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Let E,=Uj_, [@y-1, 921 =[0,22], () =TT, sin((¢ —¢,)/2) and 1/r(¢) =
(=1 /|1%(p)| for @ €(ps_,, @s). Furthermore let ¥, # be arbitrary real tri-
gonometric polynomials such that 2 =7"%" and let «/(¢) be a real trigonometric
polynomial which has no zero in E;. First we derive an explicit representation of
the Caratheodory function associated with f(¢@; #") =% (¢)/</ (@) r(¢) on E,;. With
the help of this result the polynomials P,(z), which are orthogonal on the set of
arcs I'g,:={e™: g € E;} with respect to f(¢; #"), are completely characterized by a
quadratic equation. (In fact a more general case including Dirac-mass points is
considered.) This characterization is the basis of all of our further investigations on
polynomials orthogonal on several arcs as the description of that measures which
generate orthogonal polynomials with periodic or asymptotically periodic reflec-
tion coefficients, the explicit representation of the orthogonality measure of the
associated polynomials, the asymptotic representation of polynomials orthogonal
on [y, etc.  © 1996 Academic Press, Inc.

1. INTRODUCTION AND NOTATION

For neN,:=1{0,1,2,..} let P\ denote the space of complex algebraic
polynomials of degree (abbreviated by d)<n, P“, is the set which only
contains the zero-polynomial and

L2) — 2k — 2k
I,,:= { Y a; cos <112 (p> + b, sin <nz (p>: a,, b, e R}
0

k=

denotes the space of real trigonometric polynomials of (integer or half
integer) degree. We say & € I1,,, is of exact degree 02 = n/2, if |a,| + |bo| # 0.
As usual let P® and IT denote the set of all complex algebraic and real
trigonometric polynomials, respectively.
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Each element & from I1,, has a representation of the form

Iy =c[] sin<(p2%>, ceR, (1.1)
j=1
where ;€ [a, a+2n), aeR, or the s appear in pairs of complex con-
jugate numbers with real part in [a, a +2n). Hence, a real trigonometric
polynomial & e IT which has an even (odd) number of zeros in [a, a + 2n)
has integer (non-integer) degree. & € I is called monic if |¢|=1 in (1.1).
Now let 2, [e N, points ¢, < --- <@, with ¢@,,— @, <2n be given, let

, I
Ei=U [0y 1,0y, I(E):= ] (951, 02).

Jj=1 Jj=1

and (L.2)

I

1

={e"”: peE}

and let Z € II be the monic real trigonometric polynomial which vanishes
at the /s (counted according to their multiplicity), i.e.,

2/
(p) =[] sin <"’_(”-"> with 2(p)<0  onIn(E) (13)

2
(note that ¢, is a zero of multiplicity k, if ¢, = --- =@, ;).
Furthermore let v" € 11,, # €I, be a splitting of Z, i.e.,
R(p) =71 (@) W (@), (1.4)

and in particular each zero of ¥~ and ¥  is a zero of #. Finally, let o7 € IT
be an arbitrary real trigonometric polynomial which has no zeros in E,, i.e.,

(@) #0 for ek, (1.5)

This means that .o/ can be represented in the form

A@)i=c, [] <sing”f"> e, (1.6)
Jj=1

where m*, m;e N and where the ¢;’s are distinct and lie in C\E,.
In this paper we investigate polynomials orthogonal with respect to
weight functions of the form
V(o)
, ————. @€k
s ot, W) =< A (@) r(p) (1.7)
O’ % ¢ El
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where

1 (=1 :
= , 1> P27), =1,..,1 1.8
r(gﬁ) /|%((p)| (pe((pZJ 1 (p2j) ] ( )

Let us mention that

1
sgn ——=(—1)"sgn [ sin 5

g <§9_(02j+1
(@) j=1

> for ¢@ent(E).

Note that f(¢; o7, #7) is a function which is not necessarily positive on E,
and which has square root singularities at (some of) the endpoints of E,.

