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1. INTRODUCTION

In 1979, Nevai established (see [N, Th. 13, p. 33]) the following result

concerning ratio asymptotic properties for orthogonal polynomials:

Let (p,), be a sequence of orthonormal polynomials with respect to a

measure u and satisfying the three-term recurrence formula

1) =y 1Pni1() +b,p, (1) +a,p, (1), n=0,

with initial conditions, py(t)=1
real numbers with a,,#0, n>1). Assume that

lim a,=a+#0, lim b,=0b.

n— oo n— oo

Then,

Tim. ”l';;(lz()z)=21a((z—b)— b)),

uniformly on compact sets of C\supp(u).

* This work has been partially supported by DGICYT ref. PB96-1321-C02-00.

304
0021-9045/99 $30.00

Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.

and p_,(t)=0 ((a,),, (b,), sequences of
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The class of measures satisfying the previous hypothesis is called the
Nevai class and it is denoted by M(a, b). Let us notice that

1
—((z=b)—/(z—b)*—4a®)=—

lfb”” 40 — (x —b)? dx
2a 2amdp_2a

Z—X
and that

1

2a%n

4a* — (X—b)z}([b—za,b+za](x)

is the weight function for the orthonormal polynomials (r,), which satisfy
the following three-term recurrence relation with constant recurrence
coefficients:

tr(t)=ar, (t)+br,(t)+ar,_ (1), n=0.

It is clear that r,(¢)=u,((t—b)/2a), where (u,), are the Chebyshev
polynomials of the second kind corresponding to the case a=13, b=0.

Nevai’s result completes the so-called Blumenthal theorem, which
establishes that for a measure x in the Nevai class, supp(u) is the compact
interval [b—2a, b+ 2a] and, possibly, two sequences outside this interval
which tend to the extreme points of it. Hence, the support of a measure in
the Nevai class is bounded. The above ratio asymptotic result has been
extended for sequences of orthogonal polynomials in unbounded sets by
Van Assche (see [ V1, V2]), and recently a technique to find the ratio
asymptotics between a polynomial s, and the nth orthonormal polynomial
P, With respect to a positive measure has been developped by the author
(see [D1]).

The purpose of this paper is to extend ratio asymptotics to orthogonal
matrix polynomials.

We consider an N x N positive definite matrix of measures W (for any
Borel set A =R, W(A) is a positive semidefinite numerical matrix), having
moments of every order, i.e., the matrix integral g t” dW(r) exists for any
nonnegative integer 7.

Assuming that fP(t) dW(t) P*(t) is nonsingular for any matrix polyno-
mial P with nonsingular leading coefficient, the matrix inner product
defined in the usual way by W in the space of matrix polynomials has a
sequence of orthonormal matrix polynomials (P,),, satisfying

an(z) dW(t) PE(1)=5, , I,  n,m=0.

n,m
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P,(t) is a matrix polynomial of degree n, with a non-singular leading
coefficient and is defined up to a multiplication on the left by a unitary
matrix.

As in the scalar case, the sequence of orthonormal matrix polynomials
(P,), satisfies a three-term recurrence relation

1P (1)=A, 1P, () +B,P()+ AP, (1), n=0, (L)

where P_,(t) =0, Py(1)e CV*M\{0}, A, are nonsingular matrices and B,
are hermitian. Here and in the rest of this paper, we write 0 for the null
matrix, the dimension of which can be determined from the context. We
remark that the polynomials Q,(¢)=U,P,(t), with U,U} =1 are also
orthonormal with respect to the same positive definite matrix of measures
with respect to which the (P,), are orthonormal, and satisfy a three-term
recurrence relation as (1.1) with coefficients U, _, 4, U instead of 4,, and
U,B,U} instead of B,,.

This three-term recurrence relation characterizes the orthonormality of a
sequence of matrix polynomials with respect to a positive definite matrix of
measures (see, for instance, [AN] or [DL]). In [D2], [D3], and [DV]
a very close relationship between orthogonal matrix polynomials and
scalar polynomials satisfying a higher order recurrence relation has been
established. This relationship has been used to show that matrix
orthogonality is a useful tool for solving certain problems of scalar
orthogonality (see [ D2, Section 5]). Orthogonal matrix polynomials on
the real line are also related to matrix continued fractions and then to
network models (see [ BB]).

Given two matrices 4 and B (B hermitian), we say that a sequence of
orthonormal matrix polynomials (P,), satisfying (1.1) is in the matrix
Nevai class M(A, B) if lim, A,,= A, lim, B,=B. We say that a positive
definite matrix of measures W is in the Nevai class M(A4, B) if some of its
sequences of orthonormal polynomials are in M(A, B). Let us notice that
a positive matrix of measures W can belong to several Nevai classes, since
the sequence of orthonormal polynomials with respect to W is not unique
(recall that orthogonal polynomials are defined up to multiplication on the
left by unitary matrices: see above).

When 4 is nonsingular, we associate to the matrix Nevai class M(A4, B)
the orthonormal matrix polynomials (UZ ?#), defined by the recurrence
formula

(UL 5(0) = AXURE (1) + BUL (0 + AULE(1),  n>0,  (12)
with initial conditions Ug-#(7) =1, U* B(¢) = 6. This sequence is orthonor-
mal with respect to a positive definite matrix of measures we denote by
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W, g, which are matrix analogs of the Chebyshev polynomials of the
second kind. Let us notice that from Ug2(r)=1 it follows that
fdw, s(t)=1.

In the scalar case orthonormal polynomials with constant coefficients in
the three-term recurrence relation can be reduced to Chebyshev polyno-
mials of the second kind via a linear change of variable (see above). In the
matrix case the situation is more interesting and rich. Indeed, we will show
that, except for trivial examples (for instance, when A is normal and com-
mutes with B), Chebyshev matrix polynomials (UZ #), form a wide class
of essentially different examples of orthonormal matrix polynomials.

To establish the ratio asymptotic results, we need the following defini-
tions: 4,, stands for the set of zeros of the matrix polynomial P,, i.e., the
zeros of det(P,). In [DL], [SV], it is proved that these zeros are real and
have multiplicity at most N. We finally put

I'= () My, where My= ) 4,. (1.3)

N=0 n=N

It is proved in [ DL] that orthogonalizing matrices of measures u for the
matrix polynomials (P,), can be found as weak accumulation points of a
sequence of discrete matrices of measures u,, with support precisely 4,. We
will show that a matrix of measures W in the Nevai class M(A4, B) has
compact support and hence is uniquely determined from its sequence of
orthogonal matrix polynomials. As a consequence of this we have that
supp(W)c I

In Section 2 we establish the following ratio asymptotic result for the
matrix Nevai class M(A, B), assuming that 4 is nonsingular:

THeOREM 1.1. Let (P,), be orthonormal matrix polynomials satisfying
the three-term recurrence relation (1.1). Assume that lim, A,= A, lim,
B, = B with A nonsingular. Then

lim P,_,(z) P (z)A—l_fM, zeC\I, (14)

n— oo

where W 4 g is the matrix weight for the Chebyshev matrix polynomials of
the second kind defined by (1.2). Moveover, the convergence is uniform for
z on compact subsets of C\I".

Writing
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we deduce from this theorem that this analytic matrix function satisfies the
matrix equation

A*F, g(z2) AF 4 p(z)+(B—zI) F, y(z)+1=0, zeC\I. (1.6

We will show that in the matrix version of Nevai’s ratio asymptotic
result, the matrices P,_; and P, ' must be multiplied in the order
P,_, P '; otherwise the result could be false.

We complete Section 2 solving the matrix equation (1.6) when 4 is
hermitian, finding an explicit expression for F, z(z). To illustrate this
expression we show it here for the simpler case when A is positive definite:
setting 4 ~2 for the unique positive definite square root of 4 we have

Fyp(z)= %A_I(ZI—B) A1

— 1AV JA A (B—z) A" (B—zI) AP —41) 4~ "2,
(1.7)

The square root which appears in this formula should be understood as
follows: if 4 is positive definite and B is hermitian then we will show that
the matrix 4 ~"?(zI — B) A~'? is diagonalizable except for at most finitely
many complex numbers z’s, and hence the matrix

H, pg(z)=A"Y2zI—B)A~\(zI—B) A~'2 —4] (1.8)

is also diagonizable, its eigenvalues being of the form a*> —4 where a is an
eigenvalue of 4~"*(zI— B) A~"?; we take the square root \/z such that
|z—./z*—4| <2 for ze C\[ —2, 2], and hence the function z —./z*> —4 is
analytic in ze C\[ —2, 2]. We then define the matrix square root

VATVl —B) ANzl —B) A~ —4l

in the natural way, i.e., using the diagonal form of the matrix and applying
the chosen square root to its eigenvalues.

