Proceedings of Symposia in Pure Mathematics

The Christoffel-Darboux Kernel

Barry Simon*

ABSTRACT. A review of the uses of the CD kernel in the spectral theory of

orthogonal polynomials, concentrating on recent results.

CONTENTS
1. Introduction
2. The ABC Theorem
3. The Christoffel-Darboux Formula
4. Zeros of OPRL: Basics Via CD
5. The CD Kernel and Formula for MOPs
6. Gaussian Quadrature
7. Markov—Stieltjes Inequalities
8. Mixed CD Kernels
9. Variational Principle: Basics
10. The Nevai Class: An Aside
11. Delta Function Limits of Trial Polynomials
12. Regularity: An Aside
13. Weak Limits
14. Variational Principle: Maté—Nevai Upper Bounds
15. Criteria for A.C. Spectrum
16. Variational Principle: Nevai Trial Polynomial
17. Variational Principle: Maté-Nevai-Totik Lower Bound
18. Variational Principle: Polynomial Maps
19. Floquet—Jost Solutions for Periodic Jacobi Matrices
20. Lubinsky’s Inequality and Bulk Universality
21. Derivatives of CD Kernels
22. Lubinsky’s Second Approach
23. Zeros: The Freud-Levin—Lubinsky Argument
24. Adding Point Masses
References

2000 Mathematics Subject Classification. 34140, 47-02, 42C05.

Key words and phrases. Orthogonal polynomials, spectral theory.

This work was supported in part by NSF grant DMS-0652919 and U.S.—Israel Binational
Science Foundation (BSF) Grant No. 2002068.

©0000 (copyright holder)
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1. Introduction

This article reviews a particular tool of the spectral theory of orthogonal poly-
nomials. Let pu be a measure on C with finite moments, that is,

/|z|" du(z) < oo (1.1)

for all n = 0,1,2,... and which is nontrivial in the sense that it is not supported
on a finite set of points. Thus, {2}, are independent in L?(C, du), so by Gram—
Schmidt, one can define monic orthogonal polynomials, X, (z; du), and orthonormal
polynomials, z,, = X,,/|| Xy ||2. Thus,

/Ean(z;d,u)du(z):O j=0,....n—1 (1.2)
Xn(2) = 2" + lower order (1.3)

j/E;IEanxz>du:=5nm/ (1.4)

We will often be interested in the special cases where p is supported on R
(especially with support compact), in which case we use P,, p,, rather than X,,, x,,,
and where p is supported on D (D = {z | |2| < 1}), in which case we use @, ¢p,.
We call these OPRL and OPUC (for “real line” and “unit circle”).

OPRL and OPUC are spectral theoretic because there are Jacobi parameters
{an, bn}22; and Verblunsky coefficients {a, }5 , with recursion relations (p_; = 0;
po=®g =1):

2pn(2) = nt1Ppnt1(2) + bpt1pn(2) + anpn-1(2) (1.5)
D11(2) = 2P, (2) — @, D) (2) (1.6)
O (2) =2",(1/2) (1.7)

We will sometimes need the monic OPRL and normalized OPUC recursion
relations:

2Py (2) = Poui1(2) 4 b1 Po(2) + a2 Py 1(2) (1.8)
2pn(2) = prpn+1(2) + Gnepy, (2) (1.9)
pn = (1= |an[*)!/? (1.10)

Of course, the use of p,, implies |a,| < 1 and all sets of {a, }52, obeying this occur.
Similarly, b, € R, a,, € (0,00) and all such sets occur. In the OPUC case, {a,}22
determine du, while in the OPRL case, they do if sup(|a,| + |bn|) < 0o, and may
or may not in the unbounded case. For basics of OPRL, see [93, 22, 34, 89]; and
for basics of OPUC, see [93, 37, 34, 80, 81, 79].

We will use &, (or k,(du)) for the leading coefficient of x,,, p,, or ¢,, so

(dp)

The Christoffel-Darboux kernel (named after [23, 28]) is defined by

m@o=2w@%@ (1.12)
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We sometimes use K, (z,(; p) if we need to make the measure explicit. Note that
if ¢ > 0,

Kn(zac;clu) = C_lKn(Zvc;,u) (113)

since @, (z; cdp) = ¢~V 22, (z; dp).
By the Schwarz inequality, we have

|Kn(2,Q)1* < Kn(z,2)Kn(C,C) (1.14)

There are three variations of convention. Some only sum to n — 1; this is the
more common convention but (1.12) is used by Szegd [93], Atkinson [5], and in
[80, 81]. As we will note shortly, it would be more natural to put the complex
conjugate on z,((), not z,(z)—and a very few authors do that. For OPRL with
z,( real, the complex conjugate is irrelevant—and some authors leave it off even
for complex z and (.

As a tool in spectral analysis, convergence of OP expansions, and other aspects
of analysis, the use of the CD kernel has been especially exploited by Freud and
Nevai, and summarized in Nevai’s paper on the subject [68]. A series of recent
papers by Lubinsky (of which [60, 61] are most spectacular) has caused heightened
interest in the subject and motivated me to write this comprehensive review.

Without realizing they were dealing with OPRL CD kernels, these objects have
been used extensively in the spectral theory community, especially the diagonal
kernel

Kn(z,2) =Y |p;(z)]? (1.15)
j=0

Continuum analogs of the ratios of this object for the first and second kind poly-
nomials appeared in the work of Gilbert—Pearson [38] and the discrete analog in
Khan—Pearson [49] and then in Jitomirskaya—Last [45]. Last-Simon [55] studied
%Kn (z,z) as n — oo. Variation of parameters played a role in all these works and
it exploits what is essentially mixed CD kernels (see Section 8).

One of our goals here is to emphasize the operator theoretic point of view,
which is often underemphasized in the OP literature. In particular, in describing
, we think of the operator M, on L?(C,du) of multiplication by 2:

(M- f)(2) = 2f(2) (1.16)

If supp(du) is compact, M, is a bounded operator defined on all of L?(C, du). If it
is not compact, there are issues of domain, essential selfadjointness, etc. that will
not concern us here, except to note that in the OPRL case, they are connected to
uniqueness of the solution of the moment problem (see [77]). With this in mind,
we use o(dp) for the spectrum of M, that is, the support of du, and oess(du) for
the essential spectrum. When dealing with OPRL of compact support (where M,
is bounded selfadjoint) or OPUC (where M, is unitary), we will sometimes use
Oac(d), osc(dp), opp(dp) for the spectral theory components. (We will discuss
Oess(dpe) only in the OPUC/OPRL case where it is unambiguous, but for general
operators, there are multiple definitions; see [31].)

The basis of operator theoretic approaches to the study of the CD kernel de-
pends on its interpretation as the integral kernel of a projection. In L?(C,du), the
set of polynomials of degree at most n is an n + 1-dimensional space. We will use



4 B. SIMON

m, for the operator of orthogonal projection onto this space. Note that

(1000 = [ Kue Q)5 () ) (1.17)

The order of z and ( is the opposite of the usual for integral kernels and why we
mentioned that putting complex conjugation on z,(¢) might be more natural in
(1.12).

In particular,

deg(f) <n = f(C) = / K2, O)f(2) du(2) (1.18)

In particular, since K, is a polynomial in ¢ of degree n, we have

Ko (zw) = / Kn(2, O K (C, ) du(©) (1.19)

often called the reproducing property.

One major theme here is the frequent use of operator theory, for example,
proving the CD formula as a statement about operator commutators. Another
theme, motivated by Lubinsky [60, 61], is the study of asymptotics of %Kn(x,y)
on diagonal (z = y) and slightly off diagonal ((z — y) = O(3)).

Sections 2, 3, and 6 discuss very basic formulae, and Sections 4 and 7 simple
applications. Sections 5 and 8 discuss extensions of the context of CD kernels.
Section 9 starts a long riff on the use of the Christoffel variational principle which

runs through Section 23. Section 24 is a final simple application.

Vladimir Maz’ya has been an important figure in the spectral analysis of partial
differential operators. While difference equations are somewhat further from his
opus, they are related. It is a pleasure to dedicate this article with best wishes on
his 70th birthday.

I would like to thank J. Christiansen for producing Figure 1 (in Section 7) in
Maple, and C. Berg, F. Gesztesy, L. Golinskii, D. Lubinsky, F. Marcellan, E. Saff,
and V. Totik for useful discussions.

2. The ABC Theorem

We begin with a result that is an aside which we include because it deserves to
be better known. It was rediscovered and popularized by Berg [11], who found it
earliest in a 1939 paper of Collar [24], who attributes it to his teacher, Aitken—so
we dub it the ABC theorem. Given that it is essentially a result about Gram-—
Schmidt, as we shall see, it is likely it really goes back to the nineteenth century.
For applications of this theorem, see [13, 47].

K, is a polynomial of degree n in Z and (, so we can define an (n+1) x (n+1)
square matrix, k(™) with entries kj(z), 0<j4,m<mn,by

n

Ka(z,0)= Y Kwamg (2.1)

j,;m=0

One also has the moment matrix

mgz) = (9, 2%) = /Ejzk dp(z) (2.2)
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0 < j,k < n. For OPRL, this is a function of j + k, so m(™ is a Hankel matrix.
For OPUC, this is a function of j — k, so m(™ is a Toeplitz matrix.

THEOREM 2.1 (ABC Theorem).

(m<">)—1 = k™ (2.3)
PrROOF. By (1.18) for £ =0,.
/ K202 dp(z) = ¢* (2.4)
Plugging (2.1) in for K, using (2.2) to do the integrals leads to
Z Krmi ¢l = ¢! (2.5)
J,q=0
which says that
Zk”) m\y) = 850 (2.6)
which is (2.3). O
Here is a second way to see this result in a more general context: Write
J
k=0
so we can define an (n + 1) x (n + 1) triangular matrix a(™ by
agz) = ajk (2.8)
Then (the Cholesky factorization of k)
L™ — () (a(n))* (2.9)
with * Hermitean adjoint. The condition
(w5, 20) = dj0 (2.10)
says that
(™) m™ (™) =1 (2.11)

the identity matrix. Multiplying by (a(™)* on the right and [(a(™)*]~" on the left
yields (2.3). This has a clear extension to a general Gram—Schmidt setting.

