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Dedicated to the 65th birthday of Professor Imre Kdtai

Abstract. The main contribution of the paper is to construct discrete
biorthogonal systems to a given system of rational functions. This can be
used to construct interpolation processes on nodes (1.2) of the unite circle.
Using a discrete analogue of the Cauchy integral formula the biorthogonal
systems and the interpolation operators can be given in a useful explicit
form. In special cases a lower and upper estimation is given for the norm
of the interpolation operators.

1. Introduction

Denote by C the set of complex numbers and let D := {z € C: |z| < 1} be
the open unite disc. The disc algebra, i.e. the set of functions continuous on
D:={z € C:|z| <1} and analytic in D will be denoted by A (see [2], [3]). In
this paper we interpolate by rational functions belonging to the m-dimensional
subspace R, C A, generated by the collection

Zéfl

(1—az)

(1.1) bre(2) = (2€C, 1<l<my, k=1,2,--,n).

Here ap, € D, my € N* := {1,2,---} (k = 1,2,---,n) are fixed numbers
and my + mo + -+ + m,, = m. We note that the function ¢x, has a pole in
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a; = 1/ay ¢ D of multiplicity ¢. In the case ax #0 (k=1,2,---,n) R,
is the same as the set of rational functions generated by the collection
(zeC, 1<l<mg, k=1,2,---,n).

1
) = Gy

If n =1 and a; = 0 then the set R,, coincides with the set of polynomials
Pm—1 of degree m — 1.
We shall consider interpolation processes on the set of nodes

(1.2) Ty = {62”2/1\[%:0,1,--~,N—1}CT::{ZE(C:\Z|:1}

in the unit circle T. We construct a collection ®yp (1 <€ <my, k=1,2,---,n)
of polynomials, biorthogonal to (1.1) with respect to the following scalar
product on Ty:

(1.3) [F,G] = [F,G]x ::% S F()GE).
z€T N

The polynomials ®, are weighted fundamental polynomials of Hermite inter-
polation with respect the nodes a, (k=1,2,---,n).

Denote
(1.4) en(z) :=2" (€T, neZ)
the trigonometric system (see [7]). The restriction of the functions €, (k =
0,1,---,N — 1) to Ty, i.e. the discrete trigonometric system is orthonormal
with respect to the scalar product (1.3), i.e.

(1.5) [ek,ez]N:&d (0<k,L<N).

This implies that for any two polynomials

N-1 N-1
F(z) = Z az®, G(z) = Z bzt (2 €C)
k=0 k=0
we have
N-1
(1 6) [F, G]N = cLbr
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In Section 2 we prove a discrete analogue of the Cauchy integral formula.
This will be used in Section 3 and 4 to construct systems biorthogonal to the
rational system introduced in (1.1). In Section 3 we investigate the Lagrange
interpolation. In the special case ay := pe®™™*/N (k =0,1,---,N — 1) we give
an explicit formula for the interpolation operator and we estimate the norm of
this operator.

System identification based upon the partial fraction representation of the
transfer function is recognized as a classical approach in systems science [1],
[4], [5]. This type of biorthogonal expansion can be used to find the poles of
rational functions [6].

2. Discrete Cauchy formula

For any function F' € A then Cauchy formula

B F™(a)
Y

(a €D, neN)

holds.

Replacing T by the discrete group Ty defined in (1.2) and the integral by
the sum

(22) o [ FQdc= 5 3 RO
Ty CeTn

we get a similar formula for polynomials. For a function F' € A obviously

In this paper we shall use the following discrete analogue of the Cauchy
integral formula.

Theorem 1. Letn € N, N € N* be fixred numbers and denote P € Pn1p—1
a polynomial. i) Then for any a € D we have

1 P() 1 d" P(2)

i de= =%
2ri ) (¢ —a)nt? ¢ nldzn 1 — 2N,
Txn

(2.3)

=a
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1) Furthermore if ag,a1,---,a, are distinct points in D, then
1 P(¢) "1 Py
24 b d = . J 5
(24) 2mi ) (C—ag) (¢ —ay) ¢ ;}Qj(a]—) 1—ay
N
where
Qj(z) == (z—ap) (2€C,j=1,2,---,n).
£=0,6#5

Proof. First we prove (2.3) for n = 0. To this end write P € Pn_; in the
form

P(z) = c;z (2 €C).