In Section 3, using the ratio asymptotic results proved in Section 2, we
give, when A is positive definite, the following explicit expression for the
weight W, p with respect to which the Chebyshev matrix polynomials
(U##B), are orthonormal: consider the diagonal form of the matrix
polynomial —H 4 p(x), xe R, defined by (1.8) (let us notice that for x
real, —H, p(x) is hermitian), that is, —H, z(x)= U(x)D(x) U*(x),
where D(x) is a diagonal matrix with entries d,,(x), i=1,.., N, and
U(x) U(x)* =1 Then the matrix weight W, z(x), x € R, has the form

AW 4 g(x) :21771 AU (DF (x)V? U*(x) A~V dx,
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where D*(x) is the diagonal matrix with entries
d(x)=max{d, ,(x),0}.
The support of W, p is then the set of real numbers
supp(W . p) ={xeR: A~'*(xI— B) A~'? has an eigenvalue in [ —2,2]}.

We will prove that it consists of a finite union of at most N disjoint
bounded nondegenerate intervals.

The knowledge of the support of W, 5 leads us to extend Blumenthal’s
theorem for the matrix Nevai class M(4, B) (see [ DL] for a partial result
in this way). We complete this section with some examples.

It is worth noticing that many interesting questions concerning the
weight matrix W,  for the Chebyshev matrix polynomials of the second
kind remain unsolved. Indeed, the main one is to find the general expres-
sion for W, 5. When A is positive definite, we will prove that W, 5 is
absolutely continuous with respect to the Lebesgue measure multiplied by
the identity matrix, with a continuous matrix Radon—Nikodym derivative
and lives on a finite union of at most N disjoint bounded nondegenerate
intervals. For A hermitian, we give an example where W, p is again
absolutely continuous with respect to the Lebesgue measure but with an
unbounded Radon-Nikodym derivative. But, in the general case, is W,
still living on at most N disjoint bounded intervals? Are its entries
absolutely continuous with respect to the Lebesgue measure, or can Dirac
deltas appear?

In Section 4 we study the degenerate case, that is, when A is singular. In
a sense we will explain below, this case is surprisingly interesting. We first
prove that also for A4 singular, orthonormal matrix polynomials in M(A, B)
have ratio asymptotics:

THEOREM 1.2. Let (P,), be orthonormal matrix polynomials satisfying
the three-term recurrence vrelation (1.1). Assume that lim, A,=A,
lim,, B, = B with A singular. Then there exists a positive definite matrix of
measures v such that

Jdv(l)

lim P, Pl (z)A;'=
z—1

n
n— oo

=FA,B(Z)a ZEC\R

and the convergence is uniform for z on compact subsets of C\I'. Moreover,
the analytic function F 4 p satisfies that

A*F 4 p(z) AF 4 p(z)+(B—zl) Fy pg(z)+1=10, zeC\I.
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Notice that for 4 singular we have not identified the matrix of measures
v as we did when A4 is nonsingular (in this case v= W, p, where W, p is
the matrix weight of the Chebyshev matrix polynomials). The reason is
that the structure of the degenerate case is so rich that it contains many
other matrix ratio asymptotic problems corresponding to matrices of lower
size. Indeed, consider the N-Jacobi matrix associated to the sequence of
matrix Chebyshev polynomials of the second kind satisfying the three-term
recurrence relation (1.2), that is, the (4N —1)-banded infinite hermitian
matrix defined by

J= ) (1.9)

This N-Jacobi matrix can also be considered when A is singular, even
though in this case the recurrence formula (1.2) does not define a sequence
of matrix polynomials. Then, suitable choices of the singular matrix 4 will
show how many different ratio asymptotic problems are included in this
degenerate case. For instance, for the special case when the matrices 4 and
B of size N x N have the form

0 0 aq
0 0 0
by a; O 0 0
a, b, a, 0 0
0 a, b a 0
B=| . 7 77 |
0 dy_2 by_y an_

[e)

0 ay_1 by

where a, # 0, the N-Jacobi matrix defined by (1.9) is three diagonal, and it
is actually the Jacobi matrix associated to a sequence of scalar orthonor-
mal polynomials: the so-called orthogonal polynomials with periodic
recurrence coefficients of period N (studied by, among others, Van Assche
and Geronimo, see [ VI, Chap.2], [V3], [GV]). The simplest case of
these polynomials comprises the Chebyshev scalar polynomials of the
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second case which corresponds to the ratio asymptotic problem studied by
Nevai. Analogously, we can consider the matrix case of periodic recurrence
coefficients with period /. This case is obtained by taking A of size IN x IN
with a unique nonnull block entry of size N x N in the upper right corner,
and B a (4N — 1)-banded hermitian matrix. The Chebyshev matrix polyno-
mials of the second kind which correspond with the ratio asymptotics
problem studied in Theorem 1.1 appear as a particular case.

From what we have explained, it is clear that the identification of the
matrix of measures v will be more difficult than for 4 nonsingular and will
have a strong dependence on the particular structure of the matrices 4 and
B. However, we prove that this matrix of measures v is always degenerate,
that is, there exists a matrix polynomial P with nonsingular leading coef-
ficient for which jP(t) dv(t) P*(t) is singular (indeed, we show that
j(ll — B) dv(t)(tI — B)* is always singular); consequently, v cannot have a
sequence of orthogonal matrix polynomials. We complete this section
showing that v can be degenerate in different forms: for instance when
A=(3 &), a#0, and B=(% ¢) (which corresponds, as we have explained
above, to the orthogonal polynomials with periodic recurrence coefficients
of period 2), the matrix of measures v is equal to

t—b

1 -
c

t—b (1—b\? "
- ()
where u is the positive measure with respect to which the associated
orthogonal scalar polynomials with periodic recurrence coefficients are
orthonormal.
Another example shows that v can be equal to a matrix whose entries are

Dirac deltas on some subspace of C¥ (that is, the case when one eigenvector
u of B satisfies ud* = 9).

(1.10)

v=1

2. RATIO ASYMPTOTICS FOR ORTHONORMAL MATRIX
POLYNOMIALS

Without loss of generality, we assume Py(t)=1.
In the proof of Theorem 1.1 we need to use that matrix weights in the
matrix Nevai class M 4  have compact support:

LemMmA 2.1. Let (P,), be a sequence of matrix polynomials in the matrix
Nevai class M(A, B). Then there exists a positive constant M >0, which does
not depend on n, such that |x, | <M for every zero x, , of P,. Moreover,
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the sequence (P,), has a unique matrix weight W, and this matrix weight has
compact support contained in [ — M, M ]. In particular, the Chebyshev weight
W 4. g has compact support.

Proof. Consider the N-Jacobi matrix associated to (P,),, that is, the
(4N — 1)-banded infinite hermitian matrix defined by

By A, 0 0

In Lemma 2.1, p. 101 of [ DL], it is proved that the zeros of P, are the
eigenvalues of J, (J,x 1s the truncated N-Jacobi matrix of dimension nN').
Taking into account that (4,), and (B,), converge, and using the
Gershgorin disk theorem for the location of eigenvalues, it follows that
there exists M >0 such that if x,, , is a zero of P, then |x, ;| <M. So the
set of real numbers I” defined by (1.3) is also contained in [ — M, M ], and

then supp(W)cI'c[—M, M]. |

We are now ready to prove Theorem 1.1, which establishes the ratio
asymptotic behaviour of orthonormal matrix polynomials in the matrix
Nevai class M(A4, B) with A nonsingular. The technique we use in the proof
is the matrix version of the proof given in [ D1].

Proof. First, we prove that

. aw
lim P,_(z) Py (z) A = [ 22,
n— oo z—1t
for ze C\I.
To do this, we consider the sequence of matrices of discrete measures
(¢,), defined by

m

Hp= Z 5xn7kPn—l(xn,k) rn,kP;tk—l(xn,k)9 n>09 (21)
k=1

where x, ., k=1, .., m, are the different zeros of the polynomial P,, and
the matrix I, ; is given by

1

Tk = (B () AU (00 Qo) (22)

I, being the multiplicity of the zero x,, and Q, the polynomial of the
second kind. We recall that the matrix I, ; is the weight in the quadrature
formula for (P,), associated to the zero x,, and that [, <N (see

n
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Theorem 3.1, p. 1186 of [D4]). Hence, from this quadrature formula it
follows that

f du(t)=1, for n>0.

