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ORTHOGONAL RATIONAL FUNCTIONS ON THE
EXTENDED REAL LINE AND ANALYTIC ON THE
UPPER HALF PLANE

XU XU AND LAIYI ZHU

ABSTRACT. Let {ay}32, be an arbitrary sequence of
complex numbers in the upper half plane. We generalize the
orthogonal rational functions ¢, based upon those points
and obtain the Nevanlinna measure, together with the Riesz
and Poisson kernels, for Carathéodory functions F(z) on
the upper half plane. Then, we study the relation between
ORFs and their functions of the second kind as well as
their interpolation properties. Further, by using a linear
transformation, we generate a new class of rational functions
and state the necessary conditions for guaranteeing their
orthogonality.

1. Introduction. The fundamental properties of orthogonal poly-
nomials were studied by Szegé in the 1920s. Based on his results and
methods, more research has been done on orthogonal rational functions
(ORFs) since the 1960s.

Generally, to study the orthogonal rational functions, we fix a
sequence of poles based on complex numbers {ay}7°, on the entire
extended complex plane. In this way, we can define an n-dimensional
space of rational functions £,, consisting of the rational functions of
degree n with given poles.

Some fundamental theoretical results for orthogonal rational func-
tions on the unit circle and on the extended real line can be found in
[1, Chapters 2-10]. For the unit circle case, the fact that the poles at
infinity are outside of the closed unit disk guarantees that the ration-
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al functions are analytic inside of the unit circle. This allows us to
transfer properties of polynomials to rational functions. The authors
of [7] did a significant job in exploring the ORFs on the unit circle.
In addition, several results of orthogonal rational functions with pre-
scribed complex poles on the subset of the real line are discussed in
[2, 3, 6, 8]. The results about interpolation properties and asymp-
totic behaviors for the orthonormal rational functions can be found in
Pan’s papers [11, 12, 13]. Furthermore, characterization theorems for
log integrable measures associated with orthonormal rational functions
and convergence theorems for multipoint Padé approximations may be
found in [1, 10]. In addition, by shifting the coefficients in the recur-
rence relation, we can obtain a new type of rational function, called the
associated rational functions (ARFs). ARFs on the subset of the real
line and the unit circle were studied in [4, 5, 7].

In this paper, we shall attempt to obtain the Nevanlinna measure
for Carathéodory functions, which is related to orthogonal rational
functions ¢,, on the upper half plane, i.e., which means to obtain a
positive definite linear inner product for a given Carathéodory function.
Next, we introduce the recurrence relation as in [7] and the functions
of the second kind as well as their relations with the ORFs. Then,
we study the functions —,(z)/én(z) and ¥ (2)/@k(z), which are
the interpolants to a Carathéodory function F'(z) at some points of
{ap}?_,. Finally, we construct a new class of rational functions
based on the given ORFs and discuss the necessary conditions for the
orthogonality of this new class of functions.

2. Kernels for Carathéodory functions. We use the following
notation, for brief,
T={z:|z| =1}, D={z:|z| <1},
U={2€C:Imz > 0}, U¢={2€C:Imz < 0}.
The complex number field is denoted by C. The real axis is denoted R.
The real and imaginary parts of a complex z are denoted Rez and

Im z, respectively. The set of complex functions holomorphic on U is
denoted by H(U).

Let {a}32, be an arbitrary sequence of complex numbers in U. We
define the following expressions:

wi(2) = 2z — ag, wi(z) = wis(2) = 2 — ay,.
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The Blaschke factors for {ay}72, are

wy(2)
Ch(z) = m—L,
(2) o (2)
where | 2
1+ oy .
=3 Tta2 7
1 o = 7.

We consider the rational function spaces with poles @, k=1,2,
..., which can be defined by the span of the following Blaschke prod-
ucts

Boi(2) =G '(2),  Bi(2) = Bra(2)Gk(2), k=0,1,2,....
Acfl = {0}, ‘CO = C,
L, :=L{a1,...,an} =span{Bo,...,B,}, n>1.

For any complex function, the substar conjugation is defined as:

fuo(2) = f(2).
Similarly, we can define the superstar transform for f € £, \ £,,_1 as
(2.1) [7(2) = Bu(2)f+(2).

