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The asymptotic behavior of y,(df) y,(dx) =" and P, (x, dB) P, ' (x, d) is studied.
Here (y,(.)), are the leading coefficients of the orthonormal matrix polynomials
P,(x,.) with respect to the matrix measures dff and do which are related by df(u) =
do(u) + Y N_, M 6(u—c;), where M, are positive definite matrices, J is the Dirac
measure and ¢, lies outside the support of do for k =1, ..., N. Finally, we deduce the
asymptotic behavior of P, (c, df) MP}(c, dx) when df(u) = do(u) + Md(u — c¢), with
M a positive definite matrix and ¢ outside the support of da.  © 2001 Academic Press
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1. INTRODUCTION

Let # be a o-algebra of subsets of the space 2, and let p=[p; ;] be a
N x N non-negative matrix valued function on % which is countably
additive, i.e., each entry function p; ; is countably additive on %. We shall
refer to p as a non-negative valued measure on (2, %).

Let @ be a matrix-valued function on © and v be a non-negative real
valued measure on 4. If @ is #-measurable, i.e., if each of its entries ¢, ;
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is #-measurable, then we say that @ is integrable and we define jg D dv=
[s e @i ;dv].

From the fact that p is a non-negative valued matrix, whose entries are
non-negative real valued measures, we have 0 <p <tp I (4 = B means that
A — B is a positive semi-definite matrix, and 7p is the trace measure of p).
It follows that each p,; is absolutely continuous with respect to the
measure 7p, and the trace derivative p’, = [dp, ;/dtp], <; ;< n 1S #-measurable,
satisfying 0 < p’, <[I tp-almost everywhere. Consequently from the Radon-
Nikodym theorem we have p(A4) = SA p".(w) dtp, for each A € . Let @ and
¥ be two N x N real matrix-valued functions on Q. We say that (&, ¥) is
integrable with respect to the non-negative valued measure p if @p’ ¥* is
integrable with respect to the real measure tp and we define |, @ dp¥* =
fw ®p' V* dtp.

We shall consider in the linear space of the polynomials C¥*"[¢] in the
variable ¢ with matrix coefficients in C¥*¥, an inner product defined in the
following way

def

(P, Q)an = | P1)da(r) O%(2), (1)

with Q=R, and a a positive definite valued matrix measure whose entries
are Borel real measures (see [15]).

A generalization of the Gram-Schmidt orthonormalization procedure for
the set {Z, xI, x*I, ..} with respect to (1) will give a set of orthonormal
matrix polynomials (P,(., dx)), which satisfies

(P, (. dn), P, (. dn)> = j P, (x, dat) o (x) PE(x, dat) dro =6, ,,I.

Notice that the set (U,P,(., dn)), is also a set of orthonormal matrix poly-
nomials for every sequence of unitary matrices (U,),.

Orthogonal matrix polynomials have been studied in the second half of
this century. Krein obtained some results about matrix moment problems
from the point of view of operator theory [ 11]. Recently, during the 80’s
they have been connected to scattering theory by Geronimo [7], and an
analog of Favard’s theorem has been established for three-term recurrence
matrix relation by A. I. Aptekarev and E. M. Nikishin [ 1]. Some algebraic
results and results concerning the zeros were found by D. Zhani [19].
More recently some results concerning zeros and quadrature formulae have
been studied by A. Sinap and W. Van Assche [ 17] and finally some results
concerning zeros, quadrature formulae, asymptotic behavior of orthogonal
polynomials have been obtained by A. Duran and coworkers [3, 5, 6].
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Matrix orthogonal polynomials appear in a natural way when we con-
sider different kinds of non-standard inner products.

In [12] it is shown that a family of such orthogonal polynomials for
matrix measures supported on the real line can be obtained from a
sequence of polynomials orthogonal with respect to a scalar measure sup-
ported on an harmonic algebraic curve.

In [13] the same problem is studied when we consider polynomials
orthogonal with respect to a scalar measure supported on a lemniscate.
There, a class of a matrix orthogonal polynomials on the unit circle is
obtained.

In [4], Sobolev-type polynomials are analyzed from the perspective of a
decomposition of them. In such a way one can associate to them a matrix
measure plus some matrix mass points. Again, matrix orthogonal polyno-
mials on the real line appear. Thus, the knowledge of properties of matrix
orthogonal polynomials, both analytic and algebraic, is a basic tool in
order to obtain results for the non-standard scalar cases pointed out above.

In [9] Gonchar studies Padé approximation to Markov functions to
which a rational function is added, which is the same as adding mass
points to a given measure.

The aim of our work is to extend to the matrix case some asymptotic
results obtained by P. Nevai [14, Lemma 16, p. 132] when some mass
points are added to a measure such that the corresponding Jacobi matrix
is a compact perturbation of the infinite tridiagonal matrix

b a
a b a
a b a

This kind of asymptotic results has been obtained, separately, in [9] in the
framework of rational approximation. In fact, the approximation to some
classes of meromorphic functions (“Markov functions” with a perturbation
by a rational function with prescribed poles) is considered, and the relative
asymptotics for the denominators of the corresponding Padé approximants
is obtained (see [9]).

In this paper we shall consider two matrix measures do and df such that
dp(u) =do(u) + > ¥_, M0(u—cy), where M, is a positive definite matrix,
0 is the Dirac matrix measure and ¢, lies outside the support of do for
k=1,..,N.

Let (P,(x,.)=7,(.) x"+b,(.) x"~' + lower degree terms), be a sequence
of orthonormal matrix polynomials with respect to the matrix measure do
and df}, respectively.
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In Section 2 we will introduce orthogonal matrix polynomials on the real
line and discuss some properties which we will need in the next sections. In
Section 3 we deduce the behavior of y,(df) 7, (dx)~". In Section 4 we give
the relative asymptotics for some nth orthonormal matrix polynomials with
respect to the matrix measure dff and the nth orthonormal matrix polyno-
mials with respect to the matrix measure da.

