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1. INTRODUCTION

1.1. Introduction and Overview. Orthogonal polynomials on the
real line (OPRL) were developed in the nineteenth century and orthog-
onal polynomials on the unit circle (OPUC) were initially developed
around 1920 by Szeg6. Their matrix analogues are of much more recent
vintage. They were originally developed in the MOPUC case indirectly
in the study of prediction theory [116, 117, 129, 131, 132, 138, 196] in
the period 1940-1960. The connection to OPUC in the scalar case was
discovered by Krein [131]. Much of the theory since is in the electrical
engineering literature [36, 37, 38, 39, 40, 41, 120, 121, 122, 123, 203];
see also [84, 86, 87, 88, 142].

The corresponding real line theory (MOPRL) is still more recent:
Following early work of Krein [133] and Berezan’ski [9] on block Jacobi
matrices, mainly as applied to self-adjoint extensions, there was a sem-
inal paper of Aptekarev—Nikishin [4] and a flurry of papers since the
1990s [10, 11, 12, 14, 16, 17, 19, 20, 21, 22, 29, 35, 43, 45, 46, 47, 48,
49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 64, 65, 66, 67, 68,
69, 71, 73, 74, 75, 76, 77, 79, 83, 85, 102, 103, 104, 105, 106, 107, 108,
109, 110, 111, 112, 113, 137, 139, 140, 143, 144, 145, 148, 149, 150, 155,
156, 157, 154, 161, 162, 179, 186, 198, 200, 201, 202, 204]; see also [7].
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There is very little on the subject in monographs — the more classical
ones (e.g., [23, 82, 93, 184]) predate most of the subject; see, however,
Atkinson [5, Section 6.6]. Ismail [118] has no discussion and Simon
[167, 168] has a single section! Because of the use of MOPRL in [33],
we became interested in the subject and, in particular, we needed some
basic results for that paper which we couldn’t find in the literature or
which, at least, weren’t very accessible. Thus, we decided to produce
this comprehensive review that we hope others will find useful.

As with the scalar case, the subject breaks into two parts, conve-
niently called the analytic theory (general structure results) and the
algebraic theory (the set of non-trivial examples). This survey deals
entirely with the analytic theory. We note, however, that one of the
striking developments in recent years has been the discovery that there
are rich classes of genuinely new MOPRL, even at the classical level
of Bochner’s theorem; see [20, 55, 70, 72, 102, 109, 110, 111, 112, 113,
156, 161] and the forthcoming monograph [63] for further discussion of
this algebraic side.

In this introduction, we will focus mainly on the MOPRL case. For
scalar OPRL, a key issue is the passage from measure to monic OPRL,
then to normalized OPRL, and finally to Jacobi parameters. There
are no choices in going from measure to monic OP, P,(z). They are
determined by

P,(x) = 2" 4 lower order, (), P)y=0 j=1,...,n—1. (1.1)

However, the basic condition on the orthonormal polynomials,
namely,

(P> Pm) = Opm (1.2)
does not uniquely determine the p,(z). The standard choice is
P, ()
1P
However, if 6y, 01, ... are arbitrary real numbers, then

. B ewnpn(x)
i) = S (1)

pn(x> =

also obey (1.2). If the recursion coefficients (aka Jacobi parameters),
are defined via

TPn = Qp4+1Pn+1 + bn+1pn + anPn—1 (14)
then the choice (1.3) leads to

by = bn, Gy = enq,e 01, (1.5)
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The standard choice is, of course, most natural here; for example, if
pn(x) = Kpx" + lower order (1.6)

then a, > 0 implies k,, > 0. It would be crazy to make any other
choice.

For MOPRL, these choices are less clear. As we will explain in
Section 1.2, there are now two matrix-valued “inner products” formally
written as

(fahn = / f(2) duz)g(x) (L.7)
(fahe = / o(x) dyu(z) f1(z) (18)

where now p is a matrix-valued measure and T denotes the adjoint,
and corresponding two sets of monic OPRL: P%(z) and PL(x). The
orthonormal polynomials are required to obey

The analogue of (1.3) is
B (x) = PH@) (P, BI) o, (1.10)

for a unitary o,,. For the immediately following, use pZ to be the choice
o, = 1. For any such choice, we have a recursion relation,

wp (@) = pifys (@) Al oy + 7 (2) Bt + 03 (0) A (1.11)
with the analogue of (1.5) (comparing o,, = 1 to general o,,)
B, = alenan A, = U;r%lAnan. (1.12)

The obvious analogue of the scalar case is to pick o, = 1, which
makes k,, in

pi(x) = K,z" + lower order (1.13)
obey k, > 0. Note that (1.11) implies
Fon = Finp1 Al (1.14)
or, inductively,
ko = (AT ... AN (1.15)

In general, this choice does not lead to A,, positive or even Hermitian.
Alternatively, one can pick o, so A, is positive. Besides these two
“obvious” choices, k, > 0 or A, > 0, there is a third that A, be lower
triangular that, as we will see in Section 1.4, is natural. Thus, in the
study of MOPRL one needs to talk about equivalent sets of p& and of
Jacobi parameters, and this is a major theme of Chapter 2. Interest-
ingly enough for MOPUC, the commonly picked choice equivalent to
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A, > 0 (namely, p, > 0) seems to suffice for applications. So we do
not discuss equivalence classes for MOPUC.

Associated to a set of matrix Jacobi parameters is a block Jacobi ma-
trix, that is, a matrix which when written in [ x [ blocks is tridiagonal;
see (2.29) below.

In Chapter 2, we discuss the basics of MOPRL while Chapter 3
discusses MOPUC. Chapter 4 discusses the Szegé mapping connection
of MOPUC and MOPRL. Finally, Chapter 5 discusses the extension of
the theory of regular OPs [180] to MOPRL.

While this is mainly a survey, it does have numerous new results, of
which we mention:

(a) The clarification of equivalent Jacobi parameters and several new
theorems (Theorems 2.8 and 2.9).

(b) A new result (Theorem 2.28) on the order of poles or zeros of m(z)
in terms of eigenvalues of J and the once stripped J™).

(c¢) Formulas for the resolvent in the MOPRL (Theorem 2.29) and
MOPUC (Theorem 3.24) cases.

(d) A theorem on zeros of det(®%) (Theorem 3.7) and eigenvalues of
a cutoff CMV matrix (Theorem 3.10).

(e) A new proof of the Geronimus relations (Theorem 4.2).

(f) Discussion of regular MOPRL (Chapter 5).

There are numerous open questions and conjectures in this paper, of
which we mention:

(1) We prove that type 1 and type 3 Jacobi parameters in the Nevai
class have A,, — 1 but do not know if this is true for type 2 and,
if so, how to prove it.

(2) Determine which monic matrix polynomials, ®, can occur as monic
MOPUC. We know det(®(z)) must have all of its zeros in the unit
disk in C, but unlike the scalar case where this is sufficient, we do
not know necessary and sufficient conditions.

(3) Generalize Khrushchev theory [125, 126, 101] to MOPUC; see Sec-
tion 3.13.

(4) Provide a proof of Geronimus relations for MOPUC that uses the
theory of canonical moments [43]; see the discussion at the start
of Chapter 4.

(5) Prove Conjecture 5.9 extending a result of Stahl— Totik [180] from
OPRL to MOPRL.

It is a pleasure to thank Alexander Aptekarev, Christian Berg, An-
tonio Duran, Jeff Geronimo, Fritz Gesztesy, Alberto Griinbaum, Paco
Marcellan, Ken McLaughlin, Hermann Schulz-Baldes, and Walter Van
Assche for useful correspondence.
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1.2. Matrix-Valued Measures. Let M; denote the ring of all [ x [
complex-valued matrices; we denote by a' the Hermitian conjugate of
a € M,;. (Because of the use of * for Szeg6 dual in the theory of
OPUC, we do not use it for adjoint.) For o € M;, we denote by ||«/||
its Euclidean norm (i.e., the norm of « as a linear operator on C! with
the usual Euclidean norm). Consider the set P of all polynomials in
z € C with coefficients from M;. The set P can be considered either
as a right or as a left module over M;; clearly, conjugation makes the
left and right structures isomorphic. For n = 0,1,..., P, will denote
those polynomials in P of degree at most n. The set V denotes the set
of all polynomials in z € C with coefficients from C'. The standard
inner product in C' is denoted by (-, -)ci.

A matrix-valued measure, p, on R (or C) is the assignment of a
positive semi-definite | x | matrix u(X) to every Borel set X which is
countably additive. We will usually normalize it by requiring

u(R) =1 (1.16)

(or u(C) = 1) where 1 is the | x [ identity matrix. (We use 1 in general
for an identity operator, whether in M; or in the operators on some
other Hilbert space, and 0 for the zero operator or matrix.) Normally,
our measures for MOPRL will have compact support and, of course,
our measures for MOPUC will be supported on all or part of 0D (DD is
the unit disk in C).

Associated to any such measures is a scalar measure

pia(X) = Tr(u(X) (117)

the trace (normalized by Tr(1) =1). pu, is normalized by g, (R) = [
Applying the Radon—Nikodym theorem to the matrix elements of p,
we see there is a positive semi-definite matrix function M;;(x) so

i () = M) dpie (2). (1.18)
Clearly, by (1.17),

Tr(M(z)) =1 (1.19)
for du-a.e. x. Conversely, any scalar measure with pu,(R) = [ and
positive semi-definite matrix-valued function M obeying (1.19) define

a matrix-valued measure normalized by (1.16).
Given [ x [ matrix-valued functions f, g, we define the [ x [ matrix

(F.9)n by
(. 9)n = [ £ M (2)g(e) duel) (1.20
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that is, its (4, k) entry is
Z/fnj(x) Moy (1) G () dpgr (). (1.21)

Since fTMf > 0, we see that

{f. fHr=>0. (1.22)

One might be tempted to think of ((f, f >>}%/2 as some kind of norm, but
that is doubtful. Even if u is supported at a single point, zy, with
M = [7'1, this “norm” is essentially the absolute value of A = f(x),
which is known not to obey the triangle inequality! (See [169, Sect. I.1]
for an example.)

However, if one looks at

1£lle = (Te((f, fHR)2 (1.23)
one does have a norm (or, at least, a semi-norm). Indeed,

is a sesquilinear form which is positive semi-definite, so (1.23) is the
semi-norm corresponding to an inner product and, of course, one has
a Cauchy—Schwarz inequality

Te((f o) el < [l fll&llg]l 5 (1.25)

We have not specified which f’s and g’s can be used in (1.20). We
have in mind mainly polynomials in x in the real case and Laurent
polynomials in z in the 0D case although, obviously, continuous func-
tions are okay. Indeed, it suffices that f (and g) be measurable and
obey

/ Tr(fH (@) f(2)) dpt() < 00 (1.26)

for the integrals in (1.21) to converge. The set of equivalence classes
under f ~ g if ||f — g||lr = 0 defines a Hilbert space, H, and (f, g) g is
the inner product on this space.

Instead of (1.20), we use the suggestive shorthand

(fahn= [ )t dutaygla). (1:27)
The use of R here comes from “right” for if a € M;,

(f 9a)r = (f, 9)ra (1.28)
(fa,g)r= ([, 9)nr (1.29)
but, in general, ((f, ag))r is not related to (f, g)) g
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While (Tr{(f, f)r)"/? is a natural analogue of the norm in the scalar
case, it will sometimes be useful to instead consider

[det{(f, f)r]">. (1.30)

Indeed, this is a stronger “norm” in that det > 0 = Tr > 0 but not
vice-versa.

When dp is a “direct sum,” that is, each M (z) is diagonal, one can
appreciate the difference. In that case, du = du; @ - - - @ du; and the
MOPRL are direct sums (i.e., diagonal matrices) of scalar OPRL

PR(z,dp) = Py(x,dpy) @ -+ @ P,(x, du). (1.31)
Then

1/2
1P = (ZHP i) o ) (1.32)

while

(det{(P;7, Pyihr)'? = HHP s )| 2apy) - (1.33)

In particular, in terms of extendmg the theory of regular mea-

sures [180], HPRHI/H is only sensitive to max|| P, (-, du])Hl/2 while

(det{(P®, PRY))Y/2 is sensitive to them all. Thus, det will be needed
for that theory (see Chapter 5).

There will also be a left inner product and, correspondingly, two sets
of MOPRL and MOPUC. We discuss this further in Sections 2.1 and
3.1.

Occasionally, for C! vector-valued functions f and ¢, we will want to
consider the scalar

> / Je(@) My () g; () dpuer () (1.34)
k,j
which we will denote

/ 0 F (@), u(2)g(@))er (1.35)

We next turn to module Fourier expansions. A set {p;}}L; in H (N
may be infinite) is called orthonormal if and only if

(s Pl r = djx1. (1.36)

This natural terminology is an abuse of notation since (1.36) implies
orthogonality in (-,-)g but not normalization, and is much stronger
than orthogonality in (-, ) g.
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Suppose for a moment that N < oco. For any aq,...,ay € M;, we
can form Zjvzl @;a; and, by the right multiplication relations (1.28),
(1.29), and (1.36), we have

N N N
(TowX o) =S, (137
j=1 j=1 R j=1

We will denote the set of all such Ejvzl pja; by H,,)—it is a vector

subspace of H of dimension (over C) NI
Define for f € 'H,

Ton () = 2_illes Phn (1.38)

It is easy to see it is the orthogonal projection in the scalar inner
product (-,-)r from H to H,,).

By the standard Hilbert space calculation, taking care to only mul-
tiply on the right, one finds the Pythagorean theorem,

(F r = QF = mp = mep b+ 3 _Ges IRl Mre (139)

As usual, this proves for infinite /N that

N

> i MRbes Ir < (F Pr (1.40)

j=1

and the convergence of

Z i {eir [ r = mep(f) (1.41)

allowing the definition of 7, and of H,,) = Ranm,,) for N = oco.
An orthonormal set is called complete if H(,,) = H. In that case,
equality holds in (1.40) and 7, (f) = f.
For orthonormal bases, we have the Parseval relation from (1.39)

e}

(f. e =D {es PVR{es r (1.42)

Jj=1

and

1£1I7 = ZTT(«% PV ebes Fhr)- (1.43)
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1.3. Matrix Mobius Transformations. Without an understanding
of matrix Mobius transformations, the form of the MOPUC Geronimus
theorem we will prove in Section 3.10 will seem strange-looking. To set
the stage, recall that scalar fractional linear transformations (FLT) are
associated to matrices T' = (¢ %) with det T # 0 via

az+b

fr(z) = (1.44)

Without loss, one can restrict to
det(T) = 1. (1.45)

Indeed, T +— fr is a 2 to 1 map of SL(2,C) to maps of C U {co} to
itself. One advantage of the matrix formalism is that the map is a
matrix homomorphism, that is,

fros = frofs (1.46)

which shows that the group of FLTs is SL(2,C)/{1,—1}.

While (1.46) can be checked by direct calculation, a more instructive
way is to look at the complex projective line. u,v € C?\ {0} are called
equivalent if there is A € C\ {0} so that u = Av. Let [| denote
equivalence classes. Except for [([1))], every equivalence class contains

exactly one point of the form (¥) with z € C. If [(})] is associated with

00, the set of equivalence classes is naturally associated with CU {oo}.

fr then obeys
Q)] e

from which (1.46) is immediate.
By Mobius transformations we will mean those FLTs that map D

onto itself. Let
g=(1 0 (1.48)
L0 -1 ’

Then [u] = [(})] with |z] = 1 (resp. |z| < 1) if and only if (u, Ju) =0

(resp. (u, Ju) < 0). From this, it is not hard to show that if det(7") = 1,
then fr maps DD invertibly onto D if and only if

TUT = J. (1.49)
If T has the form (%), this is equivalent to
al? = lef=1,  pP—|d?P=-1, ab-ed=0.  (150)

The set of T’s obeying det(7") = 1 and (1.49) is called SU(1,1). It is
studied extensively in [168, Sect. 10.4].



MATRIX ORTHOGONAL POLYNOMIALS 11

The self-adjoint elements of SU(1, 1) are parametrized by o € D via
p=(1-laf?)"/?
1
Ty = - (} O‘) (1.51)
p\¥ 1

2+«

Jr(2) =142 (1.52)

associated to

Notice that
T'=1T, (1.53)
and that
Vz € D, 3!« such that T,(0) = =z

namely, a = z.

It is a basic theorem that every holomorphic bijection of D to D is
an fr for some 7" in SU(1, 1) (unique up to £1).

With this in place, we can turn to the matrix case. Let M; be the
space of [ x [ complex matrices with the Euclidean norm induced by

the vector norm (-, -)(1C/12. Let

We are interested in holomorphic bijections of D; to itself, especially
via a suitable notion of FLT. There is a huge (and diffuse) literature
on the subject, starting with its use in analytic number theory. It
has also been studied in connection with electrical engineering filters
and indefinite matrix Hilbert spaces. Among the huge literature, we
mention [1, 3, 78, 99, 114, 166]. Especially relevant to MOPUC is the
book of Bakonyi-Constantinescu [6].

Consider M; & M; = M,[2] as a right module over M;. The M;-
projective line is defined by saying [¢] ~ [ ], both in M,[2]\ {0}, if
and only if there exists A € M, A invertible so that

X=X'A, Y=YA (1.55)
Let T' be a map of M,[2] of the form
A B
T= (C D) (1.56)
acting on M;[2] by
X] [AX +BY
r [Y] = lOX + DY] : (1.57)

Because this acts on the left and A equivalence on the right, 7" maps
equivalence classes to themselves. In particular, if C X + D is invertible,
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T maps the equivalence class of [{] to the equivalence class of [/7[¥1],
where
friX]=(AX + B)(CX + D). (1.58)
So long as CX + D remains invertible, (1.46) remains true. Let J
be the 2 x 2] matrix in [ x [ block form

J:(é _2). (1.59)

Note that (with [¥]" = [XT1])

HTJ m <0e XIX<lo|X|<1 (1.60)
Therefore, if we define SU(Z,) to be those T"s with det 7" =1 and
TJT =J (1.61)
then
T € SU(l,1) = fr[D;] =Dy, as a bijection. (1.62)
If T has the form (1.56), then (1.61) is equivalent to
ATA—-C'C=D'D-B'B =1, (1.63)
A'B=C'D (1.64)

(the fourth relation BTA = D'C is equivalent to (1.64)).
This depends on

Proposition 1.1. If T = (4 5) obeys (1.61) and || X| < 1, then
CX + D is invertible.