We proceed in several steps:

First step. For a given nonnegative integer n, we have that

du(t
_ ,1 n
P, () P =7 (23)
In fact, from (3.3), p. 1186 of [ D4], it follows that the decomposition
1 “ 1
Pn—l(Z)Pn (Z): Z C'n,k
k=1 I Xk

is always possible, even though the zeros of P, can be of multiplicity
greater than one.
It is clear that the matrices C, , are equal to

1 . _
Cn,k = (det(Pn(t))(lk) (xn,k) Pn—l(xn,k)(Ad.](Pn(t)))(lk D (xn,k)‘

Then we have

C, A" 1

_ : (h—1) -1
kA =GB T e P (G N AGIPON A 50 A

Now, from the Liouville formula for (P,), (see (2.6), p. 1183 of [ D4]), it
follows that

1

Cot A = P G P 1 AP ()

X (Qn(xn,k) Prﬂlcfl(xn,k) _Pn(xn,k) Q;’!:fl(xn,k))'
Part (4) of Theorem 2.3, p. 1184 of [ D4] gives that

1
Cpidy ' =
T (det(Py(1)) ) (x4

X Qn(xn k) P;kfl(xn k)
:Pn—l(x )Fn kPn l(xn,k)a

Pn—l(xn,k)(Adj(Pn(t)))(lk_1) (xn,k)

and the first step is proved.
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Using the first step, we have to prove that

Alt) _ [ asll)

nhjrioj P P for zeC\I.

Second step. Let us consider the Chebyshev matrix polynomials of
the second kind (U %), defined by (1.2). Then

1 for =0,

nlinclx; j Ui 20 (1) :{é, for [#0. (24)
According to the definition of the matrix of measures x,, we have
JUrm 0 de= 5 VR 05,00 Py i) TP 25
We can write
Ui B(1) Py_y(1) =S, (1) Py(t) + i Ay nPni(1), (2.6)

i=1

where S, ,(¢) is a matrix polynomial of degree not greater than /—1 and
A; 1> i=1, .., n, are numerical matrices.
Then, from (2.5) and (2.6), we get

J Uf’B(t) dlun(t) = i <Sl, n(xn,k) Pn(xn,k) + i Ai, l,nPn—i(xn, k))
k=1

i=1

XF kPn—l(xn,k)‘

The definition of I, , and Theorem 2.3(3), p. 1184 of [D4], show that
P (x, ) I, =0, and so

JUr20 0= 3 (£ AisaPui(u)) FusPEonh )

Since 2n—i—1<2n—1 for all i=1, ..., n, from the quadrature formula for
(P,), (see (3.2) in Theorem 3.1, p. 1186 of [ D4]), we get that

JUAB Z j tl,nPn—z( )dW( ) n 1( ):Al,l,n‘ (28)
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Step two will follow if we prove that

llm Ak,l,nz

n— oo

1, for k=I1+1,
0, for k#[+1.
(2.9)

We use induction on /. When /=0 the result is immediate since 4, o , =1
and 4;, ,=0 for i#1.
Now suppose the result is valid up to /. The three-term recurrence
formula for the matrix polynomials (U# %), gives that
UA B( )

I+1

(1) =(A*~"tUFB(1) —A*~'BUS B (1)
—A*TLAUL(D) Py (1)

n—1

The formula (2.6) and the three-term recurrence formula for the matrix
polynomials (P,), give that

A rsrn=A% "N 1 aBy i+ A1 1 AF i+ Aiir 0 An_i)
—A*_1BAk,,’n—A*_1AAk’,_1,n.

For k>=/+3 or k<I[—1, the induction hypothesis shows that lim, _, .
Ay 141.,=0. For k=1[,14+1 and /+2, from the induction hypothesis and
taking into account that lim, 4,=A and lim, B, =B, it follows respec-
tively that

lim 4,4, ,=A* " 'A—A*"'4=0,

n— oo

lim 4, 41 ,=A%"'B—A*"'B=0,

n— oo

llm Al+21+1n A*ilA*zl.

n— oo

We are now ready to prove that

dw 4 (1)
nliniojz—t j P for zeC\I.

If not, we can find a complex number ze C\I, an increasing sequence of
nonnegative integers (n,,),, and a positive constant C for which

de“ fd”” C>0, m>0, (2.10)

z—1 z—t 2

where we write |||, for the spectral norm of a matrix.
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Since (u,), 1s a sequence of positive definite matrices of measures, with
compact support contained in [ —M, M] (see Lemma 2.1) and sd,un =1,
we can obtain (by using Banach—Alaoglu’s theorem) a subsequence (/,,),,
from (n,,),,, and a positive definite matrix of measures v having compact
support contained in [ — M, M] such that

im0 duy (1) = [ S(0) do(e),

for any continuous matrix function f defined in [ —M, M]. Hence, by
taking f(7) = U~ 5(t), we have

lim JU;"B(I) dﬂlm(z)zj UAB(1) dv(1).

Step two now gives that

I for /=0
UrB(t)d(t)=1, ’
J vtz {9, for 10,
But, the sequence of matrix polynomials (U;:®), is orthonormal with
respect to W, p, and hence

I for /=0
UtB(t)dW  g(t1)=<" ’
j FEO AW (1) {9, for 1+0.
Since (U%®), is a basis of the space of matrix polynomials, and v, W,
have compact support, we get that v= W, p, and (2.10) is impossible.
The uniform convergence on compact sets of C\I" follows from the
Stieltjes—Vitali theorem, since it is straightforward to see that the entries

of the matrix [ du,(7)/(z—1t) are uniformly bounded on compact sets of
C\I". 1

It is worth noting that the order in which the polynomials P, _; and P,
are multiplied in the ratio asymptotic result proved in Theorem 1.1, i.e.,
P,_, P!, is essential to guarantee the validity of this result. Indeed, let W
be a positive definite matrix of measures and (P,,), its orthonormal matrix
polynomials. Let us consider a nonsingular matrix C, and the positive
definite matrix of measures defined by T=CWC*. It is clear that
R,=P,C~! are orthonormal matrix polynomials for 7" which satisfy the
same matrix three-term recurrence relation as the (P,), (but with different
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initial condition). Hence, if the ratio asymptotic result were true for

P Yz) P,_.(z) A;7', we would have
dw , g(t
lim R;'(2) R, () = [ Ay
n z—1
but also
dw 4 g(t
lim R Y(z) R,_;(z)=lim CP;Y(z) P,_,(z) C~'= cjit()Ac—l,
n n z—

which, in general, is clearly false.

From the three-term recurrence relation for the matrix polynomials
(P,), and the above asymptotic result, we can get a matrix formula for
the analytic function F, z(z) =§dWA, 5()(z—1). Indeed, multiplying the
three-term recurrence formula by P, '(z) we find that

2l=A, \Ppii(2) P2 + B+ AP, 4(2) P(2).

n—1 n
Taking the limit as n — oo, we get that
ZI=F '5(z)+ B+ A*F , p(z) 4,
which can be written as
A*Fy p(z) AF 4 g(z) +(B—2zI) Fq 5(z)+1=0. (2.11)

When A4 is hermitian, we are able to solve this matrix equation, finding
an explicit expression for the function F, z(z). In order to illustrate this
procedure we first solve the equation assuming A is positive definite, since
in this case the expression for F, p(z) is simpler.

To show the expression for F, z(z) we need the following general result
for diagonalizable matrices:

Lemma 2.2. If A and B are hermitian matrices, then the matrix Az + B
is diagonalizable except for at most finitely many complex numbers z’s.

For the sake of completeness we include an elementary proof of this
result at the end of this section.

For A positive definite, set 4!/ for the unique positive definite square
root of 4. Applying Lemma 2.2 to 4 ~Y?(B—zI) A~Y? (B is hermitian), it
follows that the polynomial

A VA(B—zI) A~ (B—zI) A~ —4] (2.12)
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is diagonalizable except for at most finitely many complex numbers z’s
(notice that these exceptional values can not be real numbers since (2.12)
is hermitian for z real). Its eigenvalues are of the form a®—4, for a an
eigenvalue of 4 ~Y2(B—zI) A~2 If we take the square root ﬁ such that
|z—./z2—4| <2 for zeC\[ —2,2], then the function z—./z>—4 is
analytic in zeC\[—2,2]. For z such that the eigenvalues of
A VX (B —zI) A=Y2 are in C\[ —2, 2], we define the matrix

JATP(zI—B) A (zI—B) A~2 41

in the natural way, i.e., using the diagonal form of the matrix and applying
the chosen square root to its eigenvalues.