2. ORTHOGONAL MATRIX POLYNOMIALS ON THE REAL LINE

For each real matrix measure do, we introduce

def

(P, Q) = . P(x) deQ*(x). (2)
This bilinear form satisfies

1' <P5Q>da=<Q5P>;ka'
2. <XP’ Q>da:<P7 xQ>d¢x'

3. (P, P), is a non-negative definite matrix. If det P#0, it is a
positive definite matrix.

In the following, we consider a real matrix measure do for which
{P, Py 4 #0 for every matrix polynomial P with non-singular leading
coefficient.

As in the scalar case, the orthonormal matrix polynomials (P,(x, du)),
with respect to the matrix measure do are orthogonal to every matrix poly-
nomial of degree less than n and they satisfy a three-term recurrence
relation

xP,(x,du)=D, (dot) P, (x,do)
+En(d<x) Pn(xs doc)—i—D,’,“(doc) Pnfl(xa dO(), (3)
where P_, =0, Py={dx=1 D,(dt)=7,_(dx)y, " (dx) is a positive
definite matrix (y,(dot) is the leading coefficient of P,(x, dot)) and E, (do) is

an hermitian matrix. The corresponding matrix polynomials of the second
kind are defined by

defJ‘ Pn(x, da)_Pn(ts dO()

0, (x,dn) = do(t). (4)

xX—t

These matrix polynomials satisfy the following Liouville-Ostrogradski
formula

Q,(x, do) Py (x, da) — P, (x, do) O (x, dor) = D" (dov). (5)
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Furthermore, defining

K, 1(x, y,do) &t Z *(y, do) P(x, do),

we get the Christoffel-Darboux formula

(X—J/) Kn+l(x7 Y, d“)ZP*(y, dO() Dn+1(doc) Pn+l(x’ dO()
—P¥ (y,dx) DY, (dx) P, (x, do). (6)

n+1

By means of a straightforward computation we get the following equation

Kn+l(x) X, dO() P;,k+1(x9 dO()’ n+1(d0() (X, d{x)

—Pi(x,da)' D, (do) P,y (x, do). (7)

The matrix K, (x, y, da) is called the nth reproducing kernel because of the
following property. For every matrix polynomial [7,(x) of degree
m<n—1, we have

My, Ky (s y, do)) g = JR 1T, (x) doK 3 (x, y, do) =11, (y). (8)

In the next section, we will use the following results (see [ 6]) concerning
ratio asymptotic properties for orthogonal matrix polynomials.

First we start with some definitions. Let 4, be the set of zeros of the
matrix polynomial P,, i.e

def

A,(do) = {x, s k=1, .., N:det P,(x, s, dx) =0},

and setting

I'= () My  where My= ) 4,(dx),

N=>0 n=N

we have supp(da) < I'. Here we define the support of do as supp(do)=
supp(tda) = supp(doy | +doy 5+ -+ +day y).

We recall that if H is a positive definite (resp. positive semidefinite)
matrix then there is a unique square root H,= H"? of H defined as follows.
Writing H=UDU¥*, where D =diag(i,, A», .., 4,) and (4;);_, , are the
positive eigenvalues of H then Hy,= UD,U%*, where D0=diag(+\/z,
+ /Aoy s S )

ProrposiTiON 2.1 [6]. Let (P, (x,dwn)), be a sequence of orthonormal
matrix polynomials satisfying the three-term recurrence relation (3). Assume



6 YAKHLEF, MARCELLAN, AND PINAR

that lim,,_, , D,(do)=D and lim,,_, ., E,(dt)=E, with D a non-singular
matrix then

lim Pn,l(z,da)P;l(z,da)p;l(da)sz; zeC\I, (9)

n— oo zZ —

where Wy, g(t) is the matrix weight for the Chebyshev matrix polynomials of
the second kind. Moreover the convergence is uniform on compact subsets of
C\TI.

The analytic function on the right-hand side of (9) has the following
explicit form

e If D is an hermitian positive definite matrix, then

AWy (1) 1
fim( ) L p-1x— gy p
x—t 2
1
—5 DL/ DR(E—xI) D~ (E—xI) D~ —41] D77,

(10)

where x ¢ supp(dWp, ).
Here, supp(dWp, g)={xeR; D~'2(E—xI) D~"? has at least one eigen-
value in [ —2,21]}.

o If D is an hermitian matrix, then

AW,y (1) 1 1
fi’”[( )=7D‘l(xI—E)D_l—ED_I(E—xl)l/z
o

[\

x [/1—4E—xI)~"? D(E—xI)~' D(E—xI)~"?]

x (E—xI)'> D1, (11)

where x ¢ supp(dWp, ).

Here, supp(dWp, g)={xeR\[by, by]; (E—xI)"? D~ (E—xI)"* has at
least one eigenvalue in [ —2,2]}, and by <b,<..<by are the eigenvalues
of E.

Lemma 2.1. Let (P,(x, dn)), be a sequence of orthonormal matrix poly-
nomials with convergent recurrence coefficients which appear in (3). There
exists a positive constant a>0 such that if x, , is a zero of P, then
|X,,, | <a, and supp(da) is contained in [ —a, a].
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Proof. Let

be the Jacobi matrix with convergent matrix parameters {E;, D, 1},
It is known that the zeros (x, )Y, of P, are eigenvalues of J,y (J,y is
the truncated Jacobi matrix of dimension nN) (see [5, 17]). Using the
Gershgorin disks for the location of eigenvalues, there is a positive number

a such that |x, ;| <a, and therefore supp(da)cI'c[ —a,a]. |

In the following, we denote by I the smallest closed interval which
contains the support of do.

