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Abstract

In this paper, the algebraic construction of quadrature formulas for weigh-
ted periodic integrals is revised. For this purpose, two classical papers ([10]
and [14]) in the literature are revisited and certain relations and connections
are brought to light. In this respect, the concepts of “bi-orthogonality” and
“para-orthogonality” are shown to play a fundamental role.
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1. Introduction

Let the integral I,,(f) = [; f(2)du(z) be given with T' a certain curve in the
complex plane and du a positive measure on I'. By an n-point quadrature rule
for this integral we mean an expression like I,,(f) = >7_; A;f(2;) with 2; # 2
if j # k and {z;}7_; C I' so that the weights or coefficients {A;}7_; and nodes
{#;}}j—1 are to be determined by imposing that I,,(f) exactly integrates i.e. I,,(f)
coincides with I,,(f) for as many basis functions as possible in an appropriate func-
tion space S where the above integral exists. Two situations have been most widely
considered in the literature. Namely, on the one hand, the case when I' coincides
with a subinterval of the real line, that is, I' = [a,b], —00 < a < b < o0 and on
the other hand when T" is the unit circle, ie. T =T = {2z € C : |z| = 1}. Ob-
serve that the second case is equivalent to dealing with real integrals of the form
ffﬂ f(0)du(0), f being a 2m-periodic function (here by a slight abuse of notation
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we write f(z) = f(0), du(z) = du(f) for z = €%). As for the first case, it is well
known that the construction of quadrature formulas to approximate integrals like
fab f(x)du(x) represents an interesting research topic which has been exhaustively
considered in the last decades and where orthogonal polynomials find one of their
most direct and natural applications. Indeed, if {Q}72, denotes the sequence
of orthonormal polynomials for the measure p, then I,,(f) = 377, A; f(x;) with

{2;}7_, the zeros of Qn(z) and \; = (35_) Q7 (xj))_l for j = 1,...,n (Christoffel

numbers) satisfies I,(P) = f; P(z)du(x) for any polynomial P of degree 2n — 1.
In this case, {I,,(f) : n=1,2,...} represent the well known sequence of Gaussian
or Gauss—Christoffel quadrature formulas (see e.g. [8] for a survey). On the other
hand, although quadratures on the unit circle and other related topics such as Szegd
polynomials and the trigonometric moment problem have been receiving much re-
cent attention because of their applications in rapidly growing fields of pure and
applied mathematics (Digital Signal Processing, Operator Theory, Probability The-
ory, ...), there do not exist so many results about quadratures on the unit circle
as in the real case. In this respect, the main aim of this paper is to emphasize
the role played by certain sequences of orthogonal trigonometric polynomials in-
troduced by Szegd [14] in the construction of quadrature rules on the unit circle by
carrying out a comparision with the approach given by Jones et. al in [10]. In both
approaches, a fundamental tool will be the so-called Szegé polynomials or polyno-
mials which are orthogonal on the unit circle in the following sense: given n > 1,
it is known (see e.g. [13]) that a unique monic polynomial p,(z) exists such that
ffﬂ pn(e9)e=*dpu(0) = 0 for k = 0,1,...,n — 1. Furthermore, if we assume that
the support of 4 has infinitely many points, then [ p2(e)du(0) =|| pn 2> 0.
Setting po = 1, then {p,}52, is called the orthogonal sequence of monic Szegs

_ Pn(z) _
= Toalla TP
resents an orthonormal sequence of Szegs polynomials (observe that such a se-

quence is uniquely determined by assuming that the leading coefficient of ¢, (z) for
n = 0,1,... is positive). Setting D = {z € C : |z| < 1} (sometimes we will use
E={z€C : |z| >1},C=TUDUE) a fundamental property concerning the
zeros of p,(z) for n > 1 (and apparently rather negative for our purposes) is the
following (see e.g. [1]): “For each n > 1, all the zeros of p,(2) lie in D”. Thus, un-
like the Gauss—Christoffel formulas, now the zeros of Szeg polynomials can not be
directly used as nodes in our quadratures. Following two initially different paths,
throughout the paper we will see how this drawback can be overcome. The paper
is organized as follows. In Section 2, some preliminary results concerning trigono-
metric polynomials, Laurent polynomials and algebraic polynomials are presented.
Then, in Section 3 the problem of the interpolation by trigonometric polynomials is
analyzed whereas in Section 4 the so-called bi-orthogonal systems of trigonometric
polynomials are introduced and their most relevant properties studied. The con-
struction of quadrature rules exactly integrating trigonometric polynomials with
degree as large as possible is considered in Section 5 and a connection with the
unit circle presented in Section 6. Finally some illustrative numerical experiments

polynomials. On the other hand, the sequence {¢,}52, with ¢, (2)
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are shown in Section 7.

2. Preliminary results

We will start by fixing some definitions and notations. Thus, for a nonnegative
integer n, II,, will denote the space of (in general complex) algebraic polynomials
of degree n at most and II the space of all polynomials. On the other hand, a real
trigonometric polynomial of degree n is a function of the form

T.(0) = ap + Z (ag cos kO + b sin k), ag,bp € R, |an|+ |bn| > 0.
k=1

Clearly, when ag, a; and by are in general complex numbers for k = 1,...,n, we
shall be dealing with trigonometric polynomials with complex coefficients. Thus,
when we refer to a trigonometric polynomial we are implicitly meaning with real
coefficients. We also denote by 7,, the space of trigonometric polynomials of degree
n at most, i.e.

7T, = span{l,cosf,sinf, ..., cosnd, sinnd}

and hence, dim (7,,) = 2n + 1. We occasionally deal with complex trigonomet-
ric polynomials, where ag, ax and by are arbitrary complex numbers. By using
the transformation z = ¢? and Euler’s formulas, for any complex trigonometric
polynomial one can write T, () = L, (e*?) where

Ln(z) = ) a2’ (2.1)

Then

1
co = aop, Ck=§(ak—ibk), k=1,...,n,

and when the trigonometric polynomial T,, is real, ag, aj, by are real and c_j, = ¢j.
Functions L, (z) as given above are called Laurent polynomials, or more generally,
given p and ¢ integers such that p < ¢, a Laurent polynomial is a function of the
form

q
L,(z)= Zajzj, aj € C. (2.2)
Jj=p

We also denote by A, , the space of Laurent polynomials (2.2). Observe that
Apg :span{zk p<k<q}.

Hence, dim (A, 4) = ¢ —p+ 1. Thus, L, (z) given by (2.1) belongs to A_,, .

Now, by recalling that a double sequence {p}72 _ of complex numbers is said
to be “Hermitian” if s = Tix, a Laurent polynomial L € A_,, ,, is called Hermitian
if the sequence of its coefficients is Hermitian. That is, with L, (z) in (2.1) we have
cp =7¢ for k=0,1,...,n and the following trivially holds,



8 R. Cruz-Barroso, L. Daruis, P. Gonzdlez-Vera and O. Njastad

Theorem 2.1. Let T,,(6) be a complex trigonometric polynomial, and set Ly, (¢?) =
T,.(0). Then T, is real if and only if L, is Hermitian.

Remark 2.2. If we define A = {L € A_,,,, : L Hermitian} then A is a real
vector space of dimension 2n + 1 and one can write

T, ={T(0) : T(0) = L(e") with L € All}.

Let us next consider the connection between trigonometric polynomials and
certain algebraic polynomials. For this purpose, let P(z) be an algebraic polynomial

of degree n, i.e.,
n

P(z) = Zajzj, a; €C, ap, #0.
3=0
Then, the reciprocal P*(z) of P(z) is a polynomial defined by P*(z) = 2" P,(z)
where P, (z) represents the “sub-star” conjugate of P(z), i.e., P.(z) = P (1/2).
Thus,

P*(z)=2"P(1/2) =2"P(1/2) = Y @02
j=0

where P(z) = > i—0@;z’. Now, a usefull property of the polynomials that we shall
work with is the following: for k € C\{0}, a polynomial P(z) is called “invariant”
or more precisely, “k-invariant” if

P*(z) = kP(z2) Vz e C.
Some direct consequences of this definition are:
1. If P(z) is invariant, then P(0) # 0.

2. Let a be a zero of the invariant polynomial P(z). Then, 1/a& is also a zero of
P(z).

3. Let P(z) be an invariant polynomial of odd degree n. Then, the number of
zeros of P(z) on T (counting multiplicities) is also odd. On the other hand,
if P(z) is an invariant polynomial with even degree n, it has an even number
of zeros on T.

4. Let P(z) be invariant and set P(z) = > ¢j27 = ¢, [[3_ (2 — 2), then
|P(0)] = |co| = |en| [Ti—; |2%| and taking into account that [],_, |zx] = 1 it
follows that |co| = |c,|. Consequently, ¢, = kcg with [k| = 1. Set k = €™,
w € R, and define Q(z) = AP(z), A # 0. Then, Q*(z) = AkP(z) = 2kQ(z),
that is, Q(z) is {k-invariant. Set now A = Re™, then 3k = e"“~27). Thus,
by taking v € R such that v = § + mm, with m € Z, then %k =1 and Q(2)
is 1-invariant.
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Remark 2.3. The term “k-invariant” was introduced by Jones et. al. in [10],
whereas Szegd in [14] says that a polynomial P(z) is “autoreciprocal” if P*(z) =
P(z) (1-invariant). Hence, we see that “invariant” polynomials are essentially “au-
toreciprocal”.

Let Py, (z) be an invariant polynomial of degree 2n. Then, there exists g, €
C\{0} such that Q2 (2) = A2y Popn(2) is l-invariant and we can write:

n

= E ¢z, c_j=¢5,7=01,...,n

j=—n

_ QQn(Z)

Z’I’L

L,(z)

that is, L, € A and by Theorem 2.1, L, (e"?) = T,,() with T,, € 7,,. Thus, we
have ‘ ‘
e M Py, () = A\, 1T (6).

Conversely, let T,, € 7,,. Then

T,.(0) = Ln(e®), L, € AL

Again, L,(z) = PQ;;EZ), where Py, (z) € Iy, and l-invariant. Indeed, P»,(z) =
2" L, (z). Hence,

P (2) =2"P, (1/2) = 2227 "L, (1/%)
=Y WG = ez = 2 La(2) = Pan(2).