3. The Christoffel-Darboux Formula
The Christoffel-Darboux formula for OPRL says that

Kn(Z, C) = 1 (pn-i—l (Z) pn(C) pn( )pn+1(<)) (31)

zZ—C
and for OPUC that

_0h1(2) 0541 (Q) = et (2) pnta(Q)
Kn(Z, C) - 1 =
—zC
The conventional wisdom is that there is no CD formula for general OPs, but we
will see, in a sense, that is only half true. The usual proofs are inductive. Our
proofs here will be direct operator theoretic calculations.

(3.2)
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We focus first on (3.1). From the operator point of view, the key is to note
that, by (1.17),

(9, [Ma, mal ) = / 900 (€ = 2)Kn(z O () du(Q)du(2) (3.3)

where [A,B] = AB — BA. For OPRL, in (3.3), ¢ and z are real, so (3.1) for
z,¢ € o(du) is equivalent to

[Mzaﬂ-n] = an+1[<pn7 : >pn+1 - <pn+17 : >pn] (34)
While (3.4) only proves (3.1) for such z, ¢ by the fact that both sides are polynomials

in z and (, it is actually equivalent. Here is the general result:

THEOREM 3.1 (General Half CD Formula). Let p be a measure on C with finite
moments. Then:

(1 - Trn)[MzﬂTn](l - 7Tn) =0 (35)
7T71[]\4za7rn]7"—n =0
_ Xl

(1 = ) [Ms, mopm = ”X:'l‘ (T, Vs (3.7)

REMARK. If p has compact support, these are formulae involving bounded
operators on L?(C,du). If not, regard 7, and M, as maps of polynomials to
polynomials.

PRrROOF. (3.5) follows from expanding [M,, 7,] and using

Tn(l=—my) =1 —7p)mn =0 (3.8)
If we note that [M,,m,] = —[M., (1 — 7,)], (3.6) similarly follows from (3.8). By
(3.8) again,

(1 = mp)[My,mp]mn = (1 — ) M7y, (3.9)
On ran(m,—1), 7, is the identity, and multiplication by z leaves one in 7, that is,
(1 —mp) M7y, | ran(mp—1) =0 (3.10)

On the other hand, for the monic OPs,
(1—mp) Mo X, = Xinia (3.11)

since M,m, X, = z"t'+ lower order and (1 — m,) takes any such polynomial to
Xp41. Since

[ Xn il
<Ina Xn>$n+1 = X'n,+1
[ Xl
we see (3.4) holds on ran(1 — m,) + ran(m,—1) + [X,], and so on all of L2, O

From this point of view, we can understand what is missing for a CD formula
for general OP. The missing piece is

T My, mp](1 — 7)) = (1 — 7)) MJm,)* (3.12)

The operator on the left of (3.7) is proven to be rank one, but (1 — m, )M m, is, in
general, rank n. For ¢ € ker[(1 —m,) M} m,| Nran(w,) means that ¢ is a polynomial
of degree n and so is Zy, at least for a.e. z with respect to u. Two cases where many
Zp are polynomials of degree n—indeed, so many that (1 — m, )M 7, is also rank
one—are for OPRL where zZ¢ = z¢ (a.e. z € o(du)) and OPUC where zp = 271
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(a.e. z € o(dp)). In the first case, Zy € ran(m,) if deg(y) < n—1, and in the second
case, if p(0) = 0.
Thus, only for these two cases do we expect a simple formula for [M,, 7.

THEOREM 3.2 (CD Formula for OPRL). For OPRL, we have

[Mz, 0] = an41[(Pns *)Pn+1 — (Pnt1, - )Pn] (3.13)
and (3.1) holds for z # (.
PROOF. Inductively, one has that p,(z) = (a1 ...a,) 12" + ..., so
|Pall = ai .. . anpu(R)Y? (3.14)
and thus,
[Pyl
= An+1 (315)
1P|
Moreover, since M} = M, for OPRL and [4, B]* = —[A4*, B*], we get from
(3.12) that
WH[MZ, 7771](1 - 7771) = _an+1<pn+1a '>pn (3-16)
(3.5)-(3.7), (3.14), and (3.16) imply (3.13) which, as noted, implies (3.1). O
For OPUC, the natural object is (note M, M = MM, = 1)
B, =m, — M n, M} = —[M,, m,)M} (3.17)
THEOREM 3.3 (CD Formula for OPUC). For OPUC, we have
Tn — MZT"HM; = <<P:;+1a '>90:z+1 - <80n+1a '><Pn+1 (3-18)

and (3.2) holds.

PROOF. B, is selfadjoint so ran(B,) = ker(B,)*. Clearly, ran(B,) C
ran(m,) + M, [ran(w,)] = ran(m,41) and B, 2° = 0 for £ = 1,...,n, so ran(B,) =
{z,2%,...,2"}* Nran(m,41) is spanned by ¢,41 and ¢} ;. Thus, both B, and
the right side of (3.18) are rank two selfadjoint operators with the same range and
both have trace 0. Thus, it suffices to find a single vector 7 in the span of ¢, 1 and
@y with B,n = (RHS of (3.18))n, since a rank at most one selfadjoint operator
with zero trace is zero!

We will take n = z¢,,, which lies in the span since, by (1.9) and its *,

PrPnt1 = 2Pn = Qny  PrPii1 = P~ AnZPn (3.19)

By (3.16), (3.17), and

[®nll = po-..po—14(0D) (3.20)

we have that

Bn(2pn) = [mn, M:]pn
=—(1—7mn) M.
= —PnPn+1 (3.21)
On the other hand, ¢}, L {z,...,2" "'}, so
<<P:;+laz</7n> =0
and, by (3.19),
(Pn+1,20n) = PnlPn+1; Prt1) + GnlPnt1, Pr)
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= pn
SO
[LHS of (3.18)]z¢n = —pn@n+1 (3.22)
O
Note that (3.2) implies
—_ 1-2¢
Knt1(2,0) = Kn(2,¢) + ¢nt1(2) ens1(O) | 1= P
_ 5 11(2) 0311(C) = ZCpny1(2) Pnt1(C)
1-2¢
so changing index, we get the “other form” of the CD formula for OPUC,

1-2Zp
We also note that Szeg6 [93] derived the recursion relation from the CD formula,

so the lack of a CD formula for general OPs explains the lack of a recursion relation
in general.

4. Zeros of OPRL: Basics Via CD

In this section, we will use the CD formula to derive the basic facts about the
zeros of OPRL. In the vast literature on OPRL, we suspect this is known but we
don’t know where. We were motivated to look for this by a paper of Wong [105],
who derived the basics for zeros of POPUC (paraorthogonal polynomials on the
unit circle) using the CD formula (for other approaches to zeros of POPUCs, see
[19, 86]). We begin with the CD formula on diagonal:

THEOREM 4.1. For OPRL and x real,
D 1pi(@)? = ansa [Py 1 (@)pa(@) = Pl (@)pat ()] (4.1)
§=0

PRrROOF. In (3.1) with z = x, ( = y both real, subtract p,+1(y)p»(y) from both
products on the left and take the limit as y — . (I

COROLLARY 4.2. If p,(x9) = 0 for xg real, then

Pr+1(20)Pn (20) < 0 (4.2)
PROOF. The left-hand side of (4.1) is strictly positive since po(z) = 1. O

THEOREM 4.3. All the zeros of pn(x) are real and simple and the zeros of p,41
strictly interlace those of pn,. That is, between any successive zeros of pn41 lies
exactly one zero of p, and it is strictly between, and p,11 has one zero between
each successive zero of p, and it has one zero above the top zero of p, and one
below the bottom zero of py,.

PROOF. By (4.2), p,(zo) = 0 = pl,(zo) # 0, so zeros are simple, which then
implies that the sign of p/, changes between its successive zeros. By (4.2), the sign
of py41 thus changes between zeros of p,, so p,4+1 has an odd number of zeros
between zeros of p,.



THE CHRISTOFFEL-DARBOUX KERNEL 9

p1 is a real polynomial, so it has one real zero. For z large, p,(z) > 0 since
the leading coefficient is positive. Thus, p/,(z9) > 0 at the top zero. From (4.2),
Pnt1(xo) < 0 and thus, since p,q1(x) > 0 for x large, p,y1 has a zero above the
top zero of p,. Similarly, it has a zero below the bottom zero.

We thus see inductively, starting with pi, that p, has n real zeros and they
interlace those of p,_1. [l

We note that Ambroladze [3] and then Denisov—Simon [29] used properties of
the CD kernel to prove results about zeros (see Wong [105] for the OPUC analog);
the latter paper includes:

THEOREM 4.4. Suppose 4o = sup,an, < o0 and g € R has d =
dist(zo,0(dp)) > 0. Let § = d?/(d+v/2as). Then at least one of p, and p,_1 has
no zeros in (xg — 6,20 + 0).

They also have results about zeros near isolated points of o (du).

5. The CD Kernel and Formula for MOPs

Given an ¢ x ¢ matrix-valued measure, there is a rich structure of matrix OPs
(MOPRL and MOPUC). A huge literature is surveyed and extended in [27]. In
particular, the CD kernel and CD formula for MORL are discussed in Sections 2.6
and 2.7, and for MOPUC in Section 3.4.

There are two “inner products,” maps from L? matrix-valued functions to ma-
trices, (-, - )r and (-, - ). The R for right comes from the form of scalar homo-
geneity, for example,

(f,940r = (f,9)rA (5.1)

but {(f, Ag))r is not related to {(f, g)r.
There are two normalized OPs, pit(x) and pl(z), orthonormal in ((-, - ))r and

(-, - )1, respectively, but a single CD kernel (for z,w real and T is matrix adjoint),

Ku(z,w) =) pi(2)pi (w)! (5.2)
k=0

=D () Pk (w) (5-3)
k=0

One has that
(Kn(-,2), F(-))r = (T f)(2) (5.4)

where m, is the projection in the Tr({(-, - )r) inner product to polynomials of
degree n.
In [27], the CD formula is proven using Wronskian calculations. We note here
that the commutator proof we give in Section 3 extends to this matrix case.
Within the Toeplitz matrix literature community, a result equivalent to the CD
formula is called the Gohberg—Semencul formula; see [10, 35, 39, 40, 48, 100,
101].
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6. Gaussian Quadrature

Orthogonal polynomials allow one to approximate integrals over a measure du
on R by certain discrete measures. The weights in these discrete measures depend
on K, (z,z). Here we present an operator theoretic way of understanding this.

