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Abstract

As is well known, the n-point Szegd quadrature formula integrates correctly any Laurent polynomial in the subspace
span{ /2" 1z, 1Lz, ..., 2% 1) In this paper we enlarge this subspace. We prove that a set of 2n linearly independent
Laurent polynomials are integrated correctly. The obtained result is used for the construction of Szegd quadrature formulas. Illus-
trative examples are given.
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1. Introduction

In this paper we are concerned with the study of the domain of validity and with the construction of Szegd quadrature
formulas introduced by Jones et al. [S]. They are used for the approximation of integrals over the unit circle in the
complex plane, that is, integrals of the form,

IIf1= | fEeHaw) dt, (1

where w(t) is a weight function on t € [—mn, x], thatis, w(#) 20, t € [-n, n], 0 < ffn o(t)dt < oo.

Some properties of Szegd quadrature formulas are analogous to the ones of classical Gauss quadrature formulas for
integrals on the real line. For example, nodes on the region of integration and positive coefficients. Nevertheless, unlike
classical Gauss quadrature formulas, Szegd quadrature formulas are based on the zeros of para-orthogonal polynomials.
We next describe the Szegd quadrature formulas.

Let p and g be integers where p < g. We denote by A, , the linear space of all functions of the form Z’]I.: »Ci 7, c j €
C. The functions of 4, , are called Laurent polynomials. We write A for the linear space of all Laurent polynomials.
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Consider the inner product on A x A given by

(fav=1| fEeHgEno@)dr. )

—T

Let {g,};° be the sequence of monic polynomials obtained by orthogonalization of {z"}7° with respect to the inner
product (2). The sequence {g,}7° is called the sequence of Szegd polynomials with respect to the weight function .
It is well known, see, e.g. [6, Theorem 11.4.1] that g, has its zeros in the region |z| < 1. Thus, they are not adequate
as nodes for a general purpose quadrature formula to approximate integrals over the unit circle. Let T denotes the unit
circle T={zeC:|z|=1}.

Theorem 1 (See Jones et al. [5]). Let {g,};° be the sequence of Szegd polynomials (monic orthogonal polynomials)
with respect to the weight function . Let {k,}{° be a sequence of complex numbers satisfying |x,| =1, n>1.
Let the para-orthogonal polynomials be defined by By, (z, kn) = 0,(2) + kn0}(z) where 0} (z) = 2"9,(1/2), and 9,
denotes the operation of conjugate the coefficients to the polynomials 9,,. Then B, (z, k,) has n distinct zeros C;?)(Kn),
m=1,2,...,n, n>1, located on T. Let

2 (1) /n Bu(e", k) o@d, 1<m<n, n>1
a ) = - s sm<n, nz=l.
" (= L0 (00)) B (L5 (1) 1<)
Then
1= f FEDo@)dt = Qulf1=" " 2 ) £ (L (1)) 3)

m=1

forall f € A_q_1)n—1. 1t holds that ),,gf)(K,,) >0, 1<m<n, n>1, and there cannot exist an n-point quadrature
Sformula G[ f]= Z" Jan [ (0m), om € T which correctly integrates every function f € A_y—1),, or every function

m=1
f € A—n,n—l-

The quadrature formula Q, given by the two last terms of (3) is called the n-point Szegd quadrature formula with
respect to the weight function @ and the parameter «;,. We sometimes briefly call it the n-point Szegd quadrature
formula.

The paper is arranged as follows. In Section 2, we will prove the main result of this paper. As is stated in
Theorem 1, the n-point Szegd quadrature formula integrates correctly every Laurent polynomial in the subspace
A_(n—1),n—1 = span{1/ 21 1z, ..., 2" !}). We will prove that an additional linearly independent Laurent poly-
nomial, an appropriate linear combination of both z=" and z”, is integrated correctly. The obtained result is applied in
Section 3 for the computation of the n-point Szegd quadrature formula by means of moment fitting.

2. Domain of validity of Szegé quadrature formulas

Let o, =0,(0), n=1,2,..., be the so-called reflection coefficients. It is well known that |5,| <1, n=1,2,....
See, e.g. [5]. (This is an straightforward consequence of Theorem 3.1 (A) there, for positive definite linear functionals as
the linear functional (1)). In the following, take into account that 6, + x,, # 0, and 1+ J,k, % 0, fork, € C, |k,|=1
since |0,] <1, n=1,2,....