Next, we will see how the connection between trigonometric polynomials and
invariant algebraic polynomials allows us to recover some classical results about
zeros of trigonometric polynomials. Thus, let  and 3 be arbitrary constants, then

00—«
2

more, it can be easily proved by induction that the function

T(0) =C ﬁ sin (H;“) sin <9_2923> , C#£0 (2.3)

Jj=1

sin ( ) sin (%) represents a trigonometric polynomial of degree one. Further-

where {6; ?21 are given constants, represents a trigonometric polynomial of degree
n. We will now show that a converse result also holds, i.e. any trigonometric
polynomial can be factorized as (2.3). Indeed, let T}, € 7,,, then T},(0) = L, (%),
L, € A7 and one can write L, (z) = PQ%,SZ) with P5,(z) an l-invariant polynomial
of degree 2n. Therefore, Py, (2) = ¢, Hiil(z —2k), ¢n, # 0 (counting multiplicities)
with z; # 0 and if z; ¢ T, then 1/Z; is also a root of P»,(z). Let 2m denote the
number of zeros of Py, (z) on T (0 < m < n). Then

2m n—m
Pgn(z):an(z—zj) H(z—z?k) (z—}) ,en £0 (2.4)

%k
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where z; = €%, 0; € R for 1 < j < 2m, are the zeros of Pa,(z) on T and 3

and 1/z; for 1 < k < n — m are the zeros not on T, so that Z, = e'* with

wi € C, wich implies that 1/z; = ¢*“*. Furthermore, it can be easily checked that
)

e — e = 2isin (£52) i(%2), Therefore,

P2n<ei9) = ¢, H?Z (eie _ ei9j> HZ;T (eia _ eiwk) (eie _ ez‘uTk)

a1 T sin (5) € 77 x

j—1 sin (07;%) sin (972 k) €

X

Then, it follows that,

ki 0—0,\" " . [(0-w 0 —wr
0y _ y ind : —Y - B Tk
Py, (e') = Ape jllsm( 5 ) H sm( 5 )sm( 5 >7 An # 0.

Consequently,

T(0) = Lo(e?) = Zenle”

g __ 2.5
AT sin (52 ) Ty sim () s (25) . 5

where A, # 0, 6; € R and wy, € C such that R(wy) = ¢y + 2tw, Y € (—7, 7], t € Z
and k =1,...,n —m. Then, we have proved the following

Theorem 2.4. A real trigonometric polynomial T,,(0) of the precise degree n has
exactly 2n real or complex zeros provided that we count them as usual with their
multiplicity and we restrict ourselves to the strip —m < R(0) < w. Furthermore,
the non-real zeros appear in conjugate pairs.

Remark 2.5. The representation (2.3) is of course not unique.

Furthermore, from (2.3) and (2.5) it can be also proved

Theorem 2.6 (L.Fejér and F.Riesz). A real trigonometric polynomial T(0) is
nonnegative for all real 6, if and only if, it can be written in the form

T(0)=lg(=)*, ==e"
where g(z) is an algebraic polynomial of the same degree as T(0).

Proof. Assume T'(f) a trigonometric polynomial of degree n such that 7'(6) =
Peﬁi’? with P(z) a polynomial of degree 2n. Since T'(f) > 0 for all § € R, then
possible real zeros of T'(6) must have even multiplicity. Furthermore, if § = «v is a
real zero of T(0) then z = €' is a zero of P(z) on T. Hence, from (2.4), P(z) can

be expressed as:

P(2) = Aprn () (2) @ (2), An # 0
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where pp,(2) € II,;, for 0 < m < n and gy—m(2) € II,_p,. Since T(#) > 0, for any
0 € R,

T(0) = |T0) = | 22| = Al [P2()] |gnm ()]

Aal [P, g ()* = ()]

Qn—m(eie)‘

where g(2) = /| An|pm(2)@n-m(z) € .
Conversely, let g(z) be an algebraic polynomial of degree n, then by setting
z = €' it follows that

? = ()3 = g(2)g.(2) = L) _ PonlE)

l9(2)

where P, (2) = g(2)g™(z) is clearly an l-invariant polynomial of degree 2n so that
l9(2)]* = Ln(2) € AZ, and by Theorem 2.1, |g(z)|* represents a trigonometric

polynomial of degree n which is clearly nonnegative for any 6 € R. (]

3. Interpolation by Trigonometric Polynomials

As it is well known, polynomial interpolation finds in the construction of quadra-
ture formulas one of its most immediate applications. On the other hand, when
considering quadrature rules based on trigonometric polynomials, similar results
on interpolation will be needed. In this respect, some of the already known results
will now be proved by means of the close connection between trigonometric poly-
nomials and Hermitian Laurent polynomials shown in the preceding section. First
we have,

Theorem 3.1. Given (2n+1) distinct nodes {6;} C (—m, ], there exists a unique
T, € T, such that

To(0,) =y;, j=1,...,2n+1, (3.1)

{yj}fi'fl being a given set of real numbers.

Proof. Set T(0) = ap+>_p_; ax cos kO+by sin k. We first show that the constants
{ar}r—o U {bx};—, are uniquely determined from conditions (3.1). Now, T'(0) =
L(e") with L € A_,,,, so that (3.1) is equivalent to

L(zj) =y, zj=€% j=1,....2n+1. (3.2)

Now L(2) € A, implies that L(z) = 22 P(2) € I, so that (3.2) yields

P(z) =z}y;, j=1,....2n+1. (3.3)

Since zj # zx, P(z) is uniquely determined by (3.3) and hence T'(¢) has the desired
interpolation properties. It remains to show that 7°(f) has real coefficients. This
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will be proved by showing that P(z) is l-invariant. To see this we will show that
also P*(z) satisfies the interpolation conditions (3.3). Indeed,

P*(z;) = zjz-"P (1/z) = Z?"P(zj) = Zj27l2]ny] =z7yj, y; ER
Hence, by virtue of the uniqueness of polynomial P(z), it follows that P*(z) = P(z)
and the proof is completed. O

As for an explicit representation of T,, € 7, satisfying (3.1), because of unique-

ness, one can write
2n+1

T.(0) = Y 1;(0)y (3.4)
j=1
where 1;(0) = 1;,(0) € T, such that 1;(6;) = 0;x = { (1) z; ;;i . Since

L;(0r) =0for k=1,...,2n+ 1, k # j, clearly by (2.5),

2n+1 079
HOESYE]| sin( 2’“), A #0,

k=1,k#j

A; being a normalization constant such that [;(6;) = 1. More precisely, setting

2n41 0_ 0
W,(0) = H sin( 5 k)
k=1

then, it follows that

W,.(0
lj(e):)\j%, 7=1...,2n+1.
sm( 21)
Thus,
. W,.(0 . Wa(e /
Li(63) =2 eh“%. % =% ehn(} 9—7) =20 W, (05)-
Hﬂsm( 21) -0 =

Hence, taking A\; = 7

1 _ .
w7 (6 One has ;(#;) = 1 and we can write

_ W (8)
- 2W,,(0;) sin (%)

1;(0) L j=1,....2n+1.

Furthermore, when dealing with the construction of certain quadrature formulas
exactly integrating trigonometric polynomials of degree as high as possible, the
following result will be required:
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Theorem 3.2. Let 01 ...0,41 be (n+ 1) distinct nodes on (—m,w|. Then there
exists a unique trigonometric polynomial H,, € T, satisfying

H,(0;) = H¥ (60,) = y; j=1,...,n+1
(3.5)
H,(0;)=HY (0;)=y; j=1,...,n+1,j#k

where k € {1,...,n+ 1} is previously fized and {y;}’ Yy {y] 7?;‘11’#,6 is a set of
(2n + 1) real numbers.

Proof. Set H,(0) = L,(¢®®) € A_,,,,. Then (3.5) becomes H, (0;) = L, (e¥%) =
Ly (2;) = y;j with z; =% € Tforall j = 1,...,n+ 1 and z; # 2, if j # k. On
the other hand, H, (§) = L, (¢?)ie?®. Hence, L, (z;) = —iz;H, (6;) = fiz*jyj' for
j=1,...,n+1and j#k. Since L, € A_,, ,,, then L, (z) = PZZ"in(Z) with Py, (2) €
Iy, such that Pan(z;) = 2} Ln(2;) = 27y;, y; € R and 2; € T. Furthermore,
P, (z) = nz""'L,(z) + 2" L, (z), hence

P2n(z]) =nz} L (2) + 27 L (z]) z;-‘_l (nyj —iyj') ,i=1,....,n+1, j#k.

Thus our Hermite-type trigonometric interpolation problem reduces to finding
Py, (z) € Ty, such that
Pon(zj) = 2}y, ji=1,...,n+1
(3.6)
Py(z) = 27 (g =i, ) G =1, n 1, G AR

Now, since z; # z; for j # [, it is known that the interpolation problem (3.6) has a

unique solution Py, () and T, (0) = L, (e?) = %ff) will be the unique solution
to (3.5). As in Theorem 3.1, it remains to prove that T,,(0) is a real trigonometric
polynomial. To do this, we will show that P*(z) is also a solution to (3.6), hence
because of uniqueness we have Py, (z) = Py, (2) and the conclusion follows. Indeed,

P3.(25) = 2" Pon (1/75) = 23" Pan(25)
= zf”z;ly] =27y; = Pan(2), j=1,...,n+ 1.

Furthermore, (Pz*n) (z) = 2n22" "1 Py (1/2) 4+ 22" (Pay) (1/2) (Z2), yielding:

2
(P3) (2) = Zn? {2nsz2n(zj) - PZ/n(Zj):| :

’

(Here we are making use of the fact (P) (z) = (P’)(z)). Therefore, for j =
1,...,n+1, j#k:

(P5) (2) = 2277 202275 — 2, "Dy + iy,

= 2 [27”/1 I iyj} = 2} ny; — iy, ] = Pay(2))-
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As for an explicit representation of the interpolating trigonometric polynomial
H, () satisfying (3.5), by virtue of uniqueness we can write for any k € {1,...,n+
1}

)

n+1
Ha(0) = HP0) =t O+ Y |80+ 0] 37)
Jj=1j#k

where t;k) (0) and sgk)(é)) are trigonometric polynomials in 7;,, such that

t*6,) = 5, 1<jr<n+1
(t;k)> 0,)=0 1<jr<n+1,r#k
s$(6,) =0 1<r<n+1,j#k

(s7) 6 =650 1<jr<n+l sk j#k

Define now W, (0) = H;l;rll sin (0;9j). If we proceed as in the previous case,

after some elementary calculations we deduce the following expressions for such
trigonometric polynomials for 1 < j<n+1, 7 #k:

W2(0) sin 0"

S§k)(0): 2sin( 3 )sm ‘9( S0k ) >n'(9j)]2 “ (39

t(»k)(a) = o eme %e 2
’ sin? T s Sk [ 0) | (3.10)

oo o (35 (52 e
and

2

i (0) = [2W (agzgi)(e—ek)] € Tn. (3:11)

In the rest of the section we shall be concerned with certain interpolation prob-
lems using an even number of nodes, say 2n, in subspaces 7,, of 7T,, of dimension
2n. For instance, 7,, = T,,\span{cosn} or T,, = T,,\span{sinn@}. In this respect,
it should be recalled that a system of continuous functions { fo,..., fi,} on an in-
terval [a, b] represents a Haar system on [a,b] if and only if for any k, 1 < k < m,
{fo,--, fx} is a Chebyshev system on [a,b]. Clearly,

{1,cos0,sind, ..., cosnb,sinnd},

can not be a Haar system on [—, 7] (check simply that {1, cos 6} is not a Chebyshev
system). Hence, we can not initially assume that given 2n nodes {6; }?21 on (—m,]
there exists T,, € 7,,\span{cosnf} or in 7,\span{sinnf} such that T,,(6;) = y; for
all j =1,...,2n. However, we can prove the following
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Theorem 3.3. Let {6; ?Ql (—m, 7] be 2n distinct nodes, let {yj ™, be arbitrary
real numbers, and consider the interpolation problem:

T.(0;)=y;, j=1,...,2n. (3.12)
Then the following hold:

1. If Z?Zl 0; # km for all k € Z, then there is a unique solution of (3.12) in
T \span{cosnf} and a unique solution of (3.12) in T,\span{sinnd}.