First of all, we remark that this definition does not depend on the choice
of the diagonal form of 4~Y*(B—zI) A~ (see for instance [HJ2,
pp. 407-408]). The chosen matrix square root defines an analytic function
of z in C\4, where

A={zeC: A Y B—zI) A~"? has at least one eigenvalue in [ —2, 2]},

which is a set of real numbers.
Indeed, the Cauchy formula

1
| A= AT (B A7)

27Ti r,

defines a matrix analytic function of z in C\4, where I', is any simple
closed rectifiable curve, contained in C\[ —2, 2], that strictly encloses all of

the eigenvalues of 4 ~V4(B—zI) A~ (the square root \/t>—4 is taken as
before). Using the diagonal form of 4~VA(B—zI) A~'2 it is easy to see
that the above analytic function coincides with the definition of the square
root we have taken. The set 4 is included in R because for ze C\R, the
eigenvalues of 4 ~V*(B—zI) A~ are always in C\R (if not there exists a
nonnull vector « for which ud ~Y*(B—zI) A~2y* is real; since 4 "2 and
B are hermitian, this implies that .#(z) ud ~'u* =0, which is impossible
when #(z)#0 because A4 is nonsingular). We thus conclude that the
matrix function

A VA(B—zl) A= — A= P(zI—B) A~ (zI— B) A~'? —4I

is analytic in C\d4, where A4c<R, and xed if and only if
A~VXB—zI) A=Y has at least one eigenvalue in [ —2,2].

With this definition, we have the following expression for the function
§aw 4 g(1)/(z—1):
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COROLLARY 2.3. Let A be positive definite and B hermitian. Then

deA,B(l)

1
=—A Y zI-B)A~!
z—1t 2

1
= A=V JATVA(B—zl) A~ (B—zI) A~ —4l) 477,
(2.13)

when z ¢ supp(W 4 ).

Proof. The starting point is the matrix equation for the matrix function
F, 5

A*F, g(z) AF 4 p(z) +(B—2zl) Fy g(z) +1=0.
If we write G4 p(z) = A'?F 4 g(z) A2, we get for G, p(z) the equation
G p(2) + AT VA(B—zI) A7'G , y(z) +1=0. (2.14)

From Lemma 1.1 we can take M >0 such that supp(W , z) <[ —M, M].
For a given real number z> M, we have that F, z(z) is positive semi-
definite since W, 5 is a positive definite matrix of measures and z—¢>0
for tesupp(W 4 p), and so is G4 p(z) because A is positive definite. Since
A YVA(B—zI) A~YB—zI) A~Y2 —4[ is positive definite for z large enough,
it follows that, for z positive and large enough, the solution of the equation
(2.14) equal to G4 p(z) can only be of the form

Gy p(z)=5A4""%zI-B) A>T,

where the T is a square root of the matrix A~ Y4 (B—zI) A~ (B—zI)
A~Y2 4] defined using the diagonal form and applying any choice of the
square root of the eigenvalues. Since lim F, p(z) =0, we have that

Gy p(z)=34""%zI-B) A~
— L ATV B—zI) A" (B—zI) A~ —4l,

for z positive and large enough, where the square root of the matrix is
taken as it was explained above.
Hence we get that

deA,B(l)

1
=—A Y zI-B)A~!
z—t 2

1
—54 VA JATA(B—zI) AN (B—zI) A2 —41) 4712,
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for z positive and large enough. But the expressions on both sides of the

previous equality are not analytic in supp(W, ) and 4, respectively.
Hence, we deduce that 4 =supp(W, ), and the corollary is proved. ||

Before going to the hermitian case, we give an example:
ExampPLE 1. We take

1 0 0 1
A=<0 > B‘<1 0>'

A straightforward computation gives that

2 —10z
SB[y A~V B—z) A~ —4]=( © .
ATAB =2l A7(B—z21) <—1oz 1622>

This matrix has the following system of eigenvalues and eigenvectors:

1722~ 5 /162> + 92 <3z+4 /162> + 92 1>

2 4 4z ’
1722+5«/1622+9z4<3’2_\/1622+9z4 1>
2 4 4z )

According to our choice for the matrix square root, we have
deA,B(l)_l z —4
z—t  2\—4 16z
1

o172 =5 162 £ 920 + /1722 + 5 /162 £ 929

y V2 22+ /3224~ 20022 ~20./2:z
—20./2z 64 /222 +4 /3224 —200z2)°

where the square roots are chosen such that F, j is analytic in C\[ —3, 3].

When A is hermitian we proceed as follows. Multiplying (2.11) to the
right by 4, we find, taking into account that A is hermitian, that

(B—xI)Fy p(x) A= AF  z(x)(B—XxI), xeR. (2.15)
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Multiplying (2.11) to the right by (B —xI) and using (2.15), we get the
following equation for F, z(x), xeR:

AF g(x)(B—xI) F, p(x) A+ (B—xI) F4 g(x)(B—xI)+(B—xI)=0.
(2.16)

Write b; <b, < --- <by for the eigenvalues of B (they are real because
B is hermitian). It is clear that for x <b, the matrix (B— x[) is positive
definite. We now solve (2.16) as in the case when A is positive definite (see
Corollary 2.3). Indeed, set (B—xI)'? for the unique positive definite
square root of (B—xI), x<by, K, g(x)=(B—xI)">F, 5(x)(B—xI)"?
and T, g(x)=(B—xI)"* A= (B—xI)"* Then, we find for K, z(x) the
equation

K2 5(x)+T? p(x) K, p(x)+T% p(x)=0, x<by, (2.17)
from which we get that
Fyp(x)=34"YzI—B) A~ ' =34 (B—xI)"?
X[I—4B—xI)""? A(B—xI)~" A(B—xI)~'?]'?
x(B—xI)'"? 47", (2.18)

when x < b, with |x| large enough so that 1 —4(B—xI)~"? A(B—xI)~!
A(B —xI)~'2 is positive definite.

We now explain how to get an analytic continuation for the formula
(2.18). We take the square root such that \/(b;—z)(b;—z), i, j=1,.., N, is
analytic in C\[b,, b, ] and positive for positive numbers. With this choice,
for a given analytic matrix function L(z) in Q < C, we can define the
product (B—zl)Y2 L(z)(B—zI)'?, or respectively (B—zI)"'?L(z)
(B—zI)~'2, to be analytic at least in Q\[b,, by] (this is because the
entries of both matrix products are linear combinations of products of the
entries of L and ((b;—z)(b;—z))"?, or ((b;—z)(b;—z)) " respectively).
All the matrix products of this type which appear in the formula (2.18) are
defined in this way. We now explain how to take

JI=4B—zI)"" 2 A(B—zI)~" A(B—zI)~ "~

To do this we need the following lemma, which will be proved at the end
of this section

LemMMA 24. If A and B are hermitian matrices, then the matrix
(B—zD)'? A=Y (B —zI)'? is diagonalizable except for at most finitely many
complex numbers in C\[ by, by].
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According to this lemma the matrix
1 —4B—zI)""2A(B—zI)"" A(B—zI)~'?

is diagonalizable when ze C\[b,, b5] except for at most finitely many
complex numbers, and its eigenvalues are of the form 1 —4a~2 for a an
eigenvalue of (B—zI)'? A—Y(B—zI)"2 Taking the square root such that
|z—./z>—4| <2 for ze C\[ —2,2] and when (B—zI)"?> A~ (B—zI)'?
has all its eigenvalues in C\[ —2, 2], we can define

J1—4B—zI)""> A(B—zI)"" A(B—zI)""7?,

in the natural way (as we did for the case 4 positive definite), i.e., using the
diagonal form and applying the chosen square root to its eigenvalues.

This shows that the formula (2.16) defines an analytic function at least
in C\(4 U [by, by])}, where

A={xeC\[b,,by]: (B—zI)'> A~Y(B—zI)">

has at east one eigenvalue in [ —2,2]} < R. (2.19)

Under additional hypothesis on 4 and B, the formula (2.16) can still be
analytic in a bigger set than C\{4 U [b,, by]}, because the multiplication
between the different roots which appear in the formula could extend the
analyticity of the product to some subintervals of [b, by]. To illustrate
this fact, we give some examples:

ExampLE 2. In the first example, we compare the formula (2.16) with
the one we gave in Corollary 2.3 assuming that A is positive definite.

To do this, consider the set of real numbers defined by (2.17) and write
A4, for

Ay={x: A7Y*(B—zI) A="* has one eigenvalue in [ —2,2]} =R.