ProrosITION 2.2. The Markov matrix functton [ (dWp, g(0)/(z—1) is
positive or negative definite for each zeR\I'. It is differentiable and its
derivative —f (dWp, g(1)/((z—1)?) is negative definite when z is outside

S“PP(dWD, E)-
Proof. We consider

A={xeR:x>c Vcel)}
and

B={xeR:x<¢ VeeTl}.
The function -1 is positive (resp. negative) when ze A (resp. ze B) and
tesupp(dWp, i) = supp(da.) < I'. Since dWp, g is a positive definite matrix
measure, the trace derivative W', p(1) = [dWp g/dtWp g] is positive
definite (dtW)p,  is the positive real trace measure of W, ), and for any
real vector ue CV, we have

u <I dWD’E(Z)> u*=u <J Wo.s(1) dtWp, E> u*

z—1 z—1

—j uWIDE )er
D, E -

z—1

Consequently the Markov matrix function is positive (resp. negative)
definite in z€ 4 (resp. z € B).
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In a similar way, we can show that the derivative of the Markov matrix
function 4 [ (dWp, g(1))/(z — 1) = =[ (dWp (1))/((z—1)?) is negative
definite when z ¢ supp(dWp, g). |

In the next sections, we will need the asymptotics of the derivative of
(P,_(z,dn) P '(z, dn)), where z belongs to a compact subset of C\I". To
do that we use the well known theorem of Weierstrass concerning the dif-
ferentiation of a sequence of holomorphic functions. We recall that { W, },
is locally uniformly convergent in the open set G to a function W
(W,(z) » W(z)) if W,(z) is uniformly convergent to W(z) in every closed
set contained in G.

THEOREM 2.1. If a sequence { W,}, of functions holomorphic in an open
set G is locally uniformly convergent in G to a function W, then the function
W is also holomorphic in G, and if o« ¢ G, then

W (z) & WO(z)

in the set G for k=1,2, ...
Proof. See [16]. |

COROLLARY 2.1. Under the hypothesis of Proposition 2.1 we have

(12)

(k)
(Py_1(z d) Py (2, do))PD o U dWZD_Ez(t)>

on compact subsets of C\I', for k=1,2, ....

The local uniform convergence in (12) means that every entry of the left
hand-side of (12) is locally uniformly convergent to its corresponding entry
in the right hand-side of (12).

Proof. Since (P,_,(z,dx) P '(z,dn)) is an holomorphic matrix func-
tion in C\I, each one of its entries is an holomorphic function in C\I", and
from the hypothesis we have that (P,_,(z, dx) P, '(z, d&) D,), converges
uniformly on compact subsets of C\I, hence for each one of its entries.
Therefore (P,_,(z, dx) P, '(z, dn)), is locally uniformly convergent in
compact subsets of C\I” since each closed subset of a compact set is
compact.

Applying Theorem 2.1 we get

(k)
(Py_1(z, do) Py (2, dn) DDt 4o <j dWD’E(’)> .

z—1
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3. THE RATIO ASYMPTOTICS FOR LEADING COEFFICIENTS

Let dox and df be two matrices of measures, such that df(u)=do(u) +
MS(u—c), ce R\I", where M is a positive definite matrix. Let (P, (x,.) =
7.() X"+ b,(.) x" =1 + lower degree terms),, be a sequence of orthonormal
matrix polynomials with respect to the matrix measures do and dff. We assume
that

lim D,(dx)=D and  lim E,(dx)=E, (13)

n— oo n— oo

where D, (do) and E,(do) are the matrix coefficients in the recurrence for-
mula (3) and D is a non-singular matrix.

In this section, we study the asymptotic behavior of the ratio of the lead-
ing coefficient of some nth orthonormal matrix polynomials associated to
dp and the leading coefficient of the nth orthonormal matrix polynomials
associated da. We start with the following lemma which contains some
formulas relating the sequences of orthonormal polynomials (P, (x, do)),
and (P,(x, df)),

LemMA 3.1. Let dx and dﬁ be two matrix measures, and M be a positive
definite matrix such that df(u) = do(u) + Mo(u — c), where ¢ is a real number,
Then

Pu(x, dB) =y, *(df) y(de) x [P, (x, do)
— P, (c,d0)(I+ MK, (c, ¢, dn)) ™" MK¥, (¢, x,do)].  (14)

Proof. Using the reproducing property (8) for the kernel polynomials,
we have

P,(x, df) = j (u, dP) do(u) K* .. (u, x, do)

n+1

= [ P.(u, dB) dplu) K3, (1, x, dn)

—an(u, dB) MK* ., (u, X, dx) d(u — ¢)

n+1

=§ U (1, dB) dpu) P} (u, )| P,(x, do)

P, (c,dp) MK* | (c, x, dx)
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=j P, (u, df) dp(u) P} (u, do).P,(x, dx)

—P,(c,dp) MK* | (c, x, dx)
=y,(dpf)~* y,(do)* P,(x, dx)—P,(c, df) MK* | (c, x, dx).
If x=c¢, then
P, (c,dp){I+ MK, (¢, c,dn)} =p,(df)* y,(de)*P,(c, d).
Since M and K, (¢, ¢, du) are positive definite, we have

I+ MK, (c,c,dn)= (K} (c,c,dn)+ M) K, (c, c,dnr)

is non-singular because /+ MK, (¢, ¢, d) is the product of two positive
definite matrices. Then

P,(c,dB)=y,(dB)~* p,(dn)* P,(c, do){I+ MK, (¢, c, du)} "
Finally
P, (x, dp)=yp,(df)™* y,(d)* P,(x, dou) —p,(df)~* y,(do)*

x P,(c, do){I+ MK, (c,c,du)} ~' MK, | (c, x, dov).
This means that
P, (x, df) =y, *(dp) y;(de) x [ P,(x, do)
— P, (¢, do)(I+ MK, (¢, c,du) " MK*, (¢, x,don)]. 1