2. If 2321 8; = kr for an odd integer k, then there is a unique solution of (3.12)
in T, \span{cosnb}.

s 1If Zgﬁl ; = km for an even integer k, then there is a unique solution of
(5. 12) in Tp\span{sinnf}.

Proof. Assume first that we are trying to find T},(8) € 7;,\span{sinnf} satisfying
(3.12). Thus, we can write:

n—1
T,(0) = ag + Z (a; cos jO + b; sin jO) + a, cosnd = L, (") € A_,,,,
j=1

with L, (2) = Y7 ¢;27, where

j=-n

CLj — Zb]
2

cj = ,c—j=¢5, 1 <j<n—1, ¢g = aop.

Thus, c_; = ¢; for all 0 < j < n. Setting as usual z; = =¢e% forall j =1,...,2n,
(z; 7£ 2 if §j # k), (3.12) becomes

Tn(ej) = Ln(e s i)=1L (Z]) =y, Jj=1...,2n

giving rise to the linear system

n—1

Y ad e ) =y, i=1,...,2n (3.13)
k=—(n—1)

Now, the system (3.13) has a unique solution if and only if A,, # 0, where

zl_(n_l) 21_("_2) e 1 e z?‘l (Z{L + zl_”)

T T T ()
A, =

Z;n(nil) Z;n(n 2) e 1 e Zg’n, 1 (Zg’n + Z;nn)
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By introducing the Vandermonde determinant associated with z1, ..., z2,, i.e.,
2n—1
1 21 e Z% .
29 e z2n_
Yn = .
2n—1
1 Zon e ZQTL

it can be easily checked that

An = (2’1 e Zgn)n_l(l — 21" -Zzn)’yn. (314)

On the other hand, if we consider our interpolation problem in
T,.(0) € T,\span{cosnf}, the associated determinant A, of the corresponding
system satisfies

Ap = (21 200)" (1421 220) Y- (3.15)

Since z; = €%, then z---29y, = €2 with A\, = 22‘21 0;. If N\, # km for
any integer k, then clearly 21---29, # =£1 and from (3.14) and (3.15), both
determinants A,, and A,, are nonzero since Yn # 0, which means that the in-
terpolation problem (3.12) has a unique solution both in 7,\span{sinnf} and
T \span{cosnf}. Next, assume that A\, = krm for some integer k. Thus, if k is
even, then ¢*» = 1 and (3.15) is different from zero, whereas if k is odd, then
e = —1 and (3.14) does not vanish. Thus, for instance, if A, # 0, we have
found a unique L, € A_,, ,, L, (z) = Z?:_n ¢;jz? such that c_,, = ¢, and satisfy-
ing L,(z;) = y; for j = 1,...,2n. Therefore, T,,(0) = L,(e®) € T,,\span{sinnf}
and Tn(ﬁj) =y, for j =1,...,2n. To check that Tn(ﬁ) is actually a real trigono-
metric polynomial we proceed as in Theorem 3.1. (]

Next, a Lagrange-type representation for the trigonometric polynomial Tn(e)
satisfying the conditions of Theorem 3.3 will be given. Indeed, set

and assume that 7, # krm for any integer k so that A, # 0. Thus, TH(Q) €
T, \span{sinnf} and by virtue of uniqueness, one has T,,(#) = 2521 t;(0)y; where
t; € T,\span{sinnf} and ¢;(0y) = 6, for 1 < j k < 2n. Fix j € {1,...,2n} and

TR .
define a; = Ziil’k# 6;. Now, we can write §;(6) = l’e(iie) where [;(z) € I,

such that [J(zk) = z7'0; where, as usual, z; = e for k = 1,...,2n. Since
t; € T,\span{sinnf}, the leading coefficient of /;(z) must coincide with 7;(0), and
one has 1(2) = ¢;(z — w) [IiZy gy (2 = 25) = 22" + - +1;(0). But [;(0) =
2n ’

cjw; [T;2; j %), hence
1 o P
Wj = —————— = T =e =l

HjZLj;ék i j=1
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Therefore, by (2.5) it follows that

3 (a0,
5j(9)20j51n( Zj) H 8111(2])

j=1,j7#k

where ¢; is to be determined such that §;(6,;) = 1. Setting

we have

Now,

1= lim & sin bra;) _Wa®) _ 2¢; sin bita W, (6;).
—0; 2 sin (9*9]‘) 2
2

Observe that 1(6; + a;) = %Zle 0, = n, # km for any integer k, so that
sin (MT%) = sin7, # 0 and hence

. 1 . 0+ a; Wn(G) .
; = =1,...,2n. 1
8](0) 2Wn/ (ej) sin 7, o ( 2 ) sin (9_291) 0 ’ 4 (3 6>

When dealing with the interpolant 7},(6) € 7,\span{cosnf} it can be easily verified
that the fundamental Lagrange-type trigonometric polynomials §;(6) are now given
by

1 0+aj> Wn(0) ., 2n. (3.17)

53(0) = 2W,, (0;) cos ny, o8 ( 2

n

with «; and 7, as previously given.

4. Bi-orthogonal systems

Let w(f) be a weight function on (—m, 7], i.e., w(f) = 0 on (—7, 7] and 0 <
ffﬁw(@)d@ < o0o. The main aim of this section is briefly collecting some results
by Szegs (see [14]) concerning properties of an orthogonal basis for the space 7 of
real trigonometric polynomials with respect to the inner product on 7 induced by
w(0), namely,

(Fo)o= [ 105@w@w, ¥ fgeT (1.1
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As indicated in [14], we might consider an arbitrary measure du(f) on the unit
circle; in what follows, however we restrict ourselves for the sake of simplicity,
to the previously defined case, i.e. to the case when p(6) is absolutely continuous.
Furthermore, when only real functions are considered, complex conjugation in (4.1)
can be omitted. For this purpose, let us first consider the basis of 7, given by
{1, cos0,siné, ..., cosnb,sinnf} which is clearly orthogonal for w(f) = 1 on [—, 7]
and let us see how this property can be extended to an arbitrary weight function
w(#). Certainly, this can be done by orthogonalizing the elementary functions

1,cos60,sind, ..., cosnb,sinnd
arranged in a linear order, according to Gram-Schmidt process. Thus, a set
{anfhgla .. afn:gn}
of trigonometric polynomials is generated such that fy is a nonzero constant,

f1 € span{l,cos0}, g1 € span{l,cosf,sinf}, fo € span{l,cosb,sinb, cos20}

g2 € span{l,cosf,sinf, cos20,sin20} ... f, € T,\span{sinnb}, g, € 7,
and it holds that
<fja fk>w = H];(sj,k s K?j/ >0
(9j: Gk)w = K; 05k ; K; >0 (4.2)

(fir9k)w=0,3=0,1,....n , k=1,...,n.

When the process is repeated for each n € N, then fo U { fx, gx}72, represents an
orthogonal basis for 7 with respect to w(f#). Now, if we set

Jo=ao0 #0
fi = aj0+ S33_, (a;x cos kO + bj i sin k) (4.3)
gi = ¢jo+ S0_y (¢jrcoskl + dj . sin k@)

then, because of the linear independence it clearly follows that

Qn,n bn,n

#0, n>1.

Cn,n dn,n
Conversely, we also have (see [14])

Theorem 4.1. Let foU{ fr, g1}, be a system of trigonometric polynomials such
that fo(0) =c#0 and forn > 1:

Tn(0) = ano + > p_y (ankcoskd + by, sinkb) ,
gn(0) = cno+ Y p_y (Cnk cos kb + d,,  sink0) .

Assume that forn > 1,

Cn,n dn n
Then, foU{fr, 9k}, is a basis for T.

Qp.n bn,n ’7&0
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Now, according to Szeg6 (see [14]) we are in a position to state the following
definitions:

Definition 4.2. Two trigonometric polynomials of degree n, of the form
f(0) =acosnb+bsinnd +---, g(0) =ccosnb + dsinnd + - - -
are said to be linearly independent if and only if

a b
c d’#o'

Definition 4.3. Given the weight function w(6) on [, 7], a system foU{ fx, g% }7>,
of real trigonometric polynomials with f; a nonzero constant will be called a bi-
orthogonal system for w(0) if the following holds:

1. For each n > 1, f,(0) and g, () are linearly independent.

2. The system is orthogonal with respect to the inner produc generated by w(8),
i.e., (4.2) is satisfied.

Next, let us see how a bi-orthogonal system can be constructed from a sequence
of orthogonal polynomials on the unit circle (Szegé polynomials) for w(f). To
fix ideas, let {pn(2)}22, be the sequence of monic Szegd polynomials: p,(z) =
2"+ -+ 6, forn=0,1,.... Here, 6, = pr(0) (0o #0; |d,] <1forn=1,2,...)
represents the n-th reflection coefficient or Schur parameter. Let {w,}52, be a

(

given sequence of nonzero complex numbers and consider %,le) €A _(ni1)nt1-
Here, one can write

wne_in9p2n+1(ew) = fn+1(9) + ignJrl(a) (4'4)

where f,11(0) and g¢,,41(0) are real trigonometric polynomials of degree n + 1
(n=0,1,...), and we have (see [3])

Theorem 4.4. Let {w,}22, be a sequence of complex numbers such that for any
n >0, w, #0 and W2 [T € pyni1(e?)w(0)dd is a real number. Then the real

trigonometric polynomials fo U{fnt1, gnt+1}22o given by (4.4) with fo(8) = fo # 0
is a bi-orthogonal system for w(6).

Remark 4.5. For an alternative construction of a bi-orthogonal system making
use of orthonormal Szegd polynomials of even instead of odd degree, see [14].

Example 4.6. Take w(f) = 1 on [—m, 7] (Lebesgue measure). It is known that
pn(z) = 2" for n =0,1,... so that, for any w,, € C\{0}:

wi/ ¢ pony1(e?)w(h)do = wi/ et 2nt20q9 — 0.

—T —T
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Hence, we can take any nonzero complex number w,,. Set w,, = a,+i0n, ap, Bn € R
and |ay,| + |8n| > 0. Then,

frne1(0) = a cos(n +1)0 — B, sin(n + 1)6

gn+1(0) = B cos(n + 1)0 + oy, sin(n + 1)0. (4.5)
Furthermore, by taking w, =1, for n =0,1,..., we obtain
frui1(0) = cos(n+1)0, Gni1(0) =sin(n+1)0 (4.6)

and the well known orthogonal properties of the functions
{1,co080,sind,...,cosnb,sinnb,...}
with respect to the weight function w(f) = 1 are now recovered.