The class of positive real functions, known as the class of Carathéodory
functions, C-functions for short, is defined as:

FeHQ), ReF(z) >0, zeU.
We mark this class of functions on the upper half plane as C(U).

There are two important kernels which are related to the C-function
known as the Riesz-Herglotz kernel and the Poisson kernel. The ex-
pressions for these kernels was given in [1, pages 27-29] when oy = i.
Thus, it is easy to use a conformal map to deduct a more general case
when o is chosen randomly in U. We have that

1 (Imag)? + (2 — Reap)(t — Reayp)
1 Im oy t—=z
_ wp(Bwo(z) +wg(2)wo(t)
wolao)(t — z)

D(t,z) =

)
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while

Imz |t — agl? 1w (2)wolt)ws(t)
Imag (1+82)[t— Z|2 1412 wo(ag)w. (Hwi(t)”

P(t, z) =

In addition, we define

Im a,, [t — aol?

(2.2) Pa(t) = Pt an) = Imag (1+2)[t — a2

3. Nevanlinna measure and representation. According to the
Nevanlinna representation, F(z) € C(U) can be written as

F(2) = ic — ibs + / D(t, ) dji(t), b >0,
R
where [ is a finite positive measure, called the Nevanlinna measure of

Now we give the form of g based on D(t, z).

Theorem 3.1. For F(z) € C(U), there exists a positive measure y on

R which satisfies
/dMU
o0,
r 1+1¢2

such that
Re F(z )—bImz+/ P(t — Rez)du(t)
Im z
=5l b>0.
mz -+ — /|t—22 >
Thus,
F(2) = ic — ibs + / D(t,2)dii(t), ceR,
R
where

1 Imag dp(t)
s |t — OZO|2

dp(t) =

, ag€el.
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Proof. Define Q(z) = ic —ibz + [, D(t,z) dju(t). As a function with
respect to t, for |t| > 2|z,

1 |(Imap)?+ (2 — Reayp)(t — Re )

D(t =

D, 2)] Im oy [t — 2|
<M+|27Rea0| 1+\27Rea0| '
~ |z Im ayg |z

Since

/Imaodp(t) :/ Imag(1+t2) du(t)
R R

|t — aol? t—aol> (1+12)
and, for [t| > 2|ao],

2

.12
Qp — 1
:ImOéo

Ima0(1—|—t2) —1

1
|t — aol? -

= In’lOéQ

— Q) t—ao

. 2
§Ima0<1+|a0 Z') .
|

Hence, [p Imag du(t)/[t — aol? < +oo,

11
ReQ(z):bImz—Ff/imZdu(t), Q(z) € H(U),
T Jr |t—2?

in which case,
F(z) :ic—z’bz—i—/D(t,z)dﬁ(t), ceR, ap €U, b>0,
R

where
~ 1Imogdu(t)

— ]
T |t — ap)?

dji(t)

The correspondence between F(z) and p can be one-to-one if we
assume that the positive measure is normalized ( [, dfi(t) = 1), and we
shall also normalize the C-function by F'(«g) = 1. By taking b =c¢ =0,
we have

F(z) = / D(t,2)dii(t), a0 €U,
R
where
_ 1Imagdpu(t)

dﬁ(t) T |t— 040|2
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In this paper, we use the normalized Nevanlinna representation with
which we associate a Hermitian positive definite linear inner product
Hp with the form

Helf) = / £(t) di(t)

amd ) = Helfe),  g.() =9 forteR

4. Orthogonal rational functions and functions of the second
kind. We say that two rational functions f, g € £ are orthogonal with
respect to Hp(Lp) if

Hr{fg:} = 0.

Moreover, ¢, € L, \ {0} are called orthonormal, if

HF{¢TL¢7L*} =1

According to [1, Chapter 3], all the zeros of the orthonormal basis ¢,
are in U, while the zeros of ¢}, are in U¢. We can associate the so-called
functions of the second kind in terms of the given orthogonal rational
functions ¢,, as

(A1) Yn(z) = Hr{D(, 2)[on(t) — ¢n(2)]} + Hr{on(t)}, n=>0.

From [1, Lemma 4.2.1], ¢, (2) also belong to £,,. In [7, Theorem 4],
a recurrence relation was derived for ORF's and their functions of the
second kind on the unit circle. The upper half plane case follows the
same relation; therefore, we just state the theorem below.