For xe R\[b,, by] we define the square root (B —xI)'? of (B—xI) in the
following way: (1) for x<b,, since (B— xI) is positive definite, we take
(B— xI)'? as its unique positive definite square root; (2) for b, < x, since
(B— xI) is negative definite, we take (B — xI)'? as its unique square root
of the form iT with T positive definite. Then, for x e R\[b;, b5] we have
that

ATV(B—xI) AP = ((B—xI)"> A~ '2)* ((B—xI)"* 4~ ')
(B—xI)" A (B—xI)'?=((B—xI)"> A~ 2)(B—xI)"? 472,
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which gives that for x e R\[b;, b,] the matrices 4~Y*(B—xI) A~'2 and
(B—xI'? A=Y(B— xI)"? have the same eigenvalues and so A\[b,, by] =
A\[by, by]. A simple computation also shows that both formulas for F,
((2.13) and (2.18)) define the same function, and then, the formula (2.18)
is, in this case, also analytic for ze[b,, by]\4,, which in general is not
empty, as the following example shows: Take

e B )

This gives

214 —6 2
AI/Z(B—xI)AI(B—xl)A1/2—41:< o x>,

—6./2x 4x*+4

which is not positive definite in

Al_[_/luz\/ﬁ’_/13—5/E}U[/13—2\/ﬁ’/13+2\/ﬁ}

and it is clear that

[_2’2]\411:{_/13—2./153’/13+2«/153];é@‘

EXAMPLE 3. Assume that (B—zI) Y2 A(B—zI) ' A(B—zI)"'* is
diagonal. In this case the analyticity of F, p can be extended to those
points x of the interval [b,, by] for which (B—xI)"? A=Y B —xI)'? has
its eigenvalues in C\[ —2, 27]. We illustrate this with the following example:

=l B e=li)

Then, we have

1
(B—zI)"Y2 A(B—zI)~! A(B—zl)*l/zzzil.
z°—2z

and the evaluation of (2.18) gives that

Py (17 —1>+1 4 /z—1 1>
) B T 22\ 1 z—1)]
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which is analytic in C\{[1—./5,0]U[2, 1+./5]}. Notice that only for
xe[l —ﬂ, 0Jul2, 1+ ﬁ] one of the eigenvalues of the matrix

1
(B—xI)'"? A=Y (B—xI)"?*=/x*>—2x <O 01>

isin [ —2, 2], and that F, p(z) is in this case analytic on the whole interval
[b1,b2]1=10,2].

We have solved the matrix Eq. (2.11) for 4 hermitian and in a simpler
way for A positive definite, hence one can ask if for (P,), in the matrix
Nevai class M(A, B), there is a sequence of unitary matrices ( V), in such
a way that the sequence (V,P,), is in the Nevai class M(A', B') with A’
hermitian, or even better positive definite. The answer is no. First we prove
that it is not possible to force 4" to be positive definite. Indeed, let us
consider the Chebyshev matrix polynomials (U# ®), where

A=<(1) _01> BZG i)

The matrix coefficients in the three-term recurrence relation for (V, U %),
are given by V,_,AV¥, V,BV}. First, it is easy to see that the matrix
V,_1AV ¥ is unitary and so, it is normal. Hence it is unitary diagonalizable
and its eigenvalues are 1 or — 1. If the sequence (V,_,4V}), converges to
a positive definite matrix, we deduce that its eigenvalues converge to the
eigenvalues of this positive definite matrix; hence, for n big enough the
eigenvalues of V,_,; AV ¥ must be equal to 1; i, for n big enough we get
V,_1AV¥=1I which gives V,=V,_; A. It is now straightforward to check

that the sequence (V,B, V), cannot be convergent because B # ABA.
Proceeding in a similar way with the Chebyshev matrix polynomials

(U2 B), where now
i 0 1 1
a=(o V) = 1)

it can be proved that for any sequence (V/,),, of unitary matrices, for which
(V,_14V}¥), converges to a hermitian matrix, the sequence (V,BV ),
does not converge.

To finish this section we prove Lemmas 2.2 and 2.3. To do this we use
the following result:
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LeEMMA 2.5. Let ap(z), ..., ag(z) be polynomials with complex coefficients
and ay(z) not identically zero, and consider the polynomial

p.()=an(z)tN +ay_(2) N1 +a,(z) t+ayz). (2.20)

Then

(1) except for finitely many z’s the polynomial p,(t) has the same
number of different roots.

(2) if we denote these roots by o4(z), ..., a,(z) then the coefficients of
the polynomial

QZ(I) = (t - a’l(Z)) e (t - a’m(z))a
are rational functions in the variable z.

Proof. The lemma is a consequence of the following fact: given two
polynomials r,(¢), s.(¢) of the form (2.20) with dgr(r,) = dgr(s,), either (a)
r.(t), s,(t) have a common root only for finitely many z’s; (b) r.(¢) can be
decomposed in a product of at least two polynomials of the form (2.20)
with the property that any two of these factors have a common root only
for finitely many z’s; or, finally, (c) r,(¢) =a(z)(t —b(z))™ where a(z) and
b(z) are polynomials in the variable z.

Indeed, r,(z) and s,(¢) have a common root if and only if the resultant
R(r,,s,)=0 (see [J, p. 309]). But the resultant R(r,, s,) is a polynomial in
the variable z, so we deduce that if R(r,, s,) is not identically zero, then
r.(t) and s,(¢) have a common root only for finitely many z’s (the roots of
R(r,, s,)). Otherwise, R(r,,s,) is identically zero and then for all z r,(¢)
and s.(7) have a common root. If this happens then, by applying Euclid’s
algorithm to r,(¢) =s,(¢) =0, we can find a polynomial b(z) (not identically
zero) such that b(z) r,(t) =u,(t) v,(t) where u,(¢) and v,(¢) are polynomials
of the form (2.20) with degree greater than 0. Then, the result follows by
applying the same procedure to u, and v,.

To prove the lemma we proceed by induction on N. The result is trivial
for N=1. Assume now the result for N, and take a polynomial p_(z) of
degree N+ 1 whose coefficients are polynomials in the variable z. Since
p,(t) has a double root and p,(t), p.(t) have a common root are equivalent
properties, we deduce from the result proved above that, either (a) p,(¢)
has simple roots except for finitely many z’s, or (b) p.(#) can be decom-
posed in a product of at least two polynomials of the form (2.20) with the
property that any two of these factors have a common root only for finitely
many z’s, or, finally, (¢) p,(¢)=a(z)(t—b(z))” where a(z) and b(z) are
polynomials in the variable z. From (a) and (c) the proof follows directly.
From (b) the proof follows straighforwardly by applying the induction
hypothesis. |
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Now, we prove Lemma 2.2: Given 4 and B hermitian matrices, let p,(7)
be the characteristic polynomial of Az + B,

p(t)y=det(tI—Az—B)=t"+ay_(z) " "1+ a,(z) t +ayz),

where the ay_(z2), ..., ag(z) are polynomials with real coefficients. We now
apply the previous lemma to p,(#) and find the polynomial

q:(1) = (1 —oy(2)) - (1 = ,,(2)),

whose coefficients are rational functions in the variable z and where, except
for at most finitely many z’s, a;(2), ..., a,,(z) are the different eigenvalues of
Az + B. From this it follows that the matrix function F(z)=¢q,(4z+ B) is
analytic in C\4, where 4 is a finite set of complex numbers.

According to the characterization of diagonalizable matrices (see [ HJ1,
Corollary 3.3.8, p. 145]), Az + B is diagonalizable if and only if ¢,(A4z + B)
= 0. Since for x real the matrix Ax + B is diagonalizable (it is hermitian),
we have that F(x) =0, for xe R\4 and then, since F(z) is analytic in C\4,
it follows F(z) =0, for ze C\4, that is, Az + B is diagonalizable except for
at most finitely many z’s. ||

It is worth noting that there are indeed points such that 4z + B is not
diagonalizable. For instance, if we take

2 i 0 1
AZ(—:‘ 2>’ B:<1 0>’

and z =i, we have that the matrix 4i+ B is not diagonalizable.
The proof of Lemma 2.3 is similar, because the characteristic polynomial
of (B—zI)"? A(B— zI)"? is also of the form (2.20).

3. CHEBYSHEV MATRIX POLYNOMIALS OF THE
SECOND KIND

In this section, we will give an explicit expression for the matrix of
measures W, 5, when A is positive definite. To do this, let us consider the
matrix polynomial under the square root in the formula (2.13) given in
Corollary 2.3 for the Hilbert transform of W, p, that is,

Hyp(z)=A"YVB—zI) A" (B—zI) A~ 41

From Lemma 2.2 we have that —H , z(z) is diagonalizable except for at
most finitely many complex numbers z’s, hence we can diagonalize it in the
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form —H , z(z)=U(z) D(z) U~'(z), where D(z) is a diagonal matrix with
entries d, ;(z), i=1, ..., N.

Since for x real —H 4 p(x) is hermitian, it is always diagonalizable with
Ux) Ux)*=1 and d, ;(x) is real for i=1, .., N. We will prove that the
matrix of functions W, p(x), x € R, has the form

dW 4 s(x) :2177r A7PUx) (DT (x)? U*(x) A~ 2dx, (3.1)

where D*(x) is the diagonal matrix with entries d;7;(x) =max{d, ;(x), 0}.
In the formula (3.1), we take the positive square root of the positive entries
of the diagonal matrix D™ (x).

First, we remark that the definition of W,  does not depend on the
choice of the diagonal form of H, 5, as it can easily be proved (see also
[HJ2, p. 407-4081]).