Remark 4.7. Tt should be noted that the relations (4.5) and (4.6) between two
bi-orthogonal systems for w(f) = 1 hold for any arbitrary w(f). Indeed, let fo U
{fr, 96172, and fo U { frs Jr 152, be two bi-orthogonal systems for a given weight
function w(#). Since fn T, and foU{fr, g1}, is a basis for 7, one has

Fa(0) = aofo+ Y (a;£;(0) + B9;(0)) -

Jj=1

On the other hand, because of the bi-orthogonality, (f,T), = 0 for all T € T,,_1,

yielding fn(ﬂ) = anfn(0) + Bg,(0). Similarly, §,(0) = v fn(0) + dg.(0). Both
relations can be expressed in a matrix form as,

()= () om=(% %)
Jn "\ gn ’ " Tn  On '

with B
<fn frn)w _ Afnsgn)w
an = M, Bn= 00
_ {Gnsfnte (GrsGn S

Yo = SFES O T T
By changing the roles of both systems, it follows that

<fn>:M<fn> M:M_l
gn "\gn ) " n

Furthermore, when dealing with bi-orthonormal sybtems e, || fa llo=l gn lw=ll
Fo o=l Gn ||w7 1, then it can be verified that M,, = MT i.e., M,, is an orthogonal
matrix, as remarked in [14].

Example 4.8. Consider the weight function w(f) = ﬁ, 0 € [—m, x|, T(0) being
a positive trigonometric polynomial of degree m (i.e., a rational modification of
the Lebesgue measure). From 2.6 we can write T(0) = |h(z)[?, z = ¥, where
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h(z) € II,,, without zeros on T. Moreover, we can assume without loss of generality
that h(z) is a monic polynomial. Hence, from [15] the monic Szegs polynomials
are given by pn(z) = 2" ™h(z) for n = m. Hence, as in Example 4.6 it holds that

w2 [" € pypi1(e’?)w(6)df = 0, and any nonzero complex number w,, can be used,
provided that n > F [’”T_l] + 1 where E[z] denotes as usual the integer part of x.
Thus, if we set h(z) = 2™ + @y _12™ "1 + -+ + ag and take w,, = 1, then

Wne" M pon 1 (%) = eintl=mOp(g) = eiln+1-m)o (€7 + - + ag)
_ 6i(n+1)9 N aoei(nJrlfm)O _ fn+1(0) + ign+1(0)~

Thus, forn > E [mT] + 1 a bi-orthogonal system is given by
frn41(8) =cos(n+1)8 + - - + agcos(n + 1 —m)6,
gn+1(0) =sin(n+ 1)0 + - - - + agsin(n + 1 — m)#.

Certainly, to have a bi-orthogonal system fo U {fx, gx}3>,; completely con-
structed, we must compute the Szegd polynomials por11(2), 0 < k < E [mT’l]
which can be recursively done by Levinson’s algorithm (see [7] or [12]).

In the rest of the section we shall be concerned with the zeros of a given bi-
orthogonal system. We observe from Example 1 that fo = ¢ # 0, f,(0) = cosnb,
gn(6) = sinnb, n = 1,2,... represent a bi-orthogonal system for w(f) = 1. Now,
fn(0) = 0 means 6 = (kaﬂ k € Z. Thus, taking —(n — 1) < k < n—1 we
see that f,(0) has exactly 2n distinct zeros on (—m,x]. Similarly, if a and b are
two real numbers, not both zero, it can be seen that af, (0) + bg,(6) has also 2n
distinct zeros on (—, 7). This property can be generalized to any arbitrary weight
function w(#).

Theorem 4.9. Let fo U {fi, g1}, be a bi-orthogonal system for w(6) and let a
and b be real numbers not both zero. Then the trigonometric polynomial T(0) =
af(0)+ bg(0) has 2n real and distinct zeros on any interval of length 2.

Proof. To fix ideas we shall restrict ourselves to (—m,n]. By Theorem (2.4) we
know that T}, (6) has 2n real or complex zeros in the strip —7 < R(0) < 7. Further-
more, the non-real zeros appear in conjugate pairs. Le p be the number of zeros
of T,,(0) on (—m,n] with odd multiplicity (0 < p < 2n). Since p should be even we
can set p = 2k, 0 < k < n. Assume that k£ < n and define

k
= H sin <9 _262J) sin (0 — Z2J_1> )
j=1

{6, }]221 being the zeros of T}, (#) on (—m, 7] with odd multiplicity (obviously, if k = 0
we take Ug(f) = 1). Then we can write T,,(0) = afn(0) + bg,(0) = Ur(0)V,—r(6),
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where V,,_1(0) € T,_ and V,,_;(0) has a constant sign on (—m,n|. Since k < n,
by virtue of orthogonality it follows on the one hand that

= [T T.(0)Us(0)w(0)do

T MO0+ b, o0 OV 0Nl =0,

whereas on the other hand
1= [ ROV 000 £0
because w(f) is a weight function on (—m,7]. >From this contradiction it follows

that k = n. O

Furthermore, the following interlacing property of zeros holds:

Theorem 4.10. Under the same assumptions as in Theorem 4.9, the zeros of
afn(0) + b9, (0) and =bf,(0) + ag.(0) interlace.

Proof. Since we are dealing with properties of zeros, we can assume, without loss
of generality that the system fo U {fr, gr}3>; is bi-orthonormal. We introduce the
function

Ko (e, ) = +Z Jr() fie(0) + gi()gi(0))

which satisfies the following reproducing property:

T(0) = [ Kn(o, O)T(0)w(0)d0, VT € T,.

—T

On the other hand, from the paper by Szeg6 [14], the following Christoffel-Darboux
identity can be established,

Kn-1(a,0) = éki" L cot (H_Ta) (fn(0)gn(0) — fr(0)gn(a)) — (4.7)
(Tnfn( ) frn(0) 4 50gn(a)gn(0))

where the coefficients k,,, r, and s,, are related to the orthonormal sequence

{pn(2)}52, of Szegs polynomials as follows: Set ¢y, (2) = kpz™ + - Ly (kn > 0),
then 2s, = 1 + 2=l 2"‘ >0 and 2r, =1 — ‘lz"l Furthermore, since Pn( ) = %I;( 2 =

2"+ + then ‘lz—”‘ < 1andr,is also positive. Thus

Kn-1(a,a) =limg_oKn-1(c,0)
= 2 ((fa(a)g, (@) = £, (@)gn(@)) = (raf2(a) + sugd(@))

Setting My, () = (7 f2 () + spg2 () we obtain for all o € R:

£2(@)g, (@) = £, (@)ga @) = 222 (M, (@) + Knoa(a,)) > 0,
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since clearly M, («) > 0 and K,,_1(a, ) > 0. >From here it can be easily seen
that the zeros of f,,(f) and g,(6) interlace. Finally, let us consider

Cn(a) = afn(e) + bgn(0)7 Dn(e) = _b.fn(a) + agn(a)a |CL| + |b| > 0.

Cal@)D, () = €,/ (@)Dn(a) = (6 + 1) (fula)g, (@) ~ £, (@)gn(@) > 0
and the proof follows. O

Remark 4.11. The two previous theorems were earlier proved by Szegd in [14]
making use of the fundamental property that the zeros of any Szegd polyno-
mial p,(z) lie in D. Here, we have given alternative proofs involving only bi-
orthogonality properties.

As an immediate consequence of Theorems 4.9 and 4.10, we have
Corollary 4.12. Let fo U{fx,gx}?>, be an orthogonal system for w(0). Then,
1. Both f, and g, have 2n distinct zeros on any interval of length 2.

2. On any interval of length 27, the zeros of f, and g, interlace.

5. Quadratures

In this section we start to properly deal with the main topic of the paper, i.e.,
the approximate calculation of integrals

L) = [ oo (5.1)

—T

with w(f) a weight function on (—m, 7] and f a 27-periodic function such that fw €
Ly(—m,w|. I,(f) is going to be approximated by means of an n-point quadrature
rule like:

In(f) = D_Nif(05), 05 7 O, 05 € (=, 7. (52)

Here, the nodes {0;}}]_; and weights {\;}7_; are to be determined so that I,,(f) is
exact in certain subspaces of 7 with dimension as large as possible, i.e. it should
hold that I,(T") = I,,(T') for any T' € T,,,(,y C T with m(n) as large as possible.
For this purpose the following results should first be taken into account:

Theorem 5.1. There can not exist an n-point quadrature rule I,(f) like (5.2)
which is exact in Ty, i.e., m(n) < n.

Proof. Proceed as in [11, pp. 73-74] for the case w(f) = 1. O
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Now, making use of the interpolation results in Section 3 the following can be
proved:

Theorem 5.2. Given n distinct nodes {0;}7_, C (=, 7], there exists a certain
subspace T,, of T,, with dimension n such that weights {\; }?:1 satisfying

(T) = Zn: NT(0)I1,(T), YT €T,

are uniquely determined.

Theorem 5.3. If there exists an n-point quadrature rule I,(f) = Z?:l A f(0;)
which is exact in T,—1, then \; >0 for all j =1,...,n (see [11]).

Proof. Take t;(0) = [];_ 1k SID (6*29’“). Thus, t;(0) € 7,1 and t;(6) > 0.
Hence, 0 < I, ( i) = In(t;) = Ajt;(6;). Since t;(6;) > 0, the proof follows. O

After these preliminary considerations, we are now in a position to investigate
the following problem, namely: “For n € N, n > 1, find 04,...,0, with 0; # 0y if

j # k on (—m,n] and real numbers Aq,..., A, such that
L(f) =Y _Aif(0;) = Lo(f), Vf € Tor” (5.3)
j=1

Since dim (T,—1) = 2n— 1, (5.3) leads to a nonlinear system with 2n — 1 equations
and 2n unknowns: 61,...,6,;A1,...,\,. Now, proceeding as in the polynomial
situation (see e.g. [6]), instead of directly attacking the system coming from (5.3)
we will try to analyze the properties of the real trigonometric polynomial whose
zeros are the nodes of I,(f). For this reason we are forced to assume that the
number of nodes in our quadrature rules should be even. To fix ideas, assume that
this number is 2n. Then, in the sequel our rule will be of the form

2n

IQn(f) = Z)‘jf(ej)a 2nl C ( 7777T]'

Set T,(0) = anl sin (0 ) € 7,,. Then the following holds:

Theorem 5.4. Let I, (f) = ZQZ A f(0;) be a quadrature rule such that
In(T) = 1,(T) for allT € Top—1 (md let fo U{fr, 96172, be a bi-orthogonal system

for w(0). Set T, (0) = H?”l sin (9_20-7 . Then there exist real numbers a,, and b,
not both zero such that T,,(0) = an fn(0) + bngn(0).