Proof. (1.61) implies that

T =JTJ (1.65)
At —Ct

Clearly, (1.61) also implies 7! € SU((,1). Thus, by (1.63) for T,
DDV —CCt =1. (1.67)

This implies first that DDT > 1, so D is invertible, and second that
ID~'C| < 1. (1.68)
Thus, || X|| < 1 implies || D7'CX]| < 1so 1+ D~ 'CX is invertible, and
thus so is D(1 + D'CX). O

It is a basic result of Cartan [18] (see Helgason [114] and the discus-
sion therein) that
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Theorem 1.2. A holomorphic bijection, g, of ID; to itself is either of
the form

9(X) = fr(X) (1.69)

for some T € SU(l,1) or
g(X) = fr(Xh). (1.70)

Given a € M; with [|a|| < 1, define
ol =1 -ala)V? = (1 - aah)/2 (1.71)
Lemma 1.3. We have

apt = pla, alpf = plal, (1.72)
a(ph) = (p") e, ()T = (pF) el (1.73)

Proof. Let f be analytic in D with f(z) =Y~ ¢,2™ its Taylor series
at z = 0. Since ||a’a| < 1, we have

flafa) = Z cn(afa)" (1.74)
n=0
norm convergent, so a(afa)” = (aaf)"« implies
af(afa) = faaa (1.75)
which implies the first halves of (1.72) and (1.73). The other halves
follow by taking adjoints. O

Theorem 1.4. There is a one-one correspondence between a’s in M,
obeying ||| < 1 and positive self-adjoint elements of SU(L,1) via

T — ( (p) (pR)‘la) (1.76)

(")l (p")7!
Proof. A straightforward calculation using Lemma 1.3 proves that T, is
self-adjoint and T1JT, = J. Conversely, if T is self-adjoint, T = (4 )
and in SU(/,1), then TT =T = At = A, Bt = C, so (1.63) becomes

AA" - BBT =1 (1.77)
so if
a=A"'B (1.78)
then (1.77) becomes
A A Y +aal =1. (1.79)

Since T' > 0, A > 0 so (1.79) implies A = (pf)~!, and then (1.78)
implies B = (pf)'a.
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By Lemma 1.3,
C=B"=al(p")™ = (p")a (1.80)
and then (by D = DT, CT = B, and (1.63)) DD'—CCT = 1 plus D > 0
implies D = (p%)~L. O

Corollary 1.5. For each o € Dy, the map
fr.(X) = (p")7H(X + a)(1 + aTX) 7 (p") (1.81)
takes Iy to ;. Its inverse is given by
fr(X) = fr (X) = (0F) (X —a)(1 —alX)7'(p").  (1.82)
There is an alternate form for the right side of (1.81).

Proposition 1.6. The following identity holds true for any X, | X|| <
1:

PP+ Xah) X +a)(p") 7 = (p)HX +a)(1+alX) k. (1.83)
Proof. By the definition of p* and pt, we have
X(p") (1 = ala) = (") (1 — aal)X.
Expanding, using (1.73) and rearranging, we get
X(p") 72+ alp") 2l X = (p7) 72X + Xal(p") e

Adding a(pt)=2 + X (p*)~2a’X to both sides and using (1.73) again,
we obtain

X(p") 2+ alph) 7 + X(ph) Pl X + a(ph) X
= (p") 72X + (") Pa+ Xal (p") 72X + Xal (p™) 2a,
which is the same as
(X +a)(p") 20+ a'X) = 1+ Xa")(p™) (X + «).
Multiplying by (1 + Xaf)™! and (1 +af X)), we get
(14 Xa) (X +a)(p") 7 = (p") (X + )1 +a'X)

and the statement follows. O

1.4. Applications and Examples. There are a number of simple

examples which show that beyond their intrinsic mathematical interest,
MOPRL and MOPUC have wide application.
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(a) Jacobi matrices on a strip. Let A C Z" be a subset (perhaps infi-
nite) of the v-dimensional lattice Z” and let [*(A) be square summable
sequences indexed by A. Suppose a real symmetric matrix oy; is given
for all 4,5 € A with o;; = 0 unless |i — j| = 1 (nearest neighbors). Let
0; be a real sequence indexed by 7 € A. Suppose

sup || + sup 8] < oo. (1.84)
.7 i
Define a bounded operator, J, on I2(A) by
J

The sum is finite with at most 2v elements.
The special case A = {1,2,...} with b; = ;, a; = ®; ;41 > 0 corre-
sponds precisely to classical semi-infinite tridiagonal Jacobi matrices.
Now consider the situation where A’ C Z"~! is a finite set with [
elements and

A={jez2":j5€{1,2,...}; (ja,...5,) € \'} (1.86)

a “strip” with cross-section A’. J then has a block [ x [ matrix Jacobi
form where (v,0 € A')

(Bi)ys = biiy), (v =9), (1.87)
= Q(i)(i.0) (v # 0), (1.88)
(Ai)ys = i itr0)- (1.89)
The nearest neighbor condition says (A4;),s = 0 if v # §. If
i) (it1y) > 0 (1.90)

for all 7,7, then A; is invertible and we have a block Jacobi matrix of
the kind described in Section 2.2 below.

By allowing general A;, B;, we obtain an obvious generalization of
this model—an interpretation of general MOPRL.

Schrodinger operators on strips have been studied in part as approx-
imations to Z"; see [31, 95, 130, 134, 151, 164]. From this point of view,
it is also natural to allow periodic boundary conditions in the vertical
directions. Furthermore, there is closely related work on Schrédinger
(and other) operators with matrix-valued potentials; see, for example,
8, 24, 25, 26, 27, 28, 30, 96, 97, 165].

(b) Two-sided Jacobi matrices. This example goes back at least to Nik-
ishin [153]. Consider the case v =2, A’ = {0,1} C Z, and A as above.
Suppose (1.90) holds, and in addition,

a(1,0)(1,1) > 0, (1.91)
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agoyany =0, 1=2,3,... (1.92)

Then there are no links between the rungs of the “ladder,” {1,2,...} x
{0, 1} except at the end and the ladder can be unfolded to Z! Thus, a
two-sided Jacobi matrix can be viewed as a special kind of one-sided
2 x 2 matrix Jacobi operator.

It is known that for two-sided Jacobi matrices, the spectral theory
is determined by the 2 x 2 matrix

dpoo  dpior
du = 1.93
s <dM10 dpiny ( )

where d; is the measure with

(60 (] — A)6) = / dia(2) (1.94)
T —A
but also that it is very difficult to specify exactly which du correspond
to two-sided Jacobi matrices.

This difficulty is illuminated by the theory of MOPRL. By Favard’s
theorem (see Theorem 2.11), every such du (given by (1.93) and posi-
tive definite and non-trivial in a sense we will describe in Lemma 2.1)
yields a unique block Jacobi matrix with A; > 0 (positive definite).
This dp comes from a two-sided Jacobi matrix if and only if

(a) Bj is diagonal for j =2,3,....

(b) A, is diagonal for j =1,2,....

(c) Bj has strictly positive off-diagonal elements.
These are very complicated indirect conditions on du!

(c) Banded matrices. Classical Jacobi matrices are semi-infinite sym-
metric tridiagonal matrices, that is,
Jem =0 if |k —m| > 1 (1.95)
with
Jem >0 if |k —m]| = 1. (1.96)
A natural generalization are (21 + 1)-diagonal symmetric matrices,
that is,
Jem =0 if |k —m]| > 1, (1.97)
Jem >0 if |k —m| = L. (1.98)
Such a matrix can be partitioned into [ x blocks, which is tridiagonal
in block. The conditions (1.97) and (1.98) are equivalent to A, € L, the
set of lower triangular matrices; and conversely, A, € L, with Ay, By

real (and By symmetric) correspond precisely to such banded matrices.
This is why we introduce type 3 MOPRL.
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Banded matrices correspond to certain higher-order difference equa-
tions. Unlike the second-order equation (which leads to tridiagonal
matrices) where every equation with positive coefficients is equivalent
via a variable rescaling to a symmetric matrix, only certain higher-order
difference equations correspond to symmetric block Jacobi matrices.

(d) Magic formula. In [33], Damanik, Killip, and Simon studied per-
turbations of Jacobi and CMV matrices with periodic Jacobi parame-
ters (or Verblunsky coefficients). They proved that if A is the dis-
criminant of a two-sided periodic Jy, then a bounded two-sided J has
A(J) =8P+ 8577 ((Su),, = upyq) if and only if J lies in the isospectral
torus of Jy. They call this the magic formula.

This allows the study of perturbations of the isospectral torus by
studying A(J) which is a polynomial in J of degree p, and so a 2p + 1
banded matrix. Thus, the study of perturbations of periodic problems
is connected to perturbations of SP + S™P as block Jacobi matrices.
Indeed, it was this connection that stimulated our interest in MOPRL,
and [33] uses some of our results here.

(e) Vector-valued prediction theory. As noted in Section 1.1, both
prediction theory and filtering theory use OPUC and have natural
MOPUC settings that motivated much of the MOPUC literature.

2. MATRIX ORTHOGONAL POLYNOMIALS ON THE REAL LINE

2.1. Preliminaries. OPRL are the most basic and developed of or-
thogonal polynomials, and so this chapter on the matrix analogue is the
most important of this survey. We present the basic formulas, assuming
enough familiarity with the scalar case (see [23, 82, 167, 176, 184, 185])
that we do not need to explain why the objects we define are important.

2.1.1. Polynomials, Inner Products, Norms. Let du be an [ x [ matrix-
valued Hermitian positive semi-definite finite measure on R with com-
pact support, normalized by u(R) =1 € M,. Define (as in (1.20))

(f, 90 = /f(x)fdu(fﬂ)g(x), Ifllr = (TS )2 fgeP,
(f;9)e = /9(93) du(z) (@), Iflle = (Te(f, )2, fgeP.

Clearly, we have

(f. 90k = (g, hr, (f.90% = Ga, e, (2.1)
(. ohe = (a" [ R, 11l = 11£1]|- (2:2)
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As noted in Section 1.2, we have the left and right analogues of the
Cauchy inequality

Te((f, ) el < 1 flllglle,  Te(f gl < WAl llglle.

Thus, ||-||g and ||-||; are semi-norms in P. Indeed, as noted in Sec-
tion 1.2, they are associated to an inner product. The sets {f : || f||r =
0} and {f: ||f|l. = 0} are linear subspaces. Let Pr be the com-
pletion of P/{f: ||fllr = 0} (viewed as a right module over M,)
with respect to the norm ||-||g. Similarly, let P, be the completion
of P/{f:|Ifllc = 0} (viewed as a left module) with respect to the
norm ||| .

The set V defined in Section 1.2 is a linear space. Let us introduce
a semi-norm in V by

1] = { / d<f<x>,u<x>f<x>>@}l/2. 23

Let Vo C V be the linear subspace of all polynomials such that |f| =0
and let V4, be the completion of the quotient space V/V, with respect
to the norm | - |.

Lemma 2.1. The following are equivalent:

(1) |fllr > 0O for every non-zero f € P.

(2) For all n, the dimension in Pg of the set of all polynomials of
degree at most n is (n + 1)I%.

(3) || fllz > 0 for every non-zero f € P.

(4) For all n, the dimension in P of the set of all polynomials of
degree at most n is (n + 1)I?.

(5) For every non-zero v € V, we have that |v| # 0.

(6) For all n, the dimension in Vs of all vector-valued polynomials of
degree at most n is (n + 1)L.

The measure du s called non-trivial iof these equivalent conditions hold.

Remark. If | = 1, these are equivalent to the usual non- triviality
condition, that is, supp(y) is infinite. For [ > 1, we cannot define
triviality in this simple way, as can be seen by looking at the direct
sum of a trivial and non-trivial measure. In that case, the measure is
not non-trivial in the above sense but its support is infinite.

Proof. The equivalences (1) < (2), (3) < (4), and (5) < (6) are
immediate. The equivalence (1) < (3) follows from (2.2). Let us
prove the equivalence (1) < (5). Assume that (1) holds and let
v € V be non-zero. Let f € M, denote the matrix that has v
as its leftmost column and that has zero columns otherwise. Then,

0 # |IfII% = Tr((f, fY& = |v]* and hence (5) holds. Now assume that
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(1) fails and let f € P be non-zero with || f||g = 0. Then, at least one
of the column vectors of f is non-zero. Suppose for simplicity that this
is the first column and denote this column vector by v. Let t € M, be
the matrix ¢;; = 9;19;1; then we have

1£lr=0= (f. Mr=0=0="Te("(f, fhat) = ol
and hence (5) fails. O

Throughout the rest of this chapter, we assume the measure du to
be non-trivial.

2.1.2. Monic Orthogonal Polynomials.

Lemma 2.2. Let du be a non-trivial measure.
(i) There exists a unique monic polynomial PE of degree n, which
minimizes the norm ||PE| .
(i) The polynomial P can be equivalently defined as the monic poly-
nomial of degree n which satisfies

(PE . fYg=0 forany f €P, degf <n. (2.4)

(iii) There exists a unique monic polynomial PE of degree m, which
minimizes the norm ||PL|p.

(iv) The polynomial PE can be equivalently defined as the monic poly-
nomial of degree n which satisfies

(PE fY =0 forany f €P, degf <n. (2.5)
(v) One has PE(z) = PE(x)" for all z € R and
(P PR =Py, P (2.6)
Proof. As noted, P has an inner product (-, ), so there is an orthog-
onal projection 7% onto P,, discussed in Section 1.2. Then

PR(z) = 2" — 7' (™). (2.7)

n—1
As usual, in inner product spaces, this uniquely minimizes ™ — () over
all @ € P,_1. It clearly obeys

Te((P, fr) =0 (2.8)
for all f € P,_1. But then for any matrix «,

Te((Py, fre) = Te((Py, fa)r) =0
0 (2.4) holds.
This proves (i) and (ii). (iii) and (iv) are similar. To prove (v), note
that PL(x) = PE(x)' follows from the criteria (2.4), (2.5). The identity
(2.6) follows from (2.2). O
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Lemma 2.3. Let p be non-trivial. For any monic polynomial P, we
have det{(P, P))r # 0 and det((P, P)) 1, # 0.

Proof. Let P be a monic polynomial of degree n such that (P, P))g
has a non-trivial kernel. Then one can find a € M;, a # 0, such that
ol (P, P)ra = 0. Tt follows that ||Pal|r = 0. But since P is monic,
the leading coefficient of P« is a, so Pa # 0, which contradicts the
non-triviality assumption. A similar argument works for (P, P)),. O

By the orthogonality of Q,, — PE to P for any monic polynomial
Q,, of degree n, we have

(Qns Qu)r=(Q = P,Q = PiNr+ (P, Pi)r (2.9)
and, in particular,

(P, PR < (Qn, Qu)r (2.10)
with (by non-triviality) equality if and only if Q,, = Pf. Since Tr and
det are strictly monotone on strictly positive matrices, we have the
following variational principles ((2.11) restates (i) of Lemma 2.2):
Theorem 2.4. For any monic Q),, of degree n, we have

1Qnllr = [Py, (2.11)
det(Qn, Q) r > det({ PF, PF)r (2.12)
with equality if and only if P® = Q,.
2.1.3. Ezxpansion.

Theorem 2.5. Let du be non-trivial.
(i) We have
<<Plfﬂ Pf»R = YnOkn (2'13)
for some positive invertible matrices ,.
(i) {PEYr_, are a right-module basis for P,; indeed, any f € P, has
a unique erpansion,

f=>Y_ Pt (2.14)
=0
Indeed, essentially by (1.38),
£ =2 (PR (2.15)
Remark. There are similar formulas for ((-,-)). By (2.6),
(P, PN L = Ynbin (2.16)

(same 7, which is why we use 7, and not 7).
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Proof. (i) (2.13) for n < k is immediate from (2.5) and for n > k by
symmetry. 7y, > 0 follows from (1.22). By Lemma 2.3, det(~,) # 0, so
v 1s invertible.

(ii) Map (M,;)"! to P, by

(g, .. ) HZP]-RQJ»EX(QO,...,an).

=0
By (2.13),

’YJ <<PR X(Oéo, s ,Oén)>>
so that map is one-one. By dimension counting, it is onto. U

2.1.4. Recurrence Relations for Monic Orthogonal Polynomials. De-
note by (& (resp. ¢&) the coefficient of 2"~ ! in PE(z) (resp. PL(x)),
that is,

PR(z) = 2"1 + ¢f'2"~! 4 lower order terms,
PL(z) = 2"1 4 ¢Ea™ ! + lower order terms.