From here on and for simplicity, we sometimes write B, =B, (z) =B, (z, kn)=0,,(2)+K, 0} (z) for the para-orthogonal
polynomials.

It holds that

B
Zn——fl_ G/l(),n_], i’l>l
14 0,k,



442 O. Njastad, J.C. Santos-Leon / Journal of Computational and Applied Mathematics 202 (2007) 440—449

Since I[f]1= Qnlf], f € A—(u-1),n—1 We get
1[”—L]—Q ["—L}—Q["]—;Q (8]
¢ l—i—axn B l—i-akn -l 1 EK,, e

The nodes Cf,f)(lcn) of the n-point Szegd quadrature formula Q,, are the roots of B,, = B, (z, ;). Then it holds

n

QulBul = QulBy(z, k)1 =Y 2% (1) By (L (1) 1) = 0.

m=1

Thus,

1
1["] = Onl2"] + ——=—1[Byl. “)
146

nKn
On the other hand,

c A_y— s nzl.
n 5 (n—1),0

Since I[f1= Qnlf], f € A—(u-1),n—1 We get
| N N R
bald (On + Kp)Z" e " (0n + Kn)2"

SAEIRE
i B On+rKn L]

Again, since B,,(C,(,Z’)(K,,), k) =0, one gets Q,[B,,/z"] =0. Thus

JEI R Ed Rt ®
I e B On+1x, 20|
Observe that

I[By] = (Bn, 1) = (0,. 1) + x(0p, 1) = Knle,. 2")- (6)

The last equality follows from (g,,, 1) =0 by orthogonality, and taking into account that (0¥, 1) = (o,,, z") = (0,,, 0,,) =
(0> 0y) = {0,,> 7"). Furthermore,
By

I[Z_ni|=(Bn,Zn>=(Qn,2">+Kn(g,t,z")=(Qn,z"). e

The last equality follows from (¢}, z"*) = (o =0.

From (4)—(7), one can write

, 1

~

n

_ 1 — 1
(I+ 5nKn)I[Zn] — Kn(0p + 1)1 |:Z_n:| =1+ 5nKn)Qn[Zn] — K, (6 + K1) On |:Z_":| .

Thus,

— 1 — 1
I (1 + 6pK0)2" — K (0n + Kn)z_ni| = 0Oy |:(1 + 0nKn)2" — 1, (00 + K”)Z_n] >

or what is the same since |k, | =1, n>1,

" 1 " 1
I —_— =0, —-— .
_511 + Ky (On + Kp)Z" On + Kn (0n + 1)2"
This means that the n-point Szeg6 quadrature formula with respect to the weight function w and the parameter x,
integrates correctly the Laurent polynomial z"/(d, + x,) — 1/(d,, + x,)z". Thus one has established the following
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Theorem 2. Let Q,, be the n-point Szego quadrature formula with respect to the weight function o and the parameter
Ky as defined in Theorem 1. Then it holds that

n 1
Oulf1=1I1f1 for f(z2) = —

- n>1.
On + Kn (571 + K,)Z"

If we combine Theorems 1 and 2 we get the following

Corollary 1. Let Q, be the n-point Szego quadrature formula with respect to the weight function w and the parameter
K, as defined in Theorem 1. Then for n > 1 it holds that

" 1
On+Kn  (Op +Kn)Z"

Qulf1=11f1 for fQ)=2/, —n—=D<j<n—1 and f(2)=

Remark 1. Let ¢, denote a not necessarily monic Szegd polynomial. Then ¢,,, ¢} and B, (z, x,) are of the form
0, (D) =" + -+ Ay,
05 (@) = Inon" + -+ s
By (2, k) = 7, (0, (2) + kn 0}, (2))
=9, Un + ZnSnkn) 2" + - + 7, GO + Ankn),
where y, =1/, and k, =K, /Z. Thus the para-orthogonal polynomials may also be written in the form b, (z, k,,) =
10 (0n(2) + k)i (2)) with |k,| = 1 and y,, # 0.
Now consider a para-orthogonal polynomial of the form
bu(z, kn) = 9 (2) + kn @}, (2) = (o + JnOukn) 2" + -+ - & GOy + Tnkin).