From its definition it is clear that W,  is a positive definite matrix of
measures and that when —H 4 z(x) is positive definite or semidefinite,

1
AW 4, p(x) = A7VHAI = A7 V(B—xI) A \(B—xI) A=) 472 dx.

In the following theorem we prove that the matrix of measures W, g
has, indeed, the form given by (3.1) and show other important properties
for W4 p:

THEOREM 3.1. If A is positive definite and B hermitian, the matrix weight
W 4. g for the Chebyshev matrix polynomials of the second kind defined by
(1.2) is the matrix of measures given by (3.1). W 4 g is absolutely continuous
with respect to the Lebesgue measure multiplied by the identity matrix, with
a continuous matrix Radon—Nikodym derivative and lives on a finite union of
at most N disjoint bounded nondegenerate intervals whose extreme points are
some roots of the scalar polynomial

det(A="2(B—zI) A~ \(B—zI) A2 —4]).

Proof. From the inversion formula for the Hilbert transform it is
enough to prove that

L ATIRUD*(x)'R UF(x) A2
2n

|
= —7— lim (F, g(x+iy)—F 4 p(x—iy)), xeR.
27i y—0
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For a fixed real number x, we have that —H , z(x) is hermitian. Hence
according to [ R, Theorem 1, pp. 33-34] there exist analytic matrices U(z),
D(z), at x such that, for z in a neighbourhood of x, U(z) is nonsingular,
U(x) is unitary, D(z) is diagonal and

—H 4 5(z)=U(z) D(z) U™ ().

We then write

Fup(z)=3A""zI—B)A~'—14-"2U(z) /=D(z) U~ (z) A~ '~,

where we take the square root as explained in the Introduction.
Then we have

hm (FA,B(X +iy) —F 4 p(x—1y))

y—0

1
= —— lim A=Y U(x +iy) D(x+iy) U™ (x+iy)

y—0

—U(x—iy)/ =D(x—iy) U ' (x —iyp)) A7

We now consider the eigenvalues —d, ;(x), i=1, .., N, of H, z(x), that is,
the entries on the diagonal of the diagonal matrix —D(x). It is clear that
—d, ;(x)=a; ;(x) — 4 where a, ,(x) is an eigenvalue of 4 ~"*(B—xI) A~
if d;;(x)<0, that is, if a;,(x)¢[—2,2], there exists a complex
neighbourhood of x such that for z in that neighbourhood the real part of
a; ;(z) is not in [ —2,2], and so according to our choice for the square
root, we have

lim (/—d, ;(x+iy)—/—d; (x—ip)) =0.

y—0*

In a similar way, if d, ;(x)>0, that is, if a, ;(x)e(—2,2), there exists a
complex neighbourhood of x such that for z in that neighbourhood the real
part of a; ;(z) is in (—2,2). Taking into account that «; ,(Z)=a, ,(z) and
that the sign of .#(a;, ;(z)) is equal to —sign(.#(z)) (because A4 is definite
positive and B is hermitian), we have that

lim (/—d, ;(x +iy) =/ —d; (x —ip)) = 2i /d; (x).

y—0t
Finally, if d; ;(x) =0, that is if a; ;,(x) = +2, we have

lim \/ d; (x+iy) \/—d,-’,-(x—

y—0*
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Hence, it is clear that

1 lim A7"Y2(U(x+iy)[/—D(x+iy)
y—>0+
—/=D(x—iy)]U Y x+iy) 4~

= —iA7PU(x)(DH(x)"2 U (x) A~
To finish the proof, it is enough to notice that
(U(x+1iy) / —D(x —iy) U x+iy))
—(Ux—ip) \/ =D(x —iy) U~ (x—ip))
=[Ux+iy)—Ux—iy)] /—D(x—iy) U Nx+iy)

-/ — —iy) [U N (x+iy)— U (x—ip)],

and to take into account that U(z) is analytic at x (and hence continuous)
and that D(z) is bounded on the neighbourhood of x.

We now prove the properties of the support of W, 5. From its defini-
tion, it is clear that the Radon-Nikodym derivative of W, p is not ¢ at x
if and only if there exists i, 1 <i< N, for which d; ;(x) >0, that is, if and
only if —H, 5(x) has at least one nonnegative eigenvalue. Taking into
account that —H 4 g(x)= —(A4~"*(B—xI) A~'?)*>+ 41, it follows that the
Radon-Nikodym derivative of W, p is not 6 at x if and only if
A~Y2(B—xI) A~ has at least one eigenvalue in (—2, 2).

But the support of W, p can also be described in the following way: con-
sider the polynomials 4,,(H 4 5(z)), m=1, .., N, where 4,(T) denotes the
principal minor of a matrix 7' corresponding to its m first rows and
columns. Then, we have that

supp(W 4 ) = int({x € R: there exists m, | <m< N

such that 4,,(H , 5(z)) <0}). (3.2)

Indeed, the continuity of the eigenvalues gives that the support of W,
can not have isolated points, hence, the characterization of positive
definiteness gives the above description of the support of W, 5.

Now, for each m, 1 <m <N, the polynomial 4,,(H , z(z)) has the form

A4,,(H 4 5(2))=4,,(472) z*" + terms of lower degree.
Since 4,,(A4 %) >0, we deduce that the support of W, is a union of at

most (N(N + 1))/2 bounded nondegenerate intervals, whose extreme points
satisfy 4,,(H 4 5(z)) =0 for some m, 1 <m<N.
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Actually, we can prove more about the support of W, . To do that, we
consider the set of real numbers in the numerical range of the matrix
polynomial H, z(x) (see [GLR, p.276]), that is, the set
RN NR(H, )= {xeR: there exists ue CM\{0} : uH , 5(x) u* =0}.

It is clear that RN NR(H 4 p) = A4, U A, U A3, where

A, ={xeR: H, p(x) is positive semidefinite}
A,={xeR: H, g(x) is negative semidefinite}
A;={xeR: H, g(x) has two eigenvalues of opposite sign}.

From the definition of W, p it follows that
As < supp(W 4, p) (3.3)
Since 4, U A, = {x:det(H, z(x)) =0}, we have that
A, U A, is a finite set of real numbers. (34)

Using Corollary 10.16, p. 277 of [GLR] we see that Rn NR(H , p) is a
finite union of at most N disjoint closed intervals and isolated points,

(G thw ) (1)

where u; < -+ <pin, (k< N), v,#v;, i#j, are some roots of the scalar
polynomial det(H 4 z(x)). From (3.3) and (3.4) it follows that

k
<U [i2i—1, ﬂzt]) <supp(W 4, ).

i=1

We now take an interval [o, f], a<f, for which there exists m,
1 <m <N, such that

A,(H 4 g(0))=4,,(H 4 5(f)=0
and (3.5)

4,,(H 4 5(x)) <0, for xe(a, ff).
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From (3.5) it follows that H, z(«), H, p(f) are neither positive definite
nor negative definite, and so there exists nonnull vectors u;, u, such that
uy H , p(o) uf =u, H, () uy =0. In other words

o fERNNR(H , 5) = <Lf) [u2i1,u2i1>U<]6 {Uj}>-

i—1

From this we deduce that

k
[o, 1L < U [/lzi—laﬂzi]>

i=1

is again a disjoint union of at most N closed nondegenerate intervals whose
extreme points are some zeros of the scalar polynomial det(H 4 z(x)). Since
[«, B] = supp(W , 5), we have again that

k
[o, 1L < U [ﬂ2i—1aﬂ2i]> < supp( W4 B)

i=1

Since this is true for all the intervals satisfying (3.5), (3.2) implies that
actually supp(W, ) is a disjoint union of at most N bounded non-
degenerate intervals whose extreme points are some zeros of the scalar
polynomial det(H 4, z(x)).

We finally prove the continuity of the Radon—Nikodym derivative of
W, . According to [ GLR, p. 394], we can choose matrix functions U(x),
D(x) which are analytic for x real and such that —H , z(x)= U(x) D(x)
U*(x). The result follows because the definition of (D*)Y? clearly give a
continuous matrix function. ||

We now give some examples:

ExamPLE 1. We again take

A_<1 o> B_<o 1>
\0 L) S\l 0/

The system of eigenvalues and eigenvectors for H, z(x)=A""Y*B—xI)
A~YB—xI) A~ — 41 (see the first example of the last section) shows that
one of the eigenvalues of H, p(x) is always positive, and the other is
negative for —3 < x < 3; hence

V5 /1652 + 9x* — 172 .
(D*(x))2 = V2
0 0
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From this we get

A ) V5 /1637 +9x* —17x2 -

4,B\X) =" A1—5/2,5121\X
2n /16 +9x2

3|x| + /16 +9x2 5

% 2ﬁ

2 sign (x)

d
6 |x|+2/16+ 922 | “
2

2 /2 sign(x) f
where
1, if x>0,
sign(x)=+< —1, if x<O0,
0, if x=0.