Proof. Set S € 7,,_1, then T,,(0)S(6) € T2,,—1. Hence

(Th, S)w = Lu( = [T T.(0)S(0)w(6)do
- In(Tn : S) - Zg: )\]Tn(ﬁj)S(ﬂj) =0.
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On the other hand, since fo U {fx,gx}}_; is a basis for 7,, one can write

<Tn7fk>w
I fell2

<Tn7 gk>w

by = Ikl
I fx 112

—ao+z ak fr(0) + brgr(0)) , ar =

By (5.4), ap =0for k=0,1,...,n—1and by =0 for k =1,...,n — 1 and the
proof follows. U

Conversely, we can prove the following

Theorem 5.5. Let fo U{fx,gr}2>, be a bi-orthogonal system for the weight Sunc-
tion w(#). Let a and b be real numbers not both zero and let {9 ™, be the 2n
zeros of T,(0) = afn(0) + bgn(0) on (—m,w|. Then, there exist posztwe numbers
A1, ..., Aoy such that

Lon(f ZAf =L.(f), Vf€Ton1.

Proof. Throughout the proof, 7,, will denote a subspace of trigonometric polyno-
mials coinciding either with 7;,\span{cosnd} or 7, \span{sinnf}, so that

dim (Tn) —2n. Let 61,. .., 02, be the 2n distinct zeros of Ty (8) = afn(6) +bgn(6),
(la] + |b] > 0). Then, by Theorem 5.2, there exist weights Aq,..., Aa,, uniquely
determined, such that

2n
Ln(f) = Zw«m =I(f), VfeT,.

Let us next see that I, (f) is also exact in 73,1 (observe that T, C Ton—1)- To do
that, we will follow the classical pattern. Indeed, take T € T3,_1 and let L,, € 7,
such that

T(Gj) = Ln(GJ), ] = 1, ceey 2n.

Then T — L,, € Tap—1 and (T'— L,) (0;) =0 for all j = 1,...,2n. Hence we can
write T'(0) — L, (0) = T,,(8)V(0), with V € T, i.e., T(G) Ln(ﬂ) + T,(0)V(0).
Consequently

L(T) = [7, T(O)w®) 9 S (Ln(0) + T (0)V (0)) w(9)dd
f 9)‘*} —Iw(Ln)a

since I,(T,,V) = 0 (by definition, T, (¢) is orthogonal to any function in 7,,_1).
Therefore,

I,(T) = Z)\ Ln(0;) =Y _NT(0;) = I(T).

j=1
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Finally, the positive character of the weights {\; ?’;1 follows from Theorem 5.3.
However, we can also give an explicit integral representation. Thus, for j =
1,...,2n, set
0

9T (6;) sin (";01‘)

so that [;(0;) = ;1 and 1]2(9) € Tap_1 for 5 =1,...,2n. Thus

1;(0)

2n
L (2(9)) = L (2(0) = > Aul2(0k) = A
k=1

yielding
2
4 T,.(0 .
Y :/ / ( ) | wlO)ds, j=1,....2n. (5.5)
- | 2T,/ (6,) sin ( 5 J)

Theorems 5.4 and 5.5 may be summarized in the following characterization result,

Corollary 5.6. Let Irn(f) = 227", Njf(0;) so that 0; # Ok if j # k, and {0;} C
(=m,7w]. Then, Isn(f) = L,(f) for oll f € Tan_1, if and only if,

1. Ion(f) is exact in a certain subspace T, of Ton—1 whith dimension 2n.

2. There exist real numbers a and b not both zero such that {Hj}?il are the zeros
of Tn,(0) = afn(0) +bgn(8), foU{fr, gk}, being a bi-orthogonal system for
the weight function w(6).

Furthermore, when these conditions are satisfied the weights {)\j}le are positive.

Remark 5.7. The quadrature rules characterized in Corollary 5.6 were earlier
introduced by Szegd in [14] and they are sometimes refered as “quadratures with
the highest degree of trigonometric precision”.

Next, we will see how we can also give an explicit representation of the weights
{ 321 in Corollary 5.6, in terms of a bi-orthonormal system similar to the well
known Christoffel numbers for the Gaussian formulas (see e.g. [8]). Indeed, we
have

Theorem 5.8. Let fo U {fi, gk}, be a bi-orthonormal system for w(6) and let
L, (f) = Zfll A f(8;) be a 2n-point quadrature rule with the highest degree of
trigonometric precision. Then, for j =1,...,2n,

1
S A e— =102l f2(g.) + (1020l g2(g.
S+ AL (720 + gp(0) + (22L) r2009) + (25221 g2069)

where, as usual, d2, = p2n(0), pan(2z) being the monic Szegd polynomial of degree
2n and {0}, being the zeros of T,,(0) = afn(0) + bgn(6), la| + [b] > 0.

(5.6)
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Proof. Set T,,(0) = [[;~, sin (%52) = afy(0) +bgn(0) € Tp, lal+|b] > 0. Suppose
without loss of generality that a # 0 so that f,(6;) = %’gn(ej) . Then, from the

Christoffel-Darboux identity (4.7) it follows

Kn1(0,05) = 32 ctg (250) [£a(0)9n (65) — £ (63)90(6)] -
— (T fn(0) fu( J)+5n9n( ) n(ej))
= g, (05)etg (45°) Tu(0)-

— | £ 0)£20) + 522l g, (0)90 0]
and hence

K1 (0,0,) + [ 25221 10(0) £ 0) + 25221 g, (0)90(0)] =
st g, (07) cos (152 ) —RlG i

2a kzn sin

J
2

As 0 tends to §;, we get

S+ SR (1205) + g209) + (5522L) s2005) + (o2l g2(6) =
St g, (0,)T,, (60)).

Now, due to the orthogonality conditions it follows from (5.7) that

1 kop g 60—, T,.(6)
Gr (0)/ cos < >
2a kon, T - 2 sin ( 91)

The combination of expressions (5.8) and (5.9) implies

w(0)do.

. 1
BB+ T (12 0n+aR0)+ el 20+ Hlgl g20))
1 ™ 6—0, "(6) i
2’1"'7(%) f—ﬂ o8 ( 2 J) sin % w<9)d9

n

(5.7)

(5.10)

On the other hand, from Corollary 5.6 one knows that the weights A; can be

expressed as

Aj:/ 5,0)w(O)d6, j=1,....2n

—T

where 5;(0) are trigonometric polynomials of degree n at most given by (3.16) or

(3.17). Thus, from (3.16) it follows

51(9) _ 1 94—04]') Tn(ﬁ)

2T, (0;) sinny, S ( 2
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with 0, = %Zle 0; and o = 1y, — % for j = 1,...,2n. Hence, sin (%) _

sin (0;91 + 77n) = sin (9;0j> cos 1y, + cos (

0;\ .- .
57 ) sinn, and one can write

N = [cos Mo |7 T (0)w(6)d0 +

I
2Tn/ (05) sinny,

+ sinny, [T cos (@) %w(&)d@ (5.11)

sin 5

= —F T eos (229 " (6) -
= ) - COb( 2 J) sin o w(6)do.

Clearly, if we now start from (3.17) the same representation (5.11) is achieved.
Thus, from (5.10) and (5.11) the proof follows. O

Example 5.9. As a simple illustration of formula (5.6), let us consider w(f) = 1.
As we have already seen, a bi-orthogonal system is given by {1}U{cos n#, sin ng}52 ;.
Thus, we have the following bi-orthonormal system:

1 cosnb sin né
fo= \/727, fn(e) = 7, gn(o) = 77

Taking a,b € R, |a|+|b|] > 0, the nodes of the corresponding (2n)-th quadrature rule
are the zeros of T,,(0) = afn(0)+bgn(0). Thus, when @ = 0and b =1, i.e., sinnf =

0, the zeros are 0, = %" for all k € Z, i.e., the 2n zeros 0; = w = -7+ %,

Jj=0,1,...,2n—1, are equally spaced on the interval [, 7] with step size, h = T.

Moreover, since now p,(z) = 2" for all n = 0,1,..., then da, = p2,(0) = 0 and
formula (5.6) becomes, for all j =1,...,2n:

1 ™
Aj = - - - — =—. (5.12)
% + Zz;ll (C0527(Tk9j) + 51n27(rk9j)> + % (Co:ﬁ(n‘%) + 51“2,(,:10].)) n

n=12,....

s

Furthermore, from (5.12) we see that independently of the expression of the nodes
{6, ?21 all the weights {)\j}?’;l are equal to =. This result was deduced in a
different manner in [11].

Paralleling rather closely Gaussian quadrature formulas, we will give a final
result involving the Hermite-type interpolation problem stated in Theorem 3.2
which could be used to give an estimation of the error for I, (f). Indeed, one has

Theorem 5.10. Let a and b real numbers not both zero and let {6, }?21 the zeros
of Tr(0) = afn(0) + bgn(0), foU {fi,gr}?>, being a bi-orthogonal system. Let
Hy,—1(f,") € Ton—1 such that:

H2/nf1(f;9j)=fl(9j) j=1,....2n, j £ ke{l,...,2n}.

Then, I, (Han—1(f,+)) coincides with the (2n)-th quadrature rule with the highest
degree of trigonometric precision with nodes {0; ?’:‘1, Furthermore, this formula
does not depend on the parameter k € {1,...,2n} previously fized.
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Proof. The existence and unicity of the Hermite trigonometric interpolant
Hy,—1(f, ) is guaranteed by Theorem 3.2. Furthermore, by (3.7) we can write,

Hoynr(f.0) =D t;0)f(0))+ > s;(0)f (6)) (5.13)
j=1 i=1,j#k

where t;(6) and s;(0) are trigonometric polynomials in 75, satisfying the inter-
polation condition (3.8). Hence,

L (Hauot(£,)) =Y _Aif(0;)+ > Bif ' (6)) (5.14)
j=1 J=1,j#k

where A; = I,(t;) for j =1,...,2n and B; = I,(s;), j =1,...,2n, j # k. Now,
taking into account that T, (0) = af,(0) 4+ bg,(0) is orthogonal to 7, _1, it can be
deduced from (3.9) that

Sin( jiek) T (0

Bj=———— 1. | T.(0) aen() =0, j=1,....2n, j #k.
27,0, s () o (25)

Thus, 1, (Han-1(f,)) = 2321 A;f(0;) = Ipn(f) and since for any T € Ta, 1,

Hy,—1(T,0) = T(0), we have

j2n(T) = Iw (Hanl(T» )) = Iw(T)v VT e 7'2nfl~
Now the proof follows by Corollary 5.6. O

Remark 5.11. Quadrature rules of the form I,,(f) = Z?Zl A f(0;) to estimate
weighted 27-periodic integrals I, (f) have been constructed making use of the zeros
of certain trigonometric polynomials associated to a bi-orthogonal system. For this
reason we have been forced to deal with an even number of nodes and weights. Now,
we might wonder if a quadrature I,,(f) with n an arbitrary natural number and
with the highest degree of trigonometric precision (n—1) could be also constructed.
It seems clear that we can not use zeros of real trigonometric polynomials anymore,
since the number of these is always even. Actually, this question does not appear
in the paper by Szeg6 [14]. In a forthcoming paper a positive answer will be given
by introducing convenient technical modifications of Szegd‘s paper [14]. However
we can also find an answer in the paper by Jones et. al. [10] which, for the sake of
completeness, will be surveyed in the next Section. As a consequence, a connection
between the concepts of bi-orthogonality and para-orthogonality introduced in [14]
and [10] respectively will be also made.