Fix n and, for b € R, let J,,p(b) be the n x n matrix

b1 al 0
ar by a
Jnir(b) = 0 az b (6.1)

b, +0

(i.e., we truncate the infinite Jacobi matrix and change only the corner matrix
element b, to b, + b).

Let :%5-") (0), j =1,...,n, be the eigenvalues of J,. r(b) labelled by Z1 < &2 <
. (We shall shortly see these eigenvalues are all simple.) Let @gn) be the nor-

malized eigenvectors with components [@;n) (b)]e, £=1,...,n, and define
A 0) = 1lg" O (6.2)
so that if e; is the vector (10...0)*, then

is the spectral measure for J,.r(b) and eq, that is,
(ex, Tusr(b)fer) = Y AT ()& (b) (6.4)
j=1

for all £. We are going to begin by proving an intermediate quadrature formula:

THEOREM 6.1. Let p be a probability measure. For any b and any { =
0,1,...,2n — 2,

/ ot dp =" MM (B)z" (b)* (6.5)
j=1
If b =0, this holds also for £ =2n — 1.

PrROOF. For any measure, {a;,b; }?;11 determine {pj}?;ol, and moreover,

/ tlpnr(@)? dp = by (6.6)

n—1

If a measure has finite support with at least n points, one can still define {p; J=0>

Jacobi parameters {a;, b; ?:_11, and b, by (6.6).
dp and the measure, call it dﬂg"), of (6.3) have the same Jacobi parameters
{a;, bj}?;ll, so the same {pj}?;ol, and thus by

/xkpj(zv)d,u:() k=0,1,...,7—1;j=1,...,n—1 (6.7)
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we inductively get (6.5) for £ =0,1,2,...,2n — 3. Moreover,

/pnfl(ac)2 dp =1 (6.8)
determines inductively (6.5) for £ = 2n — 2. Finally, if b = 0, (6.6) yields (6.5) for
{=2n-1. O

As the second step, we want to determine the :Tcg-") (b) and X;n)(b)

THEOREM 6.2. Let K. p = mp_1M,m,—1 | ran(m,—1) for a general finite mo-
ment measure, i, on C. Then

detr.(m( )(Z]_ — Kn;p) e Xn(z) (69)

TTn—1

PROOF. Suppose X, (z) has a zero of order £ at zy. Let ¢ = X,,(2)/(z — 20)".
Then, in ran(m,),

(Knr—2)09#0  j=0,1,....0—1 (6.10)
(Kpr — 20)f0 =0 (6.11)
since (M, — z0)*p = X,,(2) and m,_1X,, = 0. Thus, z is an eigenvalue of K,,.p of
algebraic multiplicity at least £. Since X,,(z) has n zeros counting multiplicity, this

accounts for all the roots, so (6.9) holds because both sides of monic polynomials
of degree n with the same roots. ([

COROLLARY 6.3. We have for OPRL

det(z — Jy.p (D)) = Pp(z) — bPy—1(2) (6.12)
The eigenvalues 57§n) (b) are all simple and obey for 0 < b < 0o and j = 1,...,n
(with &,41(0) = 00),
2 (0) < 2 () < 27 (0) (6.13)
and for —oco <b< 0 and j=1,...,n (with Z,-1(0) = —00),
#M,(0) < 7 (b) < 77 (0) (6.14)

PROOF. (6.12) for b =0 is just (6.9). Expanding in minors shows the determi-
nant of (z — J,,p(b)) is just the value at b = 0 minus b times the (n — 1) x (n — 1)
determinant, proving (6.12) in general.

The inequalities in (6.13)/(6.14) follow either by eigenvalue perturbation theory
or by using the arguments in Section 4. ([

In fact, our analysis below proves that for 0 < b < oo,
#(0) <@ () < 2"V (0) (6.15)

The recursion formula for monic OPs proves that p;(Z;(b)) is the unnormalized
eigenvector for J,,.p(b). K,_1(Z;(b),%;(b))*/? is the normalization constant, so
since pp = 1 (if u(R) = 1):

PROPOSITION 6.4. If u(R) =1, then

A (0) = (K1 (25" (0), 77 (0))) ! (6.16)
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Now fix n and xy € R. Define

b(ao) = —nl20)

Pr—1(z0)
with the convention b = oo if P,,_1(zg) = 0. Define for b # oo,
o (wo) = 2V (b(z0))  j=1,...,n
and if b(zg) = oo,
2 (@) =2"(0)  j=1,...n-1

and
A (@o) = (Ko (" (20), 2 (20)) ™!
Then Theorem 6.1 becomes

THEOREM 6.5 (Gaussian Quadrature). Fiz n,xq. Then
[ @@ di= YA @t w)
j=1

for all polynomials Q of degree up to:
(1) 2n—1 if Py(x0) =0

(2) 2n =2 if Py(x0) # 0 # Pr—1(20)
(3) 2n —3 Zf Pn_1($0) =0.

REMARKS. 1. The sum goes to n — 1 if P,,_1(z9) = 0.

2. We can define xg-n) to be the solutions of

Prn—1(20)pn(2) — Pn(T0)pn—1(z) =0
which has degree n if p,,—1(2z0) # 0 and n — 1 if p,,—1(z0) = 0.

(6.17)

(6.18)

(6.19)

(6.20)

(6.21)

(6.22)

3. (6.20) makes sense even if ;(R) # 1 and dividing by p(R) changes [ Q(z) du
and )\g-") by the same amount, so (6.21) holds for all positive p (with finite mo-

ments), not just the normalized ones.

4. The weights, )\g-") (x0), in Gaussian quadrature are called Cotes numbers.

7. Markov—Stieltjes Inequalities

The ideas of this section go back to Markov [63] and Stieltjes [92] based on

conjectures of Chebyshev [21] (see Freud [34]).

LEMMA 7.1. Fizx1 < --- < x, in R distinct and 1 < ¢ < n. Then there is a

polynomial, Q, of degree 2n — 2 so that

(i)
1 =1
Q(%)_{o 1=(+1,....n

(ii) For all x € R,
Q((E) > X(foo,m[] (:E)

(7.1)

(7.2)

REMARK. Figure 1 has a graph of Q and x(_o 4, forn=>5,0=3, z; = j—1.
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FIGURE 1. An interpolation polynomial

PRrROOF. By standard interpolation theory, there exists a unique polynomial of
degree k with k + 1 conditions of the form

Qy) = Q'(y) == Q") (y;) =0
Zj n; = k+ 1. Let @ be the polynomial of degree 2n — 2 with the n conditions in
(7.1) and the n — 1 conditions

Q'(zj)=0 j=1,....0—1/4+4+1,....n (7.3)

Clearly, @’ has at most 2n— 3 zeros. n—1 are given by (7.3) and, by Snell’s the-
orem, each of the n— 2 intervals (z1, z2), ..., (Te—1, %), (To41, Tog2), -y (Tn—1,Tn)
must have a zero. Since @ is nonvanishing on (z,z¢y1) and Q(ze) = 1 >
Q(zeyr1) = 0, Q' (y) < 0 on (wg,wey1). Tracking where Q' changes sign, one sees
that (7.2) holds. O

THEOREM 7.2. Suppose du is a measure on R with finite moments. Then

) e > (o0, 7))

(1) ooy <) Kn=1(25 (0), 757 (0))

1 (7.4)
> p((—00,w0)) = Z % ) ()
{512 (z0) <o} n_l(xj (x0)7xj (0))
REMARKS. 1. The two bounds differ by K,,_1(zg,z0) .
2. These imply
u({zo}) < Kn—1(wo, o)~ (7.5)
In fact, one knows (see (9.21) below)

p{zo}) = lim K1 (zo, o)~ (7.6)

If u({xzo}) = 0, then the bounds are exact as n — oo.
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PROOF. Suppose P,,_1(zg) # 0. Let ¢ be such that xi") (xo) = zp. Let @ be
the polynomial of Lemma 7.1. By (7.2),

((—00, 20]) < / Q) du

and, by (7.1) and Theorem 6.5, the integral is the sum on the left of (7.4).
Clearly, this implies

NCESEREDS SR

(n)
{j\mgn)(mo)>mo} Knil(xj (x0)7 j (xo))

which, by x — —z symmetry, implies the last inequality in (7.4). O

COROLLARY 7.3. If £ <k —1, then
k—1

Y. = - < (2 (wo), 2™ (w0)])

St K (@l (20), 24 (x0))

SZ !

k
= K (2 (o), 2" (20))

PRrROOF. Note if 71 = :zrgn) (zg) for some £, then :1:§"> (w) = xgn) (z1), so we get

(7.7) by subtracting values of (7.4). O

Notice that this corollary gives effective lower bounds only if k—1 > £+1, that
is, only on at least three consecutive zeros. The following theorem of Last—Simon
[67], based on ideas of Golinskii [41], can be used on successive zeros (see [57] for
the proof).

THEOREM 7.4. If E, E' are distinct zeros of P,(z), E = HE+FE) and § >
$|E — E'|, then
(52—(%|E—El|2)2 Kn(E,E) 1/2
3n Supy, <5 Kn (YY)

|E—F'| > (7.8)

8. Mixed CD Kernels

Recall that given a measure u on R with finite moments and Jacobi parameters
{an, b }22 1, the second kind polynomials are defined by the recursion relations (1.5)
but with initial conditions

qo(z) =0 q1(x) = afl (8.1)

S0 ¢n(x) is a polynomial of degree n — 1. In fact, if fi is the measure with Jacobi
parameters given by

ap = Ap+1 Bn = bn—i—l
then
Gn (5 dp) = ay ' por (23 dji) (8.2)

It is sometimes useful to consider

KD (x,y) =Y q;(x) ;(y) (8.3)
=0
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and the mixed CD kernel

KPD(z,y) = > 4;(x) p;(y) (8.4)
=0
Since (8.2) implies
K (w,y; dp) = ay * K (2,3 djt) (8.5)

there is a CD formula for K(9 which follows immediately from the one for K.
There is also a mixed CD formula for Kflp q).