THEOREM 3.1. Let y,(df) and y,(dx) be the leading coefficients of the
nth orthonormal matrix polynomials associated to the matrix measures dff
and do related by df(u (1) + Md(u—c), where ce R\I" and M is a
positive definite matrix. Assume that

lim D,(dx)=D, and lim E,(dx)=

n— oo n— oo

where D, (do) and E,(do) are the matrix coefficients in the recurrence
relation (3), and D is a non-singular matrix. Then

lim [,,(dp) Puldo) T 1* [y, (dp) 7, (do) ']

= ([ P8 ([ sl | ([ Doel)) )

To prove this, we start with the following lemma.
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LemMmA 3.2. Let (P,(x, dx)), be a sequence of orthonormal matrix poly-
nomials with respect to the matrix measure do. Let D, (do) and E,(do) be the
matrix coefficients which appear in the recurrence relation (3), satisfying

lim D,(dt)=D and lim E,(dx)=E,

n— oo n— oo
where D is non-singular, then

lim P, '(x, du)=0, (16)

for xe R\[".
Proof. Notice that from (4), and using (5), we have
P (x,do) DM (do) P (x, do)
=P (x, d)(Q,(x, du) P¥_ (x, do)
—P,(x,do) Q¥ _|(x,dn)) P * (x, do)
=P (x,dn) Q,(x,dn)— (P, (x,dn) Q,_(x, do))*.

But from (4), we have

Py (x, do) Q,(x, da)

= [ Py, dn) Py d“;:f"([’ L) o)
= [ Pyl dn) Pyl d“;:f"(” L) o)

X (PX¥(x, dou) — P}(t, do)) P *(x, do)

n

:f 1) Pk (x, doc):::’;f(t, da)

= (P! (x, do) Q,(x, do))*.

P *(x, do)

Since (P, '(x, dn) Q,(x, dn)), is a convergent sequence for xe C\I" (see
[3]), then we have

lim P '(x, da) D (do) P*, (x, dot) = 0. (17)

n— oo

Let (¢(n)), be an increasing sequence of integer numbers such that the
limit

L(x,dx)= lim P_! (x, dx)

o(n)
n— oo
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exists or is oo, (L(x, de) = o0 means that at least one of its entries is o0).
Then

Pq,(n)(x da) D q,(n)(doc) q,(n) 1 (x, do)
Pq,(n)(x, dot) q](n)(doc) (p(n)_l(x, do) P;’j(n)(x, do) qu(’,’j)(x, do)

=P (x, dot) D o (doc) (P gy (x, do) Py (x, do))* P (x, dov).

(18)

(P('l) W(") @(n) qo(n)

But from (9), we get

aw H\ " *
im (P (x, d) Py (x, da))*=<f ”()> D—*.

xX—t
Using (17) and (18), we have

0=1im P_ . (x,dou) D

n— oo (p(n)

(n)(d“) (n)—l(x7 do)

— L(x, dx) D! <j dWD’E(t)>_*D*L(x, dn)*

xX—t

dWp, g(t)\™*

= (L(x, dx) D) <j > (L(x, du) D~1)*

xX—t

=(L(x, dx) D! <I dVI;D;Et([)>_I>
dWp, g(1) _ dWp, g(1) —IN*
xjxl’_Etx(L(x,doc)D 1([ xD—Et> > .

Since x e R\/" and supp(dWp, ) = supp(du) c I we deduce from Proposi-
tion 2.2, that the Markov matrix function [ (dW, x(1))/(x —1t) is positive
or negative definite. Hence L(x, do) D~' ([ (dWp, g(1))/(x—1))~' =0, and
thus

L(x, do)=0

Hence P, '(x, dx) has no subsequence that converges to a number (or oo)
other than 0. Hence (16) holds.
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Proof (of Theorem 3.1). We proceed in several steps

Step 3.1.1. Writing @,,(c) =[7,(dp) y,(dx) ' 1* [y, (dp) y,,(dx) ~'], we
have

@, (c)=1—[P, *(c,dx) M~'P " (c, do)
+ P *(c,dn) K, 1(c, ¢, don) P (e, da)] 7Y,
VN> 17,(dB) y,(dot) | (19)

where | .| gz is the Frobenius norm.

Proof. 1f we use Lemma 3.1, we have
j P, (x, df) dx(x) P¥(x, do)
=7 ) 1] 1 P, (e )T+ MK, (o)™ M
xj K, (¢, x, do) du(x) PX(x, doc)}

This means that

Ya(dB) . (do) =y, *(dp) y.¥(do)
{I—P,(c,du)(I+ MK, (c,c,dn))™" MP}¥(c,dx)},

and so
[7a(dB) 7 (do) 1* [ya(dB) p, ' (do)]
=IfP,,(c, do)(I+ MK, (¢, c, dn)) =" MPX(c, du).
Hence,
I—-,(c)

=P, (c,d)(I+ MK, (c,c,du))~" MP}¥(c, du)

— [P (e, dn)] " (I+ MK, (¢, ¢, dn))~" [P=*(c, da) M~']~"
=[P, (c,dn) + MK, (c,c,do) P, ' (e, do) ] [P *(c, da) M1
=[P, *(c,do) M~'P (¢, don) + P, *(c,dn) K, 1 (c, ¢, du) P;7 (¢, do)] ™1

Now M and K,(c, c,dx) are positive definite, hence I— @, (c) is also
positive definite and thus @,(c) <.
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Let ||.||g and .||, be respectively the Frobenius and the spectral norm
defined by
N
HAHi*: Z |ai,j|2 and HA”?:,U(A*A):

ij=1

where u; is the spectral radius of L (u, =max; ;< y |4;]; 4;is an eigen-
value of L). These matrix norms satisfy

o ||[A|Z=1r(A*A).
o If A is hermitian, then [|A4|,=p 4.