As usual, an algebraic polynomial P, of degree n is said to be orthogonal
with respect to the weight function f(¢; o7, #"), if

| e P ) flgs st W) dp =0, j=0,.on—1.  (19)
E;

In fact we even study a more general class of orthogonality measures which
also includes Dirac-mass points (compare (1.17) below). Because of the
orthogonality property (1.9) we also speak of orthogonal polynomials on
several arcs of the unit circle.

To guarantee that f(¢@; .o/, #") is integrable and to get classical
orthogonality we have to make the following assumption:

Assumption 1.1. (a) If %(¢)=sin((<p—goj)/2)k/5(@), then # (@)=
sin((¢ — ¢,)/2)" 7 () where m,; > (k;—1)/2.

(b) o —W +12eZ.

If assumption (b) is not fulfilled then one gets by the methods of this
paper a non-classical orthogonality property of P, with respect to
f(@; o7, #") or to a functional of the form (1.17) below. Due to lack of
space this case is not treated in this paper (the interested reader may see
[28, Ch. 4]).

To get acquainted with the notation let us consider some illustrative
examples for two arcs: Let

@1, Pa, 03, 940, 2n) with 0< ¢, <@, <p;<@,<2n

be given and let Z(¢)=>7_,a,cos ke +b,sinkp be the real trigono-
metric polynomial which vanishes exactly at the points ¢;, j=1, ..., 4, and
is negative on Int(E,), where

E,=[¢, ¢:]U[@s, ¢4, (1.10)
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ie., Z is of the form

4 — .

A(p) =[] sin <M>.
j=1 2

Now let us study for this special case of two intervals, or of two arcs [z, =

{e”: p e E,}, what kind of weight functions fit into the class of weight
functions treated in this paper:

ExampLE 1. Let .o/ be a real trigonometric polynomial which has an
even number of zeros in (¢,, ¢;), i.e.,

of ell with  /(¢)>0o0n E,,

in particular we could choose o7 =1.

(a) If we set
W(p)=1

then the orthogonality condition (1.9) takes by (1.7) the form

(ﬂze_WP (¢) 1 do
2 " li[ sin <go—goj> ()
j=1 2
. ; 1 do
— [ eiop,(e7) — — ="
3 1] sin <(p (/)j> 4
j=1 2
for j=0,.,i—1, (1.11)

where 71 > n. Note that 71 > n is possible since the weight function f(¢; <7, 1)
has a sign change on [0, 2z]. Furthermore, since # =1 and thus by (1.4)

the orthogonality condition (1.9) for f(¢; o7, ¥") reads as follows:
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4 — .
/ ] sin <M>
¢ ) - 2
j e 7{](an(el(/7) Jj=1

o /()

[T emrepein) S22 dp=0
’[«13 o/ (p)
for j=0,..,A—1,i>n. (1.12)

Naturally P, from (1.11) and (1.12) will not be the same in general. Other
choices of #°, which lead to weight functions having exactly one sign
change, are obviously the following

W () =sin <<”;(”f>, jell, 4}
e (PPN . (P P3
W (@) =sin <2 > sin <2 >

or
W (@p)=sin <(/) _2%) sin ((p —2<p4>_

Next let us demonstrate how to get weight functions in the classical sense,
i.e., weight functions nonnegative on E,, which might be of most interest.

(b) If

V(@) =sin <¢_2¢> Vig)=] sin <‘f’;<">

=1
j#2

then f(¢;.«/,#") from (1.7) becomes a nonnegative function, more
precisely the orthogonality relation (1.9) becomes

J e—lfi(/lpn(ei(ﬁ)

E
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and with respect to —f(¢; .7, 7"), which is also a nonnegative weight
function,

| erpe)
E

2

for j=0,..,n—1.

Similarly, choosing

W (p)=sin <¢ 2(/)2) sin <¢ 2¢4>, # (@) =sin (5” 25”1> sin <¢ 2%)

(1.9) becomes for the nonnegative weight function — f(¢; 7, #")

sin<§9—2§0z>sm<(ﬂ—2¢4> .
f e=ip (%) [ — ? _o

Es sin <¢—¢1>Sin <</’—(P3> (@)
2 2

for j=0,..,n—1

and for the nonnegative weight function f(¢; o/, 7")

sin <¢_2¢1>sin <(p—2(p3> d
f e P (%) [ — ? _o
E

s sin <(/7—2(ﬂ2> sin <<p—¢4> (@)

for j=0,..,n—1.