Theorem 4.1. Let ¢, € L, \ {0} and ¢, Lr L,_1 for a given C-
function F satisfy F(ag) = 1, and let v, denote the rational function
of the second kind of ¢,,. Then, ¢, and 1, follow a recurrence relation

(0 20)- (%" i) Gt

() ERD )@ ) e
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where
pn €U, |/\n| =1, €n >0,

with initial conditions ¢ = 1y € C\ {0}.

We can also draw the relation between ¢, and their second kind
functions ), similarly to those which were raised in [7, Theorems 5,
6] for the unit disk. Trivially, the adaptations to the proof yield similar
results for the upper half plane case.

Theorem 4.2. Suppose that ¢, € L, \ {0} and ¢, Lp L,_1 for a
certain C-function F with F(ao) = 1, and let ¢, € L, \ {0} denote the
rational function of the second kind. Then

(5 n + i) (2) = (1 + 22) d, Pu(2)Bn(2), dp > 0.

The next theorem is used in order to verify whether the definition
in the next section is well defined.

Theorem 4.3. Suppose that F is a C-function with F(ag) = 1, and
let ¢, and 1, be in L, \ {0}. ¢n Lp Ln—1, and vy, is the rational
function of the second kind of ¢,,. Then, ¢, and i, satisfy:

{(%F +0)(2) = Co(2) Ba1(2)gn(2)
(G5 F — 95)(2) = Co(2) Bu(2)ha(2),

where gn, hy € H(U), gn(ay) # 0.

5. Interpolation properties. In order to study the interpolation
properties of orthogonal rational functions, we first consider ¢,, as the
orthonormal basis functions of £,, with respect to the measure . Then,
we begin with the next theorem. The idea of this theorem is inspired
by [1, Chapter 6], [9, page 199].

Theorem 5.1. For any f,g € L,,, we can define the measure fi,, by

(1+t)P,(t) Imag
|fu () lt —aol?

dfin(t) =



1026 XU XU AND LAIYI ZHU

The inner products with respect to @ and [, are the same, i.e.,

1 —— 1+ )Pu(t) Imay 1 — Imay
1 / £(0)g0) dt / P03 s ).

T G e R t — apl?

Proof. First, when f(t) = g(t) = ¢, (t), we have

o0, 0n(0)), = [

™

dt

1 Im «,,

== | /" dt=1=Hp{bnbn:}-

™ Jr |t — O[n|2
Furthermore, taking f(t) = ¢, (t) and g(t) = ¢i(t), k < n, we have

(&n(t) o(t))7, = — & Gre (1) |t — apl? “
= W/R o0 ol

where Bn\k (t) = Bn(t)/Bk(t).

As is known, the zeros of ¢} lie in U¢, which means that the integral
factor ¢ () Bp\k(t)/ @5 (t) is analytic in U UR. This leads to the con-
clusion that

(Dn(t), b))z = 0= Hr{pnPrs}-

Deduct the recurrence formulas in [1, Theorem 4.1.6] to a more gen-
eral case on the upper half plane. The orthonormal function ¢,, can be
uniquely expressed by the previous ¢. Thus, the inner products with
respect to ; and i, are the same. |

This theorem shows that the Nevanlinna measure of the C-function
can be replaced by a rational measure with the inner product un-
changed. Later, we shall study the rational functions which interpolate
F(z) at some points of {ay}7_;.

According to Theorem 4.2, when ¢,, comprise the orthonormal basis
functions,

(& tn + Gnthn)(2) = 2(1 + 2°) Pa(2) Bu ().
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Hence, ) )
Yn(z) | (2
on(2) " B2)

Also, §3/¢% = Yns/dns € C(U). Then

Ro ¥n(t) _ (L+)Pu(t)
Gt en®)

=2(1+ ZZ)M.

9

The Nevanlinna representation of ¢ /¢* can be written as

) L[ e e talt) Imag )
¢:;<z>‘w/RD“ )R O a0l ¥ /Dt ) djin?)

Now, we consider the expression of the function —1),,(z)/¢n(2).

Theorem 5.2. For z € U°,

_Yn(z) _ 1/D(t,z)(1+t2)Pn(t) Im oy
R

$n(z) T a1t —aol?