Finally,
1ya(dp) y, (do) | 5= tr(@,(c)) < Nitg oy = N |@, ()], < N.

Hence (19) holds. |
Step 3.1.2.

lim P, *(c, du) K, (c, c,dx) P " (c, do)

,Hoo: _<j CWCD_’EZ([)>_I<I dWCD_Et(t)> O dch_,i(f)yl. (20)

Proof. If we put P, *(c,dx) K, (¢, c,dx) P (c,dn)=T,(c), taking
into account (7) and

P,(x) P (x)=1=(P,(x)) P, (x) = —P,(x)(P, ' (x)),

n

then we have

Yn(c) ZP,,_*(C, dO()[P;k(C, dO() Dn+1(Pn+l(C’ da))’
(¢, do) D*, (P, (c,dn))] P (¢, do)

n+1

— P
=D, 1(Pyyi(c, dn)) P (e, do)

— P, *(c, do) P¥, (¢, du) D¥, (P,(c,dx)) P, (c, do)
=D, 1 (P i(c, dn)) P (¢, do)

+ P *(¢c, do) P¥, (¢, do) D¥, | P, (c,do)(P; " (c,dn))
=D,y 1(P, (e dn)) P (e, do)

+ P, *(c,dn) P¥(c,do) D P, (c,du)(P; " (c,don))

n+1
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=D, 1 (P, 1(c,do)) P (¢, do) + Py (¢, da) (P (¢, do))')

=Dy 1(P, (¢, do) P (¢, doo))
=D, 1[(P,(c.dn) P} (e, do)) ')’
= D1 (P, (e do) P} (e d)) ™!
X (P, (¢, do) Pty (c, dw)) (P, (c. da) Pty (e, doo)) ™"

Using (9) and (12), we have

lim P, *(c,du) K, (c,c,du) P (c, do)

n— oo

_ _<J dWD,E(l)>1 <f dWD,E([)>’ <J dWD,E(t)>1
c—t c—1 c—1t
Thus, for the proof of Theorem 3.1, we can use Lemma 3.2 to find
lim,_, ., P, '(c, dx)=0. Finally, from

1P, *(c, do) M~'P (e, do) | < 1P, e, do) |20 M 1,
where ||. ||, is the spectral norm, we get

lim P, *(c, du) M~'P (¢, do) =0. (21)

n— oo

Thus (15) follows. ||

Let (P,(x,dx)=7y,(de) x"+b,(dx) x"~' + lower degree terms), be a
sequence of orthonormal matrix polynomials satisfying (13), then there
exists a sequence of orthonormal matrix polynomials (P,(x, df)=
y,.(dB) x" 4+ b, (dB) x" ' + lower degree terms), with respect to the matrix
measure dff for which [y,(dB)y, ' (dx)]* are lower trlangular matrices
with positive diagonal elements. In fact, if from a sequence (P, (x, dff)), the
ratio of leading coefficients [7,(dB)y, '(dx)] are not upper trlangular
matrices with positive diagonal elements Then we can find a sequence of
unitary matrices (S,,), such that (S} P,(x, df)=1,(df) x" + lower degree
terms),, is a sequence of othonormal matrix polynomials for which
[A,(dB) v, ' (dx)]* are lower triangular matrices with positive diagonal
elements To see this, we recall that the associated orthonormal matrix
polynomials with respect to the matrix measure do and dff have, respec-
tively, the form (U, P,(x, dv)), and (V,P,(x, df)), (U, and V, are unitary
matrices). Then the leading coefficients are related by

ln(da) =U,y,(dx)
Au(df) =V 7, (dp).
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Therefore
[7a(dB) y, H(do)1* Vi = UX[ A, (dB) A (da) T* (22)
and

u(dp) 271 (do0) 1% [ 2,(dB) 2, (o

= U,[y.(dB) v, (do)1* [ya(dB) v, ' (do)] Uk . (23)
Taking U,=1, (13) holds. Now, we consider the sequence of orthonormal
matrix polynomials (S} P,(x, df)), where (S,), are unitary matrices

given by the QR factorization of Francis and Kublanovskaja [10] of
[7n(dB) 7, ' (da)],

[7(dB) 7, ' (do)] =S, R,

where S, is an unitary matrix and R, is an upper triangular matrix. Then
taking S,=S,J, and R,=J,R where

n n’

[ﬁn]i,i
|:Jn]i,j= |[Rn]i,i|

0 otherwise,

i=j

we get that [,(dB) y, ' (de)]* are lower triangular matrices with positive
diagonal elements, since from (22) we have

[Za(dB) 7, (do) 1* = [7,(dB) 7, ' (do) 1* S, = R},

Now, using (19), let n, be an increasing sequence of positive integer numbers
such that the limit

A(e)= lim [y, (df)y, ' (do)]*
exists. From (15), we have

A(e) 4%() =1+ [ Do) {([ dWD,E(”)’}” [ MWoslt) oy,

c—1 c—t c—t
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The matrix valued function

e I =y

—I— deD £(1) {j dWD,E(t)}I.f dWp, g(1)

c—t (c—1)? c—t

(25)

is positive definite when ¢ € R\I". In fact from (24), it is sufficient to prove
that this matrix is non-singular.
We suppose that there is a non zero vector column x such that

<I+j AWy, g(1) {<J dWD,E(l)>,}1 deVD’E(l)>x:0
c—t c—1 et .