Since Pf(z)" = PL(x), we have ((F)T = ¢L. Using the parameters 7,
of (2.13) and ¢%, ¢L one can write down recurrence relations for P¥(z),
Lemma 2.6. (i) We have a commutation relation
Y1 (G = Gin) = (G = Gt (2.17)
(ii) We have the recurrence relations
zPy(w) = Pl () + P@) (G = Gl) + Paca (@)1t (218)
2Py (x) = Pyy(2) + (G = G Py (2) + vty P (). (2:19)
Proof. (i) We have
PR(z) — 2P (2) = (¢f — ¢ )" + lower order terms

and so
(R — R )(PR,, PR )
= (G = G P D)k
(P —aP P )r
<<PR Pk — (=P, Py g

—{eP,ly, Pl e

—(PE ., 2PF g

n—1»
= «qu 1aPR xpf—l»R

(Cq]z: - qu—l)%z 1=



22 D. DAMANIK, A. PUSHNITSKI, AND B. SIMON
= «Pf—hxn_l(dj - 5—1)»1%
= (B 2" R(GE =G )
= Vn—l(dj - Cr?—l)'
(ii) By Theorem 2.5,
ZBPfL(:l?) = P,;Erl(:v)CnH + Pf(x)Cn + Pf_l(a:)C’n_l + 4 PJ%CO

with some matrices Cy,...,Cp11. It is straightforward that C),.; =1
and C, = ¢ — ¢f|. By the orthogonality property (2.4), we find
Cy=---=C,_o=0. Finally, it is easy to calculate C},_1:

= (P xPE W= (aP), PX g
= <<Pf+1 + Pf(ff - fﬂ) + Pf—lcn—la Pf—1>>R
_ T
= Unh1Tn—1

and so, taking adjoints and using self-adjointness of v;, Cr,_1 = ¥, V-
This proves (2.18); the other relation (2.19) is obtained by conjugation.
O

2.1.5. Normalized Orthogonal Polynomials. We call pff € P a right
orthonormal polynomial if deg p2 < n and

(pZ, fYr = 0 for every f € P with deg f < n, (2.20)

(oo e = 1. (2.21)

Similarly, we call pZ € P a left orthonormal polynomial if degpZ < n
and

{pE, £ = 0 for every f € P with deg f < n, (2.22)

(o pa)e = 1. (2.23)

Lemma 2.7. Any orthonormal polynomial has the form

pi(x) = BR@) (P BAVE Pon,  pile) = mlPr PN P ()
(2.24)
where a,,T, € M; are unitaries. In particular, degpf = degpl = n.

Proof. Let K, be the coefficient of 2™ in pf*. Consider the polynomial
q(r) = PR(x)K,—p?(x), where P® is the monic orthogonal polynomial
from Lemma 2.2. Then degq < n and so from (2.4) and (2.20), it
follows that ((¢,¢))r = 0 and so ¢g(z) vanishes identically. Thus, we
have

1= {p, PN r = KPS, P) rE, (2.25)
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and so det(K,,) # 0. From (2.25) we get (K)'K ' = (PE Piyp,
and so K, K} = (Pf PRE) 2! From here we get K,, = (PF, Pf»;ll/zan
with a unitary o,. The proof for pZ is similar. U

By Theorem 2.5, the polynomials p* form a right orthonormal mod-
ule basis in Pgr. Thus, for any f € Pgr, we have

F@) = pifm fm =08 r (2.26)

and the Parseval identity

S Te(fufl) = 11 (2.27)
m=0

holds true. Obviously, since f is a polynomial, there are only finitely
many non-zero terms in (2.26) and (2.27).

2.2. Block Jacobi Matrices. The study of block Jacobi matrices
goes back at least to Krein [133].

2.2.1. Block Jacobi Matrices as Matriz Representations. Suppose that
a sequence of unitary matrices 1 = 0g, 0y, 09, . . . is fixed, and pZ are de-
fined according to (2.24). As noted above, p& form a right orthonormal
basis in Pg.

The map f(z) — xf(z) can be considered as a right homomorphism
in Pg. Consider the matrix J,,, of this homomorphism with respect to
the basis pZ, that is,

Tum = (Pr1, 201 ) - (2.28)
Following Killip—Simon [128] and Simon [167, 168, 176], our Jacobi
matrices are indexed with n = 1,2,... but, of course, p, has n =

0,1,2,.... That is why (2.28) has n — 1 and m — 1.
As in the scalar case, using the orthogonality properties of pZ, we
get that J,, = 0 if [n —m| > 1. Denote

B, = Jun = <<prlz%—1? xpg—l»R
and
Ap=Jpnsy1 = J:L-i-l,n = <<Pf—1a$p§>>1%-
Then we have

B, A 0
Al By Ay -
J=10 A B - (2.29)
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Applying (2.26) to f(x) = xpZ(x), we get the recurrence relation
rpfi(z) = pffﬂ(x)ALH +p8(2) B +p8 (2)A,, n=1,2,... (2.30)

If we set pt; (z) = 0 and Ay = 1, the relation (2.30) also holds for n = 0.
By (2.2), we can always pick p~ so that for z real, pZ(x) = pf(z)', and
thus for complex z,

pi(z) = p(2) (2.31)
by analytic continuation. By conjugating (2.30), we get

wpy (€) = Ap1Py 1 (€) + Buyapy (2) + Alpr_i(z), n=0,1,2,...

(2.32)
Comparing this with the recurrence relations (2.18), (2.19), we get
An = 02—1777—1{27711/20717 Bn = U;rz—lfyrlz/fl( f—l - Cf)’%:—l?an—l-
(2.33)
In particular, det A,, # 0 for all n.
Notice that since o, is unitary, |det(o,)] = 1, so (2.33) implies
det(’y}/ %) = det(’yi/_ °)|det(A,)| which, by induction, implies that
det(PE P™) = |det(4, ... A,)? (2.34)

Any block matrix of the form (2.29) with B,, = B and det A,, # 0 for
all n will be called a block Jacobi matrix corresponding to the Jacobi
parameters A, and B,,.

2.2.2. Basic Properties of Block Jacobi Matrices. Suppose we are given
a block Jacobi matrix J corresponding to Jacobi parameters A, and
B,,, where B, = BJL and det A,, # 0 for each n.

Consider the Hilbert space H, = (*(Z,,C") (here Z, = {1,2,3,...})

with inner product
o

(9 =D gn)e

n=1

and orthonormal basis {ey ; }rez, 1<j<i, Where
(€k,j)n = Ok.nv;
and {v; }1<j< is the standard basis of C'. J acts on H, via
(Jf)n= Al fas + Bufa+ Auforr, feEH,  (2.35)

(with fo = 0) and defines a symmetric operator on this space. Note
that using invertibility of the A,’s, induction shows

span{e;;: 1 <k<n,1<j gl}:span{J’“’lel,j 1<k<n, 1<j<lI}

(2.36)
for every n > 1. We want to emphasize that elements of ‘H, and H are
vector-valued and matrix-valued, respectively. For this reason, we will
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be interested in both matrix- and vector-valued solutions of the basic
difference equations.

We will consider only bounded block Jacobi matrices, that is, those
corresponding to Jacobi parameters satisfying

sup Tr(Al A, + B! B,) < . (2.37)

Equivalently,
sup([|[An |l + (| Bnll) < oo (2.38)

In this case, J is a bounded self-adjoint operator. This is equivalent to
4 having compact support.

We call two Jacobi matrices J and J equivalent if there exists a
sequence of unitaries u, € M;, n > 1, with u; = 1 such that
Jm = ul Jymt. From Lemma 2.7 it is clear that if p?, 7 are two
sequences of normalized orthogonal polynomials, corresponding to the
same measure (but having different normalization), then the Jacobi
matrices Jy,,, = (pZ |, xpf Wr and J,,, = (PE |, 2pE ) g are equiv-
alent (u, = 0! _,,_1). Thus,

B, = u! By, A, = uh Aty 1. (2.39)
Therefore, we have a map

Ol T = (001, 2P )Ry DY
correspond to dyu for some normalization}

(2.40)

from the set of all Hermitian positive semi-definite non-trivial com-
pactly supported measures to the set of all equivalence classes of
bounded block Jacobi matrices. Below, we will see how to invert this
map.

2.2.3. Special Representatives of the Fquivalence Classes. Let J be a
block Jacobi matrix with the Jacobi parameters A,, B,. We say that
J is:

e of type 1, if A, > 0 for all n;

e of type 2, if A1Ay... A, > 0 for all n;

e of type 3, if A,, € L for all n.

Here, L is the class of all lower triangular matrices with strictly positive
elements on the diagonal. Type 3 is of interest because they correspond
precisely to bounded Hermitian matrices with 2/ 4+ 1 non-vanishing di-
agonals with the extreme diagonals strictly positive; see Section 1.4(c).
Type 2 is the case where the leading coefficients of p? are strictly pos-
itive definite.
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Theorem 2.8. (i) Fach equivalence class of block Jacobi matrices
contains exactly one element each of type 1, type 2, or type 3.

(ii) Let J be a block Jacobi matriz corresponding to a sequence of poly-
nomials pf as in (2.24). Then J is of type 2 if and only if o, = 1
for all n.

Proof. The proof is based on the following two well-known facts:

(a) For any t € M, with det(t) # 0, there exists a unique unitary
u € M; such that tu is Hermitian positive semi-definite: tu > 0.

(b) For any t € M; with det(t) # 0, there exists a unique unitary
u € M; such that tu € L.

We first prove that every equivalence class of block Jacobi matrices
contains at least one element of type 1. For a given sequence A,,
let us construct a sequence u; = 1,us9,us,... of unitaries such that
ul Apunyy > 0. By the existence part of (a), we find uy such that
Aqus > 0, then find ug such that U;Agﬂg > 0, etc. This, together with
(2.39), proves the statement. In order to prove the uniqueness part,
suppose we have A, > 0 and uLAnunH > 0 for all n. Then, by the
uniqueness part of (a), A; > 0 and Ajuy > 0 imply us = 1; next,
As > 0 and u%Agu;; = Asuz > 0 imply ug = 1, etc.

The statement (i) concerning type 3 can be proven in the same way,
using (b) instead of (a).

The statement (i) concerning type 2 can be proven similarly. Exis-
tence: find uy such that Ajus > 0, then usz such that (Al’U/Q)('LL;AQ’U@) =
AjAsuz > 0, ete. Uniqueness: if A;... A, >0and Ay... A u,yq > 0,
then u,; = 1.

By (2.33), we have A1 A;... A, = /%0, and the statement (i) fol-
lows from the positivity of . O

We say that a block Jacobi matrix J belongs to the Nevai class if
Bn—>0andA,T1An—>1asn—>oo.

It is clear that J is in the Nevai class if and only if all equivalent Jacobi
matrices belong to the Nevai class.

Theorem 2.9. If J belongs to the Nevai class and is of type 1 or type 3,
then A, — 1 as n — oo.

Proof. 1f J is of type 1, then Al A, = A2 — 1 clearly implies A,, — 1

since square root is continuous on positive Hermitian matrices.
Suppose J is of type 3. We shall prove that A,, — 1 by considering

the rows of the matrix A,, one by one, starting from the /th row. Denote
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(An)jk = a]k We have

(Al Ay = (al(j;))Q — 1, and so al(jll) — 1.
Then, for any k& < [, we have

(ALAn)lk = al(j;)al(j;) — 0, and so al(l) — 0.
Next, consider the (I — 1)st row. We have

(AT AL) 10 = (al(n)ll D2+ |all P =1

and so, using the previous step, al( )11 , — 1l asn — oo. Then for all

k <l—1, we have
(ALAn)l—Lk = az(ﬁ)uq az@l,k + al(,TzL)—1 al(,T]Li’) —0

and so, using the previous steps, a;—1 — 0. Continuing this way, we

get aﬁ) — 0j ) as required. O

It is an interesting open question if this result also applies to the
type 2 case.

2.2.4. Favard’s Theorem. Here we construct an inverse of the mapping
® (defined by (2.40)). Thus, ® sets up a bijection between non-trivial
measures of compact support and equivalence classes of bounded block
Jacobi matrices.

Before proceeding to do this, let us prove:

Lemma 2.10. The mapping ® is injective.

Proof. Let o and @ be two Hermitian positive semi-definite non-trivial
compactly supported measures. Suppose that ®(u) = ®(f).

Let pZ and p% be normalized orthogonal polynomials corresponding
to u and fi. Suppose that the normalization both for p? and for pf
has been chosen such that o, = 1 (see (2.24)), that is, type 2. From
Lemma 2.8 and the assumption ®(u) = ®(f1) it follows that the corre-
sponding Jacobi matrices coincide, that is, {(pZ, xpf ) p = (B2, 2pE) R
for all n and m. Together with the recurrence relation (2.30) this yields
plt = pE for all n.

For any n > 0, we can represent z" as

Zpk ) =3 ()
k=0

The coefficients C( and C( are completely determined by the coef-

ficients of the polynomials pZ and pf and so C’(") C’(” for all n and
k.
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For the moments of the measure p, we have

[ amduta) = (amha = 3O )0 = (1 1R CS =
k=0
Since the same calculation is valid for the measure i, we get

[aduta) = [ adta)

for all n. It follows that
/&ummwaw=/&mmmwm@

for all matrix-valued polynomials f and g, and so the measures p and
1 coincide. 0

We can now construct the inverse of the map ®. Let a block Jacobi
matrix J be given. By a version of the spectral theorem for self-adjoint
operators with finite multiplicity (see, e.g., [2, Sect. 72]), there exists a
matrix-valued measure dyu with

e, F(D)ershm, — / £() dpsyu) (2.41)

and an isometry
R:H, — L*(R,du;C"
such that (recall that {v;} is the standard basis in C')
[Req;](x) =v;, 1<j <], (2.42)
and, for any g € H,, we have
(RJg)(x) = 2(Rg)(x). (2.43)

If the Jacobi matrices J and J are equivalent, then we have J = U*JU
for some U = @;2  uy,, u; = 1. Thus,
(erg, f(Nerw)n, = (Uery, f(I)Uerw)n, = (e1. f(J)ern)n,

and so the measures corresponding to J and J coincide. Thus, we have
a map o

U: {J: Jis equivalent to J} — pu (2.44)
from the set of all equivalence classes of bounded block Jacobi matrices
to the set of all Hermitian positive semi-definite compactly supported
measures.

Theorem 2.11. (i) All measures in the image of the map V are non-
degenerate.

(i) Do U = id.
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(i) U o ® = id.

Proof. (i) To put things in the right context, we first recall that ||-||s,
is a norm (rather than a semi-norm), whereas | - | on V (cf. (2.3)) is,
in general, a semi-norm. Using the assumption that det(Ay) # 0 for
all k& (which is included in our definition of a Jacobi matrix), we will
prove that | - | is in fact a norm. More precisely, we will prove that
|p| > 0 for any polynomial p € V; by Lemma 2.1 this will imply that u
is non-degenerate.

Let p € V be a non-zero polynomial, degp = n. Notice that (2.42)
and (2.43) give

[RJ*ey j](x) = zv; (2.45)
for every kK > 0 and 1 < j < [. This shows that p can be represented as
p = Rg, where g = >} _, J* fe, and fo, ..., f. are vectors in H, such
that (fi,ejr)n, = 0foralli =0,...,n,j >2, k=1,...,1 (ie., the
only non-zero components of f; are in the first C' in H,). Assumption
degp = n means f, # 0.

Since R is isometric, we have |p| = ||g|lz,, and so we have to
prove that g # 0. Indeed, suppose that ¢ = 0. Using the as-
sumption det(Ay) # 0 and the tri-diagonal nature of J, we see that
Sor_o ¥ fr = 0 yields f, = 0, contrary to our assumption.

(ii) Consider the elements Re,; € L*(R, du; C'). First note that, by
(2.36) and (2.45), Re,  is a polynomial of degree at most n — 1. Next,
by the unitarity of R, we have

<R€n,k, R€m7j>L2(R,d,u;(Cl) = 5m,n5k,j- (246)
Let wus construct matrix-valued polynomials ¢,(z), using
Rey, 1, Rey o, ..., Re,, as columns of g,_1(z):

[Gn—1(2)] = [Renr()];-

We have deg g, < n and (¢n,qn)r = Om.1; the last relation is just a
reformulation of (2.46). Hence the ¢,’s are right normalized orthogonal
polynomials with respect to the measure du. We find

Jnm

(€njs Jm k) 1o 1< k<

Re, ;, RJ em,k>L2(R,du;Cl)]1§j,k§l

[
[
[
[

(
(Renj, TRem k) 2R dusct) 1<) k<1
(

[Qn—l(x)]m T[Gm—1 ($>]-,k>L2(R,du;Cl)]ISj,kgl
<<anla mefl»R

as required.
(iii) Follows from (ii) and from Lemma 2.10. O
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2.3. The m-Function.

2.3.1. The Definition of the m-Function. We denote the Borel trans-
form of du by m:

d
m(z) = / @) : Imz > 0. (2.47)
r—z
It is a matrix-valued Herglotz function, that is, it is analytic and obeys
Imm(z) > 0. For information on matrix-valued Herglotz functions,
see [98] and references therein. Extensions to operator-valued Herglotz

functions can be found in [94].

Lemma 2.12. Suppose du is given, p? are right normalized orthogonal
polynomials, and J is the associated block Jacobr matriz. Then,

m(z) = (', (x = 2)7'pg D (2.48)
and
m(z) = {er., (J — 2)e1. ), (2.49)

Proof. Since pft = 1, (2.48) is just a way of rewriting the definition of
m. The second identity, (2.49), is a consequence of (2.41) and Theo-
rem 2.11(iii). O

2.3.2. Coefficient Stripping. If J is a block Jacobi matrix correspond-
ing to invertible A,’s and Hermitian B,’s, we denote the k-times
stripped block Jacobi matrix, corresponding to {Agin, Brin}n>1, by
J®)  That is,
By A O
,](k) _ AJlrc+1 BITH-Z Ak+2
0  Aps Biys

The m-function corresponding to J* will be denoted by m®*). Note
that, in particular, J©© = J and m© = m.

Proposition 2.13. Let J be a block Jacobi matriz with cess(J) C |[a, b].
Then, for every e > 0, there is ko > 0 such that for k > ko, we have
that o(J®) C [a —e,b +€].

Proof. This is an immediate consequence of (the proof of) [42,
Lemma 1]. O

Proposition 2.14 (Due to Aptekarev—Nikishin [4]). We have that
m(l’“)(z)’1 =By —2— Akﬂm(kﬂ)(z)ALl

forImz >0 and k > 0.
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Proof. 1t suffices to handle the case k = 0. Given (2.49), this is a
special case of a general formula for 2 x 2 block operator matrices, due
to Schur [163], that reads

(¢ 2)'- (ot )

and which is readily verified. Here A= B; — 2z, B=A;, C = AI, and
D=Jb 2 U

2.4. Second Kind Polynomials. Define the second kind polynomials
by ql—%l(z) = _1a

qf(Z)z/Rdu(:r)w, n=0,1,2,...