In the argument leading to Theorem 2 we find that

112" = Qulz"1+ 1[by],

2‘I‘l + ;Lnén n

1
1[1/7"1 = 0,[1/7"1 + —————1[b,,/7"],
[1/z"]= 0.[1/2"] in5n+inkn[ /7"]

1bn] = kn @y, 2") = kn(@pns Pn)/7n = kn{@ys @p)/ 75

I[bn/zn] - (¢nﬂ Zn) - (@n» ('Dn)/in

Hence
1[G+ ZnOnkn) Zknz" — ConOp + ki) 2 /2"
= QulUn + 7nOnkn)inknZ" = GnOn + Fukn)in /2",
or equivalently
112" =0, /2" = Qulz" = n,/2"],
where
_ FnOn + Ankn 2

nn —._) *
AnOn + Anky 71
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We note that by, (0, k) = 2,0y + Aukn, and thus

b (0. k) T
a0, kn) A

n

In particular

b0, ky)
b0, ky)

n
when ¢, is the monic polynomial o, .
In the following example, we illustrate Theorem 2.

Example 1. Consider the Poisson weight function w(¢) given by

1 — 2
w(t) = d , —n<tr<mn, 0<r<l.
1 —2rcos(t) +r?
The moments y;, = 117K = ffn e (1) dr are given by W = 2nr¥l k=0, +1,=+2, ... . The corresponding monic

orthogonal polynomials g, (z) are given by 9y(z) =1, ¢,(z) =z" —rz"~!, n>1, see [8]. Hence the para-orthogonal

polynomials By, (z) are given by By, (z) = By (2, Kkn) = 0,(2) + kn0:(z) =2" —rz" ! 4+ K, (1 —rz), n>1. Observe that
the reflection coefficients J,, = g,,(0) are given by 61 = —r, and d, =0, n>2. Thus, forn>1,

7" 1 1 1
I[ _-— :|=2nr”< ——>. ®)
On + Kn (0n + 16,)7" On + Kn On + Kp

On the other hand, since the nodes of the n-point Szego quadrature Q,, are the zeros the para-orthogonal polynomial
B, (z) we get Q,[B,(2)] = Q7" — rz"fl + Kk, (1 —rz)] =0. Thus Q,[z"] = Qu[rz"~! — k,(1 — rz)]. Taking into
account that Q,[f1=1I[f]for f(z) =2/, —(n — 1)< j<n — 1, see Theorem 1, we deduce for n >2 that

Qul"1= Qulrz" ™" = kn(1 = r2)]1 = 220" — (1 = ).

Furthermore, from Theorem 1 and after some calculations one gets that for the Poisson weight function

r —Ki
Q1[f]=27ff( )

1—K1r

Thus, Q1[z] =2n(r — k1)/(1 — Kx17).
Note that Q,,[1/z"] = Q,[z"], n>1, since the coefficients of the Szegd quadrature formula are positive and the
nodes lie on the unit circle. Thus, for n > 1, (recall that 5, =0, n>2)

Onlz"]

0 |: " 1 } 1 0.["] 1
n e = nld | —
Op + Kn (On + Kp)Z" On + Kn On + Kn

1 1
=2mr" _ . 9
ar (5n+:<n 5H+Kn) ©)

Thus, from (8) and (9) we deduce

[ " 1 } [ " 1 }
1 p—— — Qn - T ) n 2 17
On + Ky On + Kn)Z" On + Kn (On + Kp)Z"

which confirms Theorem 2.
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3. Application to the construction of Szego quadrature

The n-point classical Gauss quadrature formula Q,[ f]= Z;': 1 Aj f(x;), for the approximation of integrals on the

real line I[f] = f ab f(x)o(x)dx, where w(x) is a weight function on x € [a, b], depends on 2n parameters, the n
coefficients A; and the nnodes xj, j=1,2,...,n. Asis well known, classical Gauss quadrature formulas integrates
correctly every algebraic polynomials of degree <2n — 1. So, if the 2n parameters, the nodes and the coefficients,
are considered as unknowns then they can be determined by moment fitting, that is, by solving the non-linear system
ILf1=0,1f1, f=1,x,...,x*"" ! of 2n equations. See [2, section 2.7.2] for this algebraic approach to classical Gauss
quadrature formulas.

