of Baxter’s theorem is suggested in [79, Chapter 5.
A function v(n), n € Z, is called a Beurling weight if

v(—n) =v(n), v(n) > 1, v(m+n) <v(m)v(n),

and a strong Beurling weight if in addition

A(v) := lim logv(n) = 0.

n— 00 n

Examples include v(n) = (1 + |n|)® (strong) and v(n) = e®I"l, a > 0.
Given a Beurling weight v, the Beurling algebra £, is the Banach algebra of two-
sided sequences {a(n)},cz with standard operations (addition and convolution)

and
lall, =Y la(n)|v(n) < oc.
nez

Theorem 20.2 Letv be a strong Beurling weight. Then the following are equiv-
alent:

1. {an (1)} € by;

2. {Bn(p)} €Ly, s =0, w is continuous, and minw(¢) > 0.

A number of equivalent conditions are displayed in [79, Theorem 5.2.2].
As an immediate consequence of this result, Simon obtains

Corollary 20.3 Let k € N. Then

1 If >, (n+ D)Flan(p)| < oo, then p = wdm with infw(¢) >0 and w a C*
function.

2. If k > 2 and p = wdm with infw(¢) > 0, and w is a C* function, then
S+ 1P|, ()| < oo for any 0 < B < k—1.

In particular, p = wdm with inf w(¢) > 0, and w a C™ function if and only if
for all k
lan ()] < Cr(n+1)7".
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B. Golinskii — I. Ibragimov condition

In 1971 B. Golinskii and I. Ibragimov proved that if the Verblunsky coefficients
{an (1)} of ameasure pobey > n|ay,(1)]? < oo then y is absolutely continuous.
The extension of their ideas led Simon [94] to the class of measures for which

va\,’:o nlay (u)|? diverges logarithmically. More precisely, Simon’s condition is

N
Z nla, (u)|* < Alog N 4+ C (20.1)

n=0

with A, C constants. He proved in [79, Theorem 6.1.7], that p is absolutely
continuous as long as (20.1) holds with some A < 1/4. On the other hand, for
any A > 1/4 there are examples with us # 0, that is, 1/4 is optimal. As a
matter of fact, for A > 1/4 one should distinguish the pure point component
Hpp Of s = pipp + pisc from the singular continuous one, .. For instance,
it is shown in [79, Corollary 2.7.6] that p,, = 0 as long as (20.1) holds with
A = 1/4. It turns out that for measures (20.1) with some A < oo the support
of pp, consists of at most [4A] points, [z] being an integer part of x (see [80,
Theorem 10.12.7]). Recently, Damanik [17], answering a question of Simon,
proved that, indeed, ps. = 0 whenever (20.1) holds for some A < oc.

Sparse Verblunsky coefficients

In [41] Kiselev, Last, and Simon presented a thorough analysis of continuum
and discrete Schrodinger operators with sparse potentials. In [80, Section 12.5]
Simon has found analogs of these results for OPUC. A set of Verblunsky coeffi-
cients is said to be sparse if a; # 0 only for j € {ng}x>1 where ng11 —ni — 0o
perhaps at some specific rate. The first result of the “sparse flavor” is due to
Khrushchev [42], who proved that under the so-called Mété — Nevai condition

lim () an4i(p) =0

n—oo

for each fixed [ = 1,2,... (which certainly holds for sparse sets and characterizes
Rakhmanov’s class of measures) p is singular if limsup,,_, . |, ()] > 0.

The results on sparse Verblunsky coefficients is as follows (see [80, Theorems
12.5.1, 12.5.2)).

Theorem 20.4 Let {ni} be a monotone sequence of positive integers with
liminfy_ oo ng+1/ng > 1. Suppose

aj(p) =0, j&{n}, Z o (1) < .
=0

Then supppu = T and pus = 0, that is, p is absolutely continuous. Moreover,
p = wdm with w*' € LP(T) for all 1 < p < oco.
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Theorem 20.5 Let {ni} be a monotone sequence of positive integers with
lim infy_ o0 ng41/np = 00. Suppose

oo

aj(u) =0, j¢{m},  lima; =0, > () = oc.
j=0

Then supp u =T and pipp = flac = 0, that is, p is purely singular continuous.

Dense embedded point spectrum

The story for Schrodinger operators goes back to Naboko [65], who constructed
the operator _dd:TZ + V(z) with V decaying only slightly slower than |z|~! but
there is dense embedded point spectrum. Naboko’s method extends to OPUC
(see [80, Section 12.3]).