As is easy to see, for n > 1, ¢ is a polynomial of degree n — 1. For
future reference, let us display the first several polynomials p? and ¢*:

pi(@) =0,  pi(e) =1, pi()=(z—Bi)Ar", (2.50)
¢%i(x) = -1, ¢'(x) =0, qi(x)=A7" (2.51)
The polynomials ¢ satisfy the equation (same form as (2.30))
24,/ () = 4ty (0) AL 1y + 47 (0) Bagr + gy (2) A n=0,1,2,...
(2.52)
For n = 0, this can be checked by a direct substitution of (2.51). For
n > 1, as in the scalar case, this can be checked by taking (2.30) for

x and for z, subtracting, dividing by x — z, integrating over du, and
taking into account the orthogonality relation

/du(x)pff(:c) =0, n>1.
Finally, let us define

U (2) = 4, () + m(2)py (2).

According to the definition of ¢%, we have

VR = (for bEV R, fulz) = (@ —2)7N

By the Parseval identity, this shows that for all Im z > 0, the sequence
»I(2) is in (2, that is,

> Tl (2)f(2)) < oo (2.53)
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In the same way, we define ¢~ (2) = —1,
L(,\ _ ol
q£<z>—/wdu<x>, n=012,...
R zZ— X

and ¢7(2) = q;(2) + p; (2)m(2).

2.5. Solutions to the Difference Equations. For Imz > 0, con-
sider the solutions to the equations

2up(z) = Z U (2) Jmn, 1=2,3,... (2.54)
m=1

20,(2) = Z JomUm(2), n=2,3,... (2.55)
m=1

Clearly, u,(2) solves (2.54) if and only if v, (2) = (u,(2)) solves (2.55).
In the above, we normally intend z as a fixed parameter but it then can
be used as a variable. That is, z is fixed and w,(2) is a fixed sequence,
not a z-dependent function. A statement like v,(z) = (u,(2))" means
if u, is a sequence solving (2.54) for z = Z,, then v, obeys (2.55) for
z = 2. Of course, if u,(2) is a function of z in a region, we can apply

our estimates to all z in the region. For any solution {u,(z)}3>, of
(2.54), let us define

up(2) = zui(2) — uy(2) By — up(2) Al (2.56)

With this definition, the equation (2.54) for n = 1 is equivalent to
up(z) = 0. In the same way, we set

vo(2) = zv1(2) — Bivi(2) — Ajue(2).

Lemma 2.15. Let Im z > 0 and suppose {u,(z)}>2, solves (2.54) (for
n > 2) and (2.56) and belongs to (*. Then

(Im 2) >~ Tr(un(2) un(2)) = — I Tr(uy (2)uo(2)1). (2.57)

In particular, u,(z) = apf | (2) is in €% only if a = 0.

Proof. Denote s, = Tr(un(2)Al_u,_1(2)"). Here Ay = 1. Multiplying
(2.54) for n > 2 and (2.56) for n = 1 by u,(2)" on the right, taking
traces, and summing over n, we get

N

2 Tr(un(2)un(2)7) = sur + Y Te(un(2)Burun(2)) + ) 50

n=1
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Taking imaginary parts and letting N — oo, we obtain (2.57) since the
middle sum is real and the outer sums cancel up to boundary terms.
Applying (2.57) to u,(z) = apfl (2), we get zero in the right-hand
side: N
(Imz) Y Tr(apf;(2)pi(2)Tal) =0
n=1

and hence o = 0 since pff = 1. O

Theorem 2.16. Let Im z > 0.
(1) Any solution {u,(2)}52, of (2.54) (for n > 2) can be represented
as
un(2) = apy_y (2) + bgy (2) (2.58)
for suitable a,b € M,. In fact, a = ui(z) and b = —up(2).
(ii) A sequence (2.58) satisfies (2.54) for alln > 1 if and only if b = 0.
(iii) A sequence (2.58) belongs to €% if and only if u,(2) = cb? | (2) for
some ¢ € M,. Equivalently, a sequence (2.58) belongs to (* if and
only if ui(2) + up(z)m(z) = 0.

Proof. (i) Let u,(z) be a solution to (2.54). Consider

Un(2) = un(2) = ua(2)py (2) + uo(2) a1 (2)-
Then ,(z) also solves (2.54) and ug(z) = u1(z) = 0. It follows that
Un(z) = 0 for all n. This proves (i).
(ii) A direct substitution of (2.58) into (2.54) for n = 1 yields the
statement.

(iii) We already know that cipf | is an (2 solution. Suppose that
un(2) is an £2 solution to (2.54). Rewrite (2.58) as

un(2) = (@ — bm(2))py_1 (2) + by (2).
Since ¥ is in (2 and cpf is not in 2, we get a = bm(z), which is
equivalent to uy(z) + ug(z)m(z) = 0 or to u,(z) = bl | (2). O

By conjugation, we obtain:

Theorem 2.17. Let Imz > 0.
(i) Any solution {v,(2)}5%, of (2.55) (for n > 2) can be represented
as
Un(2) = Pr_1(2)a+ gy (2)0. (2.59)
In fact, a = v1(z) and b = —vg(z).
(ii) A sequence (2.59) satisfies (2.55) for alln > 1 if and only if b = 0.
(iii) A sequence (2.59) belongs to 2 if and only if v,(2) = L | (2)c for
some ¢ € M;. Equivalently, a sequence (2.59) belongs to (* if and
only if vi(z) +m(z)ve(z) = 0.
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2.6. Wronskians and the Christoffel-Darboux Formula. For
any two M;-valued sequences u,,, v,, define the Wronskian by

Wia(u,v) = upApvpgr — un+1AIlvn. (2.60)

Note that W, (u,v) = —W,(v", u")T. If u,(z) and v,(z) are solu-
tions to (2.54) and (2.55), then by a direct calculation, we see that
W, (u(z),v(z)) is independent of n. Put differently, if both w,(z) and
v,(2) are solutions to (2.54), then W, (u(z),v(2)") is independent of n.
Or, if both u,(2) and v, (z) are solutions to (2.55), then W, (u(2)T, v(2))
is independent of n. In particular, by a direct evaluation for n = 0, we
get

W (P y(2), 1 (2)7) = Walg1(2), ¢, (2)) = 0,
Wa(pr1(2)' 01 (2) = Wala" 4 (2)' 474 (2)) = 0,
Wa(py(2), ¢4 (2)1) = Wa(p_1(2)", ¢"4(2)) = 1.

Let both u(z) and v(z) be solutions to (2.54) of the type (2.58), namely,

un(2) = api_i(2) + g (2),  vn(2) = epiti(2) + dgy (2).
Then the above calculation implies
W (u(2),v(2)") = ad" — be'.
Theorem 2.18 (CD Formula). For any z,y € C and n > 1, one has

—y) > o @)k () = = Wara (21 (), 051 (1)) (2.61)

Proof. Multiplying (2.30) by pZ(y) on the right and (2.32) (with y in
place of z) by pZ(z) on the left and subtracting, we get

(@ = y)pn (©)y (y) = W'y (2), 071 (1) = Waa (0 (2), 1 (1))
Summing over n and noting that Wy(p®(x), p*(y)) = 0, we get the

required statement. O
2.7. The CD Kernel. The CD kernel is defined for z,w € C by
Zpk pk w (2.62)
- Zp:i(z)*pé(w). (2.63)
k=0

(2.63) follows from (2.62) and (2.31). Notice that K is independent
of the choices o, 7, in (2.24) and that (2.61) can be written

(2 = @) Kn(z,w) = =W (pL4(2), py (@)). (2.64)



MATRIX ORTHOGONAL POLYNOMIALS 35

The independence of K, of o, 7 can be understood by noting that if
fm is given by (2.26), then

/K z,w) dp(w me (2.65)

so K is the kernel of the orthogonal projection onto polynomials of
degree up to n, and so intrinsic. Similarly, if fir) = {f, pENL, so

Z FEpL( (2.66)

then, by (2.63),

/ £(2) du(2) K Z PP (w (2.67)

One has
/mwwwmmWQ:mmo (2.68)

as can be checked directly and which is an expression of the fact that
the map in (2.65) is a projection, and so its own square.

We will let 7, be the map of L?*(du) to itself given by (2.65) (or by
(2.67)). (2.64) can then be viewed (for z,w € R) as an expression of
the integral kernel of the commutator [J,m,], which leads to another
proof of it [175].

Let J,.r be the finite nl x nl matrix obtained from J by taking the
top leftmost n? blocks. It is the matrix of 7, 1 M,m,_; where M, is
multiplication by z in the {p] iz —, basis. For y € C and v € C', let
©n~(y) be the vector whose components are

(Pnr ()5 = P (W)Y (2.69)
for y =1,2,...,n. We claim that
[(Jnr = Y)onq(Y)]5 = _6JnAnpn( )ik (2.70)

as follows immediately from (2.32).
This is intimately related to (2.61) and (2.64). For recalling J is the
matrix in pf basis, ¢, - (y) corresponds to the function

Zp] (Ens()j-1 = Knlz,y)7.

As we will see in the next two sections, (2.70) has important conse-
quences.
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2.8. Christoffel Variational Principle. There is a matrix version
of the Christoffel variational principle (see Nevai [152] for a discussion

of uses in the scalar case; this matrix case is discussed by Duran—Polo
[76]):

Theorem 2.19. For any non-trivial [ X | matriz- valued measure, du,
on R, we have that for any n, any o € R, and matriz polynomials
Qn(z) of degree at most n with

@n(r0) =1 (2.71)
we have that
(Qn, Q) r > Kn(wo,20) ™" (2.72)
with equality if and only if
Qn(x) = Kp(z, 20) Kn (0, 20) ™ (2.73)

Remark. (2.72) also holds for ((-,-)); but the minimizer is then
K (w0, 20) " K (2, 7).

Proof. Let QS@O) denote the right-hand side of (2.73). Then for any
polynomial R,, of degree at most n, we have

<<Q’£LO)7 Rn»R = Kn(x(b Q:O)ian(xO) (274)
because of (2.65). Since Q,(zo) = QY (x9) = 1, we conclude
(Qn = Q. Qu = QP)r = (Qu Qu)r = Kn(xo,z0) ™" (275)

from which (2.72) is immediate and, given the supposed non- triviality,
the uniqueness of minimizer. O

With this, one easily gets an extension of a result of Maté— Nevai
[146] to MOPRL. (They had it for scalar OPUC. For OPUC, it is
in Méaté-Nevai- Totik [147] on [—1,1] and in Totik [187] for general
OPRL. The result below can be proven using polynomial mappings a
la Totik [188] or Jost solutions a la Simon [174].)

Theorem 2.20. Let du be a non-trivial [ X | matriz-valued measure
on R with compact support, E. Let I = (a,b) be an open interval with
I C E. Then for Lebesgue a.e. x € I,

limsup(n + 1)K, (z,2) " < w(z) (2.76)
Remark. This is intended in terms of expectations in any fixed vector.

We state this explicitly since we will need it in Section 5.4, but we
note that the more detailed results of Maté-Nevai-Totik [147], Lubin-
sky [141], Simon [173], and Totik [189] also extend.
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2.9. Zeros. We next look at zeros of det(PX(z)), which we will prove
soon is also det(PF(z)). Following [66, 177], we will identify these zeros
with eigenvalues of J,.r. It is not obvious a priori that these zeros are
real and, unlike the scalar situation, where the classical arguments on
the zeros rely on orthogonality, we do not know how to get reality just
from that (but see the remark after Theorem 2.25).

Lemma 2.21. Let C(z) be an | x | matriz-valued function analytic
near z = 0. Let

k = dim(ker(C(0))). (2.77)
Then det(C(z)) has a zero at z =0 of order at least k.

Remarks. 1. Even in the 1 X 1 case, where k£ = 1, the zeros can clearly
be of higher order than k since ¢11(z) can have a zero of any order!
2. The temptation to take products of eigenvalues will lead at best

to a complicated proof as the cases C(z) = (9§) and C(z) = (9%)

illustrate.

Proof. Let e ...e; be an orthonormal basis with e; ... e; € ker(C(0)).
By Hadamard’s inequality (see Bhatia [13]),

|det(C(2))] < [[C(Z)erl] - - [|C()enl]
< Olz|F
since [|C(2)e;|| < Clz| if j = 1,...,k and ||C(2)e;]| < d for j = k +
1.1 0
The following goes back at least to [34]; see also [66, 165, 177, 178].

Theorem 2.22. We have that
detci(PE(2)) = deten (2 — Jpr). (2.78)

Proof. By (2.70), if v is such that pZ(y)y = 0, then ¢,,(y) is an
eigenvector for J,.p with eigenvalue y. Conversely, if ¢ is an eigenvector
and 7 is defined as that vector in C!' whose components are the first [
components of ¢, then a simple inductive argument shows ¢ = ¢, ,(y)
and then, by (2.70) and the fact that A, is invertible, we see that
pL(y)y = 0. This shows that for any v,

dim ker(PX(y)) = dim ker(Jp.r — ¥). (2.79)

By Lemma 2.21, if y is any eigenvalue of .J,,.r of multiplicity &, then
det(PL(2)) has a zero of order at least k at 3. Now let us consider the
polynomials in z on the left and right in (2.78). Since J,,.p is Hermitian,
the sum of the multiplicities of the zeros on the right is nl. Since the
polynomial on the left is of degree nl, by a counting argument it has
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the same set of zeros with the same multiplicities as the polynomial on
the right. Since both polynomials are monic, they are equal. U

Corollary 2.23. All the zeros of det(PL(2)) are real. Moreover,
det(P%(2)) = det(PX(2)). (2.80)

Proof. Since J,.p is Hermitian, all its eigenvalues are real, so (2.78)
implies the zeros of det(PZ(z)) are real. Thus, since the polynomial is
monic,

det(PL(z)) = det(PE(2)). (2.81)
By Lemma 2.2(v), we have
Pl(z) = Py (%) (2.82)
since both sides are analytic and agree if z is real. Thus,
det(P,(2)) = det(Py (2)7) = det(PE(2))
proving (2.80). O
The following appeared before in [178]; see also [165].

Corollary 2.24. Let {x,;}7, be the zeros of det(P)(x)) counting
multiplicity ordered by

Tn,1 S Tn,2 S e S Lnnl- (283)

Then
Tty S Tng S Tppd i (2.84)

Remarks. 1. This is interlacing if [ = 1 and replaces it for general [.

2. Using A, invertible, one can show the inequalities in (2.84) are
strict.

Proof. The min-max principle [159] says that

Tp; = max  min (f, J,.pf)cn. (2.85)
Lcc fert
dim(L)<j—1 || fll=1
If pP. C»tD - C™ is the natural projection, then
(Pf, Jni1.7Pf)cmrn = (Pf,JorPf)cn and as L runs through
all subspaces of C("*D! dimension at most j — 1, P[L] runs through
all subspaces of dimension at most j — 1 in C¥, so (2.85) implies
Tnt1,j < Tpn,;. Using the same argument on —J,p and —Jpi1p
shows 2;(—Jnr) 2 @j(=Jnpir). But 2j(=Jnr) = —ni1-j(Jnr)
and z;(—Jnt1;r) = —Zii+1—j(Jng;p). That yields the other
inequality. U
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2.10. Lower Bounds on p and the Stieltjes—Weyl Formula for
m. Next, we want to exploit (2.70) to prove uniform lower bounds on
oL (y)y|| when y ¢ cvh(a(J)), the convex hull of the support of J,
and thereby uniform bounds ||pZ(y)~!||. We will then use that to prove
that for z ¢ o(.J), we have

m() = lim ~p(:) gk (2.86)

the matrix analogue of a formula that spectral theorists associate with
Weyl’s definition of the m-function [193], although for the discrete case,
it goes back at least to Stieltjes [181].
We begin by mimicking an argument from [172]. Let H =
cvh(o(J)) = [¢e = D, c+ D] with
D = 3 diam(H). (2.87)
By the definition of A,,,
1Aull = [1{pnis. (& = )py )l < D. (2.88)

Suppose y ¢ H and let

d = dist(y, H). (2.89)
By the spectral theorem, for any vector ¢ € ‘H,,,
{0, (7 = 9o, | = dllol”. (2.90)
By (2'7O)a with Y = @n,w(y%
(. (7 = 9)od| < [l Aull oy (V] Ipr—s () (2.91)
while
n—1
el = " llpf ()11 (2.92)
j=0

As in [172, Prop. 2.2], we get:
Theorem 2.25. Ify ¢ H, for any 7,
2 (n—1)/2
oz Al > (5) (1 +(5)7) 11 (2.93)
In particular,
Il ()~ < 5. (2.94)

Remark. (2.93) implies det(pZ(y)) # 0 if Imy > 0, providing another
proof that its zeros are real.

By the discussion after (2.52), if Imz > 0, ¢Z(2) + pZ(2)m(z) is in
%, so goes to zero. Since pZ(z)~! is bounded, we obtain:
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Corollary 2.26. For any z € Cy ={z | Imz > 0},
m(z) = lim —p;(2)"q, (2). (2.95)
Remark. This holds for z ¢ H.
Taking adjoints using (2.82) and m(z)" = m(2), we see that
1

m(z) = Tim —gR(=)p(=) ", (2.96)

2.11. Wronskians of Vector-Valued Solutions. Let o, 3 be two

vector-valued solutions (C') of (2.55) for n = 2,3,.... Define their
scalar Wronskian as (Euclidean inner product on C')

Wn(a’ﬁ) = <am Anﬁn—l—l) - <Anan+17 671) (297)

for n = 2,3,.... One can obtain two matrix solutions by using « or

[ for one column and 0 for the other columns. The scalar Wronskian
is just a matrix element of the resulting matrix Wronskian, so W,
is constant (as can also be seen by direct calculation). Here is an
application:

Theorem 2.27. Let zg € R\ 0es(J). For k = 0,1, let g, be the
multiplicity of 2o as an eigenvalue of J®). Then, qo+ ¢ < L.