Other choices of ¥~ which lead to nonnegative weight functions are

# () =sin <(/’_2(/’3>

e (PP . [(P—P3
W((p)—sm< 3 >s1n< 3 >,

v [P P\ (P Py
W(p)= sm< 7 )sm( 7 >
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. P—=@r . P — P>
W = )
() sm< 5 >sm< > >

W (@)= —sin <(p—2(p3> sin <(p—2(/)4>‘

ExamPLE 2. (a) Now let .7 be a trigonometric polynomial which has
exactly one sign change in (¢,, ;) and (¢4, 27) and no other zeros in
[0,2x], ie., </ is of the form

(@) =sin <<";él>sm <(/’_52> T(p), (1.13)

where &, € (@5, ¢3), E:€(@y, 2n) and .Z(@) >0 on [0, 2z]. Then for
W(p)=1

the orthogonality condition (1.9) becomes

dp=0

N . 1

J e P, (e'?) .
E> . — .
Ao [~ T (252

j=1
for j=0,..,n—1. (1.14)

Since # (@) =1 we have by (1.4)

and the orthogonality condition (1.9) for f(¢; o/, ¥") becomes

4 —_ .
— ] sin <(p 5 gp")
e Uep (e /=1 dp=0
ng |-/ ()]

for j=0,..,n—1. (1.15)

Other nonnegative weight functions can be obtained by choosing

o (PPN . [P Py
W((p)—sm< 7 >s1n<2 >

of

W (@)= —sin <¢_2¢2> sin <¢_2%>
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(b) Let us note that the trigonometric polynomial ./ in (a) is of
integer degree since /() >0 on [0, 27 ]. If we set

. —&1\ ~
sg)=sin (255 ) Tio)
where &, €(@,, ¢3) and A(p)>00n[0,27], (1.16)

where .«7 is from I7, then .7 is of half integer degree and for

W(p)=1, Y (p)=R(p)

the orthogonality condition (1.9) looks the same as in (1.14) and (1.15),
but Assumption 1.1(b) is hurt.

The reason why we considered not only the weight functions f(¢; o7, #")
but also f(¢; o7, ¥7) is that it will turn out that the polynomials orthogonal
with respect to f(¢; o7, #") and f(¢; <7, V") are very closely related to each
other, comparable to the Chebyshev polynomials of first and second kind
on the real line.

ExampLE 3. Next let us point out that the weight functions considered
above multiplied by a real trigonometric polynomial & having all its zeros
in [0, 2n]\Int(E,), ie., & is of the form

¢¢)=cﬂsin<‘/’2f>, ceR\{0}, keN, y,¢nE,),

Jj=1

are also covered in what follows (compare (1.25) below). For an example
let us choose a real trigonometric polynomial .% of degree one which has
exactly one zero in each of the intervals (0, ¢,) and (¢4, 27), or exactly two
signs changes in (¢,, ¢;), i.e., & is of the form

F(p)=c-sin <¢_2¢1> sin ((p—2¢2>’

ce R\{O}, V1 €(0, 01), Yr€(@4, 2n) Or Yy, s € (s, 3).

Multiplying %, say by the weight function from (1.15), we obtain an
orthogonality condition of the form

f e~ P (&) |/ Hsm((p ¢’>d¢ 0, j=0,.,n—L
E

Jj=1

As already announced above, we investigate the more general case of
polynomials orthogonal with respect to the linear functional

L(hy oA, W, ) :=iL h(e) flo; 2, W)dp+%(h; o, W, %) (1.17)
1
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with (recall the notation in (1.6))

YZZ mjilﬂ,, ) o <h(zz)>, (1.18)

Ghs oA, W, 0

o \

where the x;,’s are certain complex numbers depending on ./, #" and #
(for the exact description see theorem 2.1), z;:=e™eC\I'y, 0(g) 1=
(—1)" g"(z)v! and A= (A, ., A) € 4,5, where