Then

D, E d D, E -t D, E
([Pt e} [ ) s

and since j (dWp, g(1))/(c—1t) and its derivative are non-singular when
ce R\I", we have

)ttt o

Writing

then (26) becomes

G'p p(0)y=—(Gp g(c)’y;  y#0. (27)
From (3), we have

(tI—E,(dx)) P,(t, da) =D, (do) P, (t, dx) + Dy(dx) P, (1, do)
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and then
DX(da)(P,_(t, du) P (t, do) D' (dw))
D, (dn)(P,(t, dx) P}l (1, dou) D,y (do))
+ (E,(da) —tI)(P, (1, dx) Py} (1, do) D7} (d)) + =0,
for te R\I". Using (13) and (9), we get
D*Gp g(t) DGp g(t)+(E—1tI) Gp g(t) +1=0. (28)
Taking derivatives in (28) at the point ¢, we get
D*G'p p(c) DGp g(c)+D*Gp g(c) DG’y g(c)
—Gp p(c)+(E—cl) Gy g(c)=0.
Using (27), we have
D*G'p, 5(¢) DGp p(c) y —D*Gp glc) D(Gp £(c))?y
—Gp p(c) y—(E—cl)(Gp, g(c))’y =0.
This means that
(D*G'p, x(¢) D) Gp p(c) y—{D*Gp, g(c) DG g(c)
+(E—cl) Gp plc) +1} Gp g(c) y=0,
and therefore
(D*G'p, g(c) D) x=0.

Hence (25) is positive definite when ¢ € R\I". Using the Cholesky factoriza-
tion of (25), the limit A(c) is finite, with positive diagonal elements, and it
is unique.

This means that every convergent subsequence of [y,(df)y, ' (da)]*
converges to A(c), hence

Tim [7,(dp) y, (da)]* = A(e). (29)

Notice that we can also find (P, (x, dB)), such that [,(dB) y, ' (dx)]* are
upper triangular matrices W1th positive diagonal elements. In fact, as
before, it is sufficient to give the unitary matrices (S,), by using the QL
factorization instead of the QR factorization, and since the matrix given in
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the right hand side of (25) is positive definite, there is a unique upper
triangular matrix A(c), with positive diagonal elements satisfying

Z(C).Z(C)*=I+J dWD,E(t).{<J dWD,E(t)>/}_1.J dWp, (1)

c—1 c—1 c—1

such that

lim [7,(dp) 7, (dn)]* = A(c).

Now we consider the matrix measure

df(u) = do(u) + %‘ M, o(u—cyp), (30)

k=1

where M, are positive definite matrices and ¢, € R\/" as well as the family
of the matrix measures df5,, n =0, ..., N defined by

n

ap,(u) =do(u) + Y, M o(u—cy), n=1,..,N—1,
= (31)

dBo= do, dfy=dp.

By repeated application of the previous results we obtain asymptotics and
estimates for y,, (df).

THEOREM 3.2. Let y,(da) be the leading coefficients of the orthonormal
matrix polynomials (P,(x, do) =y, (do) x" + lower degree terms),, associated
to do. Assume that

lim D,(dx)=D, and lim E,(dx)=E,

n— oo n— o
where D is a non-singular matrix. Then there exists a sequence of orthonor-

mal matrix polynomials (P,(x, df)), with respect to df defined by (30) such
that

nlirrio [7a(dB) y,  (dox) 1% = A (1) Az(cs) -+ An(cy),
where

Ag(cy) :nlijlgo [yn(dBy) v (dByr 1) 1%, for k=1,.,N. (32)
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Proof. The family of the matrix measures defined by (31) can be
generated in the following way

A (u)y=dp,,(u)+M,, . 0(u—c,,q); m=0,1,.., N—1.
Since
Valdp) 7, (dot) =y, (dfn) 7, ' (dBo)
=Vu(dBx) 7 (dBy—1) yuldfn—1) -y, (dfy)
valdp) v, ' (dBo),
then from [18, Thm 4.1], if

lim D,(df,)=D

n— oo

m>

and

lim E,(dp,,)=E,; D, non-singular

n— oo

for each m=0, 1, ..., N—1, then there is a sequence of orthonormal matrix
polynomials with respect to df,.;, such that its associated matrix
recurrence coefficients satisfy

lim D, (df,, 1) :A;kn+1(cm+1) D, A, 1 (Ci1)

n— oo

and

lim E,(df,,.1) :A;kn+1(cm+1)

n— oo

{Em+Dm[A,;a(cmH).A,;il(cmH)—INJ D

XJ’dWDm,Em(Z)
Cm+1 —1

- [A,;il(cm+1)-/1,;-l¢-1(cm+1)*IN] D

aw
xj”’"’Em(z)Dm}A* ().

Cm+1— t mel
Hence by repeated application of (29) and taking into account (32) we get

nlirrio [7.(dpB) V;l(d“)]* =A,(cy) Ay(cy)--- Anley). |
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ExamMPLE 1. We take

4 0 1 0
D: E= .
<0 $>’ <0 1>

A straightforward computation yields

—1+c

0
lD*I(cl E)YD™'= 32
? | silte
2
and
—63—2c+¢ 0
D VX(E—cl)D " (E—cl) D™ — 4= 16
0 77 —162¢ + 81¢?
From the equation (10), we get
dWp g(1) 1<a(c) 0>
., 5 33
Jc—t 2L 0 b)) (33)

where

a(c)=1(—14+c—/—63—=2c+c?

b(e)=(—81 (1—c)—9,/77—162 ¢ +81 ¢,

supp(dWp g)=[—7,91U[3, %1=[—7,9], and the square roots are
chosen such that | (dWp, g(1))/(z—1) is analytic in C\[ -7, 9].