Proof. If 3 is an eigenfunction for J® and we define 3 by

0, n =1,
Br = {@nh (2.98)

n>2,

then 3 solves (2.55) for n > 2. If a is an eigenfunction for J = J©),
it also solves (2.55). Since o, — 0, 8, — 0, and A,, is bounded,
W, (a, 3) — 0 as n — oo and so it is identically zero. But since 51 = 0,

0 =Wy, B) = (g, A1 85) = (ay, A By). (2.99)

Let V) be the set of values of eigenfunctions of J*) at n = 1. (2.99)
says

VO A VD) (2.100)
Since ¢, = dim(V®)) and A; is non-singular, (2.100) implies that gy <
[ — q1. ]

2.12. The Order of Zeros/Poles of m(z).

Theorem 2.28. Let zp € R\ 0es(J). For k = 0,1, let g, be the
multiplicity of zy as an eigenvalue of J® . If g1 —qo > 0, then det(m(z))
has a zero at z = zy of order ¢ — qo. If g1 — qo < 0, then det(m(z))
has a pole at z = zy of order qy — q1.
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Remarks. 1. To say det(m(z)) has a zero at z = zy of order 0 means it
is finite and non-vanishing at z!

2. Where dpu is a direct sum of scalar measures, so is m(z), and
det(m(z)) is then a product. In the scalar case, m(z) has a pole at z
if JO has z, as eigenvalue and a zero at zq if J @ has zg as eigenvalue.
In the direct sum case, we see there can be cancellations, which helps
explain why ¢; — qo occurs.

3. Formally, one can understand this theorem as follows. Cramer’s
rule suggests det(m(z)) = det(JV — z)/det(J® — z). Even though
det(J®) — 2) is not well-defined in the infinite case, we expect a can-
cellation of zeros of order ¢; and qy. For zy ¢ H, the convex hull of
o(J©), one can use (2.95) to prove the theorem following this intu-
ition. Spurious zeros in gaps of o(J(?)) make this strategy difficult in
gaps.

4. Unlike in Lemma 2.21, we can write m as a product of eigenvalues
and analyze that directly because m(x) is self-adjoint for x real, which
sidesteps some of the problems associated with non-trivial Jordan nor-
mal forms.

5. This proof gives another demonstration that ¢y + ¢; <.

Proof. m(z) has a simple pole at z = 2y with a residue which is rank
qo and strictly negative definite on its range. Let

f(2) = (z = z20)m(z).
f is analytic near z; and self-adjoint for z real and near z;. Thus,
by eigenvalue perturbation theory [124, 159], f(z) has [ eigenvalues

p1(2), ..., pi(2) analytic near zy with py, pa, ..., pg non-zero at z, and
Pgo+1s - -+ P1 Z€TO at 2g.

Thus, m(z) has [ eigenvalues near zy, \;(z) = p;(2)/(z — 20), where
A1, ..., Ag have simple poles and the others are regular.

By Proposition 2.14, m(z)~! has a simple pole at zy with residue of
rank ¢q; (because A; is non-singular), so m(z)~! has q; eigenvalues with
poles. That means ¢q; of Ay 41,...,A; have simple zeros at z, and the

others are non-zero. Thus, det(m(z)) = Hé‘:l A;(2) has a pole/zero of

order gy — q. O

2.13. Resolvent of the Jacobi Matrix. Consider the matrix
Gun(2) = «pf_p (z — Z>_1pﬁ—1>>R~

Theorem 2.29. One has

_ rLL—l(z)pﬁ—l(z>v if n > m,
Gonl2) = {p51<z>wﬁ1<z>, gn<m 0V
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Proof. We have

Z ka(z)Jmn = ZGkn(Z)u n 7£ ka
m=1

JumGmi(2) = 2Gui(2), n#k.
m=1
Fix k£ > 0 and let u,,(2) = Ggm(2). Then u,,(z) satisfies the equation
(2.54) for n # k, and so we can use Theorem 2.16 to describe this
solution. First suppose k > 1. As u,, is an ¢? solution and u,, satisfies
(2.54) for n = 1, we have

_ ak(z)pﬁ_l(z), m < k,
Grm(2) = {bk(z) R G) msk (2.102)

If £ =1, (2.102) also holds true. For m > k, this follows by the
same argument, and for m = k£ = 1, this is a trivial statement. Next,
similarly, let us consider v,,(2) = Gpmi(z). Then v,,(z) solves (2.55)
and so, using Theorem 2.17, we obtain

L (2)ew(z), m <k,
Gi(2) = {Z:Z@__ll((;);k((;), >k (2.103)
Comparing (2.102) and (2.103), we find

ak(z)pfifl(z) = 1/’1571(Z)dm(z)7

b(2) -1 (2) = pr_1(2)em(2).
As plt = pl =1, it follows that

ap(2) = Y1 (2)di(z),  cem(2) = bi(2)d 1 (2)

and so we obtain

o JeEEdaEpE ) it zm,
G (2) {pﬁ_l(z)bl(z)¢g_l(z> it n < m. (2.104)

It remains to prove that

Consider the case m = n = 1. By the definition of the resolvent,
- dp(x
Gu() = (ol (7= 2 9 = [ 24 <),

On the other hand, by (2.104),
G (2) = VA () ()l (2) = m(2)ds (2),
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G (2) = py (2)bi(2)dg () = ba(2)m(2),
which proves (2.105). O

3. MATRIX ORTHOGONAL POLYNOMIALS ON THE UNIT CIRCLE

3.1. Definition of MOPUC. In this chapter, p is an [ x [ matrix-
valued measure on dD. ((-,-))g and ((-, -));, are defined as in the MOPRL
case. Non-triviality is defined as for MOPRL. We will always assume
@ is non-trivial. We define monic matrix polynomials ®%, &L by ap-
plying Gram—Schmidt to {1,21,...}, that is, ®2 is the unique matrix
polynomial 2”14 lower order with

(21,0 =0 k=0,1,...,n—1. (3.1)

We will define the normalized MOPUC shortly. We will only consider
the analogue of what we called type 1 for MOPRL because only those
appear to be useful. Unlike in the scalar case, the monic polynomials
do not appear much because it is for the normalized, but not monic,
polynomials that the left and right Verblunsky coefficients are the same.

3.2. The Szegd Recursion. Szegé [184] included the scalar Szegd
recursion for the first time. It seems likely that Geronimus had it in-
dependently shortly after Szegd. Not knowing of the connection with
this work, Levinson [138] rederived the recursion but with matrix co-
efficients! So the results of this section go back to 1947.

For a matrix polynomial P, of degree n, we define the reversed poly-
nomial P’ by

Pi(2) = 2"P,(1/2)". (3.2)
Notice that
(P2 =P, (3.3)
and for any o € M;,
(aP,)* = Pral, (Pya)* =alPr. (3.4)
Lemma 3.1. We have
(e ="La. N5 (Fradr= (9. Nk (3.5)
and
(F gV =00k, (9 Nr=(Fra0h. (3.6)

Proof. The first and second identities follow immediately from the de-
finition. The third identity is derived as follows:

(g = [ (o)t du(d) (e 1(6)')
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— [e9(0) duts)e " 5(6)

- / 9(6)1 du(6) £(6)
— (o f)r

= (/. 90k
The proof of the last identity is analogous. O

Lemma 3.2. If P, has degree n and is left-orthogonal with respect to
21,...2"1, then P, = c(®R)* for some suitable matriz c.

Proof. By assumption,
0= (P, 2L =((Z1)" Prhr= ("1, P)g for 1 <j<n

Thus, P is right-orthogonal with respect to 1,21, ..., 2""'1 and hence
it is a right-multiple of ®%. Consequently, P, is a left- multiple of
(®F)*. O

Let us define normalized orthogonal matrix polynomials by
v =wy =1, ¢y =r®; and ¢ =Pk
where the k’s are defined according to the normalization condition

(% 0N R = Buml (5, ©ENL = Guml
along with (a type 1 condition)

kE (kB >0 and (sE)7'sE L >0 (3.7)

n n

Notice that L are determined by the normalization condition up to
multiplication on the left by unitaries; these unitaries can always be
uniquely chosen so as to satisfy (3.7).

Now define

ok = kE(RL) ™ and R = (k) KT

Notice that as inverses of positives matrices, p% > 0 and pZ > 0. In
particular, we have that

Ky = (P-y---p5) " and k= (pg' .. pg) "
Theorem 3.3 (Szeg6 Recursion). (a) For suitable matrices 2%, one
has
2o = Pun = (o)1,

zoR — ol ol =l (o)
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(b) The matrices ok and o are equal and will henceforth be denoted
by v,.

(¢) pr = (1 —afan)"? and pff = (1 — azaf)'/.

Proof. (a) The matrix polynomial 2¢% has leadmg term 2"kl On

the other hand, the matrix polynomlal pEpk. | has leading term

2l ﬁ 4 By definition of pZ, these terms are equal. Consequently,

zpk — pkol | is a matrix polynomial of degree at most n. Notice that
it is left-orthogonal with respect to z1,...2z"1 since

(k= phok | 21N = (k277" — (phek, 1, 21, =0—0=0.

Now apply Lemma 3.2. The other claim is proved in the same way.
(b) By part (a) and identities established earlier,

(ah) =0+ (o)1
= (ol prok i + (@) (el o R

= {en”, prenad e + () (en™ o N by (3.6)
= (o™, i + () o

= {en™, 2001

= {2l ok )) (using the (n + 1)-degree *)

= «Spfﬂpn + ot (e, SO#*»T

= (ompns on Ve + Con™ (@D’ o e

0+ (or, ok (af) g
(o™, ok Vr ()
(on o ()
= ().

(c) Usmg parts (a) and (b), we see that

(
= {20k, 20E 0L
(phohy +afoi®, phot, + ol o)L
Pt Pr (o) + ol (o, el W L an
= (pr)* + ol {lens e r o

= (p5)? + alan.

A similar calculation yields the other claim. 0
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The matrices «,, will henceforth be called the Verblunsky coefficients
associated with the measure du. Since pZ is invertible, we have

o] < 1. (3.10)

We will eventually see (Theorem 3.12) that any set of «,’s obeying
(3.10) occurs as the set of Verblunsky coefficients for a unique non-
trivial measure.

Note that the Szeg6 recursion for the monic orthogonal polynomials
is

20— 0k, = (xh) Tl () B8,

2@ — O = 0 (k) ol (1) 7

(3.11)

so the coefficients in the L and R equations are not equal and depend
on all the o5, 7 =1,...,n.

Let us write the Szeg6 recursion in matrix form, starting with left-
orthogonal polynomials. By Theorem 3.3,

b = (pE) ek — al ],

el = [zl — phal)(ph) "

which implies that

ory = 2(ph) ok — (ph) el (3.12)
erl = (p) el — 2(pf) k. (3.13)

In other words,

QDL+1 L QOL
By | =A% (ap, 2 5 3.14
(i) = o (1) (@19
where
=1 [ I\—1.1
A,y = (P87 (p)a)
( ) (—Z(pR) 1a (pR) 1

and p = (1 — afa)?, pf = (1 — aa®)/2. Note that, for z # 0, the
inverse of AX(a, 2) is given by
—1(L\=1  —1( L\—1.t
AP, 2)t = (z O a)
which gives rise to the inverse Szeg¢ recursion (first emphasized in the
scalar and matrix cases by Delsarte el al. [37])

-1 _ 1, Rx

b =z ek + 2 k) el e,
—1 R*

ol = (ph) anel + (pF) e
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For right-orthogonal polynomials, we find the following matrix for-
mulas. By Theorem 3.3,

el = 2R (pH) ™t = okral (p) 7 (3.15)
o = ok (o)™ — 2B, (pk) (3.16)

In other words,

(B, okr) = (F  b*) AR(ay, 2)

")

AR, )t = ( et (" ‘1104>

2 Hph) el (ph)

where

_ [ =(p —za(p*
w2 = (Ll T

For z # 0, the inverse of A%(a, z) is given by

and hence

LR (P T 2l (o) el (3.17)

pl = ol (PP an + prt (pE) 7 (3.18)

3.3. Second Kind Polynomials. In the scalar case, second kind
polynomials go back to Geronimus [89, 91, 92]. For n > 1, let us
introduce the second kind polynomials 2% by

R __ _—
Qpn_z

62’9 P ]
vhe) = [ SR — ), (319
H@ = [ ) @) 620)

For n = 0, let us set ¥} (2) = Y& (2) = 1. For future reference, let us
display the first polynomials of each series:

pr(2) = (05) (2= ap), e =(—ag)lp) ™ (3.21)
W) = (06) o)), Yf(2) = (2 + o) (o)) (3.22)

We will also need formulas for * and ¢2* n > 1. These formulas

follow directly from the above definition and from

(eie + 1/2) AR

e —1/z et — z°

Indeed, we have

@) == [ GEERO 0 - )

el — 2
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0
uie@) = [ G - e du®).  (320)
Proposition 3.4. The second kind polynomials obey the recurrence
relations
wr1(2) = (00) 7 (205 (2) + ol (2)), (3.25)
Vi1 (2) = (o) 7 (zanthy (2) + 9 (2)), (3.26)
and
nr1(2) = (205 (2) + " (2)al) (o) (3.27)
Ui (2) = (0 (2) + 207 (2) ) () ! (3.28)
forn > 0.

Proof. 1. Let us check (3.25) for n > 1. Denote the right hand side of

(3.25) by L, (2). Using the recurrence relations for %, pf* and the
definition (3.19) of ¥Z, we find

e 4 2
Eale) = 0 (2) = [ S 4u(6.2) duto)

where
An(0,2) = 90£+1(6i0> - ¢£+1<Z)
— (o) Mzen(€) — 205 (2) + ol 2"l (1/2)T — af 2"l ()]
= (pr) [P pn(e”) — alpn () — 2o (2) + afp*(2)
— 20 (") + 20 (2) — ol (2) + ol 2" (7))
= (o) '[(€” = 2)h(e”) + af (z"e ™™ — 1) ()],

Using the orthogonality relations

/ L) du(B)e ™ = / o () du(B)e ™ — 0, (3.20)

m=0,1,...,n— 1, and the formula
nf __ n ] ]
BH_Z _ pi(n=1)0 4 i(n=2)0, | 4 ,n-1
ev —z

we obtain
610 + z ; .
[ S 4002 o) = [( o) = bl () duto)
= ot [ ksl aute) =0,
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2. Let us check (3.26) for n > 1. Denote the right-hand side of (3.26)
by @Df:l(z) Similarly to the argument above, we find

i0
R, x TR, e’ +z
77Z}n+1(z) - 77Z)n+1( ) = / 62'9 — 5 Bn(€7 Z) du(9)7
where
Bu(6,z) = 2" ol (1/2)F — 2"l ()]
— () zamepr () = zanpy(2) + 2o (1/2)T = 2@l ()]
_ (pg)fl[wg,*(z) o OénZ<P£(Z) . Zn+1efi(n+1)0¢R,*( i9) + Zn+1€7in0an(pﬁ(ei9>
— 2oy (€7) + 2ol (2) — o (2) + 2" “"‘9905*( “))
= (o) [peunl="e ™ = gk (e) + 2 (1 = 27 0) gl (6]

Using the orthogonality relations (3.29), we get
i0
r [ € +=2 .
o [ S B, duo) -
=1 [ (IR () — e ) di(h)
=l [ () duto) o,

3. Relations (3.25) and (3.26) can be checked for n = 0 by a direct
substitution of (3.21) and (3.22).

4. We obtain (3.27) and (3.28) from (3.25) and (3.26) by applying
the x-operation. U

Writing the above recursion in matrix form, we get

- WL Vg 1
(i) = e () () = (1)

for left-orthogonal polynomials and

(R k) = (F wb*) AR(—an2), (0 we')=(1 1),

for right-orthogonal polynomials.

Equivalently,
L . ;
n+1 4L wn ¢0 B 1
and

( §+1 —¢n+1> (wR _wnL’*) AR(amz), (%% _wé’*):(l _1>'
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In particular, we see that the second kind polynomials 2 cor-
respond to Verblunsky coefficients {—a,}. We have the following
Wronskian-type relations:

Proposition 3.5. Forn >0 and z € C, we have

2271 = o (2)9" (2) + ¥y (2) 0" (2), (3.31)
22"1 = 4, (2) e (2) + @ (2)U (2). (3.32)
0 = ¢, ()1 (2) — ¥y (2) e (2), (3.33)
0 =1, (2)en™(2) — 5 (2)0," (). (3.34)

Proof. We prove this by induction. The four identities clearly hold for
n = 0. Suppose (3.31)—(3.34) hold for some n > 0. Then,

(anrlwn—H + ¢n+190n+1 =
= (p1) " (20 — ol ) (W + 1)
+ (2 + al ) (o™ — znan)] (pr)
= (o) lelomn” +wlon) — 20l (ol + ol v an
+ ol (U ok — Q) + 2Pkl — vkl an] (o)
= (pE) " [22" (1 = afan)] (o) =22,
where we used (3.31)—(3.34) for n in the third step. Thus, (3.31) holds

for n 4 1.
For (3.32), we note that

-1

¢n+190n+1 + %0n+1 §+1
= (p5) (zanpl + V") (20l — plal)
+ (" — zonl) (0 + 0 al)] (p R)‘l
= (o) 2ol + @i ) — zan(Ur ok + ol )al,
+ Zan(r ol — ohr) — (@DR*vﬂﬁ = pfrplnyad] (o)
= ()72 (1 — aal) () = 22711,

again using (3.31)—(3.34) for n in the third step.
Next,

90n+1¢n+1 w71;+190§+1 =
= (o) '[(z0f — af i) (20 + lral)
— (2 + ol o) (0 — o el (o)~
= (pr) [P (e — i) — al (el — o pl)al
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Rx | R Rx, R L, L L, L R\—1
=0

which implies first (3.33) for n+1 and then, by applying the *-operation
of order 2n + 2, also (3.34) for n 4+ 1. This concludes the proof of the
proposition. [

3.4. Christoffel-Darboux Formulas.
Proposition 3.6. (a) (CD)-left orthogonal

(1=£2) ) 0k (©)Top(2) = o (&) of*(2) — 205 (&) en(2)

= enl1(©) e (2) = 01 (O e (2)
(b) (CD)-right orthogonal

(1-82)> ol (2)ef (&) = i (2) e ()T — &2 (2)pR (€)1

T T

= @ﬁil(z)(ple:l €)' — SO§+1(Z)90§+1(5)

(¢) (Mixed CD)-left orthogonal
(1-&2) ) i (©Ter(2) =2- 1= ()" (2) — 245 (O) o (2)
k=0

=2-1- T/Jfﬂ@ﬁ@ffl(z) - ¢£+1<€)T80£+1(Z)
(d) (Mixed CD)-right orthogonal

(1-82) ) o ()€ =2+ 1 — @b ()™ (&) — Lzl (2)0 (€)'

=2-1- Soiﬁ(z)lb{fﬁ(fﬁ - @fﬂ(z) §+1(§)T

Remark. Since the 1’s are themselves MOPUCs, the analogue of (a)
and (b), with all ¢’s replaced by 1’s; holds.