1
Ay i= {(/11,..., ce{—1,1}and 1; = fzjlz} (1.19)
z,
(note that z; =1/Z; is equivalent with &; —f ,), Le., if 4;= —1 then there

appears a “Dlrac mass-point” at z,= = e,
Hence we are describing those polynomials P, of degree n which satisfy
the orthogonality condition

L Pyt W, D)= e "PP,(e') fl@; o, W) dp

2n Ll

1 m* mfl
$3 X (1=2) ¥ w1854 0P,) =0

j=1 v=0
for k=0,.,n—1. (1.20)

We call a functional % positive-definite resp. definite if det(c;_,)};_,>0
resp. #0 for all ne N,, where the moments ¢; are given by ¢;:= %(z /),
je Z. Note that we don’t suppose the linear functlonal L o, “/V A) to be
positive-definite and also not to be definite.

For an illustrative example where point measures appear see example (d)
below. First let us list in (a)—(c) those weight functions which appear as
special cases of our functional £(-;.o/, % ,4) with (4, .., 4,+)=
(1,1,..,1), 1e., 9(-; o/, #, 1) =0, and which seem to be the most impor-
tant and interesting ones.

ExAMPLES. (a) Suppose that the trigonometric polynomial .«/ has no
zeros in [0, 2z]. Then

Moo, 1)= (;1)j and
(@) ]_[ sin <(p 2(’/)’>
(—1)/ ﬁsm<¢2(p/>

LA, R) = =2
s o, R) 2(9)

(1.21)
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fOr (ﬂe [@2]*19 (ij]Lj: 19 () la and
flo; o, 1)=flp, 4, R#)=0  for @¢E,.

Note that f(¢; o7, 1) and f(¢; o/, #) change sign from arc to arc.
Multiplying f(¢; <7, 1) by

W (p) =j]j[l sin <(”_§2'”f1>, V() = Hl sin <‘”_2‘”2f> (122)

j=

we obtain the non sign-changing weight functions

]
- [P —Po
[] sin <2 >

. (=1 s
IR R Tsn (527
[] sin 5
j:l/ peE, (1.23)
1) [] sin <<P—2(pzj>
f((ﬂ;&/,"/)z(_ ) (—1)/+! j/:1
&/( ) . <(p(p2j_l>
sin
j=1 2
and

flosd, W)=flo;o,7)=0  for @¢E,.

(b) If .o/ has an odd number of zeros in each interval (¢, @2 1),
j=1,..,1—1, we get the non sign-changing weight functions, ¢ € E,,

Hos o, 1)= 21,
Al =TT sin (*57)
and - (1.24)
J- M (57
S o, )= ":LQ{(@”

and

s o, 1)=flp; A, R)=0  for @¢E,.
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Of course, multiplying f(¢; </, 1) by #  from (1.22) we would obtain a
weight function changing sign from arc to arc.

(c) Let & be a trigonometric polynomial having all its zeros in
[0, 2z ]\Int(E,) and having no common zeros with .¢Z, i.e.,

p)=c f[ sin <(ﬂ—%>,
j=1 2
ceR\{0}, ke N, keven, ¢ Int(E) and v, ¢ {&,, .., &} (1.25)

and let (note that we did not assume that # and %" have to have simple
Zeros)

R(p)=S*p) f_l[ sin <¢;(p’> and  E=E,0{{, .. U}

Let f be the weight function from (1.7) associated with Z%. Then for
Pe [(ij—la (pzj]7 ]: 1’ ety l)

(1) #(p)
/(g) |~ T] sin ("’?”)