Observe that for ¢ € Ty we have ¢V = 1 and consequently

¢ 11 1-@)y 1 =
(—a 1—al 1—a" 1-—al 71—aNj;OaJ<j'

Applying (1.6) for

¢ 1 N-1
F(¢)=P(¢), G(¢) = = > a7 (CeTw)
7=0

(—a 1-aV &

we get

L PO, 1 ¢
ﬁ/g_ad“ﬁzp@g_a*
Tn

CETN
N-1
1 ‘ P(a)
=Gy == x 2 o = 7 ¥

7=0

and for n = 0 (2.3) is proved.

To show (2.4) write P € P,y ny—1 in the form
(2.5) P(z) = Q(2)(z —ao) -+ (z — an) + R(2),

where R € P,,Q € Pny_2. Applying Lagrange interpolation formula to R we
get

R(z) = > R(a;) él](f) (z € C).
=0 /

J

~—
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By (2.5) P(a;) = R(a;) (j =0,1,---,n) and consequently

R(z)
(z —ao)--- (2 — an)
TR . ) MR o )
= Q )+jz:;) (2 —a;)(ay) Q@)+ — (z —a;)Qj(a;)

J
Since Q € Pn_2, the orthogonality of the discrete trigonometric system
implies

T{ Q(¢)d¢ =0,

and applying (2.3) in the case n = 0 for the constant polynom we get (2.4).

Observe that the right hand side in (2.4) can be expressed by the divided
differences of the function

_ _P(»)
H(z):= T (z € D)

Namely (2.4) is equivalent to

1 P(C)
2.6 — d( =H(a,, --,a1,a9).
20 2m/<<fao>~--<<—an> = o)

TN
(Compare e.g. [3], p. 247.)
Since for any H € A
H®)
H(an7"'7alaa/0)_) <a) as a/j_>a/ (j:0717"'7n)7

n!

for n > 1 (2.3) follows from (2.6).

Taking the limit in (2.3) as N — oo we obtain the continuous variant of
the formula.
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3. Lagrange interpolation, biorthogonal expansion

In this section using the scalar product [, | ; introduced by (1.3) we shall
construct discrete biorthogonal systems depending on the vector parameter

(3.1) a=(ay,az,---,a,) €D,

where a; # a;, if i # j. Namely for z € Cand k =1,2,...,n set

(3.2) NG p—

o l—akz'

First we show

Theorem 2. Let N > n. Then the system

1—al
O (2) = @ (2,0) = o (a:) wk(2),
(3.3) .
we(2) = wi(z0) = [ (z—a;) (k=12,...,n)
J=1,j#k

is biorthogonal to the system (3.2) with respect to [-, |, i.e.
(3.4) [, deln =0 (1< k< n),
where Oy is the Kronecker symbol. Especially if n = N and
(3.5) ar = per™*/N (0<p<1,k=1,...,N)
then using the notation ®F (z,p) := @V (z,a) we get

(1=pM)EN = pY) ay

) oN =
(3.6) k (2:,0) NN o

(z#£ag,k=1,...,N).

Proof. By (2.3) and (3.2) for 1 < k,£ < n and for ( € Ty we get

IO e N BN S

[q)k’(bd_NCEZTN(bk (C)lfagz NCEZTN(bk (C)Cfai
7L @g(g)dciéfj(az)717akka(ag)75
2w —ar  1—al¥ 1-a) wplar) ke

Tn
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and (3.4) is proved.

The numbers a; (k = 1,...,N) in (3.5) are the roots of the equations
N — pN =0 and consequently

N
2N pN = H(z—aj) (z € C).

Hence we get

N
[M(z=a)  y

w(z) =" =2 7P zeCz#a).
z ag z ag

Taking the limit as z — aj we get

wi(ag) = lim S Nay ' =
z—ar 2 — Ak ag

Thus in the special case (3.6) follows from (3.3).

The biorthogonal expansion of the function f : T — C with respect to the
system ¢ (k=1,---,n) is defined by

(3.7) Zf,q’k o)y ¢(z) (2 €C).
k=1

Obviously I,]Xaf € A and in the case n = N the function I%af interpolates
f in the points of Ty:

(3.8) (INaS)(2) = f(z) (2 €Ty).
Indeed the existence of biorthogonal system implies that the system

(¢, 1 < k < N) is linearly independent on T and consequently every function
f:Tn — C can be written in the form

N
2) =) adi(z) (z€Tn),
k=1

where ¢ € C. Hence by biorthogonality we get ¢, = [f, @] (1 < k < N), and
consequently on the set T (3.8) is satisfied.
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Introducing the kernel function

(3.9) (z,w;q) Z¢k N (w,a) (2,weC)

the operator 12, can be written in the form

(3.10)

(In'af) ZZf + 3 FOKY (e Ga) (eC).

k 0¢eTN CeTN
It is easy to see that the norm of the operator
Ifxa :C(T)— A
is

1
(3.11) 118l = max = 37 KX (2. Ga).