Theorem 20.6 Let g(n) be an arbitrary function with 0 < g(n) < g(n + 1)
and g(n) — 0o as n — oo. Let {w;};>0 be an arbitrary subset of T which are
multiplicatively rationally independent, that is, for no integers nq,...,ny other
than zeros, is it true that H?:1 w;” = 1. Then there exists a sequence {c; (1)}
of Verblunsky coefficients with

fan(] < 20

for all n so that j has pure points at each w;.

Note that if g(n) < n'/27¢, then a,, € £ so by Szegé’s Theorem, w > 0 a.e.,
that is, the point spectrum is embedded in a.c. spectrum.

Fibonacci subshifts

There is an extensive literature on subshifts for discrete Schrodinger operators.
Simon [80, Section 12.8] has analyzed the OPUC analogs of the mostly studied
of these subshifts, defined as follows. Pick « # 3 in the open unit disk and let
Fy =a, Fo =af, and F,11 = F,,F,_1 forn =2,3,.... These are finite strings
built up from « and 5. As F,,;1 starts with F,, there is a limit F'(«, 8) which
is a one way infinite string aafafa---. Let u(a,3) be the measure that has
Verblunsky coefficients (in an infinite string form) aga; --- = F(a, ().

Theorem 20.7 The essential support of the measure (e, 3) is a closed perfect
set of Lebesque measure zero. For fived ag, By and a.e. A € T, the measure
w(Aag, ABo) is a pure point measure, with each pure point isolated and the limit
points of the pure points form a perfect set of Lebesque measure zero.
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21 Periodic Verblunsky coefficients

The theory of one-dimensional periodic Schrodinger operators (also known as
Hill’s equations) and of periodic Jacobi matrices has been extensively developed.
The theory up to the 1950’s is summarized in the Magnus — Winkler book [54].
There was an explosion of ideas following the KdV revolution, including spec-
trally invariant flows and Abelian functions on hyperelliptic Riemann surfaces.
The ideas have been carried over to the discrete setting of orthogonal polyno-
mials on the real line, see, e.g. Toda [106] and Flaschka — McLaughlin [25].

In the 1940’s Geronimus [33] found the earliest results on OPUC with peri-
odic Verblunsky coefficients, that is, for some p > 1

Qjyp =, JE Ly (21.1)

In particular, the case a; = a € D\{0} yields OPUC called Geronimus poly-
nomials (see Example 1.6.12 of [79]). Many of the general features for OPUC
obeying (21.1) were found in a fundamental series of papers by Peherstorfer and
collaborators.

The aforementioned literature on OPUC used little from the work on Hill’s
equation. A partial link is Geronimo — Johnson [31], which discussed almost
periodic Verblunsky coefficients using Abelian functions. See also Geronimo —
Gesztesy — Holden [32], which includes work on isospectral flows.

Some new results and approaches for periodic Verblunsky coefficients are
presented in [80, Chapter 11].

Discriminant

For Schrodinger operators and Jacobi matrices the discriminant is known to be
just the trace of the transfer matrix, which has determinant one in this case.
For OPUC, the transfer matrix T,, (14.11) has det(T,(2)) = 2P, so it is natural
to define the discriminant by

A(z) == Tr(27P2 T (2)) (21.2)

which explains why p is normally assumed to be an even number. A is known
to be real on T, so

A(1/z) = A(3),

and z~P/2 T,(z) has eigenvalues % +iy/1— (%)2. In particular, these eigenval-
ues have magnitude 1, that is, sup,, ||Tmp(2)|| < oo exactly when A € [-2,2].

Theorem 21.1 There exist {xj}iil, {y; }?il with

1 <Y1 L2 <Y< L2 <Yp ST 27 = Tpyp

93



1Ty

so that the solutions of A(z) = 2 (resp. —2) are ezactly e, e'V2, % . . e

(resp. e, ez eWs ... eWr) and A(z) € [~2,2] exactly on the bands
p .
B= UBJ’ By ={e":x; <0 <y;}. (21.3)
J=1

B is the essential support of pe. and the only possible singular spectrum are
mass points which can occur in open gaps (i.e., nonempty sets of the form {e“’ :
y; <0 < xji1}) with at most one mass point in each gap.

Further properties of A are given in the following result.
Theorem 21.2 (i) For all nonzero z € C the Lyapunov exponent is

AR) | [A2()
= V1o

1 1
1) = Jim |T,()] " = Flos() + —1), (21

where the branch of square root is taken that maximizes the logarithm.
(ii) The logarithmic capacity of B (21.3) is given by

p—1

Cp =[]0 = la;)"?