Proof. (a) Write

re=(F0) =(0 3) 7=(% 1)
then Fri(z) = Ao, 2)F(2)

and

Al (o, )TTA" (a, 2) =
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_(E)Th =&l ()T (25T (") el
Bl (—Oc(pL)‘1 (p)~! ) (z pf)a —(p)! )
_ (62(p") 7 = gzal (p)Pa —E(p") Pal 4 Eal(pt)
B (—za(pL)2+Z(pR) Pa a(ph)Pal = (p) 7 )
- ( gl —01) =J.

Thus,

Fra(OVFL(2) = L (©)T A" (ay, €)TT A (0, 2) F (2)
= FLOIIFL(2)
and hence

Prr ()T on 1 (2) — 01 () onta(2) = E20m ()T (2) — 0" () 0" (2)
which shows that the last two expressions in (a) are equal. Denote
their common value by Q(z, ¢ ) Then,

Qn(2,6) = Qr_1(2,6) = ¢ ()" (2) — €297 (&) e (2)
—en () e (2) + 95 () or (2)
= (1 - &2)pr (&) 'n ().

Summing over n completes the proof since Q%,(z,£) = 0.
(b) The proof is analogous to (a): Write F(z) = (¢f(2)
Then, FE () = FE(2)A%(ay, z) and A%(a, 2)JAR(a, §)T =
Fi(2)TEEL (€)1 = FiH(2) AT, 2) JA™ (o, ©)TE (€

= F(2)JE(€)

))

o (2
J. Thus
€)'

and hence

P ()en ()T = enii(2)en i1 ()1 = 20 (2) on ()T — i (2) i (€)
which shows that the last two expressions in (b) are equal. Denote
their common value by QZ(z,¢). Then,

Qn(z,6) = Qi(2,6) = (1 = &2)p (2)¢ (&)

and the assertion follows as before.

(c) Write
L
Ho = (L,
with the second kind polynomials 2. As in (a), we see that
Fra( @M Fa (2) = B (T A" (an, )T A" (0, 2) i (2)
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= FHOVF!(2)
and hence
w1 () em (2) +T1 () i (2) = &2 (©) oh (2) + i (€)™ (2).
Denote
QTLL( §)=2-1— ¢n+1(£)T¢§f1(Z> - ¢£+1(§)T907LL+1(2)-
Then,
Qi (2,6) = QF_1(2,8) = = ()Tl (2) — £z (&)l (2)
wR*@* R*(Z> + U (€)er(2)
and the assertion follows as before.
(d) Write FE(z) = (WE(z) —oL*(2)). Asin (b), we see that
FRL()TEE (O = EF(2) AR (an, 2)J AR (o, )T EF(E)T
= FR(2) JFR )T

N

and hence

PR (U O+ e ()01 ()T = E2pf () () + of (2)en (€)1,

With QE(ZEQ =2-1- @5:1(2)@05:1(5) - @n+1(z)¢n+1( )T, we have
Q2,6 = Qa(2,6) = (1= E2)ei () (©)

and we conclude as in (c). O

3.5. Zeros of MOPUC. Our main result in this section is:
Theorem 3.7. All the zeros of det(p2(2)) lie in D = {z: |z| < 1}.
We will also prove:

Theorem 3.8. For each n,
det(py(2)) = det(py(2)). (3.35)

The scalar analogue of Theorem 3.7 has seven proofs in [167]! The
simplest is due to Landau [135] and its MOPUC analogue is Theo-
rem 2.13.7 of [167]. There is also a proof in Delsarte et al. [37] who
attribute the theorem to Whittle [194]. We provide two more proofs
here, not only for their intrinsic interest: our first proof we need be-
cause it depends only on the recursion relation (it is related to the
proof of Delsarte et al. [37]). The second proof is here since it relates
zeros to eigenvalues of a cutoff CMV matrix.

Theorem 3.9. We have
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(i) For z € 0D, all of p2*(2), pL*(2), pf(2), pL(z) are invertible.

(i) For z € D, ©Z(2)(02*(2))™t and (p*L(2)) LR (2) are unitary.

(iii) For z € D, o2*(2) and p%*(2) are invertible.

(iv) For z € D, oLk (2)(pf*(2))7! and (p5(2)) ol (2) are of norm at
most 1 and, for n > 1, strictly less than 1.

(v) All zeros of det(of*(2)) and det(p=*(2)) lie in C\ D.

(vi) All zeros of det(p2(2)) and det(oZ(2)) lie in D.

Remark. (vi) is our first proof of Theorem 3.7.

Proof. All these results are trivial for n = 0, so we can hope to use an
inductive argument. So suppose we have the result for n — 1.

By (3.13),

o= (o)t = Zan—1¢£—1(90§f1)_1)90§f1' (3.36)
Since |a,—1] < 1, if |2] < 1, each factor on the right of (3.36) is invert-
ible. This proves (i) and (iii) for 2* and a similar argument works for
ebr TIf 2 = e pB(e) = e plr(e?)1 is also invertible, so we have
(i) and (iii) for n.
Next, we claim that if z € JD, then
o () o (2) = on (2)or (). (3.37)
This follows from taking z = £ € D in Proposition 3.6(a). Given that
©R*(2) is invertible, this implies

1= (05 (2) " (2) ) (e (2D (2)7) (3.38)
proving the first part of (ii) for n. The second part of (ii) is proven
similarly by using Proposition 3.6(b).

For z € D, let
F(2) = on(2)e" (2)
Then F is analytic in D, continuous in D, and ||F(2)| = 1 on 9D, so
(iv) follows from the maximum principle.
Since pf*(z) is invertible on D, its det is non-zero there, proving
(v). (vi) then follows from

det(of(2)) = z" det(pn*(1/%)) . (3.39)
O

Let V be the Cl-valued functions on 0D and V, the span of the
C!-valued polynomials of degree at most n, so

dim(V,) = C'* D),

Let V. be the set U,V, of all Cl-valued polynomials. Let 7, be the
projection onto V, in the V inner product (1.35).




MATRIX ORTHOGONAL POLYNOMIALS 55

It is easy to see that
VNV = {08 :veCl (3.40)

since (2!, ®f(2)v) =0 for [ = 0,...,n — 1 and the dimensions on the
left and right of (3.40) coincide. V,, NV;: | can also be described as the
set of (vI®L(2))T for v € CL

We define M, : V,_1 — V, or Vo, — V4 as the operator of multipli-
cation by z.

Theorem 3.10. For all n, we have
detei (®F(2)) = dety, (21 — mp M., 1). (3.41)

Remarks. 1. Since [[M.| < 1, (3.41) immediately implies zeros of
det(2(2)) lie in D, and a small additional argument proves they lie in
D. As we will see, this also implies Theorem 3.8.

2. Of course, m,_1M,m,_1 is a cutoff CMV matrix if written in a
CMYV basis.

Proof. 1f Q) € V,,_y, then by (3.40),
Too1l(z — 20)"Q] = 0 & (2 — 20)"Q = ®F(2)v (3.42)

for some v € C'. Thus writing det(®2(z2)) = ®LE(2)vy A+ APE(2)v; in a
Jordan basis for ®Z(z), we see that the order of the zeros of det(®F(2))
at zg is exactly the order of z; as an algebraic eigenvalue of 7, 1 M, 7, 1,
that is, the order of zy as a zero of the right side of (3.41).

Since both sides of (3.41) are monic polynomials of degree nl and
their zeros including multiplicity are the same, we have proven (3.41).

U

Proof of Theorem 3.8. On the right side of (3.42), we can put
(®L(2)v")T and so conclude (3.41) holds with ®L(2) on the left.

This proves (3.35) if ¢ is replaced by ®. Since aja; and ajaj are
unitarily equivalent, det(p}) = det(p¥). Thus, det(s}) = det(xf), and
we obtain (3.35) for ¢. O

It is a basic fact (Theorem 1.7.5 of [167]) that for the scalar case,
any set of n zeros in ) are the zeros of a unique OPUC ®,, and any
monic polynomial with all its zeros in D is a monic OPUC. It is easy
to see that any set of nl zeros in D is the set of zeros of an OPUC @,,,
but certainly not unique. It is an interesting open question to clarify
what matrix monic OPs are monic MOPUCs.
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3.6. Bernstein—Szegé Approximation. Given {a; ?;& e D", we
use Szegé recursion to define polynomials ¢f, ¥ for j = 0,1,...,n.
We define a measure du,, on 0D by

A (0) = [ ()P ()1 22

- (3.43)

Notice that (3.37) can be rewritten
o () (€)= or () o (). (3.44)
We use here and below the fact that the proof of Theorem 3.9 only

depends on Szego recursion and not on the a priori existence of a mea-
sure. That theorem also shows the inverse in (3.43) exists. Thus,
i ioy—1 40
dpn(9) =[5 () o ()] o
i
Theorem 3.11. The measure du, is normalized (i.e., p,(0D) = 1)
and its right MOPUC for j =0,...,n are {p'}}_,, and for j > n,
pi(2) = 2oy (2). (3.46)

The Verblunsky coefficients for du,, are

O‘j(dﬂn) = {

(3.45)

aj? j Sna

. (3.47)
0, j7=>2n+1.

Remarks. 1. In the scalar case, one can multiply by a constant and
renormalize, and then prove the constant is 1. Because of commuta-
tivity issues, we need a different argument here.

2. Of course, using (3.45), % are left MOPUC for dy,,.
3. Our proof owes something to the scalar proof in [80].

Proof. Let ((-,-)) g be the inner product associated with pu,. By a direct
computation, {(pf% ¢fNr =1, and for j =0,1,...,n — 1,

: [ P
R I A (A GO DR
T Jo
1 .
=5 T g (2)) Tz =0
s

by analyticity of ¢©f*(z)~! in D (continuity in D).
This proves !t is a MOPUC for du,, (and a similar calculation works
for the right side of (3.46) if j > n). By the inverse Szeg6 recursion and

induction downwards, {¢%}"—] are also OPs, and by the Szegd recur-

J 1j=0
sion, they are normalized. In particular, since o' = 1 is normalized,

di,, is normalized. O
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3.7. Verblunsky’s Theorem. We can now prove the analogue of
Favard’s theorem for MOPUC; the scalar version is called Verblun-
sky’s theorem in [167] after [192]. A history and other proofs can be
found in [167]. The proof below is essentially the matrix analogue of
that of Geronimus [90] (rediscovered in [37, 80]). Delsarte et al. [37]
presented their proof in the MOPUC case and they seem to have been
the first with a matrix Verblunsky theorem. One can extend the CMV
and the Geronimus theorem proofs from the scalar case to get alternate
proofs of the theorem below.

Theorem 3.12 (Verblunsky’s Theorem for MOPUC). Any sequence
{1520 € D> is the set of Verblunsky coefficients of a unique measure.

Proof. Uniqueness is easy, since the o’s determine the gpf’s and so the
be’s which determine the moments.

Given a set of {a;}22,, let du, be the measures of the last section.
By compactness of [ x| matrix-valued probability measures on 9D, they
have a weak limit. By using limits, {¢1}52, are the right MOPUC for
dp and they determine the proper Verblunsky coefficients. U

3.8. Matrix POPUC. Analogously to the scalar case (see [15, 100,
119, 171, 197]), given any unitary 3 in M;, we define

L,*
on (2 0) = 2051 (2) — @ 71(2) 5", (3.48)
As in the scalar case, this is related to the secular determinant of
unitary extensions of the cutoff CMV matrix. Moreover,

Theorem 3.13. Fiz 3. All the zeros of (pn(z;3)) lie on OD.
Proof. If |z| < 1, ¢%* (2) is invertible and

%?(Z; B) = _907L:1(Z)6T(1 —zp SOTszl(Z)ﬂ‘Pffl(Z))
is invertible since the last factor differs from 1 by a strict contraction.
A similar argument shows invertibility if |z| > 1. Thus, the only zeros
of det(-) lie in OD. O

3.9. Matrix-Valued Carathéodory and Schur Functions. An an-
alytic matrix-valued function F' defined on D is called a (matrix-valued)
Carathéodory function if F(0) = 1 and Re F(z) = 3(F(2)+F(2)") > 0
for every z € D. The following result can be found in [44, Thm. 2.2.2].
Theorem 3.14 (Riesz—Herglotz). If F' is a matriz-valued Carathéodory
function, then there exists a unique positive semi-definite matrix mea-
sure du such that

ef — 2

F(z) = / Utz 0) (3.49)
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The measure du is given by the unique weak limit of the measures

dp(0) = Re F(re®) 2 asr 1 1. Moreover,

F(z) =« —i-Qchz"
n=1

where
Cp = /e—me du(0).

Conversely, if du is a positive semi-definite matriz measure, then (3.49)
defines a matriz-valued Carathéodory function.

An analytic matrix-valued function f defined on D is called a
(matrix-valued) Schur function if f(z)f(z) < 1 for every z € D.
This condition is equivalent to f(z)f(z)! < 1 for every z € D and
to || f(2)]] < 1 for every z € D. By the maximum principle, if f is
not constant, the inequalities are strict. The following can be found in
(167, Prop. 4.5.3]:

Proposition 3.15. The association
flz) =21 (F(2) = D)(F(z) + 1), (3.50)
F(2) = (14 2f(2))(1 — 2f(2))" (3.51)

sets up a one-one correspondence between matriz-valued Carathéodory
functions and matriz-valued Schur functions.

Proposition 3.16. For z € D, we have
Re F(2) = (1= 2f(2) )71 A = |2PF(2)TF(2) (X = 2f(2)) ™" (3.52)

and the non-tangential boundary values Re F(e?) and f(e?) exist for

Lebesgue almost every 0.
Write du(0) = w(0)2 + dus. Then, for almost every 0,

w(f) = Re F(e”) (3.53)
and for a.e. 0, det(w(0)) # 0 if and only if f(e?)Tf(e?) < 1.

Proof. The identity (3.52) follows from (3.51). The existence of the
boundary values of f follows by application of the scalar result to the
individual entries of f. Then (3.51) gives the boundary values of F.
We also used the following fact: Away from a set of zero Lebesgue
measure, det(1 — zf(z)) has non-zero boundary values by general H>
theory.

(3.53) holds for (n, F(2)n)c and (n, dun)cr for any n € C! by the
scalar result. We get (3.53) by polarization. From

w(0) = (1= e f(e”))THA = fe)Tf(e) (X = e f ()
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it follows immediately that f(e?)'f(e?) < 1 implies det(w(f)) > 0.
Conversely, if f(e?)Tf(e?) < 1 but not f(e?)"f(e?) < 1, then det(1 —
f(e®)f(e?)) = 0 and by our earlier arguments det(1 — e~% f(ei?)")~!
and det(1 — € f(e))~! exist and are finite; hence det(w(6)) = 0. All

previous statements are true away from suitable sets of zero Lebesgue
measure. U

3.10. Coefficient Stripping, the Schur Algorithm, and Geron-
imus’ Theorem. The matrix version of Geronimus’ theorem goes
back at least to the book of Bakonyi-Constantinescu [6]. Let F'(z) be
the matrix-valued Carathéodory function (3.49) (with the same mea-
sure 4 as the one used in the definition of ((,-)r). Let us denote

U (2) = ¥ (2) + 95 (2) F (2),
Uy (2) = ¥ (2) + F(2) 05 (2).
We also define
ug”(2) = 9" (2) = F(2)p™(2),
WR(2) = YR () — P (2) P (2).

Proposition 3.17. For any |z| < 1, the sequences uk(z), uli(z),
ul*(2), ul*(2) are square summable.

Proof. Denote

—i60 > 0
O =5t gl =
By the definitions (3.19)—(3.24), we have
un(2) = (f.om)es
—u,"(2) = 2" (), O o
—up"(2) = 2"(on, gL,
un (2) = (f, o) -

Using the Bessel inequality and the fact that |z| < 1, we obtain the
required statements. 0

Next we will consider sequences defined by

(Z) = A¥(ay1,2) ... A¥ (g, 2) (jg) (3.54)

where s,,,t, € M;. Similarly, we will consider the sequences

(8, tn) = (50,t0) A (g, 2) ... AR (p_1, 2) (3.55)
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Theorem 3.18. Let z € D and let f be the Schur function associated
with dp via (3.49) and (3.50). Then:
(i) A solution of (3.54) is square summable if and only if the initial
condition is of the form

(ff)) - (Zf(cz)c>

for some matriz ¢ in M,.
(ii) A solution of (3.55) is square summable if and only if the initial
condition is of the form

(50,t0) = (c,c2f(2))

for some matrix c.

Proof. We shall prove (i); the proof of (ii) is similar.
1. By Proposition 3.17 and (3.14), (3.30), we have the square sum-
mable solution

()=t~ (2)= (). a= @+

(3.56)
The matrix d = F(z) + 1 is invertible. Thus, multiplying the above
solution on the right by d~'c for any given matrix ¢, we get the “if”
part of the theorem.

2. Let us check that @f*c is not square summable for any matrix
¢ # 0. By the CD formula with & = z, we have

3
,_.

(112 @ﬁ( )k (2) + o (2)Ton (2) = @ (2) o (2)

i

and so

o ()l (2) = (1= [2P)eg (2) o5 (2) = (1 = [2]*)1.
Thus, we get
2|2 > (1 —|2)?) Trcfe > 0.