OPUC also have second kind polynomials, mixed CD kernels, and mixed CD
formulae. These are discussed in Section 3.2 of [80].

Mixed CD kernels will enter in Section 21.

9. Variational Principle: Basics

If one thing marks the OP approach to the CD kernel that has been missing
from the spectral theorists’ approach, it is a remarkable variational principle for
the diagonal kernel. We begin with:

LEMMA 9.1. Fiz (aq,...,qm) € C™. Then

m m m —1
min<Z|zj|2 Zozjzj = 1) = <Z|aj|2) (9.1)
j=1 j=1 j=1
with the minimizer given uniquely by

(0) Q;
2 = =m (9.2)
! Zj:l a2
(0)

REMARK. One can use Lagrange multipliers to a priori compute z; " and prove
this result.

Proor. If
Z aij = (93)
j=1
then .
0
Sl = A7 = 3l - (Lol (9.4
j=1 j=1 j=1
from which the result is obvious. O

If Q has deg(Q) < n and Q,(29) =1, then
Qn(z) =Y ajz;(2) (9.5)
=0

with z; the orthonormal polynomials for a measure du, then > ajz,(20) = 1 and
HQnH%Q((Ld#) =27 glaj|*. Thus the lemma implies:

THEOREM 9.2 (Christoffel Variational Principle). Let p be a measure on C with
finite moments. Then for zZy € C,

win 10,21 !

Qulz0) = 1, deg(Qn) < n> o 09
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and the minimizer is given by

K, (20,2
Qulerz0) = 0.7)
One immediate useful consequence is:
THEOREM 9.3. If u < v, then
Ko(z,z;dv) < Ky (z,z;dp) (9.8)

For this reason, it is useful to have comparison models:

EXAMPLE 9.4. Let du = df/2n for z = re® and ¢ = e¢¢. We have, since

Pn(z) = 2",
1— ,,.n-l—lei(n-l-l)(«p—@)

Kn(zu C) = 1 _ reile—0) (99)
If r < 1, K, (2, 20) has a limit as n — oo, and for z = €%, zg = re’?, r < 1,
dyp dyp
2 —_ —_
Qulz, ) 52 = Prlb,) 52 (910)
the Poisson kernel,
Pa(0,p) = Lo (9.11)
nth @ 1472 —2rcos(f — @) ’
For r = 1, we have
o in2(ntl (g —
K (e, )2 = 22 ( o8 %) (9.12)
sin®(6 — )
the Fejér kernel.
For r > 1, we use
11
Kn(z,0) = 2"("Kn (— : —) (9.13)
z G
which implies, for z = e¥?, zg = re'?, r > 1,
d d
@n(z,20)? 52 = Poa (0,0) 5 (9.14)
2 27
O
EXAMPLE 9.5. Let duo be the measure
1
d,uo(:v) = % 4 — z2 X[-2,2] (ac) dx (915)
n [—2,2]. Then p,, are the Chebyshev polynomials of the second kind,
sin(n +1)0
n(2 0) = ——— 9.16
pn(2cosf) = 0L (9.16)
In particular, if |z] <2 -4,
lpn (2 +iy)| < 01156n0215‘y‘ (9.17)
and so .
~ [Kn( + iy, @ + iy)| < CF 5> 2ol (9.18)
O

The following shows the power of the variational principle:
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THEOREM 9.6. Let
dp = w(z) dx + dus (9.19)
Suppose for some xg,d, we have
w(xz) >e>0

for x € [z — 6,20 + 0]. Then for any 6’ < § and all x € [xo — 0',x0 + '], we have
for all a real,

) . .
~ K, (:17 + 2 ey E) < CpeCzlal (9.20)
n n n

PROOF. We can find a scaled and translated version of the dug of (9.15) with
1 > 1o. Now use Theorem 9.3 and (9.18). (]
The following has many proofs, but it is nice to have a variational one:
THEOREM 9.7. Let i be a measure on R of compact support. For all o € R,
Jim K (o, 20) = p({zo}) ™ (9.21)
REMARK. If u({xo}) = 0, the limit is infinite.
Proor. Clearly, if Q(zo) =1, [|Qn(z)* du > p({xo}), so

Ky (0, 70) < p({zo}) ™" (9.22)
On the other hand, pick A > diam(o(dp)) and let
r—x0)2\"
Qan(x) = (1 _ =z AQO) ) (9.23)
For any a,
W1 |Qan(2)| = Man(a) — 0 (9.24)
r—x0|>a
z€o(dp)
so, since Qo2, < 1 on o(dp),
Kn(Io, Io) > [ILL((.IO —a,ry + a)) + MQn(CL)]71 (925)
o
liminf K, (zo,x0) > [((zo — a,z0 + a))] (9.26)
for each a. Since limgjo u((xo — a,z0 + a)) = u({zo}), (9.22) and (9.26) imply
(9.21). O

10. The Nevai Class: An Aside

In his monograph, Nevai [67] emphasized the extensive theory that can be
developed for OPRL measures whose Jacobi parameters obey

an —a by —b (10.1)

for some b real and a > 0. He proved such measures have ratio asymptotics, that is,
P11(2)/P,(2) has alimit for all z € C\R, and Simon [78] proved a converse: Ratio
asymptotics at one point of C; implies there are a,b, with (10.1). The essential
spectrum for such a measure is [b — 2a,b + 2a], so the Nevai class is naturally
associated with a single interval e C R.

The question of what is the proper analog of the Nevai class for a set ¢ of the
form

e = [a1, f1] U [ag, B2] U ... [out1, Beti] (10.2)
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with
a; < 61 << oy < 64+1 (10.3)
has been answered recently and is relevant below.
The key was the realization of Lépez [8, 9] that the proper analog of an arc
of a circle was |ay,| — a and @10, — a? for some ¢ > 0. This is not that o,
approaches a fixed sequence but rather that for each k,
n+k
eirgleigm Z loj — ae®| — 0 (10.4)
Jj=n
as n — oo. Thus, a; approaches a set of Verblunsky coefficients rather than a fixed
one.
For any finite gap set e of the form (10.2)/(10.3), there is a natural torus,
Je, of almost periodic Jacobi matrics with gess(J) = ¢ for all J € J,. This can be
described in terms of minimal Herglotz functions [90, 89] or reflectionless two-sided
Jacobi matrices [75]. All J € 7, are periodic if and only if each [a;, 5;] has rational
harmonic measure. In this case, we say e is periodic.

DEFINITION.
din (£, bn 3oy, {ain, butozy) = > €7 (|amtj — ms| + by — bmysl)  (10.5)
j=0
dm({anabn}uje) = }rel{yne dm({anubn}uJ) (106)

DEFINITION. The Nevai class for e, N(e), is the set of all Jacobi matrices, J,
with
din(J, Te) — 0 (10.7)

as m — OQ.

This definition is implicit in Simon [81]; the metric d,, is from [26]. Notice
that in case of a single gap e in JD, the isospectral torus is the set of {a, }2, with
a, = ae® for all n where a is ¢ dependent and fixed and 6 is arbitrary. The above
definition is the Lépez class.

That this is the “right” definition is seen by the following pair of theorems:

THEOREM 10.1 (Last—Simon [56]). If J € N(e), then
Oess(J) = ¢ (10.8)
THEOREM 10.2 ([26] for periodic ¢’s; [75] in general). If
Oess(J) = 0ac(J) = ¢
then J € N(e).

11. Delta Function Limits of Trial Polynomials

Intuitively, the minimizer, Q,(z,zg), in the Christoffel variational principle
must be 1 at zp and should try to be small on the rest of o(du). As the degree gets
larger and larger, one expects it can do this better and better. So one might guess
that for every § > 0,

sup |Qn(z,z0)] — 0 (11.1)
|zt—zo|>0
z€o(dp)
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While this happens in many cases, it is too much to hope for. If x; € o(du) but
1 has very small weight near x;, then it may be a better strategy for @, not to
be small very near z1. Indeed, we will see (Example 11.3) that the sup in (11.1)
can go to infinity. What is more likely is to expect that |Q,(x,z0)|? du will be
concentrated near xo. We normalize this to define

_ |Qn(z,20)|? dp(2)

(o) (2) = .
) = 1w )P dn(e) )
so, by (9.6)/(9.7), in the OPRL case,
e (o) = 2 o) (113)

We say p obeys the Nevai d-convergence criterion if and only if, in the sense of
weak (aka vague) convergence of measures,

") (z) — Ou, (11.4)

the point mass at xg. In this section, we will explore when this holds.

Clearly, if 2 ¢ o(dp), (11.4) cannot hold. We saw, for OPUC with du = df /2«
and z ¢ 0D, the limit was a Poisson measure, and similar results should hold for
suitable OPRL. But we will see below (Example 11.2) that even on o(du), (11.4)
can fail. The major result below is that for Nevai class on ¢, it does hold. We
begin with an equivalent criterion:

DEFINITION. We say Nevai’s lemma holds if
: |pn(I0)|2
lim ———— =0 11.5
n—oo Ky (20, 70) (1L5)
THEOREM 11.1. If du is a measure on R with bounded support and
inf a, >0 (11.6)

then for any fized xoy € R,
(11.4) & (11.5)

REMARK. That (11.5) = (11.4) is in Nevai [67]. The equivalence is a result of
Breuer—Last—Simon [14].

PROOF. Since
Kn_1(zo,20)  |pn(z0)]?

1= = 11.7
K’ﬂ(x07$0) Kn(xo,,fo) ( )
K”—l(xova)
11.5) « —n=1F0:%0) 4 18
( ) Kn(xmxo) ( )
SO
(11.5) = Pt @)l® _ [pns1(@o)l® Knia(wo,m0)

Kn(zo,20)  Knyi(wo,20) Kn(zo,z0)

We thus conclude

[pn(0) [ + |pnt1(zo)
Ky (20, 20)

By the CD formula and orthonormality of p;(x),

[l = 0Pl ) di = @2 s ) + s 0 (11.10)

(11.5) <

—0 (11.9)
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so, by (11.6) and (11.10),
1z = a0l @) 0 5 (15)

when a, is uniformly bounded above and away from zero. But since dn, have
support in a fixed interval,

(11.4)<:>/|x—x0|2dn§f0> -0 0
EXAMPLE 11.2. Suppose at some point zy, we have
dim (|pa(@o)” + [pai (o))" — A> 1 (11.11)
We claim that
2
lim sup 22 (11.12)

n—oo  Kn(zo,20)
for if (11.12) fails, then (11.5) holds and, by (11.7), for any &, we can find Ny so
for n > Ny,

Kn+1 (xo, ,’Eo) < (1 + E)Kn(xo,l'o) (1113)
so

lim Kn(xo,xo)l/” <1

So, by (11.5), (11.11) fails. Thus, (11.11) implies that (11.5) fails, and so (11.4)
fails. O

REMARK. As the proof shows, rather than a limit in (11.12), we can have a
liminf > 1.