Taking derivatives on the right hand-side of the equation (33) and
computing its inverse, we get

(&5 0=( o)

where
(=94+c)T+c)+(=14+¢c)/(=94¢)(T+¢)
xi(c)= — 3
2 - - [—
vy(e)= =gt 1+¢) /(=149 ¢)( 7490)

162 2 18
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Computing the terms given in (24), we get

1 0
A(")A*(“)ZC ) y2<c>>’

where

e)=2(=31-2c+—(—=1+c)/(=9+¢)(T+0))

12(0)=3(79—162¢+81 2 =9 (—1+¢) /(= 11+9¢) (=7 +9 ¢)).

Finally, using the Cholesky decomposition, we obtain

(a0
A(c)‘4ﬁ< ! .

where

zl(c)=\/—31—2c+cz—(—1+c) (=94¢)(7T+c)
zz(c)=4\/79—162c+81 62—9(—1+C)\/(—11+9C)(—7+9C).

4. RELATIVE ASYMPTOTICS FOR ORTHONORMAL
MATRIX POLYNOMIALS

We will now give some asymptotic results for ratios and products of
orthonormal matrix polynomials with respect to the matrix measures
dx and df related by df(u) = doa(u)+ Md(u—c), with ce R\/" and M a
positive definite matrix.

First we will obtain the relative asymptotics for the ratio of some
orthonormal matrix polynomials (P,(x, df)), and (P, (x, dx)), with respect
to the matrix measure df and do respectively.

THEOREM 4.1. Let (P,(x, dn)), be orthonormal matrix polynomials with
respect to do. Let (D, (dn)), be positive definite and (E,(dw)), hermitian
matrices which appear in (3), satisfying

lim D,(dd)=D, lim E,(dx)=E; D is non-singular.

n— oo n — oo
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Then there exists a sequence of orthonormal matrix polynomials (P,(x, df)),
with respect to dp such that for xe R\{I'U {c}}

lim P,(x,dB) P, (x,du)=A(c)" "'+

n— o c—X

where A(c) is given in (29).
Proof. If we multiply in (14) by P, '(x, da), we have
P,(x,dp) P " (x, dx)
=Vn (dﬁ ya(do)[ 1= P,(c, du)(I+ MK, (¢, ¢, da)) ™"
x MK*, (¢, x, do) P,(x, dx)~"].
But,

(e—=x) Ky 16, x, do)

n+1(c dO() n+1 Pn(x’ dO()—P;k(C, dO() Dn+1Pn+1(x7 dO(),
SO
1
MK, (¢, x,do) Pt (x, do) = ciM[PnH(c do) D%,
—PXe,dx) Dyyyy Py (X, do) Pt (x, do)],
and hence

P,(x,dp) P ' (x, du)

M
c—Xx

~+(dB) y*(da) {I—Pn(c, da)(I+ MK, (c. ¢, dx))~"

x[P ¢, du) D¥

n+1( n+1

—P¥(c,dn) D,y Py (x, do) P (x, doc)]}

=7 () 231) = — P, (e )
x (I+ MK, (c,c,du)) =" MPX(c, d)

x [Py *(c, do) P,y (¢, do) Dif =Dy Py (3, o) P (x, da)]}-
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Since

[va(dB)y, ' (de)1* [ya(dpB) 7, ' (do)]
=1— Pn(c, do)(I1+ MK, , {(c, ¢, dn)) ™" MP}¥(c, dn)

we have

P,(x,dp) P, ' (x, do)

1
=[7a(dB) v, ' (d)]~ *{1—1 [7a(dB) 7, " (d)]* [ya(dB) 7, ' (do)])

X [Py *(e, dn) Py (¢, do) Dy — Dy yy Py (x, do) P (i, dot)]}
(36)
Writing
E,(x,da)=[Dy 1 Pyyy(c,do) P (e, do) ]*
—[Dy 1 Py (x,do) PN (x, do) ],
(36) becomes
P,(x,dB) P (x,dn)
=[ya(dB) y; ' (da)]~*

1
x {1—” (1— [7a(dB) 7,7 (o) 1* [7,(dB) 7,7 (do)]) 5, (x, da)}

1
=[ya(dp) y, ' (da)]~* —— [7nldp) Y H(da)]7* E,(x, do)

+7[yn(dﬁ) ,(do)]7* 5, (x, do)
=[ya(dp) yy ' (da)]~*

1
D7) 7,7 ()] = D7) 7,7 ()] %) 5, (v, ).

From (9) we have

lim Z,(x, do) = <j

n— oo

W)™ (| dWD,E<z>>-1_

c—t xX—1
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By Theorem 3.2, there exists a sequence of orthonormal matrix polyno-
mials (P, (x, df)), such that

hm [y, (dB) y,  (do) 1% = A(c),

hence

lim P,(x,dB) P! (x,don)= A(c)’W—i {A(c)* —A(e)™"}

(2 ()

Now we will generalize Theorem 4.1, assuming that dff and dx are
related by (30).

THEOREM 4.2. Let (P,(x,dx)), be a sequence of orthonormal matrix
polynomials with respect to the matrix measure do. Assume that the matrix
coefficients in (3) satisfy

lim D,(dx)=D, lim E,(dx)=E; D is non-singular.

n— oo n— oo

Then there exists a sequence of orthonormal matrix polynomials (P,(x, df)),
with respect to df such that for xe R\{T'U {c;;k=1,..,N}}

lim P,(x,dB) P (x, dn)

n— oo

{Ak(ck)_l +

1
[Ag(cp)*—Ag(c) ']
—

Il
13-

Cr
() -0 T

where ]_[’” T,=T.T,.1- T,,,and Ay(c) is given by (32).