3. Let (") be any square summable solution to (3.54). Let us write
this solution as

L L
sn\ _ [ era b _ Sotto S0 — 1o
() = () (L) om g v

Multiplying the solution (3.56) by b and subtracting from (3.57), we
get a square summable solution

(S R)
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It follows that a = F'(z)b, which proves the “only if” part. O

The Schur function f is naturally associated with du and hence
with the Verblunsky coefficients aq, aq, s, .... The Schur functions
obtained by coefficient stripping will be denoted by f1, f2, fs, ..., that
is, f,, corresponds to Verblunsky coefficients «,,, i1, @pyo,.... We
also write fy = f.

Theorem 3.19 (Schur Algorithm and Geronimus’ Theorem). For the

Schur functions fo, fi, fa,... associated with Verblunsky coefficients
o, 1, g, . . ., the following relations hold:
Far1(2) = 271 (o) " fal2) — an] [1 = of ful(2)] 'y, (3.58)

Fa(2) = (p) 7 e fusa (2) + ] [1 4 20f fasa(2)] oy (3.59)
Remarks. 1. See (1.81) and Theorem 1.4 to understand this result.
2. (1.83) provides an alternate way to write (3.58) and (3.59).

Proof. 1t clearly suffices to consider the case n = 0. Consider the
solution of (3.54) with initial condition

(Zfol(z)>

By Theorem 3.18, there exists a matrix ¢ such that

c I 1

<zf1(z)c) = A%(a0,2) (zfo(z))
_ ( o)~ = =o)L fol2) )
—2(p") "t + 2(pg) " fo(2)
From this we can compute zf;(2):
2fi(2) = [=2(p8) " a0 + 2(p) " fo(2)] [2(05) ™" = 2(p5) " ad fo(2)] !
= (p8) " [fo(2) — o] [1 = af fo(2)] " g
which is (3.58).

Similarly, we can express fy in terms of f;. From

<Zfol(2)> = A0, 2) <szz>c>
(
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we find that
2fo(2) = [(p6) " aoe + (o) " 2f1(2)] 27 (p6) e + (o) b fulz)d] !
= (o) a0 + (o) "2 f1 ()] [ (06) ™ + (p6) e fi(2))
= (p8)[ow + 2fu(2)] 7' L+ o fi(2)) g
which gives (3.59). O
3.11. The CMV Matrix. In this section and the next, we discuss
CMV matrices for MOPUC. This was discussed first by Simon in [170],
which also has the involved history in the scalar case. Most of the
results in this section appear already in [170]; the results of the next

section are new here—they parallel the discussion in [167, Sect. 4.4]
where these results first appeared in the scalar case.

3.11.1. The CMV basis. Consider the two sequences x,, x, € H, de-
fined by

Xar(2) = 27005 (2), xak-1(2) = 2 g (2),
ro(2) = 2P oR(2), w1 (2) = 2 Mgt (2).

For an integer £ > 0, let us introduce the following notation: i is
the (k + 1)th term of the sequence 0,1,—1,2,—-2,3,—-3,..., and jj is
the (k + 1)th term of the sequence 0, —1,1,—2,2,—3,3,.... Thus, for
example, i1 =1, j; = —1.

We use the right module structure of H. For a set of functions
{fe(2)}1_y C H, its module span is the set of all sums > fi(2)ax with
ap € Ml.

Proposition 3.20. (i) For any n > 1, the module span of {xr}}_,
coincides with the module span of {2*}7_, and the module span of
{z}i_y coincides with the module span of {27+ }1_.

(ii) The sequences {xx}22o and {zx}32, are orthonormal:

Xk, Xm) R = (T Tm)) R = Okm- (3.60)
Proof. (i) Recall that
©f(2) = kB2™ + linear combination of{1,..., 2" '},
©b*(2) = (kE)T + linear combination of {z, ..., 2"},

where both x% and (k)" are invertible matrices. It follows that
Xn(2) = 2™ + linear combination of {2, ... 2"},
Tp(2) = 8,2°" + linear combination of{zjo, e zjn—1}7

where 7, 0, are invertible matrices. This proves (i).
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(i) By the definition of ¢ and ¢f, we have

(ons omhr = en™ om" DR = Oum, (3.61)
(QF 2™ =0, m=0,....n—1; (& 2" =0, m=1,...,n.
(3.62)

From (3.61) with n = m, we get
<<Xn7 Xn>>R = «l’n, l’n»R =1.

Considering separately the cases of even and odd n, it is easy to prove
that

<<X1’L7 Zm>>R = 07 m = i(]? 7:17 s Jin—IJ (363)
(Tn, 2" VR =0, M= Jo,J1,--sJn-1- (3.64)
For example, for n = 2k, m € {ig,...,iok_1} we have m + k €

{1,2,...,2k} and so, by (3.62),

(o 2™V = (= Fon 2™ VR = (oo 2™ YR = 0.

The other three cases are considered similarly. From (3.63), (3.64), and
(i), we get (3.60) for k # m. O

From the above proposition and the ||-||-density of Laurent polyno-
mials in C'(0D), it follows that {xx}32, and {zx}32, are right orthonor-
mal modula bases in ‘H, that is, any element f € H can be represented
as a

F=> 000 Pr = wwlla, g (3.65)

3.11.2. The CMV matriz. Consider the matrix of the right homo-
morphism f(z) +— zf(z) with respect to the basis {xx}. Denote
Crm = {(Xn, 2Xm))r- The matrix C is unitary in the following sense:

icgnckm — f:cnkcT = Ol
k=0 k=0

The proof follows from (3.65):

5nm1—<<zxn,zxm>>R—<<Zxk Xk 20 xm>> ZC Ciom

k=0

Suml = (ZXns ZXm) R <<ZXk (ks X)) R,zxm>> ZanC
k=0

We note an immediate consequence:



64 D. DAMANIK, A. PUSHNITSKI, AND B. SIMON

Lemma 3.21. Let |z| < 1. Then, for every m > 0,
n=0 n=0

Proof. First note that the above series contains only finitely many non-
zero terms. Expanding f(z) = zx, according to (3.65), we see that

ZXn (2 Z Xe(2) Xk 2D r = > Xu(2)Cin
k=0

which is the first 1dent1ty Next, taking adjoints, we get

ZXn T = Z Cank

which yields

n=0
- z(zcmncm)xk 2

:Z kak —Xm( )

Replacing z by 1/Z, we get the requlred statement. U
3.11.3. The LM-representation. Using (3.65) for f = x,,, we obtain:

Com = (Xns 2Xm) R = Z«Xm 22 ) R{Ths Xm ) R = Z Lk M.
k=0 k=0
(3.66)
Denote by ©(«) the 2] x 2[ unitary matrix
af - pk
Using the Szegd recursion formulas (3.15) and (3.18), we get
2oy = Piapn +ontol, (3.67)
Pt = o8 Pr — PraOn. (3.68)

Taking n = 2k and multiplying by 7%, we get
ZTop = X2ka;k + Xok+1Pme)

L
ZL2k4+1 = X2kP2r — X2k+1Q2k-
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It follows that the matrix £ has the structure
L= @(Oéo) & @(Oég) © @(044) ©®

Taking n = 2k — 1 in (3.67), (3.68) and multiplying by z7*

X2k—1 = $2k—1a$k_1 + x2kp§k717
X2k = x2k—1p£k—1 — T2kpO2k—1-
It follows that the matrix M has the structure
M=1006(a1) ®O(a3) ®
Substituting this into (3.66), we obtain:

o) phal  pkpt 0 0
P(I)% —0400;{ —aopf 0 0
oo | O el —aden pgal  pgpk
0 pfpf —pliar —asal —aspf
0 0 0 alpgf —ozlloz?,

65

, we get

(3.69)

(3.70)

We note that the analogous formula to this in [170], namely, (4.30), is
incorrect! The order of the factors below the diagonal is wrong there.

3.12. The Resolvent of the CMYV Matrix. We begin by studying

solutions to the equations
(0]
Z Crpwy, =
k=0

00
k=0

ZWmy M 2> 2,

Let us introduce the following functions:

PnlZ :yn< )+ 2,(2)F(2),

Zn(2) = xa(1/2),
Ton(2) = —2 "5 (2),
Ton-1(2) = 27" 5, (2),
Yan(2) = =Tan(1/2)" = 275, (2),
Yom-1(2) = = Top_ 1(1/Z)T _n¢2n 1(2),
(2)
(

ma(2) =

)
10 (2) + F(2)xn(2)-

Proposition 3.22. Let z € D\ {0}.

(3.71)

(3.72)



66 D. DAMANIK, A. PUSHNITSKI, AND B. SIMON

(i) For each n >0, a pair of values (Way,, Wopn 1) uniquely determines
a solution wy, to (3.72). Also, for any pair of values (Way, Waop11)
in My, there exists a solution w, to (3.72) with these values at
(2n,2n +1).

(ii) The set of solutions W, to (3.72) coincides with the set of sequences

Wn(2) = axn(z) + bm,(2) (3.73)
where a,b range over M,.
(iii) A solution (3.73) is in €2 if and only if a = 0.
(iv) A solution (3.73) obeys (3.72) for all m > 0 if and only if b = 0.
Proposition 3.23. Let z € D\ {0}.

(i) For each n > 1, a pair of values (wa,_1,ws,) uniquely determines
a solution wy, to (3.71). Also, for any pair of values (wap_1, Way)
in My, there exists a solution w, to (3.71) with these values at
(2n —1,2n).

(ii) The set of solutions w, to (3.71) coincides with the set of sequences

Wy (2) = Tp(2)a + pu(2)b (3.74)
where a,b range over M,.
(iii) A solution (3.74) is in £ if and only if a = 0.
(iv) A solution (3.74) obeys (3.71) for all m > 0 if and only if b = 0.
Proof of Proposition 3.22. (i) The matrix C — z can be written in the
form

Ay By 0 0
0 A B O .
C—z=10 0 A4, B, --- (3.75)
where
Ag = (O‘Er) ; 2) A, = <O‘%{LP§n—1 _agng%l—l - Z)
Po P2nP2n—1 ~PanY2n—1
Bn — < pén?£n+1 pgnpénJrl )
—QonQgpy — 2 _a2np5n+1
Define W,, = (o, Wop11) for n = 0,1,2,.... Then (3.72) for m =

2n + 1, 2n + 2 is equivalent to
/—W/an + /—W/n+114n+1 - O

It remains to prove that the 2/ x 2[ matrices A;, B; are invertible.
Suppose that for some z,y € C!, A, (z) = (8). This is equivalent to
the system

R
O{;nPQn—lx - agn()z?n—ly — Yy = 07
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R R R —
PonPan 1% — PonQ2n-1Y = 0.

The second equation of this system yields pf z = as, 1y (since pZ,
is invertible), and upon substitution into the first equation, we get
y = x = 0. Thus, ker(A4,) = {0}. In a similar way, one proves that
ker(B,) = {0}.

(ii) First note that @, = x, is a solution to (3.72) by Lemma 3.21.
Let us check that @, = T, is also a solution. If Uy, = (—1)6p,,, then
(UCU )k, for m > 1 coincides with the CMV matrix corresponding to
the coefficients {—a;, }. Recall that 1% are the orthogonal polynomials
LR corresponding to the coefficients {—c, }. Taking into account the
minus signs in the definition of Y,,, we see that w, = T, solves (3.72)
for m > 1. It follows that any w, of the form (3.73) is a solution to
(3.72).

Let us check that any solution to (3.72) can be represented as (3.73).
By (i), it suffices to show that for any wy,w;, there exist a,b € M,
such that

axo(2) + bmo(2) = o,
axi(z) + bmi(z) = wy.

Recalling that xo = 1, Yo = —1, T1(2) = (z + o)) (pF)!, xa(z) =
(z — o) (pB)~', we see that the above system can be easily solved for

a,bif z # 0.

(iii) Let us prove that the solution m, is square integrable. We will
consider separately the sequences ms, and ms,_1 and prove that they
both belong to £2. By (3.20) and (3.23), we have

W)+ FERE) = [ G2 o)), (3.76)

o) - Fpk ) =~ [ a3
Taking n = 2k in (3.77) and n = 2k — 1 in (3.76), we get

() = [ S e (379

rua(0) =[S0 3

As @k is an orthonormal sequence, using the Bessel inequality, from
(3.78) we immediately get that g is in £2.
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Consider the odd terms mo;_;. We claim that

~ e+ z ; e + z
R N e e W >

z

(3.8
a’m:

Indeed, using the right orthogonality of @l | to e™
0,1,...,2k — 2, we get

i d,u 6 Y2 2 E zm zm9
/eiG 2 ( ) 2k 1( <<1—|— Z ’SORk 1>>
R

_ <<2 Z Mg zm97(p2k 1>>
m=2k—1 R

etz i
/ C T E bt R0 gy ()R () =

e — 2
<<—k 1 'Lk 1)9<1+22 -m ng)?@é%k—l>>
R
_ <<2 Z Mg zmﬁjgpzk 1>>
m=2k—1 R

which proves (3.80). The identities (3.80) and (3.79) yield

e”® 4z
Tok—1(2) = o—i0 _ 3 X2k—1
R

and, since xor_1 is a right orthogonal sequence, the Bessel inequality
ensures that mo;,_1(2) is in £2. Thus, m(2) is in ¢2.

Next, as in the proof of Theorem 3.18, using the CD formula, we
check that the sequence ||@%*(2)||r is bounded below and therefore the
sequence Xa,(z) is not in ¢2. This proves the statement (iii).

(iv) By Lemma 3.21, the solution x,(z) obeys (3.72) for all m > 0.
It is easy to check directly that the solution 7, (z) does not obey (3.72)
for m = 0 if z # 0. This proves the required statement. O

and

Proof of Proposition 3.23. (i) For j = 1,2,..., define W; =
(wgj_1,wa;). Then, using the block structure (3.75), we can rewrite
(3.71) for m = 25,25 + 1 as A;W; + B;W;4; = 0. By the proof of
Proposition 3.22, the matrices A; and B; are invertible, which proves

(i).
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(ii) Lemma 3.21 ensures that Z,(z) is a solution of (3.71). As in
the proof of Proposition 3.22, by considering the matrix (UCU )y, one
checks that y,(z) is also a solution to (3.71).

Let us prove that any solution to (3.71) can be represented in the
form (3.74). By (i), it suffices to show that for any wy, ws, there exist
a,b € M; such that

T1(2)a + p1(2)b = wy,
To(2)a + p2(2)b = ws.

We claim that this system of equations can be solved for a, b. Here
are the main steps. Substituting the definitions of #,(z) and p,(z), we
rewrite this system as

o™ (a4 F(2)b) — ¥ (2)b = 2wy,
o5 (a+ F(2)b) + v5 (2)b = zws.

Using Szegd recurrence, we can substitute the expressions for o, ¥Z,
which helps rewrite our system as

e (a+ F(2)b) — i (2)b = 2wy,
golL(a + F(2)b) + 1/1f(z)b = pleQ + aiwl.

Substituting explicit formulas for o™, oF, * L and expressing
F(z) in terms of f(z), we can rewrite this as

(pF)" (1 = a02)a + 22(pf) " (f(2) — a0)(1 = £ ()b = 2wy,
(p5) " (z = ab)a +22(pf) (1 = ab f(2))(1 = 2f(2))"'b = piws + afwr.
Denote
a1 = (pg) (1 = agz)a,
bi = 22(pf) " (1 — abf(2))(1 = 2f(2))'b.
Then in terms of ay, by, our system can be rewritten as
a1 + X1b1 = 2wy,
Xoa1 + by = pfwg + aiwl,
where
X1 = (p3) " (f(2) = ao)(X — aof(2)) " pg,
X, = (o)™ (= — ad) (1 — ap2) "'

Since ||f(2)|| < 1 and |z| < 1, we can apply Corollary 1.5, which yields
| X1]| < 1 and || Xs] < 1. It follows that our system can be solved for
ay, bl.
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(iii) As p,(2) = —m,(1/2)7, by Proposition 3.22, we get that p,(z) is
in /2. In the same way, as 7,(2) = xn(1/2), we get that 7,(2) is not
in /2.

(iv) By Lemma 3.21, the solution Z,(z) obeys (3.71) for all m > 0.

Using the explicit formula for y,(2), one easily checks that the solution
Yn(2) does not obey (3.71) for m =0, 1. O

Theorem 3.24. We have for z € D,

(€ = 2) s = (22)12,(2)m(2), 1>k ork =1 even,
) @22) k(2)xi(2), k>1ork=1 odd.
Proof. Fix z € D. Write Gy (z) = [(C — z) " !]4;. Then G.;(2) is equal
to (C — 2)71¢;, which means that Gy () solves (3.71) for m # [. Since
G.;(z) is £? at infinity and obeys the equation at m = 0, we see that

it is a right-multiple of p for large k and a right-multiple of z for small
k. Thus,

Gralz) = Tr(2)a(z), k<lork=1Ieven,
P T p@i(z), k> 1or k=1 odd.

Similarly,

Gralz) = be(2)m(z), k<lork=1even,
S ap(z)xi(z), k>1lork=1odd.

Equating the two expressions, we find

in(2)a(z) = bp(2)m(z) k< lor k=1 even, (3.81)
pr(2)bi(2) = ag(2)xi(2) k> 1lor k=1 odd. (3.82)
Putting & = 0 in (3.81) and setting by(z) = c1(z), we find a;(z) =

c1(z)m(2). Puttlng [ =0 in (3.82) and setting by(z) = c2(2), we find
Pr(2)ca(2) = ax(2). Thus,

Gralz) = Tr(2)e1(2)m(z), k <lork=1even,
ST m)e@alz), k> or k=1 odd.

We claim that ¢;(z) = ¢3(2) = (22)7'1. Consider the case k = [ = 0.
Then, on the one hand, by the definition,

Goo(2) :/ewl_ dp(e™)

= (22)"Y(F(2) — 1) (3.83)
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and on the other hand,
Goo(z) = To(2)c1(2)mo(2) = c1(2)(F(2) — 1).