Jj=1

s a7

s o, 9% =

and

s o, %) =

and
oy o, 92 = flo; o, *R)=0  for @¢E,

If we choose # as in (1.22) then

]_[sm 7(0 (szf 1>
flos o, 5”2"”/)—7 —1) ]l_[ N ((p 2(p2]>

for ¢ e E, and zero otherwise.
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(d) Suppose that .7 has only real zeros and exactly one simple zero
in each interval (¢,;, @2 1), j=1, ... L @3, 1 := @, + 27, e,

o= (%

—¢;
>, where ;€ (@y, @o41)-

Then for the weight f(¢@; <7, Z) (see the second relation in (1.24)) the
orthogonality condition (1.20) takes the form, by inserting the explicit
expressions for u;, (compare theorem 2.1 below),

27 -
— ] sin <(p 2¢’>

1 kg ) =1
- ike p ip - d
7 I Gl e PTPY v
1 R(e ) .,
b3 8 (i) R mmenap o) <
j=1 i — A icj)
l<dz >(e
for k=0,..n—1, (1.26)

where R(e™”) :=e™ (@) and A(e'” := "> ?.o/(¢). Recall that 4, .., A, can
be chosen arbitrary from {—1, +1}. Relation (1.26) represents an
orthogonality relation for P, with respect to a positive measure do which
has mass points at those e~ where A= —1

Stated in a more general form: if f(¢; .o/, #") is a nonnegative weight
function of the form (1.7) and if all real zeros ¢, ..., &,«, p* <m*, of .o/ are
simple and if 4;=1 for the zeros ;¢ R, then the orthogonahty condition
(1.20) represents an orthogonality relation for P, with respect to a measure
do which has mass points at the ¢/s, j=1, .., p*. More precisely (1.20)
becomes

L[ e op,e) dolp: ot
e A7) do(@; )

— 0, k=0,..,n—1,
27_[ o 5 e 1

where with the same notation as above

*

do(@; A, W, ) :=flo; o, W)dp—n Y, (1-1))

j=1

i i
o R(e™) e=5(e™ — ) dop.

d -
(&)
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Finally let us show what kind of weight functions, which appear as spe-
cial cases of our functional, have been investigated in the literature so far.
To get the single interval case, i.e., the case of the whole unit circumference,
let E,=[0,2r] and let (¢) = sin(¢/2) sin((¢ + 2n)/2) = —sin*(¢/2), then
in view of Assumption 1.1 the following weight functions are covered

Yo AV
(st =sn3) =05

where o/ is an arbitrary positive trigonometric polynomial of integer
degree, i.c., .7 has no zeros in [0, 2z]. Thus .« can be represented in the
form /(@) =|T(e*)|?, @ e[0,2n], where T(z) is an algebraic polynomial
with all its zeros in |z| < 1. This means (see e.g., [ 31, p. 31] and [4]) that
flo; o/, —sin ¢/2) is the well-known Bernstein—Szegdé weight function.
Polynomials orthogonal with respect to Bernstein—Szegd weights play a
central role in the asymptotic representation of orthogonal polynomials
(see, e.g. [15]). For the simplest case o/ =1 we obtain the Lebesgue
measure and in this case, as it is well known, the orthogonal polynomials
are of the form P,(z) =z".

The other case which has been investigated from different points of view,
like asymptotics etc., (see [ 1, 7, 8, 14]) is the case of an arc not necessarily
the whole unit circumference, i.e.,

E =[o,2n—a], ae(0,n), Z(p)= —sin (‘/’2_“> sin <(/"21'0<>'

In this setting (1.7) takes the form

: , E
f(w;az/,sin(q)z-i_a)): Sin<<p—a> A (p) o peh (1.27)

0, elsewhere,

and with .«Z(p)=sin((¢ — p)/2) A (@), fe[ —a, a],

sin <('D ; oc> sin <(/)2+oc> |

sin <¢;ﬁ> .j(gp)

o oA, R)=

for ¢ e E, and 0 elsewhere. (1.28)
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In fact in [1, 14] asymptotics for polynomials orthogonal with respect to
the more general class of weight functions, when .o/ is replaced in (1.27)
and (1.28) by a continuous positive weight function on [«, 27 —a], are
obtained. But the methods used there seem to be limited to the one arc
case.

It is also worth mentioning that Geronimus [7, 8, 9] has shown that
polynomials with constant reflection coefficients are orthogonal to
measures whose absolutely continuous part is of the form (1.28) and, more
general, polynomials with periodic reflection coefficients are orthogonal to
measures whose absolutely continuous part is of the form (1.24).