J=0

and —[y + log Cp] is the equilibrium potential for B.
(iii) The density of zeros is the equilibrium measure for B and is given in terms
of A by dv =Vdf/2m, where

A ()]

1
V) = T Anen)

on Bj, and V =0 on the complement of B.
(iv) v(B;) = 1/p.

For any {«; }?;é € DP one can define a discriminant A(z, {«; }?;é) for the
p-periodic Verblunsky coefficients that agree with {a; }’;;é for 5=0,...,p— 1.
It turns out (see [80, Theorem 11.10.2]) that the set {ozj}f;é € DP? for which A
has all gaps open, i.e., all B; in (21.3) are disjoint, is a dense open set in D?
(the case of generic potentials). [80] has two proofs of this result: one is based
on Sard’s theorem and one is perturbation theoretic calculation.

In 1946 Borg [14] proved two celebrated theorems for Schrédinger operators
about the implication of closed gaps. In [80, Section 11.14] Simon gives the
analogs of these results for OPUC.
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Theorem 21.3 (i) Let o be a periodic sequence of Verblunsky coefficients.
Suppose all gaps are closed, i.e., the support of the orthogonality measure is the
whole unit circle. Then o = 0.

(ii) Let p be even and {a;} has period 2p. Then all gaps with A(z) = —2 are
closed if and only if o4 = ;. All the gaps with A(z) = 2 are closed if and
only if ajyp = —0y.

The isospectral results constitute one of the highlights of the OPUC theory.

Theorem 21.4 Let {ozj}?;é € DP such that A(z,{ozj}f;é) has k open gaps.
Then the set of all {ﬂj}?;é € D? with A(z, {ﬂj}?;é) = A(z, {ozj}?;é) is a
k-dimensional torus. ' '

There is one important difference between OPUC and the Jacobi case. In
the latter, the infinite gap does not count in the calculation of the dimension of
the torus, so it has a dimension equal to the genus of the Riemann surface for
the m-function. In the OPUC case, all gaps count and the torus has dimension
one more than the genus.

The torus can be defined explicitly in terms of natural additional data as-
sociated to {a; }g’;é. One way to define the data is to analytically continue the
Carathéodory function F' for the periodic sequence. One cuts C on the con-
nected components of {|A| < 2}, and forms the two-sheeted Riemann surface
associated to VA2 — 4. On this surface F' is meromorphic with exactly one pole
on each “extended gap”. The ends of the gap are branch points and join the
two images of the gap into a circle. The p points, one on each gap, are thus
p-dimensional torus, and the refined version of the above result is that there is
exactly one Carathéodory function associated to a period p set of Verblunsky
coeflicients with specified poles.

Alternately, the points in the gap are solutions of ®, = &7 with sheets
determined by whether the points are pure points of the associated measure or
not.

22 Random coefficients

Let © be the space [[-, D, 0, measures on D and o = [[c, 0, the product
measure on ). In other words, sequences {ay,}52, of Verblunsky coefficients
considered in this section are independent random variables. If in addition
oj = o for all j, then they are identically distributed. One is interested in
statements that hold when o; = w; for a.e. w € 2 with respect to . The main
result is that, typically, the associated measure f, with a;(p,) = w; is a pure
point measure with pure points often dense in T.

For A € T let puy o, be the measure with a;(¢x ) = Aw;. The main result
for the i.i.d. case is [80, Theorem 12.6.3].
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Theorem 22.1 Suppose that oy is not supported at a single point. Then for
a.e. (A w) € TxQ the measure ., has pure point spectrum. If oy is absolutely
continuous with respect to the area Lebesgue measure on D, then u,, is pure point
for a.e. w e Q.

Decaying random Verblunsky coefficients

Decaying random potentials were studied starting with Simon [86] who found
the first example of Jacobi matrices with |a, —1|+|b,| — 0 and p purely singular.
The pioneering results on decaying Verblunsky coefficients are due to Nikishin
[69] and Teplyaev [105]. The detailed account of the subject is presented in [80,
Sections 12.6-7].

Now Verblunsky coefficients {a;(w)} are assumed to be independent random
but not necessarily identically distributed variables, which decay to zero in some
sense; at a minimum, the mean value E(|a;(w)[?) — 0. The main result states
that there is no singular spectrum.

Theorem 22.2 Let the Verblunsky coefficients {a;(w)} be independent random
variables with E(a;(w)) =0 and

Y E(la(@)]?) < oo,
j=0

that is, the Szegd condition holds a.e.. Then the corresponding orthogonality
measure [, s absolutely continuous for a.e. w.