ExampPLE 2. We take

ol ) 2=lin)

This second example is not covered by Theorem 3.1, because A is
not positive definite. From the expression given in the previous section
(Example 3) for F, z(z) we find, by applying the inversion formula for the
Hilbert transform, that

1 4
dWA’B(x):Z \ x2—2x_1
l—x -1
X 1 1—x X[17\/§,0](x)

x—1 -1
+< 1 x_1>X[2,1+J§](X)] dx.

The entries of W, p are clearly absolutely continuous with respect to the
Lebesgue measure, but in this case, their Radon—Nikodym derivatives are
not continuous (even not bounded) at x=0 and x=2.

The knowledge of the support of W, 5 when A is positive definite allows
us to characterize the support of the matrices of measures in the matrix
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Nevai’s class M(A, B), when A is positive definite. This characterization
completes the Blumenthal’s theorem for orthogonal matrix polynomials
studied in Section 3 of [DL].

COROLLARY 3.2. Assume that W is a positive definite matrix of measures
in the Nevai class M(A, B), where A is positive definite. Then the support of
W is a finite union of at most N disjoint bounded nondegenerate intervals
whose extreme points are some roots of the scalar polynomial

det(A~V2A(B—zI) A"\ (B—zI) A~ 2 —4]),

and possibly, some sequences of real numbers outside this union which tend
to the extreme points of the intervals.

Proof. Consider the orthonormal matrix polynomials (P,), which
satisfy the three-term recurrence formula (1.1), where the matrix sequences
(4,), and (B,), tend to A and B, respectively. We now form the N-Jacobi
matrix associated to this sequence of matrix polynomials, that is,

By A, 0 0
A¥ B, A, 0

J=
0 A B, A,

Since (A4,), and (B,), converge, the operator associated to the matrix J in
the Hilbert space /2 is bounded, hence from Section 3 of [ D3] it follows
that W is the unique orthogonalizing matrix of measures for (P,), and that
the support of W coincides with the spectrum of J.

Consider now the N-Jacobi matrix associated to the Chebyshev polyno-
mials of the second kind (U2 #®),, that is (take into account that A is
hermitian),

Al

I
o o W
o o
ok o
n o o

Since (4,), and (B,,), tend to 4 and B, respectively, we deduce that the
operator defined by J—J is compact, and then, by a well-known theorem
by H. Weyl, J and J have the same essential spectrum. Again by using
Section 3 of [D3] we conclude that the spectrum of J is the support of
W, 5, and the theorem is proved. |[i
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When A is positive definite, it is possible to give an expression of the
Chebyshev matrix polynomials as matrix functions of Chebyshev scalar
polynomials. Indeed, we show that

(3.6)

—1/2(47 —12
UA,B(Z):A—I/ZM <A (t1—B) A >A1/2
n n 2 bl

where (u,), is the sequence of Chebyshev polynomials of the second kind.
The expression u,((A~Y3(tI— B) A~"?)/2) means the value of the polyno-
mial u, at the function ((4 ~Y?(¢tI— B) A—'?)/2) defined in the usual way.

Indeed, consider the three-term recurrence relation for the Chebyshev
polynomials of the second kind:

tun(t):%un+l(l‘)+%un—l(1)a uO(t):l (37)

Setting Ry(¢)=1 and

A1 - B) A~
Rn(l)=un< ( 3 ) > n=1,

we get from (3.7) that
tA='?R,(t)=A"?R, . (1) + BA™'2R,(t) + A*R,_(1). (3.8)

Taking into account that Ug 5(r) =1, (3.5) follows from (3.7).

4. THE DEGENERATE CASE

In this section we study the case when the limit matrix A is singular.
We start by proving Theorem 1.2 which guarantees the existence of ratio
asymptotics also in this case.

Proof of Theorem 1.2. We proceed as in the proof of Theorem 1.1 but
using the matrix polynomials R, ()= "I instead of the sequence (UZ%),.
In this case, we want to guarantee the existence of lim,, | R,(7) du,(t), for
/=0, where the matrices of measures u, are defined as in (2.1), although
here we are not able to find an explicit expression for these limits as we did
in the proof of Theorem 1.1. The reason for this difficulty in finding the
value of these limits (which would determine the matrix of measures v of
Theorem 1.2) was given in the Introduction. In Theorems 4.1 and 4.2 of this
section we find these limits for some particular cases. We will use a quite dif-
ferent auxiliary sequence of polynomials (R;); in each case, which will
illustrate the difficulty of finding the value of these limits in the general case.
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As in (2.6), we write again

n

Rl(t) Pn—l(t) :Sl,n(t) Pn(t) + Z Ai, l,nPn—i(t)

i=1

and find that

[ REE@ duft)=[ Y 4,10 Pu i) dW(0) PE(1) =4,

i=1

Hence, it is enough to guarantee the existence of lim,, , ,, 4, ; ,, for k, [>0.
We proceed by induction on /. For /=0 the result is clear since 4,  , =1
and 4, ,=0 for i#1.
The definition of the matrix polynomials (R;); and the three-term
recurrence formula for (P,), give that

— %
A s, 0=k 1 aBn_k+ Ak pndn—ki1t disr i ndn—k-

Using the induction hypothesis and lim, 4, = A4, lim, B,,= B, it is easy to
conclude that lim, , ,, 4, ,, exists for k, /> 0.

We set 4, , for lim, 4, ,,, [=0.

We now take any limit point v of (x,) (there exists such a limit from
Banach and Alaoglu’s theorem because yu, is a positive definite matrix of
measures and | du, =1, ne N), and proceeding as in the proof of Theorem
1.1, we deduce that

fR,(z) dv(t)=4,,  1>0.

But v has compact support (see Lemma 2.1), and since the matrix polyno-
mials (R;), form a basis of the space of matrix polynomials, v is determined
by SR,(I) dv(t). Actually we have proved that (u,), has only one limit
point v, and hence, this v is the limit of (u,),. Hence, it follows that

() ()
| ——= .
1’I1n J z—t f z—t

We now conclude again as in the proof of Theorem 1.1.
Putting F, »(z) =§ (dv(t)/(z—1)), we get from the three-term recurrence
relation for the matrix polynomials (P,), that

ZI=FA_,IB(Z)—|—B+A*FA,B(Z) A,
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and hence
A*F 4 p(z) AF 4 p(z2) +(B—zI) F 4 g(z2)+1=0. 1|

We now prove that the matrix of measures v which appears in Theorem 1.2
is always degenerate. More precisely, we show that f (¢tI—B) dv(t)(tI — B)
is singular, and therefore v can not have a sequence of orthogonal matrix
polynomials.

To do that we compute the first three moments of the matrices of

measures yu, defined by (2.1). The quadrature formula for the orthonormal
matrix polynomials (P,), gives that

[dugn=1. n>0.
By using again this quadrature formula we have

[ tdin(y= [ P, (0wt P30,

where W is the matrix weight for (P,),. The three-term recurrence formula
for these polynomials gives that

jtdﬂ,,(t)zB,,_l, n>0.
By using again this three-term recurrence relation we have:

J‘ZZ d:un(t) = Z xn,k(AnPn(Xnk) +anlpnfl(xnk)
k=1

+ AN Py o(X)) T

n

k[”l< (xnk)'

n—1

The definition of I',, and Theorem 2.3(3), p. 1184 of [D4] show that
P,(x,) Iyp=0, and then the quadrature formula for the orthonormal
matrix polynomials (P,), gives that

[ 2 dufe) =B, [ 1P, _ (1) aW(e) PE_ (1)

A ftp,,_z(x) dW(1) P¥_\(1).

n—1
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Using again the three-term recurrence relation we find
sz du(t)=B, B, 1+ A5 14, .
From this computation we get
j(zl—B) du(tI—B)=B, B, — BB, ,—B,_ B+BB+A*_ A, ;.
Taking the limit as n — co we finally have that
j(ﬂ—B) dv(tI— B) = A* A,

which is singular because A4 is so.

In the scalar case a positive measure u is degenerate, i.e., x4 has moments
of every order but does not have a sequence of orthogonal polynomias, if
and only if ¢ has finite support, or in other words, 4 is a finite combination
of Dirac deltas. In the matrix case, there are more possibilities for a
positive definite matrix of measures W to be degenerate (see [ D3, p.96]).
The rest of this section is devoted to some examples

ExaMPLE 1. Assume

0 a b ¢
A=<0 0>, a#0, B=<C d>’ c#0. (4.1)

As we wrote in the Introduction this is a very interesting case because it
corresponds with scalar orthonormal polynomials with periodic recurrence
coefficients (period 2) defined by

\%

tpn(l):an+1pn+l(l)+bnpn(l)+anpn71(t)a n (42)
where po(t)=1, p_,(¢) =0, and

ar,=da, Aoy +1=06

b2n=b, b2n+1=d.