6. A connection with the unit circle. Para-orthogo-
nal polynomials

In this Section we shall be concerned with the approximation of integrals on
the unit circle, i.e., integrals of the form [} f(z)du(z), u being a positive measure
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on T, by means of an n-point quadrature rule:
=D Af(z) 5 #F e j#Ek {5} CT. (6.1)
j=1

By a slight abuse of notation we shall set u(z) = u(6) for z = €. As before, and
for the sake of simplicity, we will also assume that p is an absolutely continuous
measure i.e., du(f) = w(0)dl so that we consider integrals of the form

L(f)= [ fe)w(®)d (6.2)
where f(e?) is in general a complex function. Thus f(e%) = f1(6) + if2(#) with
£;(8) for j = 1,2, both real 2m-periodic functions. Here, taking into account the
basic fact that any continuous function on T can be uniformly approximated on T by
Laurent polynomials, the nodes {zj _; and weights {A;}"_, are to be determined
by requiring that I,,(f) is exact in A,p ¢ (domain of Vahdlty) with p and ¢ as large
as possible (clearly this means that I,(L) = I,(L), forall L € A_, ;). Now, assume
that for the weight function w(f) and an even integer n we have found an n-point
quadrature rule I,,(f) = Z;‘L=1 A; f(0;) with the highest degree of trigonometric
precision (recall that \; > 0 and 0; # 0y if j # k, {0;}7_; C (—m,7]). Take
L €A_(;_1)n_1 so that L(e") = Ly(0) + iL(0) with L1, Ly € 7,,. Then

(

L(L) = [T L(e®)w(0)dd = [T Li(0)w(0)dd +i [T Lo(0)w(0)do
= i /\L1(9)+@Zj "\ La(0))

Z Aj (L (;)+2L2( ;) = Z AL( 7)

= ZJ,1>‘L(ZJ)a =€, j=1,.

(observe that z; # zj if j # k). Thus, provided that n is even a quadrature rule
with domain of validity A_(,_1)n—1 for I,(f) has been constructed.

Convelrsely7 let I, (f) = >27_1 Ajf(z)), 2 # 2 if j # k, be exact in A_ (1)1
and set z; = €%, 0; € (—m, |, 0; # 0y if j # k. Set T € T,,_1, then T(0) = L(e*)
with L € A | so that

/ " ()0 = / " L(e)w(0)d0 = zn:Aj L) = 3" AT(6) = 1,(T)

—T —T

with I,(f) = Z?:l A; f(8;). Thus, we see that the problem of constructing an n-
point quadrature formula for w(f) with the highest degree of trigonometric precision
with n arbitrary would be solved. As immediate consequences we would also have:

L. Any quadrature rule I,,(f) = > 7_; A;f(2;) with distinct nodes on T which
is exact in A_(,_1),—1 has positive weights A;, j =1,...,n.

2. There can not exist an n-point quadrature rule as before which is exact in
A_pn.



Quadrature rules for periodic integrands. Bi-orthogonality and para-orthogonality 31

Thus, in the sequel, given the integral I,(f) = ffﬂ f(e)w(0)dh we shall be
concentrated on the construction of I,,(f) = >27_; A;f(2;) such that z; # 2 if
j#k,z;€Tforj=1,...,n by imposing

In(L) = Iw(L)a VL € A—(n—l),n—l- (63)

According to [10], A(;,—1),,—1 Will be called “the maximun domain of validity”
for I,,(f), provided that (6.3) holds. Now, set yu, = [*_e~"*9w(6)df for any k € Z
(trigonometric moments) so that (6.3) gives rise to the equality

ZAkzi:u,j, —n-1)<j<n—-1. (6.4)
k=1

This leads to a study of the solutions of (6.4) which represents a nonlinear system
with 2n unknowns and 2n — 1 equations. We will proceed as in the preceding
section by analyzing the properties of the nodal polynomial for I,(f), B,(z) =
H?Zl(z — z;). First, take into account that in case the zeros {z;}]_; of B,(z)
satisfy z; # 0 and z; # 2 if j # k, then by taking n consecutive equations in (6.4),
the weights {A;}7_, are to be uniquely determined in terms of the nodes {z;}7_;.
Indeed, let p and g be nonnegative integers suche that p + ¢ = n — 1 and take in
(6.4) the n equations

n
> Apz=p_;, —p<j<q (6.5)
k=1
Clearly, (6.5) is a linear system for the unknowns Ai,..., A, admitting a unique

solution because the determinant of the matrix of the system satisfies

7" zP z, P 1 1 1
1 _—ptl -
2] p+ pt+ »—pt+1 ) 21 29 . Zn,
q q q n—1 n—1 n—1
Z7 29 .- 2y 21 % zy

(Recall that we are assuming z; # 0 and z; # 2z if j # k). Secondly, we can also
deduce the following necessary conditions for the polynomials By, (2):

Theorem 6.1. Let I,(f) = 2?21 A;f(z;) such that z; € T and z; # z if j # k
satisfying In(L) = 1,(L), for all L € A_(_1)n—1. Set B,(z) = H?:l(z — 2j).
Then,

1. B,(z) is invariant.
2.

(Bn(2),2"), =0, 1<k <n—1, (Bp(2),1)s #0, (Bn(2),2"), #0. (6.6)

Proof. 1. It trivially follows since by hypothesis the zeros of B,,(z) lie on T.
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2. Set 1 <k<n-—1. Then

(Bp(2),2"), = / B (e)eik0u(0)do = / L(e)w(0)do

—T —T

™

where L(z) = 27%By(2) € Ak C A_(y_1),n—1 and L(z;) = 0. Then,
because of the exactness of I,(f) in A_¢,_1),,—1 we have

(B2), 2", = [7_L(e")w(0)df = I,,(L)
=2 AjL(z) =0, 1<k <n— 1

If (Bn(2),1)y, = 0, then (B, (2),2*), = 0 for 0 < k < n, yielding B, (z) =
pn(2), and hence the zeros lie in D, contrary to assumption. Similarly, if
(Bn(2),2™), = 0 then B,(z) = p%(z) and hence the zeros lie in E, contrary
to assumption. Thus (B,(2),1), # 0 and (B,(z),2"). # 0.

U

Remark 6.2. From the above considerations including the fact that

<Bn(Z)7 1>w # 0, <Bn(Z),Zn>w 7é 0

when I, is exact in A_(,,_1) ,—1 and that the zeros of the n-th Szeg6 polynomial lie
in D, it follows that there can not exist an n-point quadrature formula with nodes
on T to be exact either in A_(,_1), orin A_, , 1.

Polynomials B,,(z) satisfying (6.5) will play a crucial role in the construction
of our quadratures I,(f) with the maximun domain of validity. This caused (see
[10]) the following

Definition 6.3. A polynomial B, (z) of exact degree n, n > 1, is said to be para-
orthogonal with respect to w(6) if and only if the orthogonality conditions (6.6)
are satisfied.

Now, several questions immediately arise. Indeed, for a given weight function
w(f) and a natural number n, does a para-orthogonal polynomial of exact degree
n exist? If so, how can it be characterized? What about its zeros? The two
first questions are answered in [10] where the concepts of “para-orthogonality” and
“invariancy” were earlier introduced. Thus, in [10] one can find the following

Theorem 6.4. A polynomial B,(z) of exact degree n, n > 1, is para-orthogonal
and invariant if and only if

Bn(2) = Culpn(2) + 7o, (2)], Cn #0, |7[ = 1. (6.7)

Now, by recalling that the sequences {p,(2)}52, and {p%(z)}22, satisfy the
recurrence relations

pn(2) = zpn_1(2) + dnpli_1(2) n=1,2,3,... (6.8)

05(2) = Opzpn_1(2) +pi_1(2) n=1,23,...
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where, as usual, §, = p,(0) for all n =1,2,... (|6,| < 1), then we have

Bu2) = Calpa() + 103(6)] = (14752) Co [spna(a) 4 (£ ) 1)

yielding (observe that |1 + 76,| # 0)

Ba(2) = Co [2pn-1(2) + Aapss(2)] s G 20, [Aal =1 (6.9)
(here, A\, = % € T). Conversely, any polynomial B, (z) satisfying (6.9) can
be expressed as in (6.7), were now 7 = %;7)‘_"1 € T. In short, we have obtained

an alternative characterization of the para-orthogonal and invariant polynomials
as shown in the following

Theorem 6.5. A polynomial B, (z) of exact degree n, n > 1, is para-orthogonal
and invariant if and only if

By, (z) = C, [an—l(z) + Tp;_l(z)} , Cn 0, |7 =1

Remark 6.6. >From this theorem we see that to compute a para-orthogonal poly-
nomial of degree n, only the Szeg6 polynomial of degree n — 1 is required.

Next, we will make a connection between certain sequences of para-orthogonal
polynomials and bi-orthogonal systems of trigonometric polynomials for the same
weight function w(f). For this purpose, let Ba,(z) be a polynomial of degree 2n,
para-orthogonal and invariant. Then, from the begining of Section 2, one can write
(by virtue of invariance)

Bgn(em) = anemefn(ﬁ), a, #0 (6.10)
fn(0) being a real trigonometric polynomial of precise degree n.

Theorem 6.7. Let f,(0) € T,, as given by (6.10). Then (fn(0),T(6)), =0 for all
TeT, 1.

Proof. Clearly, it will be enought to show that, (p,(2),27), = 0 for —(n — 1) <
j<n—1(z=¢"?). By (6.10) and since a,, # 0, the above becomes

(e7 ™M By, (e9),e, =0 , —(n—1)<j<n—1. (6.11)

Now, by Theorem 6.4, Ba,,(2) = pan(2)+7p5,,(2) (observe that the constant Cy,, #
0 is now irrelevant) so that (6.11) can be written as

(e (p2n(€) + 75, () €)=
<p2n(z)’ Zn+]>w + T<p§n(z), Zn+]>w =0,

because both inner products are zero by the orthogonality properties of pa,(z) and
P (2)- 0
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Now, as a direct consequence of Theorem 4.9, we can establish the fundamental
property concerning the localization of the zeros of B, (z). Indeed, one has

Theorem 6.8. Let B, (z) be a para-orthogonal and invariant polynomial of degree
n. Then By(z) has exactly n distinct zeros on the unit circle T.

Proof. Assume first that n is even, say n = 2m so that by (6.10)
e By (€9) = aphim (0), @ #0, hy € Trn.

Let foU{fx, gx}3>, be a bi-orthogonal system of trigonometric polynomials. Then,
by Theorem 6.7, hy,(0) = am fi(0) + Brmgm(0), |am| + |Bm| > 0 and the proof
follows by Theorem 4.9. Suppose now that n is odd, i.e. n = 2m + 1. Since
Bot1(2) is invariant, one knows that Bay,,11(z) has at least one zero A on T of
odd multiplicity. Thus, Boyy1(z) = (2 — A)Bam(2) with Ba,,(2) a polynomial of
degree 2m. Furthermore, it can be easily checked that Bg,(z) is also invariant
and para-orthogonal for the weight function &(8) = |e® — A[2w(6). Hence, Bay,(2)
has 2m distinct zeros on T. Furthermore, any zero of Ba,y,(z) is different from A,
otherwise its multiplicity would be two. This concludes the proof. O

Remark 6.9. In [10] another different and longer proof of Theorem 6.8 is pre-
sented. Here we have taken advantage of the properties of bi-orthogonal systems
introduced in Section 4 to give a simpler proof.