Let us briefly give an outline, for the simplest cases, of the main input
of this paper. Loosely formulated, we shall show that a polynomial P,(z) =
z" + ... is orthogonal with respect to a functional of the form Z(-; o7, #", 1)
if and only if there exists a polynomial Q,, and a polynomial g, Py,
such that

W(z) Pi(z) = V(2) O;(2) = 2"A(2) g((2)- (1.29)
Further, if (1.29) holds, then the polynomial Q,, can be represented in
terms of P, and the polynomial of the second kind and what is important,
0, is orthogonal with respect to f(¢; o7, ¥7). In a forthcoming paper [25]
we shall see that the polynomials g, ne N, which are all of degree less
than or equal to /— 1, contain almost all information on the polynomials
orthogonal with respect to #(-; .o/, #, /) and also with respect to
L(-; o, 7", ). So it will turn out that the nth associated polynomials of
the polynomials orthogonal with respect to #(-; <7, #°, A) are orthogonal
with respect to a measure which is again of the type treated in this paper
and can be described with the help of g(,,. Furthermore the g’s are
related to each other by a nonlinear recurrence relation from which a non-
linear recurrence relation for the reflection coefficients of the orthogonal
polynomials can be extracted.

Let us demonstrate by another consideration the usefulness of (1.29).
Suppose we know polynomials 7, and %, _, satisfying a relation of the
form

T3 z)—=R(z) U3, ,(z)=cz", ce R\{0}, (1.30)

then by multiplying (1.29) and (1.30) one gets by straightforward calcula-
tion

W(g'NPn + I/QlN—/Qm)z_ V(’a/*Nan-i_ VI/JZ[N—/})H)2 = CZnNAg(n)' (131)
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Repeating this procedure to (1.30) and (1.31) we obtain an infinite
sequence of orthogonal polynomials and in this way we can generate all
orthogonal polynomials with respect to £(-; .o/, #°, A) and simultaneously
with respect to Z(-; .o/, 7", 1). As a consequence of (1.31), and of the
above characterization, one obtains g, )= ¢g(,),» Which gives periodicity
of the reflection coefficients. Or in other words, a relation of the form (1.30)
is fulfilled if and only if the reflection coefficients of the polynomials
orthogonal with respect to #(-; ./, #°, A) are periodic from a certain index
onward. For the rigorous proofs of these and other facts see the authors
forthcoming papers [ 25, 26].

Why is it important to know polynomials orthogonal with respect to
flo;, o4, W) or L(-;o/, W, ) besides being of interest in its own right?
One of the reasons is that when we have information on the polynomials
orthogonal with respect to f(¢; .o/, #") then we know the asymptotic
behaviour of the orthogonal polynomials for such classes of weight func-
tions which can be sufficiently well approximated by weight functions of
the form f(¢; o/, #"), that is, for which a sequence of trigonometric poly-
nomials .oZ, can be constructed such that the f(¢; .<Z,, #")’s converge to the
desired weight function on E,. By the way, let us point out in this connec-
tion that .o/ is only assumed to have all zeros outside E, and that there is
no restriction on the size of the degree of .«7. It’s worth mentioning that this
was exactly the way how Szegé [31] obtained his famous asymptotic for-
mula for polynomials orthogonal with respect to weight functions from the
Szegb-class. The main advantage in the Szegd case, i.e., the case of the
whole unit circumference, is that the polynomials orthogonal with respect
to f(p; o/, #') can easily be determined (see [4, 31]) in contrast to the
several arc case. As we have demonstrated above, in the several arc case an
explicit determination is easily possible if there exists a polynomial 7, on
E, satisfying relation (1.30) or in other words if the polynomials orthogonal
with respect to f(@; o/, W) resp. L(-; o/, W, A) have periodic reflection
coefficients. Applying the above described procedure of approximation we
will get asymptotic formulas for orthogonal polynomials having asymptoti-
cally periodic reflection coefficients. Details will be given in [25,26]. For
the general case asymptotic representations can be obtained by assuming
that the reflection coefficients behave asymptotically like those of the nth,
n large, associated polynomials. Considerations of this kind are under
work.