The first example of this type was found by Szwarc [94]. He has a du with
pure points at 2 — n~! but not at 2, and so that the Lyapunov exponent at 2 was
positive but 2 was not an eigenvalue, so (11.11) holds. The Anderson model (see
[20]) provides a more dramatic example. The spectrum is an interval [a,b] and
(11.11) holds for a.e. x € [a,b]. The spectral measure in this case is supported at
eigenvalues and at eigenvalues (11.8), and so (11.4) holds. Thus (11.4) holds on a
dense set in [a, b] but fails for Lebesgue a.e. x!

ExAMPLE 11.3. A Jacobi weight has the form

du(z) = Cop(1 — 2)*(1 + 2)° dz (11.14)

with a,b > —1. In general, one can show [93]
pn(1) ~ ent1/? (11.15)
so if 29 € (—1,1) where |p,(20)[* + |pn—1(x0)|* is bounded above and below, one

has
|Kn (20, 1) notl/?

— pa—1/2
K, (zo,x0) n "

soif a > 3, |Qn(wo,1)| — oo. Since du(z) is small for z near 1, one can (and, as
we will see, does) have (11.4) even though (11.1) fails. O

With various counterexamples in place (and more later!), we turn to the positive
results:
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THEOREM 11.4 (Nevai [67], Nevai-Totik—Zhang [69]). If du is a measure in
the classical Nevai class (i.e., for a single interval, ¢ = [b— 2a,b+ 2a]), then (11.5)
and so (11.4) holds uniformly on e.

THEOREM 11.5 (Zhang [108], Breuer-Last—Simon [14]). Let ¢ be a periodic
finite gap set and let p lie in the Nevai class for e. Then (11.5) and so (11.4) holds
uniformly on e.

THEOREM 11.6 (Breuer-Last—Simon [14]). Let ¢ be a general finite gap set and
let w lie in the Nevai class for e. Then (11.5) and so (11.4) holds uniformly on
compact subsets of ¢,

REMARKS. 1. Nevai [67] proved (10.4)/(10.5) for the classical Nevai class for
every energy in e but only uniformly on compacts of ¢™*. Uniformity on all of ¢
using a beautiful lemma is from [69].

2. Zhang [108] proved Theorem 11.5 for any u whose Jacobi parameters ap-
proached a fixed periodic Jacobi matrix. Breuer—Last—Simon [14] noted that with-
out change, Zhang’s result holds for the Nevai class.

3. It is hoped that the final version of [14] will prove the result in Theorem 11.6
on all of ¢, maybe even uniformly in e.

EXAMPLE 11.7 ([14]). In the next section, we will discuss regular measures.
They have zero Lyapunov exponent on oess(ft), so one might expect Nevai’s lemma
could hold—and it will in many regular cases. However, [14] prove that if b, = 0
and a,, is alternately 1 and % on successive very long blocks (1 on blocks of size 3

and § on blocks of size 2"2), then dp is regular for o(dyp) = [—2,2]. But for a.e.
z€[-2,2]\ [~1,1], (10.4) and (10.3) fail. O

CONJECTURE 11.8 ([14]). The following is extensively discussed in [14]: For
general OPRL of compact support and a.e. 2 with respect to u, (10.4) and so (10.3)
holds.

12. Regularity: An Aside

There is another class besides the Nevai class that enters in variational problems
because it allows exponential bounds on trial polynomials. It relies on notions from
potential theory; see [42, 52, 73, 102] for the general theory and [91, 85] for the
theory in the context of orthogonal polynomials.

DEFINITION. Let o be a measure with compact support and let ¢ = oess(pt).
We say p is regular for e if and only if

lim (a;...a,)"" = C(e) (12.1)
the capacity of e.
For ¢ = [-1,1], C(e) = 3 and the class of regular measures was singled out

initially by Erdés—Turdn [32] and extensively studied by Ullman [103]. The general
theory was developed by Stahl-Totik [91].

Recall that any set of positive capacity has an equilibrium measure, p,., and
Green’s function, G., defined by requiring G, is harmonic on C\ ¢, G.(z) = log|z| +
O(1) near infinity, and for quasi-every z € e,

lim G¢(zn,) =0 (12.2)
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(quasi-every means except for a set of capacity 0). e is called regular for the Dirichlet
problem if and only if (12.2) holds for every z € e. Finite gap sets are regular for
the Dirichlet problem.

One major reason regularity will concern us is:

THEOREM 12.1. Let e C R be compact and regular for the Dirichlet problem.
Let p be a measure regular for e. Then for any €, there is § > 0 and C. so that

sup  |pn(2, dp)| < Ceel™ (12.3)
dist(z,e)<d

For proofs, see [91, 85]. Since K, has n + 1 terms, (12.3) implies

sup | Kn(z,w)| < (n+ 1)C2e*I" (12.4)
dist(z,e)<d
dist(w,e)<8

and for the minimum (since K, (zo,29) > 1

),
sup  |Qn(2, 20)| < (n41)C2e%Im (12.5)
dist(z,e)<8
dist(z0,e)<d

The other reason regularity enters has to do with the density of zeros. If xgn)

are the zeros of p,(x,du), we define the zero counting measure, dv,, to be the
probability measure that gives weight to n=! to each :1:5-")

91, 85]:

. For the following, see

THEOREM 12.2. Let ¢ C R be compact and let p be a reqular measure for e.
Then

dvy, — dp. (12.6)

the equilibrium measure for e.

In (12.6), the convergence is weak.

13. Weak Limits

A major theme in the remainder of this review is pointwise asymptotics of
%HKH (z,y; dp) and its diagonal. Therefore, it is interesting that one can say some-

thing about %HKH(I, x; dp) dp(x) without pointwise asymptotics. Notice that

1
dun (z) = - Ky (z,x;dp) du(z) (13.1)
is a probability measure. Recall the density of zeros, v, defined after (12.5).

THEOREM 13.1. Let u have compact support. Let v, be the density of zeros
and py, given by (13.1). Then for any £ =0,1,2,...,

‘/xe dvp41 —/xl dp,

In particular, dpy,;y and dv, 41 have the same weak limits for any subsequence
n(j)-

-0 (13.2)
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PRrOOF. By Theorem 6.2, the zeros of P, are eigenvalues of 7, M,m,, so
1
/:zre dvpi1 = -] Tr((mp Mymn)t) (13.3)

On the other hand, since {p;}7_, is a basis for ran(m,),

1 n
/ 2 dyin / 2|3 ()2 dis(z)
3=0

n—+1
1

Y4
] Tr (7, Momy,) (13.4)

It is easy to see that (wnMwwn)é — wnMﬁwn is rank at most £, so
l
LHS of (13.2) < —— || M,|*
n+1
goes to 0 as n — oo for ¢ fixed. (|

REMARK. This theorem is due to Simon [88] although the basic fact goes back
to Avron—Simon [7].

See Simon [88] for an interesting application to comparison theorems for limits
of density of states. We immediately have:

COROLLARY 13.2. Suppose that
dp = w(z) de + dusg (13.5)

with dus Lebesgue singular, and on some open interval I C ¢ = 0ess(dp) we have
dv, — dvss and

Voo | I = Voo(x) dx (13.6)
and suppose that uniformly on I,
lim %Kn(:v,x) =g(x) (13.7)
and w(z) #0 on I. Then
ola) = )
PROOF. The theorem implies dvy | I = w(x)g(z). O

Thus, in the regular case, we expect that “usually”

(13.8)
This is what we explore in much of the rest of this paper.

14. Variational Principle: Maté—Nevai Upper Bounds

The Cotes numbers, A, (zo), are given by (9.6), so upper bounds on A, (zo) mean
lower bounds on diagonal CD kernels and there is a confusion of “upper bounds”
and “lower bounds.” We will present here some very general estimates that come
from the use of trial functions in (9.6) so they are called Maté-Nevai upper bounds
(after [65]), although we will write them as lower bounds on K,. One advantage
is their great generality.
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DEFINITION. Let du be a measure on R of the form
dp = w(z) de + dusg (14.1)

where dus is singular with respect to Lebesgue measure. We call zy a Lebesgue
point of u if and only if

1 1
gus<|:xo—ﬁ,$0+gj|)—’0 (14'2)
n IoJr%
5/ . |w(x) — wo(zo)| dx — 0 (14.3)
To— 5

It is a fundamental fact of harmonic analysis ([76]) that for any p Lebesgue-
a.e., o in R is a Lebesgue point for . Here is the most general version of the MN
upper bound:

THEOREM 14.1. Let e C R be an arbitrary compact set which is reqular for the
Dirichlet problem. Let I C ¢ be a closed interval. Let du be a measure with compact
support in R with oess(dp) C e. Then for any Lebesgue point, x in I,

lim inf 1 Ky(z,z) > pe() (14.4)
n—oo M w(x)
where dpe | I = pe(x)dx. If w is continuous on I (including at the endpoints as a
function in a neighborhood of I) and nonvanishing, then (14.4) holds uniformly on
I. Ifx, — z €I and A = sup,, n|z, — x| < 0o and = is a Lebesgue, then (14.4)
holds with K, (x, x) replaced by K, (xn, xy). If w is continuous and nonvanishing on
1, then this extended convergence is uniform in x € I and x,’s with A < Ay < 0.

REMARKS. 1. If I C e is a nontrivial interval, the measure dp, | I is purely
absolutely continuous (see, e.g., [85, 89]).