Let {B2,(2)}22, be a sequence of para-orthogonal and invariant polynomials
such that for each n > 1, Bs,(z) has exactly degree 2n. Because of invariance
again, it can be written

Bs,(z) = anei"‘gfn(G), an #0, f, €T,.

Then, by Theorem 6.7, {f,(0)}°2, (fo(0) = fo # 0) represents a nontrivial
orthogonal system of trigonometric polynomials, in the sense that for each n, f,,(6)
has the precise degree n and (f,(0), fm(0))w = Kndpm, Kn > 0. Now, we could
ask if it is possible to find another orthogonal system {g,(0)}52; so that fo U
{fn(0), g (0)}52, constitutes a bi-orthogonal system of trigonometric polynomials.
To fix ideas, set

Ban(2) = Ban(2,7n) = pan(2) + Tn/);n(z)

where {7,}72 is a sequence of complex numbers on T. Certainly, we can write
Ty = %, Yn € C, v, # 0 so that if 7,, = "™, then v, = rpe /2, M € R, rpy > 0.

On the other hand, setting z = e?:

zn Tn Z"

ZinBQn(Z) _ (D) +Teps,(2) 1 ’anzn(Z)Jr’YTP;n(Z)}
1 ’anQn(Z)+7722np(2n)*(z):|

Zn

2
3

L [z p2n(2) + 702" p2u ()|

= %% ('Vnz_np%z(z)) .

2
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Consider now Ba, (2, —Tp) = pan(z) — Tnps,(2). Then, again by Theorem 6.7,
one has

e—inGB2n(ei97 _Tn) = S\Hgn(G), ;\n 7é 07 gn € 7—7‘

and {g,(0)}52, is an orthogonal system of trigonometric polynomials. Therefore
it holds that

(9n(0), 9m(0)) = Knbpm, Kn >0 ;5 (90(0), fm(0))w = 0, n # m.

Let us also see that (f,,(0),¢.(0))w =0 for n =0,1,.... As above, it can be easily
shown that

gn(e) = C’n% (7nz_np2n(z)) = éngn(e)
with C), # 0 and §,, € 7,,. Hence,

=
K<}
3
—

>
S—
=
€

Il
[ew]

0

)

Now, for z = e

I On () @8 = [T, [76) + i3 (0)] w(0)d0
= [, F2O)w(0)d — [T G2(0)w(6)do+

+ 207 fu(0)gn(0)w(0)d0.

Thus, by assuming that 72 ["_27%"p3 (2)w(6)df (z = €) is a real number it
follows that i
Fa(0)3n(0)w(0)d0 = (£ (6), §n(8)) = 0.
But )
Yo ST R (2w ()d0 =y [T paa(z) a0 (6)d6
= [T p2n(2) Brw(0)do
= 7727,6271 <,02n(2), 22n>w~

Since (pan(2), 22"y = (p20(2), p2n(2))w = pan(2) ||2> 0, then the positivity of
) RO RO

reduces to Y282, € R, or equivalently 7202, € R. In terms of the parameter
Tn = 1—" € T, this condition implies 7,,d2, € R. In other words, we have proved the
following

Theorem 6.10. Let {7,}°2, be a sequence of complex numbers in T such that
Tnl2, € R and consider the sequences of polynomials { Ban (2, 7,)}5%, and
{Baon(z, —Tn)}52 so that for each n = 1,2,..., Bo,(z,£7,) is a para-orthogonal
and invariant polynomial of degree 2n . Then
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1 €M By (6,7,) = Anfo(0) and €= By, (€, 1) = Xg,(0) with A, and

o
A\, nonzero complex numbers and f,(0) and g,(0) being trigonometric poly-
nomials of the precise degree n.

2. Choose fo # 0, then foU{fn(0),9n(0)}22, represents a bi-orthogonal system
for w(6).

Now, from Theorem 4.10 or Corollary 4.12 one immediately gets

Corollary 6.11. Under the same assumptions as in Theorem 6.10, the zeros of
the para-orthogonal polynomials Bay(z,7,) and Bay(z,—7,) interlace.

On the other hand, a converse to Theorem 6.10 can be also given. Indeed, we
have:

Theorem 6.12. Let fo U {fx, gr}3>, be a bi-orthogonal system for w(0) and take
a and b real numbers not both zero. Then, forn > 1

Hy(0) = afn(8) +bga(6) = e Bay (e”)
and Ba,(z) is a para-orthogonal and 1-invariant polynomial of degree 2n.
Proof. We can write

fn(0) = ap + Z (ajcosjO+bjsinjh), ¢,(0) = o+ Z (cyj cos j6 + B; sin j6)
j=1 j=1

with |a,| + |bn] > 0, |an| + |8n] > 0 and

fn(0) = Z " €A _pp, gu(0) = Z dpzF e Ay, z2=¢"

k=—n k=—n
where for k=1,...,n,

_ _ ap—ib ax+iby,
co = ag, Cp= 5k bk

C_ — 3
ap—1, g+ 6.12
do = ap, dy = 5P, dy = 2 (612

Hence, by the transformation z = e it follows that

Bon(0) =z2"[aY ., crzt + b3 0 _ di2¥] = 3 (aci_n + bdj_p) 27

and it is clear from (6.12) that €3,—; = e; for j = 0,...,2n. This proves the
1-invariance property. Now, from the orthogonality conditions satisfied by f,(6)
and g, (0) it follows for j = 1,...,2n — 1 that

(Ban(0),¢9%) 0 = (™ afu(0) + bgn(0)], 7)o, =

= a<fn(0)a ei(j—n)f))w + b<gn(9)a ei(j_”)0>w =0,
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i.e., (Bay(2),27), =0forallj =1,...,2n—1. We will prove next that (B, (2), 1),
# 0 and (Ba,(2),2°"),, # 0. Firstly observe that

(Bon(2), 1) = a(fn(6), e, + b{gn (), e 0),,,

, 4 (6.13)
<B2n(2), 22”>w = a(fn(Q), 61”9>w + b<gn(9), ezn0>w )
Writing cosnf = Mv sinnf = M7 fn(0) = a, cosnb + by, sinnd +

H,_1(0) and g,(0) = o, cosnf + 3, sinnd + Hn_l(ﬁ), where Hn_l(e),f{n_l(H) c
7,_1, we deduce that

<fn(0)7 fn(9)>w = <fn(9)7 QA COS’nQ + by sinnb + Hy,_ 1( )>w
_ bn;%«fn(@),emahj + —bn +zan <fn( )7672n9>w _
= h, >0,

(gn(0),9n(0)) = Bn-’_mn (9n(0), m6>w + m<gn(9) 7m0>w =
= h > 0,

(fn(0),9n(0))0 = (fn(0),ncosnd + 3, sinnf + gn—l(o»w =

_ Bn—l—mn (£ (0), m0>w + wwﬂl(e),e—m%w =0,

(gn(0), fu(0)) = bn-&-zan (gn(0), zn9<+M<gn(9) _m9>w =0.

These relations can be summarized as

( (fn(0), €M), ) ( 0 ) ( (gn(6), €0, ) (mh;)
A - A = ,
(fn(0),e7%) 2ihy, (9n(0),e7™)0, 0
where

ﬂn + ian _ﬁn + ian
A =

, det(A) = 2i[a, [, — apb,] #0
b, +ia, —by +1ia,

since f,,(0), gn(0) are linearly independent trigonometric polynomials. The solu-
tions of these systems are given by

Fal6), ") = 00 20, (£,(0), e = (a0,
by, + tay,

(9n(0), %0 = = = #0, (gn(0), €7 ) = (gn(0), 7).

Now, from (6.13) it follows that

(Ban(2), 1 aBuhn — bBuh,) + i(acmhy — banh,,)

N e
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and (Ba,(2),2*"),, = (Ban(2),1),. Again, since f,(0), g, (0) are linearly indepen-
dent it is easy to observe that (B, (2), 1), # 0 and hence (Ba,(z), 2%"),, # 0. This
completes the proof. O

After having established certain connections between para-orthogonal polyno-
mials and bi-orthogonal trigonometric polynomials we are now in a position to
construct an n-point quadrature rule for I,(f) with nodes on T and having the
“maximum domain of validity”, A_,_1) n—1. Indeed, we have (see [10])

Theorem 6.13. Let z1,...,2, be the n distinct zeros of B, (2) a given polynomial
of degree n, para-orthogonal and invariant. Then, there exist positive numbers
Ay, ..., A, such that

I <f>=ZAjf<zj>=Iw<f)= f( Nw(0)d0, ¥ f €A (n_1)n1-
=1

Now, by considering Theorems 6.1 and 6.13 together we obtain the following
characterization (see [2]):

Corollary 6.14. Let I,(f) = [ f(e)w(0)d0 and let I,(f) = Y71 Ajf(z)
such that z; € T, j = 1,...,n with z; # 2 if j # k and set B, (2) = [[[_, (2 — 2;).
Then I,(L) = 1,(L) for all LeA_(n_1)n_1 if and only if

1. I,(L) = 1,(L), for all L € A_,, 4, p and q being nonnegative arbitrary integers
such thatp+q=mn—1.

2. By (%) is para-orthogonal and invariant.

Furthermore, when the conditions are satisfied the weights {A; }?:1 are positive and
independent of p and q.

Remark 6.15. The quadrature rules I,,(f), n =1,2,... as given above are called
“Szegl quadrature formulas” and were earlier introduced in [10]. They represent the
analogue on the unit circle of the Gauss-Christoffel formulas. For an alternative
approach of Szegd quadratures making use of the so-called orthogonal Laurent
polynomials on the unit circle, see the recent paper by the authors [3]. For further
details concerning these quadratures see also [4], [5] and [9].

To conclude, it should be remarked that given the integral ffﬂ f(Ow(0)do , f
being a 2m-periodic function, it clearly follows from Corollary 6.14 how to construct
an n-point quadrature rule with distinct nodes on [—7, 7] which is exact in 7,,_1, n
being an arbitrary natural number. As a simple illustration, let us consider again
the weight function w(f) = 1. Then, B,(z) = 2" — 7, |7| = 1 and the nodes of the
n-th Szegd formula are the n-th roots of 7, that is z; = {/7, j =1,...,n. Thus,

1 > 1 1 - 2
A = / (Z)dgz _1f/ 2o dz:ﬂ7
B, (2) zZ—zj nz"t i Jp 2(z — z5) nzl

J J

by the Residue Theorem. Since

zj =T, we obtain 4; = 27”, 7 =1,...,n as previously deduced in Example 5.9.
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7. Numerical examples

In order to illustrate the numerical effectiveness of the quadrature rules con-
sidered through the paper, in this section we are going to be concerned with the
computation of the two-parameter integral,

I(m,a):/ Md@,mzo,meN,a>0. (7.1)

. a+sin?6

Observe that for o = 0, the integral diverges. Thus, for values of « close to zero,
the denominator of the integrand is also close to zero as 6 tends to £m. Certainly,
this could generate some kind of unstability when undertaking the approximation
of I(m, «) by means of a certain quadrature rule with nodes close to £7.