CETN

If n = N and ay is defined by (3.5) then the operator (3.7) depends on N
and p and will be denoted by Iy ,:

N—-1

Inpf =Y [£OVC0)]or (ar:=pe™* /N k=1, ,N-1).
k=0

In this case the kernel K ﬁ can be written in a useful closed form.

Theorem 3. Let aj, := pe?™*/N (0 < k < N). Then the kernel K¥ is of
the form

1—pMw 2N —wh
KN (z,w;a z(
(3.12) w ) 1—(p2)N  z—w

K¥(w,w;a) =N (w € Ty).

(weTyn,z€C,z#w),

Furthermore there exist constants C1,Cy independent on N and p such
that

1—
(3.13) i +

logN <l < 1+C’2 logN (N e N¥).
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Proof. If w € Ty, z € C and z # w then by (3.6) we get

KN (2 w;a) =
2N 1 N2
_(A=p")w p¢ _
_u—wmul/ pde
N 2w ) (- p2)(C - pw)
1 =-pMw 11 1 1 d
SN z—w2mi <C—po—pw> ¢
Twn
Applying (2.3) we get
K¥(z,w;a) =
(1—pM)2w 1 1 1 w1 = pN) 2N —wl
=T z—w(vaN‘rwww>‘r4ww P w

and the first part of (3.12) is proved. Taking the limit as z — w, we get the
second part of (3.12).

To prove (3.13) for any ¢ = e?™k/N ¢ Ty and z = 2™ € T set
|'sin Nt|(1 — p™)

1 |z
Fn(t) = —= —_— t) = . t eR).
M=y 2 T OO e (R

The function Fy is periodic with period 1/N. Thus we can assume that
|t| < 5% and Fy(t) can be written in the form

N-1
\siant| \51nN7rt| 1 |sin N7t| | .
Fy(t) = = Nrt| Ly (t
N( ) N‘sinﬂﬂ Pt sin 7 % —t) N|sinﬂ—t|+|81n 7T | N( )a
where

N-1

1 1
(1= %)
k:l sinm(; t)

(1-p")
|]_ _ pNeQTFZNt|
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It is easy to see that

1-p" . N _2miNt N
(3.14) rilez]llé(GN(t)fm, rtrgﬂr%l\lfp e |=1-—p
and
1
(3.15) —(logN —1) < Ly(t) <logN+2 (teR,N>2)
T

and (3.13) follows from (3.14) and (3.15).
To show (3.15) set N =2N' +r (r =0,1) and take the decomposition

Ly(t) =
_iNi:l 1 Z I 1
N = sinm(§ —t) N sinn(y —1) N, S sinm(& — 1)
N’ N'+r—1
1 1 1 1
:Nz I TN k =
i sinm(y —t) i sinm(S —t)
1 N’ 1 1 N'+r—1 1
-N k¢ TN k
i sinm(y —t) i sinm(g +t)

1 N 1 2 X 1
N ; @kt Dr <LN('5)<N]; k-
IN 0 IN

Applying the inequality
2 . ™
—x <sinx <x <0§x§f)
™ 2

we have

and consequently (3.15) holds. From (3.15) we get that (3.13) is satisfied for
Cy =1/10,C3 =2 and N > 4.

Applying (3.13) for a sequence py (n > 4) we get
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Corollary. If for the sequence pn (n > 4)

1/N
1-— < 1 (N>4
( logN> SPN < (N> 4)

is satisfied, then the interpolation operators In ,, (N > 4) are uniformly
bounded

sup [[In oy || < 3.
N>4

4. Biorthogonal systems in the general case

Generalizing the construction of Section 3 we fix the complex vector
a=(ay,as,...,a,) €D,
where a; # a;, if i # j and consider the rational functions

o

(1 _ akz)é+1

(4'1) ¢k€(z) = ¢(k7g)(z) =

(zeC,k=1,2,...,n, £=0,1,...,my — 1),

where my,mg, -+, m, € N* are given numbers. Obviously the numbers aj :=
1/ay, are the poles of ¢xp with the multiplicity £+ 1. Set

m=(my,ma,...,My), M:=mq~+-+ My,

(4.2)
jm = {(Za])j€N70§]<mza 2:1;27ﬂn}

We show that there exists a collection of polynomials
e = P ) (1 0) € Pro1 ((k,€) € Tm)
such that the systems
(00 € Tm), (®isi € Tm)
are biorthogonal with respect the scalar product [-, -]y, if N > m, i.e.