Similarly, the n-point Szeg6 quadrature formula (3) for the approximation of integrals over the unit circle depends on
2n parameters, the n coefficients and the n nodes. So, if they are considered as unknowns and if the reflection coefficient
0y, is known, then one can compute the n-point Szegé quadrature formula with respect to a given weight function w
and parameter x, by moment fitting using Corollary 1, that is, by solving the non-linear and non-algebraic system of
2n equations with 2z unknowns given by

. o 1
QI=1If1. f@=7 ~-D<j<n—1 Q=5 =
n n n n)<

Example 2. Consider the Jacobi weight function w(#) on the unit circle given by
o) =" — 171" + 1172, re[-mal, 7y, >3
It is known, see [4], that the reflection coefficients are given by 6, = (y; + (—=1)"y,)/(m + y{ + 72).
We take as example y; =1, y, =2, and n =2. Then 6, = %

It holds that I[1]=8n, I[z]=I[1/z] =2, and I[z%] = I[1/z%] = —4n.
Consider the construction of the 2-point Szegd quadrature formula Q;[ f1],

- . 2
If1= | fEHo@)dt = 0xlf1= > i (k) f (L (2))

m=1

with respect to the particular Jacobi weight function considered and the parameter x, = i, the imaginary unity.
Let 4, = i,(,f)(lcz) and z,, = Cﬁf)(;cz), m = 1, 2. In order to determine the nodes z1, z2, and the coefficients 41, /2,
we require that

22 1

02 + K2 a 52+K222.

1
Qo[ f1=11f] for f(z)=1,z,g,

Then, we obtain the following system of non-linear and non-algebraic equations
M+ =1[1],

lz1+ oz =1I[z],

11 1
)"1_+/L2_=I B )
21 22 Z

;”(53-% —;2>+12<5 % ——12)=I|: Z ——121|.
2t K2 (02 + K2)Z] 2+ K2 (02 + K2)Z5 0 +K2 (94 K2)zZ
The command solve of Maple gives two solutions

A1 = 11.780972450961724644,

Ay = 13.351768777756621264,

71 =1,

72 = 0.47058823529411764706 — 0.88235294117647058824i, (10)



446 O. Njéstad, J.C. Santos-Ledn / Journal of Computational and Applied Mathematics 202 (2007) 440—449
and
A1 = 10.309383824786804833,
/Ay = 14.823357403931541074,
71 = —0.57097054535375274026 — 0.82097054535375274026i,
72 = 0.82097054535375274026 + 0.57097054535375274026i . (11)

The solution of the system given by Eq. (10) gives the nodes and weights for the considered 2-point Szego quadrature
formula Q»[ f] corresponding to the parameter x> =i. Indeed, observe that the value of the para-orthogonal polynomials
B (z, k) =0, (2) + Kno) (2) = (=" (1 + K,,E)]_[;'zl (z — zi), at zero, admits the expressions J,, + i, and (—1)" (1 +
K,,E)]_[;’Z 1zi- For the solution given by Eq. (10) both values are equal. For the solution given by Eq. (11) they are
different. The solution in Eq. (11) gives the weights and the nodes of the 2-point Szeg6 quadrature formula corresponding
to Ky = —0.88235294117647058824 — 0.47058823529411764706i .

Observe that in the case that the reflection coefficient d, is not known, one can still compute the n-point Szegod

quadrature formula by moment fitting, if J,, is real and one takes x, = 1 or i, = — 1. Indeed, in such a case, the function
f(2)=2"/(0n + Kkn) — 1/(n + Knz") can be replaced by f(z) =2" — 1/z".
Note that for a given weight function (), if its moments ffn ikt w(t)dr, k=0, %£1,+£2,..., are real then the

coefficients of the orthogonal polynomials g, (z) are real, so, in particular, the reflection coefficient é, = g,,(0) is real,
n=1,2,....