On the other hand, for m large enough, the integral is highly oscillating on
[—7, 7). Indeed, setting f(0) = -<2m0 then f(f) clearly changes sign at the points

~ a+sin26’
for which f(8) =0, 1. e., at 0 = %, —-m<k<m-1.
Under these considerations, we propose the following in order to compute ap-

proximately the integral I(m,a). Note that because of simmetry, one can write

I(m,a) :2/ _cosmb g, (7.2)
o -+ sin“mé

First, we have approximated (7.2) by means of the n—point Gauss-Legendre
formula for the interval [0, 7] and the Trapezoidal rule for n = 10,12, 14, 16. Here n
denotes both the number of nodes in the Gauss-Legendre formulas and the number
of subintervals in [0, 7]. The results are displayed in the following tables.

Quadrature rules n=10 n=12 n=14 n=16
Gauss-Legendre 2.26414 0.300761 0.00937743 | 0.000154023
Trapezoidal 0.0224394 | 0.000660554 | 0.000194449 | 5.72404E-7

Table 1: (m =14, a =1)

Quadrature rules n=10 n=12 n=14 n=16
Gauss-Legendre | 8.93136E-5 | 7.12412E-7 | 1.17708E-8 | 4.65022E-10
Trapezoidal 4.20833E-8 | 1.30695E-10 | 4.05799E-12 | 1.26807E-15

Table 2: (m =8, a =4)

Take into account that the trapezoidal rule coincides with the quadrature for-
mula with the highest degree of trigonometric precision (Szegs formula). This fact
might explain why the results provided by the Trapezoidal rule are better than
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those given by Gauss-Legendre formula. However, when « is closer to zero, the
results of both quadrature rules, as it could be expected, are rather poor. This is
shown in Table 3 corresponding to m = 12 and o = 0.25.

Quadrature rules n=>6 n==,§ n=10 n=12
Gauss-Legendre | 5.05696 | 5.60122 | 0.516198 | 0.0190433
Trapezoidal 11.2748 | 1.64061 | 0.239269 | 0.0349069

Table 3: (m =12, a = 0.25)

In order to overcome this drawback, we are going to take the factor m as
a weight function. For this purpose, set T'() = a+sin® 6, so that T'(6) is a positive
trigonometric polynomial of degree two. Then, by Theorem 2.6, one can write,

T(0) = ‘g (ew) ?

Since T(0) = a +sin®6 = a + 1(1 — cos26), then by setting 8 = 2a+1 > 1
and z = €'

,gEHQ.

2T(0) =3 — %(22 + z_z),

yielding,
—2zt 42822 — 1

AT(0) = >

Furthermore, since T'(f) > 0 and z € T, then
4T(0) = AT ()| = |2* — 282* + 1]. (7.3)

If we set z* — 2822 +1 =0, then 22 = 8+ /32 — 1. Let v = B+ /3% — 1, then,
it is easy to check that % = 3 — /32 — 1. Therefore, one has

228224 1= (22 —v) (22 —y7). (7.4)
On the other hand, since z = ¢’ and v € R, we have:

[ =771 = (2 =y =) = (P =)=
= (2 =77 (5F) = 3k - -7

>From (7.3) and (7.4), one has:

1 1 4
2T = —— AT () = | ———4T —T(6).
0<% =77 !F = = 5470) \722 <e>] ~T(6)

Thus,
Y _ Y _ i
17(0) = *4|22 -7 1|2 = *4\9(2”2, 9(z) = -y z=e .



Quadrature rules for periodic integrands. Bi-orthogonality and para-orthogonality 41

Now, taking into account that for integrals of the form: ffﬂ fle 0)%,
with A a monic polynomial with all its zeros in D, the coefficients of the n—point

Szegs quadrature formulas are explicitly known ([9]), we will transform our integral
I(m, a) as follows: (z = e*)

I(m,a) = [T -cosmi gy — [ cosm@#ﬂw

T a+sin? 6
g (47\' (2™ + 2~ m)) (%)'

Therefore, we can write:

I(m,a) = ! f(e®)w(6)ds, (7.5)

-7

where f(z) = 47”(27” + 2z7™) and the weight function is given by w(f) =

1
2m[g(2)[?°
1 19

with g(2) =22 —y land z =¢

In this case, from Corollary 6.14, one knows that the nodes {z;}7_; of the
n—point Szegd quadrature formula are the zeros of the para-orthogonal polynomial
B, (2) = pn(2) + 705 (2), pn(2) being the n —th monic Szegd polynomial for w(f) =
m, with |7| = 1. Thus, from Example 4.8, B, (z,7) = 2" 2g(2) + 79*(2) =
27222 — 471 + 7(1 — y7122). On the other hand, the coefficients {Aj}j=y of an
n—point Szegd’s formula are given by [9]:

a? 1 ?
At =gl (n—2+ = i
J 2J+f

|g Zj <n_2+ 1_ < 1 s + 11 2))
ZJJrﬁ
RPN I
= lg(z))l <”_2+ S Tena ))

A

—ER(=)+E + R+
|g Z] (n 2+ ( ElEDIE )>
P 220 00+
n—%w@JP+2 2%J=L”wn

Note that, if m < n — 1, then the n—point Szegs quadrature formula is exact
since the integrand f € A_,, ,,.

Now, by (7.5), I(m, «) is going to be approximated by an n—point Szegd formula
I.(f) = Z;.L:l A f(z;) so that the absolute errors can be exactly computed since
I(m,«) can be calculated by the Residue’s Theorem.
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Indeed, since I = [ Snmf gy — () then

7T a+sin? 0

_ [T cos m0 . sin m#@ _ ™ cosmB+isinmb
I(m7 Oé) - f—ﬂ' a+sin? 6 do +1 f 7T a+sin? 0d9 f T(60) do

= I e = 5 2, (3 )ﬁ

5

=L fﬂ(—&r)% =L (= %dz
:Res( ,f>+Res< 7\/}7),
where h(z) = (— 8#)%.
Now, 1
1 (el 47y
Res <h, \ﬁ) = —8r \%\(}Y - ’y) = V)7 = 0’
and
Res (h 1> — —8wﬁ _ (71)m+1¢
VL2 () VO — 1)
Hence,

8m . .
I( ) 47'('"}/(1 — (71)m+1) W, lf m 1S even,
m,a) = — =
(Vam® —1) 0, if m is odd.

Taking now m = 12 and a = 0.25, the absolute errors for the corresponding
n—point Szegd formula are displayed in Table 4 (Compare with Table 3).

n Error- Szegé formula
n=4 3.18008
n=8 | 1.8473911237281646E-15
n=12 | 6.949821829035384E-15

Table 4: (m = 12, a = 0.25)

The excellent behaviour of Segs formulas can be explained from [9, Theorem
3.3] taking into account that the integrand f(z) in (7.5) has one only pole at the
origin.

References

[1] N. I. AkHIEZER The classical moment problem and some related questions in analy-
sis, Hafner, New York, (1965).



Quadrature rules for periodic integrands. Bi-orthogonality and para-orthogonality 43

2]

3l

4]

5]

(6]

7]

18]

9

[10]

[11]

[12]

[13]

[14]

[15]

A. BULTHEEL, P. GONZALEZ-VERA, E. HENDRIKSEN AND O. NJASTAD Orthogo-
nality and quadrature on the unit circle, In C. Brezinski, L. Gori, and A. Ronveaux,
editors, Orthogonal Polynomials and their Applications Vol. 9 of IMACS Annals on
Computing and Applied Mathematics (1991), 205-210. Basel, J.C. Baltzer AG.

R. Cruz-BARROSO, L. DARruls, P. GONZALEZ-VERA AND O. NJASTAD Sequences
of orthogonal Laurent polynomials, bi-orthogonality and quadrature formulas on the
unit circle. Submitted.

L. Daruis, P. GoNzALEZ-VERA, A. BULTHEEL A conecction between quadrature
formulas on the unit circle and the interval [—1,1], J. Comp. Appl. Math Vol. 132
(1) (2000), 1-14.

L.q Daruis, P. GoNzZALEZ-VERA AND O. NJASTAD Szeg6 quadrature formulas for
certain Jacobi-type weight functions, Mathematics of Computation Vol. 71, Num.
238 (2001), 683-701.

P. J. Davis, P. RaBiINowITZ Methods of Numerical Integration, Academic Press
New York, (1984).

P. DELSARTE, Y. GENIN On the role of Orthogonal Polynomials on the Unit Circle
in digital signal processing applications, Orthogonal polynomials, (Columbus, OH,
1989), NATO Adv. Study Inst. Ser. C Math. Phys. Sci Vol. 294 (1990), 115-133.
Kluwer Acad. Punl., Dordrecht.

W. GauTtscHI A survey of Gauss-Christoffel quadrature formulae in E.B. Christoffel;
The Influence of his Work in Mathematics and the Physical Sciences, eds. P. L.
Butzer and F. Fehér, Birkhduser, Basel (1981), 72-147.

P. GonNzALEZ-VERA, J. C. SANTOS-LEON, O. NJASTAD Some results about nu-
merical quadrature on the unit circle, Advances in Computational Mathematics Vol.
5 (1996), 297-328.

W. B. JonEs, O. NJAstaD AND W. J. THRON Moment theory, orthogonal poly-
nomials, quadrature, and continued fractions associated with the unit circle, Bull.
London Math. Soc. Vol. 21 (1989), 113-152.

V. I. KryLov Approximate Calculation of Integrals, The MacMillan Company New
York (1962).

N. LEvINSON The Wiener RMS (root mean square) error criterion in filter design
and prediction, J.Math. Phys. Vol. 25 (1947), 261-278.

B. SimoN Orthogonal Polynomials on the Unit Circle, Part 1: Classical Theory,
AMS Colloguium Publications. American Mathematical Society, Providence, RI Vol.
54.1 (2005).

G. Szea6 On bi-orthogonal systems of trigonometric polynomials, Magyar Tud.
Alcad. Kutato Int. Kézl Vol. 8 (1963), 255-273.

G. Szea6 Orthogonal polynomials, Amer. Math. Soc. Coll. Publ. Amer. Math. Soc.
Providence, R.I. Vol. 23 (1975).



44 R. Cruz-Barroso, L. Daruis, P. Gonzdilez-Vera and O. Njastad

Ruyman Cruz-Barroso

Leyla Daruis

Pablo Gonzalez-Vera

Department of Mathematical Analysis
38271 La Laguna. Tenerife. Spain

Olav Njastad
Faculty of Physics, Informatics and Mathematics
N-7491 Trondheim. Norway