In this case, we can identify the matrix of measures which appears in
Theorem 1.2:



338 ANTONIO J. DURAN

THEOREM 4.1. Assume that A and B is given by (4.1). Then the matrix of
measures v which appears in the Theorem 1.2 is given by

(—b (1—b\2 |1

c ¢
where u is the positive measure with respect to which the sequence of scalar
polynomials defined by (4.2) is orthonormal.

Proof. To simplify we assume that

A )

We consider the matrix J2, where J is defined by (1.9),

B, A* o0 o
J2= A é A~* ~9
0 4 B A+ ... |
where
B,=B*>+ A*4

B=B*+ AA* + A*4
A= AB + BA,

the matrix J? is again block three diagonal because 42=0. According
to the definition of 4 and B, we have 4= (& “/), from which we find
that A4 is nonsingular. Hence, we can define the matrix polynomials R;,
>0, by

Ro(t) = Ia
Ry = A*Ry(t) + By Ro(1),
PRy=A*Ry  o(1) + BRy (1) + ARy (1),  1>1,

Ry, 1(2) = (1—B) Ry(1), [=0.
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We proceed again as in the proof of Theorem 1.1 but using the sequence
(R,), instead of (U3-®),. Writing

Ry(t) P, y(1) =8, (1) P,(1)+ z A 10 Pr_x (1), (4.3)
k=1

we prove that

I if k=I+1

44
0, otherwise. (44)

limAk,Ln={

We proceed by induction on L The case /=0 is trivial. For /=1, a
straightforward computation gives that

a4, 1,n:Z*7l[(Bn—1Bn—1+A;k—1An—1)_§o]a
Az,l,n=g*7l(Bn71A:71+A:713n72),

A3,1,n=g*_l(A:<—1A:—z)-

Hence lim, 4, ; ,=0, lim, 4, ; ,=1 and lim, 45 ; ,, =0 (the latter because
A*=10).

By using the definition of R,, and the three-term recurrence relation for
(P,), we get for k=2 that

Ak,l+l,n:Z* T Apsa ol An 140 _i]
F A1l B k1 An it An_ 1By _i]
F A gl Ay AR i1+ B A A, ]
+ i1 1 al Br—ksr A1 HAF i1 Ba_i]
+ A_a il An k2 AR i 1])
—A* "By, — AT A My,

and for k=1 that

A1,1+1,n=Z*_1(A3, palAn_2Ad, 1 1+45 B, 24, 1+A4,_1B,_1]

+Al,l,n[Bi—l+A;lk—1An—l])'

The induction hypothesis, the fact that 42 = 4*? =0 and an easy computa-
tion show that (4.4) holds.



340 ANTONIO J. DURAN
Since | Ry (1) dv(t)=lim, 4, ;,, we have that

I, if /=0
[Ratoavon={; 7|

We now show that

A, /=1

[Ranatn =15 70 (45)

Using (4.3) and the quadrature formula for the orthonormal polynomials
(P,),, it follows that

| Rapr(2) dv(e) = [ (1= B) Roy(1) (1)

=lim (4, ,,B,_1+45,,4,_1—B4,,,),

and hence, (4.5) follows from (4.4).

We now find an expression of the matrix polynomials (R;), in terms of
the scalar polynomials (p,), defined by (4.2). Indeed, from the definition
of the sequence of polynomials R;, it follows that R, is even for all
/=0, hence, by setting T,(t):RZI(\ﬂ), we have defined a sequence of
polynomials (7); which satisfies the three-term recurrence formula

To(t)=1, fTozg*Tl([)‘f‘EoTo(t),

1T, = A*T;, (1) + BT, (1) + AT,_ (1), [=1.

If we iterate the three term recurrence relation given by (4.2), we find a five
term recurrence relation for the polynomials (p,,), of the form

ZZPn(t) = an+2pn+2(t) +ﬁn+1pn+l(t) +ynpn(t) +ﬁnpn71(t) + fxnpn72(t)'
(4.6)

If we consider the 5-Jacobi matrix J associated to this five term recurrence
relation, that is, the 5-banded infinite hermitian matrix defined by putting
the sequences (a,),, (f,)., (7,), Which appear in the recurrence relation
(4.6) on the diagonals of the matrix J, we find that this matrix J just coin-
cides with J2. Hence by using the relationship between scalar polynomials
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satisfying a five term recurrence relation as (4.6) and 2 x 2 orthonormal
matrix polynomials given in Section 2 of [ DV ], we deduce that

P2, olt)
P, (1) %

Ry(1)=T,(1*) = » 0
2041,
Do+, 5(1) 7“[ 2

where p, z, P, o denote the even and odd parts of the polynomial p,,
that is,

pn,E(t):M, D, ol?) :M.

Consider now the matrix of measures 7 given by

where u is the positive measure with respect to which the sequence of scalar
polynomials defined by (4.2) is orthonormal. Then, taking into account
that p, = p, g+ P, 0, We have that

o Pult) p(1)
jRZI(l) dV(l)_J <P21+1(Z) ZP21+1(1)> aut).

<o py(1) r’pay(1)
JRle(t) dV(t)_j<lP21+1(l) 12P21+1(l)> au(t)

P 1py(1) >
—B du(t).
J<P21+1 1) 1paya(2) (1)

The orthonormality of (p,), with respect to x4 and the recurrence formula
(4.2) gives that for />3

jR,(t) di(t) = 0.

Taking into account the form of 4 and B, we deduce that
jRO(z) d(t) =1, le(z) di(t) =0,

j Ro(1) dii(1) = 0, f Ry(1) dii(1) =
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Since the sequence (R;); forms a basis of the linear space of polynomials,
any matrix of measures W with compact support is determined by
jR,(t)dW(t) and hence we deduce that v=7¥, and the theorem is
proved. ||

In a similar way the general case of orthogonal polynomials with peri-
odic recurrence coefficients of period N can be studied. This case appears
when A4 and B have the form given by (1.10).

ExamPLE 2. Another possibility for the degenerateness of the matrix of
measures v appears when v is equal to a matrix whose entries are Dirac
deltas, in some subspace of C¥. We now give a condition on the matrices
A and B which implies the occurrence of this case

THEOREM 4.2. Assume that there exists ueKer(A*)\{0} such that
uB" e Ker(A*) for all n=0. Set V for the linear span of uB”", n = 0. Consider
the diagonal form of B (let us recall that B is hermitian),

d 0 . 0
p=ux| O = o Uy
0 - 0 dy

where U*U =1 and d,, ..., dy are real numbers. Then, the matrix of measure
v which appears in Theorem 1.2 is such that vv=vV for ve V, where V is the
matrix of measures defined by

Sy 0 - 0
§=U* 0 5."2 _ 0 U.
0 0 J,

Before going to the proof, we remark that the assumption in this
theorem automatically holds if some of the eigenvectors of B belong to
Ker(A*).

Proof. Consider the matrix polynomials R,(¢)=(t/—B)", 1>0, and
write

R)(2) P, (1) = S, (1) P(1) +
k

I M s

Ak, l,nPnfk(l)s
1
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as in the proof of Theorem 1.1. Then, for ve V' we prove that

l
lim v4, ;,= {U’ /

n— oo 0,

Indeed, using the definition of the polynomials R, and the three-term
recurrence relation for (P,), we find the formula

f— %k
Ak,l+1,n_Ak,l,an—k+Ak—l,l,nAn—k+l +Ak+1,l,nAn—k_BAk,l,n'

It is now enough to proceed by induction, taking into account that
VcKer(A*) and vBe V, for all ve V.
As in the proof of Theorem 1.1, it follows that

| Rty du () =410,

where u, are the matrix of measures defined by (2.1). Since v is the limit
of u,,, we deduce that for ve V,

v, =0

vaz(t) d"(t):{gg l>li

But, from the definition of the matrix of measures 7, it is clear that for any
veCh,

v, =0,

UJRI(I) dﬁ(t)z{() o1

Since (R;); is a basis of the space of matrix polynomials, and v, ¥ have
compact support, we get that vv =07, for ve V. |

To illustrate this case, we give the following example:

0 0 1 0
<1 0>’ <0 2>
Here, u=(0,1)eKer(4*) and uB=2u. Solving the equation for
| (dv(1)/(z—1)), we have that

z—2
JdV(t) z2—3z+1

z—t 1 ’
0
z—2
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from which we find

[AN]

[BB]
[D1]
[D2]
[D3]
[D4]
[DL]
[DV]
[GV]
[GLR]
[HI1]
[HI2]
[J1
[MNV]
[N]
[R]
[sv]
[vi]
[v2]

[v3]

5+f 5-5 0

e da-vart Ty de+An
0 5,
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