Alternatively, we do not need to know the value of the reflection coefficients J, to compute the n-point Szegod
quadrature formula. Indeed, one can compute the n-point Szeg6 quadrature formula with respect to the weight function
o and parameter x,,

Oul 1= AP0 fE ) = 11f1= [ fEeo(r)dr
m=1 -n

by solving two algebraic systems of linear equations. The para-orthogonal polynomials satisfy the following orthogo-
nality equations, see [5],
(Bp,75)=0, k=1,2,....n—1, n>2.

Next, we obtain an additional orthogonality equation for the para-orthogonal polynomials. Indeed, it holds

1| Bz, k) <i_,€—) =I[M]—x—nl [Ba (2 k)]
< i

Z}‘l

1| By(z. 1) (i—n—> = (0. ") (1 — Kkn) .
z i

Since the expression in brackets is equal to zero (|x,| =1, n>1) we get

_ ! _
I'| By(z,x,) <_n _K_n) =0,
z i
or what is the same
(By, 7" - Kp) = 0.

Thus one can establish the following

Theorem 3. Let the para-orthogonal polynomials B,(z, 1k,), kn € C, |k,| =1, n>1, be defined as in Theorem 1.
Then, they satisfy

(B, 7Y)=0, k=1,...,n—1 and (Bn,7"—1,)=0, n>2.
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Hence, from Theorem 3 we get a linear system of n equations with n unknowns, the coefficients cg, cy, ..., cy—1 of
the nth monic para-orthogonal polynomial B, (z, k,) = co + c1z + c22> + - - - + cp—12" ' + Z”*. This linear system
takes the form

m_jco+ moci+ - Amu_ocp—1 +mu—; = 0
m_sco+ m_jci+ -+ +mup_3cp—1 +my— = 0
: : : : (12)
m_p—1nco+ Mm_p_ci+ -+ +mocp—_1 +m = 0
doco+ dici+ -+ Hdp_icp—1 +dy = 0
where
n .
mk:/ e'ktw(t)dt, —n<k<n and dj=m_,1; —m;k,, 0<j<n. (13)
—T

Recall, see Theorem 1, that the nodes ( fﬁ)(;cn), 1 <m < n, of the n-point Szegd quadrature formula with respect to a
weight function o and parameter r,, are the zeros of B, (z, K;,)-
Once the nodes are computed, one can compute the weights /15,’;) (kn), 1<m<n, by solving the linear system

Oulz/1=1[z71, 0<j<n—1. (14)

As illustration of the computation of the Szegd quadrature formula through the resolution of the two linear systems
(12) and (14) we give the next example.

Example 3. We compute again the n = 2 points Szego quadrature formula

2 P )
Oalf1=")_ AP 0) fCP () = I1f]= / fEeHo) dr

m=1
for the Jacobi weight function
o) =" — 12" +11*, te[-n, 7], (15)
considered in Example 2.

Recall from Example 2 that mo = I[1]=8n, m = I[z] =2, m_y = I[1/z] =21, my = I[z*] = —4n, m_, =
I[1/z%] = —4n, and k> = i. (The value of the reflection coefficient J5 is not used now.)

We first determine the coefficients cq and ¢ of the monic para-orthogonal polynomial B (z, k2) = z> + ¢1z + co by
solving the linear system (12) for this particular case, which takes the form

m_jco +mocy +mp =0,
doco +dic1 +dr =0,
where
di=m_y;+imj, 0<j<2.

The solution of this linear system is given by cp = % +Liande; = —

17
Thus,

8 _ 2,
17 17

8 2 15 8
Bz(z,xz)=12+c1z+co=zz— —+ —=i)z+ =+ =i
17 17 17 17
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The nodes z,, = Cf,f)(;cz), m =1, 2 are the zeros of B;(z, k). Hence,

21 =1,

8 15
=17~ ﬁi = (0.47058823529411764706 — 0.88235294117647058824 i.
Once we have computed the nodes, we can compute the weights 4,, = /153) (k2), m =1, 2 by solving the linear system
(14) for this particular case, which takes the form

A1+ A2 =my,
7141 + 2242 = my.
The solution is given by

15
M= Zn = 11.780972450961724644,

17
Jo = Zn = 13.351768777756621264.

So, we have completely determined again the 2-point Szegd quadrature formula for the particular Jacobi weight function
(15) and the parameter x» =i.