Proof. This follows immediately from Theorem 4.1 using the proof
given in Theorem 3.2. |

Next we will obtain an asymptotic formula for the product of the
orthonormal matrix polynomials P, (c, df) and P, (c, do) at the mass point
¢, where df(u) = do(u) + Md(u — c¢), with M a positive definite matrix and
ceR\I
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THEOREM 4.3. Let (P,(x,dwn)), be a sequence of orthonormal matrix
polynomials with respect to the matrix measure da. Assume that the matrix
coefficients in (3) satisfy

lim D,(de)=D, lim E,(dx)=FE; D is non-singular.

n— oo n— oo

Then there exits a sequence of orthonormal matrix polynomials (P,(x, dp)),
with respect to the matrix measure dfy, such that

lim P,(c, df) MPX(c, do)

n— oo

| [ ]| o)

Proof. Multiplying MP}(c, dx) to the right on the both hand-sides of
(14), we have

P, (c. dB) MP}(c. da)
=[7.(dB) y, ' (de)1~*{ P,(c, du) MP}(c, do)
— P, (¢, da)(I+ MK, (¢, c,dn)) "' MK, (¢, ¢, don) MP¥(c, dn)}.
But
P,(c, du) MP}X(c, do)
=P,(c, du)(I+ MK, (c, c,dx)) " MP¥(c, dx)
+ P, (c, do)(I+ MK, . (c,c,du)) "MK, (c, c, dn) MP¥(c, du),
$O
P,(c, df) MP¥(c,do) =[y,(df) y, ' (do)]~*
x {P,(c, d)(I+ MK, . (c,c, dn))~" MP}(c,du)}.
This means that
P, (¢, dB) MP(c, do) = [,(dB) ;7 (da)]~* { Py *(c, do) M~'P 1 (¢, da)
+ P *(c,du) K, 1 (c, ¢, dou) P (e, do)} —
As in the proof of (21) we have

lim, P, *(c,do) M~'P; ' (c, dn) =0,

— o0 n
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and from (20)

lim P, *(c,dn) K, (¢, ¢c,da) P (¢, do)

n— oo

()t 2t

c—t

By Theorem 3.2, there exists a sequence of orthonormal matrix polyno-
mials (P, (x, dff)), such that

Tim [,(dB) 7, (d)]* = A(c),
hence

lim, ., P, (c, dB) MP}(c, dx)

-] s

c—1

ExampPLE 2. We compute the relative ratio asymptotic of orthogonal
matrix polynomials whose coefficients of the recurrence relations converge

to
4 0 1 0
D= E= .
(0 ;> and (o 1>

Using (33) in the Example 1, we have
JdWD,E(t) wF deD,E(t)>l_<°‘(C,x) 0 >
< c—1 > _< x—t L0 Ble,x))’

where

c+/(=94+¢c)(T+c)—x— /(=94 x)(T+x)
afc, x) =

2
Be. x)=9c+\/(—11 +9c)(—7+9c)1—89x—\/(—11 +93) (=7+9%)
Therefore
y(e x)
1 —1 ;"(C’ x)
lim P,(x,dp) P, (x,du)=

ule, x)
v(e, x)
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where

<(63+26_‘32+(—1+c> (—9+0)(7+0) >
pe, x) =64 — x(c+/(=9+)(T+c)—x—/(=9+x) (T+x))
’ C—X

i(c,x)=\2 V3124 —(—1+0) J—9+e)T+o)

ule, x)= —9(—1+¢)(77 +8le(—1+x) —81x)
+ /(=11 +9¢)( =7 +9¢)(77 +81e( —1 + x) — 81x)
—(—=1149¢)(=7+9¢) /(=11 +9x)(—7 +9x) +
+9(—14¢)/(—11+9)( =7 +9¢) /(=11 +9x)(—7 + 9x)

v(c, X) :ﬁ (c—x)

/2

/79— 162¢ +81¢2—9(— 1 +¢) /(— 11 +9¢)(—7 + 9¢).

ExampPLE 3. We compute the product of orthogonal matrix polyno-
mials evaluated at the mass point when the coefficients in the recurrence
relation converge to

D_(l 0> T E_(l 1>
Lo 1 a =1 1)

By computation of the terms given in (10), we have

c—t 4

deD,E(l) 1<a(6) bEC)>’

where

a(c)= —242c—/(—d+c)e—/ -4+
ble)=—2—/(—=4+c)c+/—d+c2,
supp(dWp g)=10,4] U[ —2,2]=[—2,4], and the square roots are

chosen such that j (dWp, g(1))/(z—1) is analytic in ze C\[ —2, 4].
As in the example 1, we obtain

_ (ui(c) 0
Ale) ‘<u2<c> u3<c>>’
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where

\/2 24¢)e—(—240)S(—drc)c—c/—d+
uy () = 4—de—(=24+c)V(=d+c)c+ec ./ —4+c?
Va2 e—(—240) Si—dtc)e—c -4t

”3(0):;<—4—2c+c2_(2+c)(\/2%+c) c)

c

+/(—d+c)e/—d4+2— (—4+¢) C(—Z—l—cz))l/z'

Then, we have

i ramurscan=(1J0) 7).

where

4-2—24c)c+(—24¢)J(—d+c)cte/—d+c?

w;(c)=

1 \/2( 24c)c—(=24c¢)J(—4+c)c—cJ —4+c?
H—T+e)+(—2+¢) JS(—d+c)c—c/—d+c

wa(c)=

\/2( 24c)c—(—2+¢) m—cm
43 (c) us(c) ws(e)=4(—1+ ) +(=2+0¢) /(—4+c)c—c/ -4+
dud(c)us(c) wa(c)=4—12¢+ 22+ 4 —¢*
—(=2+0)c/(—d+c)e S/ -4+
te(l+(—4+c)e)/—4+¢

+(=2+¢)J(=4+c)c(=3+).
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