2. For OPUC, this is a result of Maté—Nevai [64]. The translation to OPRL
on [—1,1] is explicit in Maté—Nevai-Totik [66]. The extension to general sets via
polynomial mapping and approximation (see Section 18) is due to Totik [96]. These
papers also require a local Szeg6 condition, but that is only needed for lower bounds
on A, (see Section 17). They also don’t state the z, — = result, which is a
refinement introduced by Lubinsky [60] who implemented it in certain [—1, 1] cases.

3. An alternate approach for Totik’s polynomial mapping is to use trial func-
tions based on Jost—-Floquet solutions for periodic problems; see Section 19 (and
also [87, 89]).

One can combine (14.4) with weak convergence and regularity to get

THEOREM 14.2 (Simon [88]). Let ¢ C R be an arbitrary compact set, reqular
for the Dirichlet problem. Let du be a measure with compact support in R with
Oess(dp) = ¢ and with du regular for e. Let I C e be an interval so w(z) > 0 a.e.

on I. Then
o
I

(i) /1 % K, (x,z)dus(x) — 0 (14.6)

1 K, (z,z) w(x) — pe(x)|de — 0 (14.5)

n
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Proor. By Theorems 12.2 and 13.1,

1
— Kp(z,x)dp — dp. (14.7)

n

Let v1 be a limit point of %Kn(ac, x) dus and
dvy =dp, — diy (14.8)
If f >0, by Fatou’s lemma and (14.4),
/fdl/g > /pe(:v)f(x) dx (14.9)
1 1

that is, dve [ I > pe(z)dz [ I. By (14.8), dva [ I < pe(z)dx. Tt follows dvy | I is O
and dvy [ I =dp, | 1.
By compactness, %Kn(x,x) dus | T — 0 weakly, implying (14.6). By a simple

argument [88], weak convergence of 1 K, (z, z)w(x) dz — pe(z) dz and (14.4) imply
(14.5). O

15. Criteria for A.C. Spectrum

Define
N = {x € R | liminf 1 Kp(z,z) < oo} (15.1)
n
so that
R\ N = {:v € R | lim 1 Kp(z,z) = oo} (15.2)
n

Theorem 14.1 implies

THEOREM 15.1. Let e C R be an arbitrary compact set and du = w(x) dx + dps
a measure with o(p) = e. Let ¥ae = {x | w(x) > 0}. Then N \ X, has Lebesgue
measure zero.

PROOF. If 25 € R\ X, and is a Lebesgue point of p, then w(zg) = 0 and, by
Theorem 14.1, 2y € R\ N. Thus,

(R\ Zac) \ (R\N) = N\ Zye
has Lebesgue measure zero. ([

REMARK. This is a direct but not explicit consequence of the Maté—Nevai ideas
[64]. Without knowing of this work, Theorem 15.1 was rediscovered with a very
different proof by Last—Simon [55].

On the other hand, following Last—Simon [55], we note that Fatou’s lemma
and

1
/ﬁ K,(xz,z)du(x) =1 (15.3)
implies
/hminf 1 Ky (z,z)du(z) <1 (15.4)
n
o

THEOREM 15.2 ([55]). Zac \ N has Lebesgue measure zero.
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Thus, up to sets of measure zero, ¥, = N. What is interesting is that this
holds, for example, when ¢ is a positive measure Cantor set as occurs for the almost
Mathieu operator (a, = 1, b, = Acos(mran + 0), |A\| < 2, A # 0, « irrational). This
operator has been heavily studied; see Last [54].

16. Variational Principle: Nevai Trial Polynomial

A basic idea is that if duq, and dus look alike near xg, there is a good chance
that K, (zg,zo;du1) and K, (xq, zo; dus) are similar for n large. The expectation
(13.8) says they better have the same support (and be regular for that support),
but this is a reasonable guess.

It is natural to try trial polynomials minimizing A, (zo, dp1) in the Christoffel
variational principle for A, (zo, du2), but Example 11.3 shows this will not work in
general. If duy has a strong zero near some other z;, the trial polynomial for du,
may be large near x1 and be problematical for dus if it does not have a zero there.
Nevai [67] had the idea of using a localizing factor to overcome this.

Suppose ¢ C R, a compact set which, for now, we suppose contains o (du) and

o(duz). Pick A = diam(e) and consider (with [-] = integral part)
(CL' _ x0)2 [en] B
Then for any 6,
sup  Napep(z) < ecem (16.2)
\m—meoe|>6

s0 if Qp_a[cn)(2) is the minimizer for 41 and e is regular for the Dirichlet problem
and py is regular for e, then the Nevai trial function

N2[an] (x)Qn—2[€n] (:E)

will be exponentially small away from z.
For this to work to compare A, (xo, du1) and A(zo, du2), we need two additional
properties of A\, (zo, du1):
(a) An(zo,du1) > Cee =™ for each ¢ < 0. This is needed for the exponential
contributions away from xg not to matter.

(b)
lim lim sup An (0, dpin)

- - = =1
eld pnoco )\n72[sn] (xvd/“)

so that the change from @, to @, _2[c,) does not matter.

Notice that both (a) and (b) hold if

lim nA,(zo,du) =c¢>0 (16.3)
n—oo
If one only has ¢ = 0ess(dpua), one can use explicit zeros in the trial polynomials
to mask the eigenvalues outside e.
For details of using Nevai trial functions, see [87, 89]. Below we will just refer
to using Nevai trial functions.
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17. Variational Principle: Maté—Nevai—Totik Lower Bound
In [66], Maté—Nevai-Totik proved:

THEOREM 17.1. Let du be a measure on 0D

0
dp = Md@—l—dus (17.1)
27
which obeys the Szegd condition
do
/1og(w(9)) ¥ = (17.2)
27
Then for a.e. 05 € 9D,
liminf nA, (0s) > w(fs) (17.3)

This remains true if A, (00) s replaced by A, (0,,) with 0,, — O obeying sup n|d, —
Ooo| < 0.

REMARKS. 1. The proof in [66] is clever but involved ([89] has an exposition);
it would be good to find a simpler proof.

2. [66] only has the result 6,, = 6. The general 8, result is due to Findley
33)].

3. The 0 for which this is proven have to be Lebesgue points for du as well
as Lebesgue points for log(w) and for its conjugate function.

4. Asusual, if I is an interval with w continuous and nonvanishing, and ps(I) =
0, (17.3) holds uniformly if 6 € I.

By combining this lower bound with the Maté-Nevai upper bound, we get the
result of M&té—Nevai-Totik [66]:

THEOREM 17.2. Under the hypothesis of Theorem 17.1, for a.e. O € 0D,
lim nA,(0x) = w(0s) (17.4)

This remains true if A, (00) s replaced by A, (0,,) with 0,, — O obeying sup n|f, —
00| < 00. If I is an interval with w continuous on I and ps(I) = 0, then these
results hold uniformly in I.

REMARK. It is possible (see remarks in Section 4.6 of [68]) that (17.4) holds if
a Szegd condition is replaced by w(#) > 0 for a.e. . Indeed, under that hypothesis,
Simon [88] proved that

| @ en ) 115 o0
0

There have been significant extensions of Theorem 17.2 to OPRL on fairly
general sets:

1. [66] used the idea of Nevai trial functions (Section 16) to prove the Szegd
condition could be replaced by regularity plus a local Szeg6 condition.

2. [66] used the Szegd mapping to get a result for [—1, 1].

3. Using polynomial mappings (see Section 18) plus approximation, Totik [96]
proved a general result (see below); one can replace polynomial mappings by
Floquet—Jost solutions (see Section 19) in the case of continuous weights on an
interval (see [87]).

Here is Totik’s general result (extended from o(du) C e to gess(dp) C e):
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THEOREM 17.3 (Totik [96, 99]). Let e be a compact subset of R. Let I C e be
an interval. Let du have oess(dp) = ¢ be regular for e with

/log(w) dx > —o0 (17.5)
I
Then for a.e. xo € 1,
. 1 pe(xoo)
1 - Kn o0y Loo) = 17.
noo 1 (¥oos woc) W(Zoo) (176)

The same limit holds for LK, (x,,xy) if sup, n|z, — Za| < co. If ps(I) = 0 and
w s continuous and nonvanishing on I, then those limits are uniform on xo € I
and on all x,’s with sup,, n|T, — Tso| < A (uniform for each fizved A).

REMARKS. 1. Totik [98] recently proved asymptotic results for suitable CD
kernels for OPs which are neither OPUC nor OPRL.

2. The extension to general compact e without an assumption of regularity for
the Dirichlet problem is in [99].

18. Variational Principle: Polynomial Maps

In passing from [—1, 1] to fairly general sets, one uses a three-step process. A
finite gap set is an e of the form

e = [a1, 51| U g, f2] U - U o1, Begi] (18.1)

where
a < ﬁl < oo < ﬁg < <oy < ﬁg.;,_l (18.2)

&r will denote the family of finite gap sets. We write e = ¢; U---Uepy; in this
case with the e; closed disjoint intervals. &£, will denote the set of what we called
periodic finite gap sets in Section 10—ones where each ¢; has rational harmonic
measure. Here are the three steps:

(1) Extend to e € &, using the methods discussed briefly below.
(2) Prove that given any ¢ € &, there is ¢ € &,, each with the same number
of bands so ¢; C eg-") C e§n71) and ﬂneg-n) = ¢;. This is a result proven

independently by Bogatyrév [12], Peherstorfer [71], and Totik [97]; see [89)]

for a presentation of Totik’s method.

(3) Note that for any compact e, if e(™ = {z | dist(z,¢) < L}, then ¢(™) is a finite
gap set and e = N, e("™).

Step (1) is the subtle step in extending theorems: Given the Bogatyrév—
Peherstorfer—Totik theorem, the extensions are simple approximation.

The key to e € £, is that there is a polynomial A: C — C, so A~ ([~1,1]) = e
and so that e; is a finite union of intervals ¢, with disjoint interiors so that Aisa
bijection from each ¢ to [—1,1]. That this could be useful was noted initially by
Geronimo—Van Assche [36]. Totik showed how to prove Theorem 17.3 for ¢ € &,
from the results for [—1, 1] using this polynomial mapping.