The computation of the para-orthogonal polynomials by means of the linear system (12) is a competitive way to
compute them under certain conditions. In the following we compare with other frequently used methods for the
computation of the para-orthogonal polynomials.

A well-known procedure to obtain the para-orthogonal polynomial B, (z, ;) is based on the computation of the

M) T Ly g™

monic orthogonal polynomial ¢,,(z) =z" +a, "z “+a, z+ay by solving the linear system of equations

n—1
Zaj.”)m_kﬂ-:—m_m, k=0,1,...,n—1, (16)
Jj=0

obtained from,
(0,.75)=0, k=0,1,....,n—1,

and then compute the para-orthogonal polynomial by its definition B, (z, k,) = 0,,(2) + Kk, 0} (2).
If the reflection coefficient J,, = 9,,(0) = a(()") is known then one can skip one equation in the linear system (16). In
order to retain as much as possible the valuable properties of the coefficient matrix in (16), the equation corresponding

to k = 0 is skipped. So one obtains the linear system

n—1
Z a;n)m,kﬂ- = —M_jin — a(()”)m,k, k=1,2,...,n—1. (17)
j=1

On the other hand, if the reflection coefficient ¢, = ¢,,(0) = a(()n) is known then the coefficient c(()") of the monic para-

orthogonal polynomial B, (z, K,) =0, (2) + k0 (2) =2" +cp12" '+ -+ e1z+co=2"4c" 2 T 4. '+C§n)z+c(()n)
is also known since c(()") =(0n +xn)/( + Kkn0n). Hence, one can skip one equation in the linear system (12). If the

last equation is skipped, the system

n—1
Z cﬁ")m,kﬂ' =—M_jyn — c(()n)m,k, k=1,2,...,n—1 (18)
j=1

is obtained.
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The coefficient matrix of the linear systems (17) and (18) is the same. It is a Toeplitz and positive definite matrix.
Furthermore, it is also a symmetric matrix if the moments are real. A numerical method for solving real positive definite
Toeplitz systems is given in [1]. This method requires O(n log% (n)) arithmetic operations. See also [3,7].

Observe that with the objective of computing the para-orthogonal polynomial B, (z, x,), monic or not, the solution
of the linear system (18), based on the linear system (12), uses at least an order of O(2n) arithmetic operations less
than the procedure composed of the solution of the linear system (17) to compute the orthogonal polynomial ¢, (z) and
then the computation of the para-orthogonal polynomial through g, (z) + ¥, 0} (z). This is due precisely to the need of
the computation of this last expression that defines the para-orthogonal polynomials. The difference in the number of
arithmetic operations can be greater, of order O(3n). Indeed, this holds in the particular case that J,, is real and x, takes
the frequently encountered value k, = 1 or —1 since then c(()") =1 or —1, respectively, and hence the computation of
the right-hand side of (18) needs only O(n) arithmetic operations previous to the solution but the computation of the
right-hand side of (17) needs O(2n) arithmetic operations.

We compare next with another usual method to compute the orthogonal polynomials, and hence the para-orthogonal
polynomials through ¢, (z) + 0} (z). It is well known that the monic orthogonal polynomials satisfy the recurrence
relation, see [6, Theorem 11.4.2],

0@ =1, ¢,(2) =20,_1(@) + p0y_1(x), n=12,.... (19)
From this recurrence, the reflection coefficients can be computed by
0p—1. 1
5k=—<z";’—‘>, k=1,2,....
{0p_1- D

(So, computing both expressions appropriately one can generate the sequence of monic orthogonal polynomials.)
Observe that under the assumption that the reflection coefficients are know then solely the recurrence (19) completely
serves as a method for the computation of the orthogonal polynomials. The order of arithmetic operations needed to
compute the nth orthogonal polynomial g, (z) is O(n?). Hence, also the order of arithmetic operations to compute the
para-orthogonal polynomial B, (z, k) is O(n?). This is a greater order than the method proposed above based on the
solution of the linear system (18) obtained from (12) for the case of real moments. Observe that (19) computes the
sequence ¢;(2), 05(2), ..., 0,(z) and then one computes B, (z, k,) and not only B, (z, x,) directly as in (18).
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