The situation changes dramatically for the slowly decaying Verblunsky co-
efficients. Assume that

Sup|aj(w)| <1, lem sup |a;(w)| =0, (22.1)
w,J 0w
E(aj(w)) = E(a}(w)) =0, (22.2)
and .
E(loj(@))? =Tj7",  >jo, 0<y<3. (22.3)

Theorem 22.3 (i) Suppose that independent Verblunsky coefficients {a;(w)}
satisfy (22.1) — (22.3) with v < 1/2. Then for a.e. pairs (A\,w) € T x Q the
measure [y ., %5 pure point and dense in T.

(i) Suppose that (22.1) — (22.3) hold with v =1/2 and in addition

sup n'/?

w,J

oy ()] < o

Then for a.e. pairs (A, w) € T x Q the measure iy, has dense pure point
spectrum as long as T > 1. If T < 1, then for a.e. pairs (\,w) € T x Q
the measure pix., has purely singular continuous spectrum of evact Hausdorff
dimension 1 — I'2.
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23 Miscellanea

Exponential decay estimates

In [67] Nevai and Totik proved that limsup,,_, . |a, ()™ = R™! < 1 if and
only if p is absolutely continuous and the reciprocal of the Szegd function (16.3)
D! is analytic in the disk {|z| < R} providing a formula for the exact rate of
exponential decay in terms of properties of D~!. Moreover, the following result
is true (see [84, Theorem 2.1]).

Theorem 23.1 Let limsup,, . |, (u)|/" = R~ < 1 and define
S(z) == a;_1(w)z’,  r(z):=D(1/5)D"'(2), (23.1)
3=0

so both S and D~ are analytic in {|z| < R}. Then the difference r — S is
analytic in {z:1—6 < |z| < R3} for some § > 0.

The point of this theorem is that both S and D~! have singularities on the
circle of radius R so the fact that the combination has analytic continuation is
subtle.

To study the more specific exponential decay of Verblunsky coefficients Si-
mon came up with the following
Definition. A sequence {A,},>—1 of complex numbers is said to have an
asymptotic series with error R~™ for some R > 1 if there exists a finite number
of points {y;}7_;, 1 < |u;| < R, and polynomials {P;}7_, so that

J
P 1/n
limsup‘An—Zili(fl)’ <R .

(23.2)

Ay, has a complete asymptotic series if the left hand side in (23.2) is zero.
It is not hard to see that {4, },>_1 has an asymptotic series with error R™"
if and only if

L(z) := i Ap12"
n=0

is meromorphic in {|z| < R} with a finite number of poles, all in {1 < |z| < R}.
In particular, {4, },>_1 has a complete asymptotic series if and only if L is an
entire meromorphic function, that is, meromorphic on the whole C.

Here is the main result of [84].

Theorem 23.2 Let a nontrivial probability measure p € P with Verblunsky
coefficients an(p). Then «y, has a complete asymptotic series if and only if u
is an absolutely continuous measure from the Szegd class and D™ is an entire
meromorphic function. The latter is equivalent to the function S (23.1) being
an entire meromorphic function.
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Simon also provides the relation between j;’s that enter in the asymptotic
series and the poles of D71,

Rakhmanov’s theorem on an arc

Let u = wdm + ps be a measure from P. It was Rakhmanov [76] who proved
that w > 0 a.e. on T implies a, (1) — 0 as n — oo. Later on Bello and Lépez
[11] took this result over to an arc of the unit circle.

Theorem 23.3 (Bello — Lépez). Let A, be an arc on T
Aa::{C:e”:agtSQW—a}, 0<a<m.

Suppose that supp p = A, and w > 0 a.e. on this arc. Then
lim |a, ()| = sin %, lim a1 (p)o, (1) = sin? %.

On the other hand the recent result of Denisov [20] states

Theorem 23.4 (Denisov). Let J = J({an},{bn}) be a Jacobi matriz with the
spectral measure o = vdm + o5. Suppose that ess suppo = [—2,2] and v > 0
a.e. on[—2,2]. Then a, — 1, b, — 0 as n — oc.

The original Rakhmanov theorem (more precisely, its real line analog) corre-
sponds to the case supp o = [—2,2]. There is also an alternate proof of Denisov’s
theorem due to Nevai — Totik [68], which appeared to be a starting point for
Simon to prove

Theorem 23.5 The result of Bello — Lopez holds under the relaxed assumption
ess supp p = A,.
Measures with VC’s from 7, p > 2

For the class P of nontrivial probability measures on T Totik [107] established
the following

Theorem 23.6 Let y € P with supppu = T. Then there exists a measure v
mutually absolutely continuous with u and such that oy, (v) — 0 as n — oo.