Proof. From (4.1) and Theorem 5.1, we have

Im g

<1+t2>Pn<t) Im ag
pn(t)]* [t — a0l

We take a further look at the following part of 1, (z). It follows from
(2.1) and (2.2) that

1+t2) (1) Tmag
n d
/D Ao TP
Im «,

‘*/ Dt 200 15 ol —anp

Im a,
D(t, z) dt
/ ¢n* |t7a7l|2

/ D(t Hlman

|t—an\2

dt.

1
-1 /R D(t, 2)[bn(t) — ¢n(2)]

dt
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Since the zeros of ¢% (t) and the poles of B, (t) lie in U¢, we obtain that

1—|—t2) (1) Imag B
/D 2)fn(t) ENOIE |t—a0|2dt_0'

Hence,
2
D8l 1 [ B e
Pn(z) Tk g (t)]* [t — ol
holds for z € U°. O

Theorem 5.2 was proven for the orthogonal rational function on the
unit circle with ap = 0 in [13, Theorem 4].

Moreover, by [1, Theorem 6.1.4], we come to the conclusion that,
for the orthonormal functions ¢, and their functions of the second
kind 9, —n(2)/én(2) interpolate F(z) at the points {aj}r=; while
¥} (2)/ ¢k (2) interpolate F'(z) at the points {ax}}_;.

In fact, when we set a fairly mild assumption on orthogonal basis
functions ¢,,, they do not need to be orthonormal. We can still ob-

tain similar interpolation properties with Theorem 4.3 in the previous
section.

6. A new class of ORFs. We study a new class of ORF's generated
by a given sequence of ORFs analogously to what was discussed in [7].
In order to define this new class of ORFs, we should consider spaces
based on different complex sequences. We have the spaces Ly and ZT
of rational functions in the same fashion as in the previous section, and

LN-i-n = L{O&l, .., N, ala cee aan}a
[,»,a_t,_n = L{&l, ceey &T, &1, ey a”}.
We can then use the next theorem to define a new class of rational

functions. This method replaces the first N poles of the initial ORFs
by r new poles and retains the remainder of the poles of the ORFs.

Theorem 6.1. Suppose ¢nin € Lnin \ {0} and dnin LF LNin—1,
YN+n denote their functions of the second kind. Let A, B, C and D
be the rational functions in Ly - ET, satisfying:

_Az) _ B(?) __C"(x) _ D*(2)

TAGR) T B Cl) D)
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where |T4| = 1. At the same time, assuming that
(A= BF)(2) = Co(2)Bn-1(2)9(2), g€ HU),
(C'— DF)(2) = Co(2)Bn-1(2)3(2), g€ H(U),

then we can generate rational functions Wy, Xpin, Yogn and Z,1p,
in Lyin, given by

(Wr+n(2> Xrin(2) > _ <¢N+n(2) UNn(2) > <A(Z) C(Z))
Yign(2)  —Zrin(2) Phin(2) —Viyn(2)) \B(2) D(z)
x {cn(1 4+ 2%)Pn(2)Bn(2)} 7Y, cn € Ry,
Furthermore, W}, (2) = TaYrqn(2) and X\, (2) = TaZr1n(2).
However, we cannot guarantee the orthogonality of this new sequence

of rational functions. In order to ensure the orthogonality, we must add
more conditions to the previous theorem.

Theorem 6.2. Let W,1,,(2) and X,1,(2) # 0, together with the func-
tions A, B, C and D be defined as in Theorem 6.1. Assuming that
a, = ay, as well as

(A= BF)(z) = Go(2)Bn-1(2)9(2), g€ H(U),
with g(a)#o’ ae{ala-“»&rval,u-aan}
(AD = BC)(2) = Go(2) By 1 (2)(2) Bef (), 1(2) € H(U)\ {0}.
In addition, we define a C-function F, with F(d) = 1:

~ —C(2) + D(2)F(z)
F&) = B R -

Then, Wiy Lg Er_,_n_l, respectively, X,4n J-l/ﬁ Er_,_n_l, and X,4p,
respectively, W1, is the function of the second kind of W,, with
respect to F', respectively, of X, with respect to 1/F.

The proofs of the previous two theorems are similar to those in [7];
therefore, we omit the proofs here.
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