(4.3) [CI)M, (brs]N = OprOps ((k}, f), (’I“, 8) S jm)
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Moreover the polynomials @, can be written in the form

(4.4) Pre = wpPre ((K,0) € Tm),

where

(4.5)

Piy € Prny—1, wi(z) := H (z—a)™ (k=1,2,...,n,z € C).
i=1,i#k

The polynomials Py, can be expressed by the partial sums of the Taylor-
series expansion

1—z
Py(z) := Py(z,a) := ijk (z—ag)’

(4.6)
(lz — ak| < rg,z €D, ry = mln{|aj —agl:j=1,2,---,n,5 #k}),
namely
mkfefl
(A7) Puls)=G-a)' S pulz—a) (2€C, (k)€ Tn)
§=0
and by (4.6)
P ag,a) 1
Djk = T = ﬁ @Pk(z, U.) e

We prove

Theorem 4. Let a = (a1,---,a,) € D", where a; # a;, if 1 <i,j <n
and © # j and fix the vector m = (mq,---,m,) with m; € N* and the natural
number N > m := my + --- + my,. Then there exists an unique system of

polynomials @, ) € Pr—1 ((k,£) € Tw) such that the systems ¢ ¢y and @, 4
((k,0) € TJm) are biorthogonal with respect the scalar product (1.3). Moreover
the polynomials @y, ¢y can be written in the form (4.4) and the coefficients of
Pro are defined by (4.6) and (4.7).

Proof. By (2.3) for ¢ € Ty we have

[(Dkb(z)rs}N :% Z ((I)ké(gg“ — N Z (I)kf

CeTN <€TN T
B L/Md 1 Pre(2)
2mi J (¢ —ap)**! sl dzs1—2N{ _,

Txn
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and consequently the systems in question are biorthogonal if and only if

1 d° ‘bkg(z)
4, —
(4.8) sl dzs1— 2N

zZ=ar,

- 5kr6€s

for any couple (k,£), (r,s) € Tm.
The solutions of equations (4.8) are connected with the weighted Hermite
interpolation problem

(on®) (@) = biy ((6,) € Tm);
where pn(2) := (1 — 2V)71 (2 € C) is the weight function and b;; are given

numbers. Namely the polynomials @y, ((k,¢) € Jn) can be expressed by the
fundamental polynomials of this interpolation problem.

From (4.8) it follows that @y, is of the form

q)kg( Pk[ H z — aJ i = Pkg(z)wk(z) (Z S (C)
J=1,j#k

and by (4.8)
(4.9) (pvwiPre) D (a) = 6551 (€< 5 < my).
This is equivalent to

> (1) om0 a0 i o) = 85t (0 < ).

=0

Thus P (ay) = 0, if i < £ and

(4.10) =0 (0<j<my).

We consider the infinite system of linear equations with respect to
Dk0, Dkl - - - 5 Phiy - - -

J w =D (g 4
(4.11) Z W(’;)_Z)(’“)pm =0 (JeN).

i=
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The coefficient of pg; in j-th equation is (pyws)(ar) # 0, consequently
this system has a unique solution. Comparing this with (4.10) and (4.11) we
get

P(i)(ak) .
MT = Pre—i) (1>10).

It is clear that the Taylor-coefficients of the function

Pu(z) = l‘z Zpka—ak (12 — ax| < 75))

satisfy (4.11) and Theorem 2 is proved.

To evaluate the numbers py; we introduce the function

where eg\, = exp(2mij/N). Hence by
LN .
B (@) = Y (j) P ()5 (@) (CeN)

Jj=0

we get the following recursion:

(4.12) Pre+1) = Z 3 Sk(0—37) (¢ eN),
§=0
where
S(i)(ak) N-1 —1)¢ n _1)¢ .
(413) 0= == = <(_> - Y e G
’ j=0 \Uk T EN j=1,j#k J

On the basis (4.12) and (4.13) the coefficients py; can be computed.
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