For spectral theorists, the polynomial A = %A where A is the discriminant
for the associated periodic problem (see [43, 53, 104, 95, 89]). There is a direct

construction of A by Aptekarev [4] and Peherstorfer [70, 71, 72].
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19. Floquet—Jost Solutions for Periodic Jacobi Matrices

As we saw in Section 16, models with appropriate behavior are useful input for
comparison theorems. Periodic Jacobi matrices have OPs for which one can study
the CD kernel and its asymptotics. The two main results concern diagonal and just
off-diagonal behavior:

THEOREM 19.1. Let u be the spectral measure associated to a periodic Jacobi
matriz with essential spectrum, e, a finite gap set. Let dy = w(x)dx on e (there
can also be up to one eigenvalue in each gap). Then uniformly for x in compact

int
subsets of e™,

%Kn(a:,x) - % (19.1)

and uniformly for such x and a,b in R with |a] < A, |b] < B,

Kn(z+ 2,2+ 2) _ sin(ape(2)(b — a))
K, (z,z) 7pe(x)(b — a)

(19.2)

REMARKS. 1. (19.2) is often called bulk universality. On bounded intervals, it
goes back to random matrix theory. The best results using Riemann—Hilbert meth-
ods for OPs is due to Kuijlaars—Vanlessen [51]. A different behavior is expected at
the edge of the spectrum—we will not discuss this in detail, but see Lubinsky [62].

2. For [—1,1], Lubinsky [60] used Legendre polynomials as his model. The
references for the proofs here are Simon [87, 89].

The key to the proof of Theorem 19.1 is to use Floquet—Jost solutions, that is,
solutions of

Aplnt1 + Oplly + Gp_1Up_1 = TUy (19.3)
for n € Z where {a,, b, } are extended periodically to all of Z. These solutions obey

0@y, (19.4)

%
Un+p = €

For = € ¢, u,, and i, are linearly independent, and so one can write p._; in terms
of u. and «.. Using

@)= |%
Pel) = pr | dx
one can prove (19.1) and (19.2). The details are in [87, 89].

(19.5)

20. Lubinsky’s Inequality and Bulk Universality

Lubinsky [60] found a powerful tool for going from diagonal control of the CD
kernel to slightly off-diagonal control—a simple inequality.

THEOREM 20.1. Let p < p* and let Ky, K be their CD kernels. Then for any
27 C?
[Kn(2,0) = K33 (2,Q)1* < Ku(z, 2)[Kn(¢, Q) = K (¢, C)] (20.1)

REMARK. Recall (Theorem 9.3) that K, (¢,¢) > K (¢, ).

PROOF. Since K,, — K is a polynomial Z of degree n:

mm@—m@o=/mwwmwo—mwmww> (20.2)
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By the reproducing kernel formula (1.19), we get (20.1) from the Schwarz inequality
if we show

/ K, ¢) — Ko (w, O dia(w) < Kn(C,€) — K2(C.0) (20.3)

Expanding the square, the K2 term is K, (¢,¢) by (1.19) and the K,, K cross
term is —2K%(¢, ¢) by the reproducing property of K, for du integrals. Thus, (20.3)
is equivalent to

1w 0P dutw) < K360 (20.4)
This in turn follows from p < p* and (1.19) for p*! O

This result lets one go from diagonal control on measures to off-diagonal. Given
any pair of measures, 4 and v, there is a unique measure p V v which is their least
upper bound (see, e.g., Doob [30]). It is known (see [85]) that if y, v are regular
for the same set, so is p V v. (20.1) immediately implies that (go from p to p* and
then p* to v):

COROLLARY 20.2. Let u,v be two measures and p* = pV v. Suppose for some
Zn = Zoo, Wn — Zoo, We have for n = u,v, u* that

K, ny An; . K, ny Wn;

lim —(z Zni 1) = lim —(w Wn3 1) =1
n—0oo Kn(zooazoo;n) n—oo Kn(zooazoo;n)

and that % %
lim n(zooazooa,u) — lim n(ZOOaZooaV) -1
n—oo KR(ZOO7ZOO7M*) n—oo K’H,(ZOO72007M*)

Then

K (zn, wns p)
lim ———m= =1 20.5

n—oo Kn(znawn;y) ( )
REMARK. It is for use with z,, = T + % or Too + p“n that we added z,, — Too
to the various diagonal kernel results. This “wiggle” in z., was introduced by

Lubinsky [60], so we dub it the “Lubinsky wiggle.”

Given Totik’s theorem (Theorem 17.3) and bulk universality for suitable mod-
els, one thus gets:

THEOREM 20.3. Under the hypotheses of Theorem 17.3, for a.e. oo in I, we
have uniformly for |a|, |b] < A,

Kn(Too + 2,00 + 2)  sin(mpe(zoo)(b — a))

lim =
n—00 K (oo, Too) Tpe(Too) (b — a)
REMARKS. 1. For e = [—1, 1], the result and method are from Lubinsky [60].

2. For continuous weights, this is in Simon [87] and Totik [99], and for general
weights, in Totik [99].

21. Derivatives of CD Kernels

The ideas in this section come from a paper in preparation with Avila and
Last [6]. Variation of parameters is a standard technique in ODE theory and used
as an especially powerful tool in spectral theory by Gilbert—Pearson [38] and in
Jacobi matrix spectral theory by Khan—Pearson [49]. It was then developed by
Jitomirskaya-Last [44, 45, 46] and Killip—Kiselev—Last [50], from which we take
Proposition 21.1.
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ProrosiTiON 21.1. For any x,xq, we have

n—1
Pn(®) = pn(x0) = (z — x0) Z (Pn(20)4m (T0) — Pm(20)qn (20))Pm (2) (21.1)
m=0
In particular,
n—1
Po(@0) = D (Pn(20)@m (€0) = Pm(0)gn (0))pm (w0) (21.2)
m=0

Here ¢, are the second kind polynomials defined in Section 8. For (21.1), see
[44, 45, 46, 50]. This immediately implies:

COROLLARY 21.2 (Avila-Last—Simon [6]).

d 1 a a
9 s L)
da n n n/|.—o

- % J_znjo {pj(xo)2<§pk($o)%($0)) - qﬁ(xO)pj(x°)<zj:pk(I0)2>}

k=0

(21.3)

This formula gives an indication of why (as we see in the next section is im-
portant) lim %Kn (ro + &, 20 + %) has a chance to be independent of a if one notes
the following fact:

LEMMA 21.3. If {an}32, and {B,}52, are sequences so that lim < Zle ay, =
A and lim + Ef:[:l Bn = B ezist and sup [+ Eg:1|o¢n| +|8nl] < o0, then
1 N J J
mz{@jzgk) _ @Zakﬂ 0 (21.4)
j=1 k=1 k=1
This is because
14 1
N2 Y b= 5 AB
j=1 k=1
Setting «; = p;(z0)? and B; = p;(z0)q;(xo), one can hope to use (21.4) to prove
the right side of (21.3) goes to zero.

22. Lubinsky’s Second Approach

Lubinsky revolutionized the study of universality in [60], introducing the ap-
proach we described in Section 20. While Totik [99] and Simon [87] used those
ideas to extend beyond the case of e = [—1,1] treated in [60], Lubinsky developed
a totally different approach [61] to go beyond [60]. That approach, as abstracted
in Avila-Last—Simon [6], is discussed in this section. Here is an abstract theorem:

THEOREM 22.1. Let du be a measure of compact support on R. Let xo be a
Lebesgue point for u and suppose that
(i) For any ¢, there is a Ce so that for any R, we have an N (e, R) so that for
n > N(e, R),

1
°K, (:co + 2w+ f) < Ceeflel’ (22.1)
n n n

for all z € C with |z| < R.
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(i1) Uniformly for real a’s in compact subsets of R,

Kn(x() + % , To + %)

lim =1 22.2
n—oo K, (zo, x0) (22.2)
Let
w\x
Pn = % Ko (z0,0) (22.3)

Then uniformly for z,w in compact subsets of C,

o T+ 0+ 5T)  sin(n(z — w)) (22.4)
e K, (0, o) m(Z — w)

REMARKS. 1. If p, — p.(x0), the density of the equilibrium measure, then
(22.4) is the same as (19.2). In every case where Theorem 22.1 has been proven to
be applicable (see below), p, — pe(xo). But one of the interesting aspects of this is
that it might apply in cases where p,, does not have a limit. For an example with
a.c. spectrum but where the density of zeros has multiple limits, see Example 5.8
of [85].

2. Lubinsky [61] worked in a situation (namely, z¢ in an interval I with w(z¢) >
¢ > 0 on I) where (22.1) holds in the stronger form CeP!*! (no square on |z|) and
used arguments that rely on this. Avila-Last—Simon [6] found the result stated
here; the methods seem incapable of working with (22.1) for a fixed e rather than
all € (see Remark 1 after Theorem 22.2).

Let us sketch the main ideas in the proof of Theorem 22.1:
(1) By (15.1),

1
lim inf — K,,(xq,z) > 0 (22.5)
n

(2) By the Schwarz inequality (1.14), (22.1), and (22.5), and by the compact-
ness of normal families, we can find subsequences n(j) so

Kn(j)(.%'o + ﬁ,l‘o + %)
Ky (2o, T0)

— F(z,w) (22.6)

and F' is analytic in w and anti-analytic in z.
(3) Note that by (22.2) and the Schwarz inequality (1.14), we have for a,b € R,

F(a,a) =1 |F(a,b)] <1 (22.7)

By compactness, if we show any such limiting F is sin(7(zZ — w))/(Z — w), we have
(22.4). By analyticity, it suffices to prove this for z = a real, and we will give details
when z = 0, that is, we consider

Ky (xo, w0 + 72-)

npn’
oo 0] f(2) (22.8)

(22.7) becomes
f(0)y=1 |f(z)] <1 for x real

(1) By (1.19),

/|Kn(xo,xo + a)*w(a) da < K, (20, 20) (22.9)
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which, by using the fact that x¢ is Lebesgue point, can be used to show

/Oo |f(x)? dz <1 (22.10)

— 00

(5) By properties of K, (see Section 6) and Hurwitz’s theorem, f has zeros
{2152 o j20 only on R, which we label by

< ro <0<z <®mp < - (22.11)
and define xyp = 0. By Theorem 7.2, using (22.2), we have for any j, k that
2, — ] > |j— k| — 1 (22.12)
(6) Given these facts, the theorem is reduced to

THEOREM 22.2. Let f be an entire function obeying

(1)
(2)

f(0)y=1 |[f(x)] <1 for x real (22.13)

/OO |f(@)|?de <1 (22.14)

— 00

(3) f is real on R, has only real zeros, and if they are labelled by (22.11), then
(22.12) holds.
(4) For any ¢, there is a Ce so

£(2)] < Ceesle” (22.15)
Then ]
f(z) = SH;ZZ (22.16)

REMARKS. 1. There exist examples ([6]) e=%*" %% sin 7z /72 that obey (1)~(3)
and (22.15) for some but not all .