This shows c;(z) = (22)7'1. Next, consider the case k = 1, [ = 0.
Then, on the one hand, by the definition,

Gro(2) = (i, (¢” = 2)"xohr
and on the other hand,
G10(2) = p1(2)c2(2)x0(2)-
Let us calculate the expressions on the right-hand side. We have
pi(z)e2(2)xo(2) = (pg) (=27 — a0+ (271 — ) F(2))ea(2)  (3.84)

and

(e = 2 xohr =
=) [~ an)dulo)e” — )
=) [l ) e (e 2) Y duo)
— ) | (P =0 = L auF @) -1 - L [ duo)

Taking into account the identity
/ewdu(ﬁ) =

(which can be obtained, e.g., by expanding (¢F, oF)r = 0), we get
. B 1 B B _
(O, (€ = 2)xol e = 5 (p0) 7 (=27 — a0+ (271 = ag) F(2)).
Comparing this with (3.84), we get cz(z) = (22)7'1. O
As an immediate corollary, evaluating the kernel on the diagonal for
even and odd indices, we obtain the formulas

[ i) HL et =~ b ), 389)

oyt dp(0) i 1 *
[ttt S o () =~ ). (380

el — 2

Combining this with (3.31) and (3.32), we find
Uy (2)0n™ (2) + o ()™ (2) = 227, (3.87)
on (2)un (2) + " (2) 0 (2) = 227 (3.88)
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3.13. Khrushchev Theory. Among the deepest and most elegant
methods in OPUC are those of Khrushchev [125, 126, 101]. We have
not been able to extend them to MOPUC! We regard their extension
as an important open question; we present the first very partial steps
here.

Let

Q={6: detw(f) > 0}.
Theorem 3.25. For everyn >0,
{02 fu(e”) fale?) <1} =Q

up to a set of zero Lebesgue measure.

Consequently,
oy, dO |2
N —=>1-" .
Jiseong =1-4 389

Proof. Recall that, by Proposition 3.16, up to a set of zero Lebesgue
measure,

{0 fo(e®) fo(e?) <1} = {0 : detw() > 0}

so, by induction, it suffices to show that, up to a set of zero Lebesgue
measure,

{0 fole”) fole) <1} = {0 fi(e”) fi(e”) < 1}.
This in turn follows from the fact that the Schur algorithm, which

relates the two functions, preserves the property ¢'g < 1.
Notice that away from €, f,(e?) has norm one and therefore,

Jisenngs = [ inenng = [ 15

which yields (3.89). O
Define
bu(z; dp) = @ (2 dp) el (2 dp) ™.
Proposition 3.26. (a) b,.1 = (p%)71(2b, — al)(1 — za,b,) " 1pE
(b) The Verblunsky coefficients of b, are (—o |, —al ... —af, 1).
Proof. (a) By the Szegd recursion, we have that

bny1 = 90£+1 (‘Pffl)il

= ((ph) 2ok — (ph) Lol o) ((pF) " ol — 2(pl)  ampl) ™!
= (ph) M (zoh — alol) (" — zaneh) T ol
= (ph) (2oL (i)t — all* ()
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(P (i)™t = zamepr (R ) ™) 7 ok
= (Pﬁ)_l(:"bn - O‘;[L)(l - Zanbn)_lpf

(b) It follows from part (a) that the first Verblunsky coefficient of b,
is —ajl_l and that its first Schur iterate is b,,_1; compare Theorem 3.19.

This gives the claim by induction and the fact that by = 1. 0

4. THE SZEGO MAPPING AND THE GERONIMUS RELATIONS

In this chapter, we present the matrix analogue of the Szegd map-
ping and the resulting Geronimus relations. This establishes a corre-
spondence between certain matrix-valued measures on the unit circle
and matrix-valued measures on the interval [—2, 2] and, consequently,
a correspondence between Verblunsky coefficients and Jacobi parame-
ters. Throughout this chapter, we will denote measures on the circle
by duc and measures on the interval by dpu;.

The scalar versions of these objects are due to Szegd [182] and Geron-
imus [90]. There are four proofs that we know of: the original argu-
ment of Geronimus [90] based on Szegé’s formula in [182], a proof of
Damanik—Killip [32] using Schur functions, a proof of Killip-Nenciu
[127] using CMV matrices, and a proof of Faybusovich-Gekhtman [81]
using canonical moments.

The matrix version of these objects was studied by Yakhlef-
Marcellan [199] who proved Theorem 4.2 below using the Geronimus—
Szeg6 approach. Our proof uses the Killip-Nenciu-CMV approach. In
comparing our formula with [199], one needs the following dictionary
(their objects on the left of the equal sign and ours on the right):

Hn = _ajrfz—f—h
Dn - An7
ETL - Bn+1.

Dette-Studden [43] have extended the theory of canonical moments
from OPRL to MOPRL. It would be illuminating to use this to extend
the proof that Faybusovich-Gekhtman [81] gave of Geronimus relations
for scalar OPUC to MOPUC.

Suppose duc is a non-trivial positive semi-definite Hermitian matrix
measure on the unit circle that is invariant under 6 — —0 (i.e., z —
z = z1). Then we define the measure dy; on the interval [—2,2] by

[ H@du@) = [ 5(2cos6) duc(s)
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for f measurable on [—2,2]. The map
Sz : duc — dpg
is called the Szegé mapping.
The Szegé mapping can be inverted as follows. Suppose duy is a
non-degenerate positive semi-definite matrix measure on [—2,2]. Then

we define the measure duc on the unit circle which is invariant under
0 — —0 by

[ 9@ duct6) = [ g accos(a/2) dus(a)

for g measurable on 0D with ¢(0) = g(—0).
We first show that for the measures on the circle of interest in this
section, the Verblunsky coefficients are always Hermitian.

Lemma 4.1. Suppose duc is a non-trivial positive semi-definite Her-
mitian matric measure on the wunit circle.  Denote the associated
Verblunsky coefficients by {a,}. Then, duc is invariant under 6 — —0
if and only if ol = «, for every n.

Proof. For a polynomial P, denote P(z) = P(Z)'.
1. Suppose that duc is invariant under 6 — —6. Then we have

(fra0e =43, fhr

for all f, g. Inspecting the orthogonality conditions which define ®Z
and ®f we see that
oy = @7 and (@5, @)z = (@), 2. (4.1)
Next, we claim that
Kkl = g1, (4.2)
Indeed, recall the definition of kX, k1
KE = u, (@, dLY) . 2y, is unitary, & n+1(/-@L) '>0, wh=1,
ki = (®F ®f) . Y20, v, is unitary, (kB sl >0, k=1

Using this definition and (4.1), one can easily prove by induction that
v, = u} and therefore (4.2) holds true.
Next, taking z = 0 in (3.11), we get
an = = (k) T @ (0) (7)1,
o = = (1) 10171 (0)T (i) ™"
From here and (4.1), (4.2), we get a,, = af.

2. Assume o) = a, for all n. Then, by Theorem 3.3(c), we have
pk = pl. Tt follows that in this case the Szegd recurrence relation is
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invariant with respect to the change ¢ — @2 off s @L. Tt follows
that L = @ff B = L. In particular, we get

{en, omhe = (&m, P ) r- (4.3)
Now let f and g be any polynomials; we have

F2) = faer(2), f(2) =) @),

and a similar expansion for g. Using these expansions and (4.3), we
get ~

(f; 90 = (9, f)r for all polynomials f, g.
From here it follows that the measure duc is invariant under 6 —
—6. O

Now consider two measures dyuc and duy = Sz(duc) and the associ-
ated CMV and Jacobi matrices. What are the relations between the
parameters of these matrices?

Theorem 4.2. Given duc and du; = Sz(duc) as above, the coefficients
of the associated CMV and Jacobi matrices satisfy the Geronimus re-
lations:

Biy1 = /1 — g1 agp/1 — gp1 — /1 + Qop_1 qap—2y/1 + i1,

-1
(4.4)

Ak+1 = 4/ 1-— Qok—114/ 1-— Oégk,\/ 1+ A2k+1 - (45)

Remarks. 1. For these formulas to hold for k£ = 0, we set a_; = —1.

2. There are several proofs of the Geronimus relations in the scalar
case. We follow the proof given by Killip and Nenciu in [127].

3. These A’s are, in general, not type 1 or 2 or 3.

Proof. For a Hermitian [ x [ matrix o with [|«|| < 1, define the unitary
2] x 2] matrix S(«) by

1= 5 (52 /)

Since af = a, the associated p* and p coincide and will be denoted
by p. We therefore have
_ (@ P
o= (ﬂ —a)

and hence, by a straightforward calculation,

s =325 ) 2) (s Y59
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_ (—1 0)
0 1
Thus, if we define
S=1®5(aq)® S(a3) ...
and
R=1¢(-1)e1a(-1)a...
it follows that (see (3.69))
SMST =R.
The matrix LM + ML is unitarily equivalent to
A=S8S(LM+ML)S" =SLSR + RSLST.

Observe that A is the direct sum of two block Jacobi matrices. Indeed,
it follows quickly from the explicit form of R that the even-odd and
odd-even block entries of A vanish. Consequently, A is the direct sum
of its odd-odd and even-even block entries. We will call these two block
Jacobi matrices J and J, respectively.

Consider C as an operator on H,. Then dyuc is the spectral measure
of C in the following sense:

[C™]o.0 :/eimedu(e)%

see (3.83). Then, by the spectral theorem, duc(—6) is the spectral
measure of C~! and so dy; is the spectral measure of C+C~! = LM +
(LM)™' = LM + ML. Since S leaves (1 0 0 0 )t invariant,
we see that duy is the spectral measure of J.

To determine the block entries of J, we only need to compute the
odd-odd block entries of A. For k£ > 0, we have

—ag—2 0 V1 + g
Azki12641 = (\/1 +tag-1 V11— a2k—1) ( (2)k i a2k> <\/ 1- OézZ—1>

= /1 — g1 agp/1 — g1 — /1 + o1 Qop_oy/1+ gy
and

1
Aoki1,2643 = (\/1 Tam VI—an) ( 0 0) (VT%H)

par 0) \\V/1 — agpq
= 1/ 1-— Q9k—11/ 1-— Oz%k\/ 1+ (07) N
The result follows. O

As in [127, 168], one can also use this to get Geronimus relations for
the second Szegd map.
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5. REGULAR MOPRL

The theory of regular (scalar) OPs was developed by Stahl-Totik
[180] generalizing a definition of Ullman [190] for [—1,1]. (See Simon

[172] for a review and more about the history.) Here we develop the
basics for MOPRL; it is not hard to do the same for MOPUC.

5.1. Upper Bound and Definition.

Theorem 5.1. Let du be a non-trivial [ x| matriz-valued measure on R
with E = supp(du) compact. Then (with C(E) = logarithmic capacity
of E)

lim sup |[det(A; ... A,)[Y" < C(E). (5.1)

n—oo

Remarks. 1. |det(A;...A,)| is constant over equivalent Jacobi para-
meters.

2. For the scalar case, this is a result of Widom [195] (it might be
older) whose proof extends to the matrix case.

Proof. Let T, be the Chebyshev polynomials for E (see [172, Appen-
dix B] for a definition) and let 7" be T, ® 1, that is, the [ x [ matrix
polynomial obtained by multiplying 7,,(z) by 1. T is monic so, by

(2.12) and (2.34),
dor( [ 100 dto)

< sup|Tn(x)]l/".

1/2n

det(A; ... A,V <

By a theorem of Szegé [183], sup, |T,,(z)|"/" — C(E), so (5.1) follows.
U

Definition. Let du be a non-trivial | x [ matrix- valued measure with
E = supp(dp) compact. We say p is reqular if equality holds in (5.1).

5.2. Density of Zeros. The following is a simple extension of the
scalar results (see [172, Sect. 2]):

Theorem 5.2. Let du be a reqular measure with E = supp(du). Let
dv, be the zero counting measure for det(pk(z)), that is, if {xﬁn) ol
are the zeros of this determinant (counting degenerate zeros multiply),
then

nl
1
dn:_ 6n. 52
g nljz_;m;) (5:2)

Then dv,, converges weakly to dpg, the equilibrium measure for E.
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Remark. For a discussion of capacity, equilibrium measure, quasi-every
(q.e.), etc., see [172, Appendix A] and [115, 136, 158].

Proof. By (2.80) and (2.93),
[det(pfi(a))| > (4) (1 + ()" (53)

so, in particular,
lim inf |det(pf())[/™ > (14 (4)))"* > 1. (5.4)

But

det(pf(2))| = |det(A; ... A,)| " exp(—nl®,, (z)) (5.5)
where @, is the potential of the measure v. Let v, be a limit point of
v, and use equality in (5.1) and (5.4) to conclude, for z ¢ cvh(E),

exp(—=®,,. () = C(E)
which, as in the proof of Theorem 2.4 of [172], implies that Vs, = pe. O

The analogue of the almost converse of this last theorem has an extra
subtlety relative to the scalar case:

Theorem 5.3. Let du be a non-trivial | X | matriz-valued measure on
R with E = supp(du) compact. If dv, — dpg, then either p is reqular
or else, with dp = M (x) du(x), there is a set S of capacity zero, so
det(M(z)) =0 for duy-a.e. x ¢ S.

Remark. By taking direct sums of regular point measures, it is easy to
find regular measures where det(M (z)) = 0 for du,-a.e. z.

Proof. For a.e. x with det(M(x)) # 0, we have (see Lemma 5.7 below)
pi(z) < C(n+ 1.
The theorem then follows from the proof of Theorem 2.5 of [172]. O

5.3. General Asymptotics. The following generalizes Theorem 1.10
of [172] from OPRL to MOPRL—it is the matrix analogue of a basic
result of Stahl-Totik [180]. Its proof is essentially the same as in [172].
By 0ess(14), we mean the essential spectrum of the block Jacobi matrix
associated to .

Theorem 5.4. Let E C R be compact and let p be an I X1 matriz-valued
measure of compact support with cess() = E. Then the following are
equivalent:

(1) p is regular, that is, lim, . |det(A; ... A,)|[Y/" = C(E).

(ii) For all z in C, uniformly on compacts,

lim sup|det(pf(2))|Y/™ < 2%, (5.6)
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(iii) For g.e. z in E, we have
lim sup|det(pf(2))[*/™ < 1. (5.7)

Moreover, if (1)—(iii) hold, then
(iv) For every z € C\ cvh(supp(dp)), we have

lim |det(p?(2))|Y/" = “E(), (5.8)
(v) For q.e. z € 09,
lim sup |det(p2(2))|'/" = 1. (5.9)

Remarks. 1. Gg, the potential theorists’ Green’s function for FE, is
defined by Gg(z) = —log(C(E)) — ©,,(2).

2. There is missing here one condition from Theorem 1.10 of [172]
involving general polynomials. Since the determinant of a sum can be
much larger than the sum of the determinants, it is not obvious how
to extend this result.

5.4. Weak Convergence of the CD Kernel and Consequences.
The results of Simon in [174] extend to the matrix case. The basic
result is:

Theorem 5.5. The measures dv, and mTr(Kn(x,x))du(x) have

the same weak limits. In particular, if du is regular,

Tr(K,(z, 7)du(z)) — dpg. (5.10)

(n+ 1)1

As in [174], (7,M,m,) and (7,MJlm,) have a difference of traces
which is bounded as n — oo, and this implies the result. Once one has
this, combining it with Theorem 2.20 leads to:

Theorem 5.6. Let I = [a,b] C E C R with E compact. Let 0ess(dp) =
E for an | x | matriz-valued measure, and suppose i is reqular for £
and

where dus is singular and det(W(z)) > 0 for a.e. x € I. Then,
(1) lim pf’(ﬁf)T dus(x)pf(m) —0 (5.12)
n—oo I
1 n
) /I n+1 jzopf(x)TW@)pj(x) - ,OE(ZE)I‘ de — 0 (5.13)
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5.5. Widom’s Theorem.

Lemma 5.7. Let du be an l x | matriz-valued measure supported on a
compact 2 C R and let dn be a scalar measure on R so

dp(x) = W(z) dn(z) + dps(x) (5.14)
where dug is dn singular. Suppose for n-a.e. z,
det(W(z)) > 0. (5.15)
Then for n-a.e. x, there is a positive real function C(x) so that
oy ()] < C(x)(n + 11 (5.16)
In particular,
det(pf(2))] < C(2)(n + 1)". (5.17)

Proof. Since ||pf||% = 1, we have

[e.9]

Y+ 1) pIR < oo (5.18)
D+ )7 Te(pyl ()W (@)pyf () < oo

for n-a.e. x. Since (5.15) holds, for a.e. z,
W(z) > b(x)1

for some scalar function b(x). Thus, for a.e. z,
> (1) Te(p(2) py(x) < C(a)*,
n=0
Since ||A||? < Tr(ATA), we find (5.16), which in turn implies (5.17).
U

This lemma replaces Lemma 4.1 of [172] and then the proof there
of Theorem 1.12 extends to give (a matrix version of the theorem of
Widom [195]):

Theorem 5.8. Let du be an | x1 matriz-valued measure with oess(dp) =
E C R compact. Suppose

du(x) = W (z) dps(x) + dp.(x) (5.19)

with dus singular with respect to dpg. Suppose for dpg-a.e. x,
det(W(x)) > 0. Then u is regular.
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5.6. A Conjecture. We end our discussion of regular MOPRL with
a conjecture—an analog of a theorem of Stahl-Totik [180]; see also
Theorem 1.13 of [172] for a proof and references. We expect the key
will be some kind of matrix Remez inequality. For direct sums, this
conjecture follows from Theorem 1.13 of [172].

Conjecture 5.9. Let E be a finite union of disjoint closed intervals in
R. Suppose p is an [ x [ matrix-valued measure on R with oess(dp) = E.
For each n > 0 and m = 1,2,..., define

S =2 p(lr — o+ 1)) > e} (5.20)
Suppose that for each n (with |-| = Lebesgue measure)

lim |E\ Sy, =0

Then p is regular.
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