Simon proved the stronger (see [79, Theorem 2.10.1])

Theorem 23.7 Let yu € P with supppu = T. Then there exists a measure v
mutually absolutely continuous with p and such that for all p > 2

o0
Z |, (V)P < 0.
n=0

Khrushchev [44] gave examples of singular continuous measure p on T with
{an(u)} € ¢P for all p > 2.
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Counting eigenvalues in gaps

Suppose that (%) and p are measures from P with Verblunsky coefficients {aS{’)}
and {ay,}, respectively, and let |, — a%o)\ — 0 with some information on the
rate. If an open circular arc T is disjoint from o.ss(u(?)) then the same happens
for gess() by Theorem 20.2. If the number of pure points of p in T is infinite,
they can only have the endpoints of I' as limit points, and one can ask about
the growth of the number of pure points near the endpoints of I".

The analogous problem for Schrodinger operators and Jacobi matrices is
heavily studied. Given a Jacobi matrix J({an}n>1,{bn}n>1) with a, — 1 and
b, — 0 as n — oo, denote by N(J) a number of eigenvalues of J off [—2,2].

Theorem 23.8 (Geronimo — Case, Chihara — Nevai). Suppose that

n(|bn| + |an — 1f) < oo,

n=1
Then N(J) < oo.

Geronimo and later Hundertmark and Simon found a quantitative bound
(see [38, Theorem Al])

oo

N(J) < S (nlbal + (4 + (@~ 13),  (2)y = max(z,0),  (23.3)

n=1

the result known as the Barmann-type bound. Next, denote by {E;-} the eigen-
values of J with

Ef>Ef>...>2>-2>...>FE, >E].
Then (see [38, Theorem 2])

> (185 =22+ By +2P7%) < G (Z [bal” + 43 lan — 1|p>
n=1 n=1 n=1

(23.4)
for all p > 1, where C), is an explicitly given constant depending only on p. The
estimate is usually called Lieb — Thirring-type bound.

In [80, Section 12.2] Simon has found similar bounds in the OPUC setting.

Theorem 23.9 Let nj4+n = 14, j € Z4, be a periodic sequence of complex
numbers, and suppose the Verblunsky coefficients oy (1) of a measure p € P
satisfy

> dle () = njl < oo
=0

Then p has an essential support whose complement has at most N gaps, and
each gap has only finitely many mass points.
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Theorem 23.10 Suppose a’s and n’s are as in the above Theorem, and
o0
> o (p) = mylP < o0
j=0
holds for some p > 1. Then for the mass points z; in the gaps we have
Zdist(zj,ess supp p)? < oo,
zj
where ¢ > 1/2 ifp=1andqg>p—1/2 ifp> 1.

Remark. In a recent paper [36] L. Golinskii has found precise quantitative
analogs of (23.3) and (23.4) in the OPUC setting for the case of a constant
background (N = 1).

Jitomirskaya—Last inequalities

In a fundamental paper intended to understand and extend the subordinacy the-
ory of Gilbert — Pearson, Jitomirskaya and Last proved some basic inequalities
about singularities of the m-function as the energy approaches the spectrum.
In [80, Section 10.8] an analog of their results for OPUC is established.

For a sequence of complex numbers {a; } ;>0 and a positive 0 < z < oo define

[]
lall2 =" la;|* + (= — [2])|agg) 41|,
§=0

so |lallz = >="_la;]* and [|a]|2 is linearly interpolated in between. Let ¢, (, 1)
and ¥, ({, 1) be the orthonormal polynomials of the 1st and 2nd kind, respec-
tively, with respect to . Since either {¢,} or {¢,} is not in ¢2 for ¢ € T, the
product ||¢||z||# |l increases monotonically from 1 to 400, 0 < z < co. Hence
for ( € T and 0 < r < 1 there is a unique solution z(r) of

2
1o o IO ey = 14

The unit circle analogue of Jitomirskaya — Last inequalities takes the following
form.

Theorem 23.11 Let F = F(z,u) be the Carathéodory function of pu. Then

O] - g (O ot
4 {lso(c)nz(r)] SIFrGul< 4 {nw@mrj !

where 1 < A < oo is a universal constant.
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Corollary 23.12 Let G C T be a Borel set on the unit circle so that for all
¢ € G the transfer matriz T,, defined in (14.11) satisfies

sup || T, Q)] < oo.

Then p is absolutely continuous on G.

The OPUC analogs of the Gilbert — Pearson subordinacy theory and the

Simon — Wolf theory appeared first in [37] and were elaborated in [80, Section

10].
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