2. We sketch the proof of this in case one has
|f(2)] < CePP! (22.17)
instead of (22.15); see [6] for the general case.

LEMMA 22.3. If (1)—(3) hold and (22.17) holds, then for any € > 0, there is
D. with
|f(2)| < Deelmtelm=| (22.18)

Sketch. By the Hadamard product formula [2],

_ Dz _ i 2T
f(z)=e H(l xj)e i
J#0
where D is real since f is real on R. Thus, for y real,

ran? = T1(1+ %)

§#0 i
By (22.12), |z;| > j — 1, so

F(iy)? < (1 + 1—2) (1 + f—2> {ﬁ (1 - ?_2)]2

j=1
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which, given Euler’s formula for sinmz/z, implies (22.18) for z = iy. By a
Phragmén-Lindelof argument, (22.18) for z real and for z pure imaginary and
(22.17) implies (22.18) for all z.

Thus, Theorem 22.2 (under hypothesis (22.17)) is implied by:

LEMMA 22.4. If f is an entire function that obeys (22.13), (22.14), and (22.18),
then (22.16) holds.

PROOF. Let f be the Fourier transform of f, that is,
f(k) = (27r)—1/2/e—“”f(x) da (22.19)

(in L? limit sense). By the Paley Wiener Theorem [74], (22.18) implies f is sup-
ported on [—m, 7. By (22.14),

11l = 12m) ™ X rmllz2 = 1
and, by (22.13) and support property of 1,

<f7 (27T)_1/2X[77r,7r]> =1
We thus have equality in the Schwarz inequality, so

f: (27T)71/2X[—7r,7r]
which implies (22.16). O

This theorem has been applied in two ways:
(a) Lubinsky [61] noted that one can recover Theorem 20.3 from just Totik’s result
Theorem 17.3 without using the Lubinsky wiggle or Lubinsky’s inequality.
(b) Avila—Last—Simon [6] have used this result to prove universality for ergodic
Jacobi matrices with a.c. spectrum where ¢ can be a positive measure Cantor
set.

23. Zeros: The Freud—Levin—Lubinsky Argument

In the final section of his book [34], Freud proved bulk universality under fairly
strong hypotheses on measures on [—1, 1] and noticed that it implied a strong result
on local equal spacings of zeros. Without knowing of Freud’s work, Simon, in a
series of papers (one joint with Last) [82, 83, 84, 57], focused on this behavior,
called it clock spacing, and proved it in a variety of situations (not using universality
or the CD kernel). After Lubinsky’s work on universality, Levin [59] rediscovered
Freud’s argument and Levin—Lubinsky [59] used this to obtain clock behavior in a
very general context. Here is an abstract version of their result:

THEOREM 23.1. Let u be a measure of compact support on R; let xg € o(u) be
such that for each A, for some cy,

Kna(zo+ 75,20+ 72=)  sin(n(b— a))
—
Kn_l(xo,,To) w(b—a)
uniformly for real a,b with |al,|b] < A. Let xg-n)

labelled so

(23.1)

(x0) denote the zeros of py(x;du)

< x(fl) (o) < o < a:gn) (x0) < xgn) (xg) < -+ (23.2)

Then
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(1)

lim sup ncn(:zrgn) —1x9) <1 (23.3)

(ii) For any J, for large n, there are zeros xg-n) forallj e {—J,—J+1,...,J-1,J}.
(i)
lim (x;i)l — xgn))ncn =1 for each j (23.4)

n—oo

REMARKS. 1. The meaning of xgn) has changed slightly from Section 6.

2. Only nc, enters, so the “n” could be suppressed; we include it because
one expects ¢, as defined to be bounded above and below. Indeed, in all known
cases, ¢, — p(zo), the derivative of the density of states. But see Remark 1 after
Theorem 22.1 for cases where ¢, might not have a limit.

3. See [58] for the OPUC case.

PROOF. Let i;n) (x0) be the zeros of p,(x)pn—1(x0) — Pn(z0)pn—1(z) labelled

as in (23.2) (with ién)(:vo) = xp). By (23.1), we have fﬁ)(mo)ncn — 1 since
sin(mwa)/a is nonvanishing on (—1,1) and vanishes at +1. The same argument

1
92

one zero near 505?1) on 1/nc, scale. Tt follows by repeating this argument that

shows Kn(fcgl),fcgl) + b/ney,) is nonvanishing for |b] < 5, and so there is at most

ncn:i:gn) —j (23.5)

for all j.
Since we have (see Section 6) that
w0 < " (o) < 7" (20)
by interlacing, which implies (i) and similar interlacing gives (ii). Finally, (23.4)

follows from the same argument that led to (23.5). O

24. Adding Point Masses

We end with a final result involving CD kernels—a formula of Geronimus [37,
formula (3.30)]. While he states it only for OPUC, his proof works for any measure
on C with finite moments. Let p be such a measure, let zg € C, and let

V= 1+ b, (24.1)

for A real and bigger than or equal to —u({20}).
Since X, (z;dv) and X,,(z;du) are both monic, their difference is a polynomial
of degree n — 1, so

Xo(z;dv) = Xo(z;dp) +7§cjxj(z;du) (24.2)

where -
= [ B X () = X () (243)
= / 2 (25 dp) X (25 dv)[dv — N, ] (24.4)

= —Az;(20; dp) Xn(z0;dv) (24.5)
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where (24.4) follows from z;(-,du) L X,(-,dp) in L*(du) and (24.5) from
zi(+,du) L X,(-,dv) in L?(dv). Thus,

Xo(z:dv) = X (22 dis) — A X (205 d) K1 (20, 2 dp) (24.6)
Set z = zg and solve for X,,(z0;dv) to get:

THEOREM 24.1 (Geronimus [37]). Let u,v be related by (24.1). Then
AXn(Z(), d,M)anl(Zo, 2 d,u)
14+ AKp—1(20, 20; dp)
This formula was rediscovered by Nevai [67] for OPRL, by Cachafeiro—
Marcellén [15, 16], Simon [81] (in a weak form), and Wong [105, 106] for OPUC.
For general measures on C, the formula is from Cachafeiro-Marcelldn [17, 18]. In

particular, in the context of OPUC, Wong [106] noted that one can use the CD
formula to obtain:

THEOREM 24.2 (Wong [105, 106]). Let du be a probability measure on 0D and
let dv be given by

Xon(z;dv) = Xp(2;dp) — (24.7)

dup + A0,
v = ————= 24.8
YT (248)
for zo € OD and A > —pu({z0}). Then
. (1~ lan(dp)[*)/?
n(dD) = au, (d n . 24.9
an(d?) = 0 (d) + o S GG ) (249)
PROOF. Let
Qn = A1+ K, (20, 2 dp) (24.10)
Since
D i1(2z;dD) = @pp1(2; dv) (24.11)
and
an(div) = —B,11(0; di) (24.12)
(24.7) becomes
an(d7) — an(dp) = Q" ®nt1(20) Kn(20,0;dp) (24.13)
By the CD formula in the form (3.23),
Kn(20,0) = ¢7,(20) ¢7,(0) (24.14)
wn(20)
- (24.15)
[
since ®%(0) = 1 and ||| = ||[Pn]. (24.9) then follows from || P,41]|/||Pn| =
(1= Jan[*)V/2. 0

To see a typical application:

COROLLARY 24.3. Let zg be an isolated pure point of a measure du on OD. Let
dv be given by (24.8) where A > —u({zo0}) (so zo is also a pure point of dv). Then
for some D,C >0,

o, (dD) — v (dp)| < De™ ™ (24.16)
PRrROOF. By Theorem 10.14.2 of [81],
lon(20; dp)| < Dye20m (24.17)

This plus (24.9) implies (24.16). O
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This is not only true for OPUC but also for OPRL:

COROLLARY 24.4. Let zy be an isolated pure point of a measure of compact
support du on R. Let dv be given by (24.8) where A > —u({z0}) so z is also a pure
point of dv. Then for some D,C > 0,

(i) Z:EZ:; — (1 +N)Y2| < De=Cn (24.18)
(ii) P (s dv) = (14 X)"*pa(-, dp) | L2(ay) < De™" (24.19)
(iil)  |an(dv) — an(dp)| < DeC" (24.20)

|bn(dv) — by (dp)| < De™ ™ (24.21)

SKETCH. Isolated points in the spectrum of Jacobi matrices obey
IPn(20)| < Dye” 1" (24.22)
for suitable C1, D; (see [1, 25]).
(24.7) can be rewritten for OPRL
Kn—l(xm x; d,U,)
1+ AI(n(IOa P d,UJ)

Fon (dp) Pr (5 dv) = pn (23 dpn) — Apn (wo; dp) (24.23)

Since
HKn_l(JJQ, x5 d:u')”%ﬂ(du) = Kn—l(xOu Zo; dﬂ)
and
/|Kn—l(x07x0;dﬂ)|2 d(swo - n—l(xOuxO;du)2
and K, _1(wo,20) is bounded (by (24.22)), we see that ||[K,_1(xo; -;du)l|L2(a) is
bounded. Thus, by (24.22) and (24.23),
o (dp)in(dr) ™1 = (14 2)71/2 4 O(e=Com)

which leads to (24.18).
This in turn leads to (ii), and that to (iii) via (24.22), and, for example,

an(dp) = / TP (5 dpp)pn—1 (5 dp) dp (24.24)
an(dv) = /xpn(x;dl/)pn_l(:v;du) dv (24.25)
O

This shows what happens if the weight of an isolated eigenvalue changes. What
happens if an isolated eigenvalue is totally removed is much more subtle—sometimes
it is exponentially small, sometimes not. This is studied by Wong [107].
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