Polynomials on several real intervals, resp. several arcs—recall that poly-
nomials orthogonal on the unit circle lead to polynomials orthogonal on
the interval [ —1, 1 ]—play also an important role in modern solid state
physics [ 5, 16, 27, 29, 30] because in problems of this field it’s natural that
the densities of states have band structure, i.e., live on several arcs, resp.
several intervals. For the mathematical approach to the case of several real
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intervals compare [2, 3, 11, 12, 13, 18-20]. In this paper we try to carry
over some of the main ideas of [20] to the several arc case, where the
situation turns out to be much more complicated than the real case. It is
surprising that not much is known about orthogonal polynomials on
several arcs. As already mentioned the only results on this topic come from
Geronimus [6-9] and Achieser [1] and a very recent contribution on
polynomials with asymptotically constant recurrence coefficients from
Golinskii, Nevai and Van Assche [14].

In order to be able to state our results we need some preliminaries and
notation. Let us first state the well known relation between algebraic and
trigonometric polynomials: Let & € IT of degree 0% =n/2, then we assign to
9 the algebraic polynomial D e P% given by

D(e") =" G () =e' "7 "D (). (1.32)

Hence 0D =n=20% and D is a selfreciprocal polynomial, i.e., D= D%*,
where the reciprocal polynomial D* is defined by

D*(z):=z"D <l> =zD <1> (1.33)

On the other hand each polynomial DeP® of degree 0D = n, satisfying
D = D*, induces a real trigonometric polynomial & by

@((ﬂ) ::efi(n/2)<ﬂD(ei(p) with ag:g.

Besides (1.33) we’ll also need the following notation: if Ce P, is a polyno-
mial of exact degree 0C <m, we define the modified reciprocal polynomial
C *) by

C¥)(z) :=zmc<1> =z 9CCH(z), (1.34)

z

Notice that the exponent m of z in (1.34) is equal to the subindex on the
left hand side and that for the modified reciprocal polynomial the index m
must be written explicitly. The reason why we distinguish between the
modified reciprocal polynomial C{*’ and the reciprocal polynomial C* is
that C(*)(0)=0 is possible (if 0C <m) whereas C*(0) is always different
from zero.
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We finish this section with the following additional notation:

(a) The polynomial of the second kind with respect to a linear func-
tional . (not necessarily of the form (1.17)) is defined by

$<X+Z(Pn(x)—Pn(z))>, if neN

Q,.(z):= X—z (1.35)
ZL(1) Py(0), if n=0,
where % acts on x. We see that 0Q,=max{—1,n—k} if ¢,=--- =
¢, 1=0, ¢, #0. Here the ¢’s are given by the power series expansion
L(x+2)/(x—z2)=co+2 X272 ¢;z”.

(b) Let P,eP{ be an arbitrary polynomial and let «, ue Z. The
orthogonality property

L(z7P,)=0, j=rx+1,.,u—1,
L(z7"P,) #0, and L(z7#P,)#0
will be abbreviated by
L(z7P,)=0, jel[k+1,.,u—1],

and we use round brackets “(” resp. “)”, if the lower order x + 1 resp. the
upper order ¢ — 1 is not necessarily the maximal one.

(c) Let the function H be analytic at z=0, then we write
H(z)=0(z"), veN,, if H has a representation of the form H(z)=
72, K;z/ for |z| sufficiently small. If K, # 0, we write H(z) = o(z").

This paper is organized as follows. In Section 2 we state the main results
which are the explicit representation of the Stieltjes transform of the func-
tional #(-; .o/, #", A). A characterization of the orthogonal polynomials by
a quadratic equation and an integral representation of the orthogonal poly-
nomials and of the associated polynomials is given. In Section 3 some
preliminary results are given, where in particular the square root function
\/ﬁ is discussed in detail, which is needed for the proof of Theorem 2.1.
Furthermore another characterization of orthogonal polynomials is given,
which is the basis for the above mentioned characterization by the quad-
ratic equation. Finally, in Section 4 the main results are proved.

2. STATEMENT OF THE MAIN RESULTS

In order to be able to state our results in closed form let

/
v:=07, w:=0W", a :=max {6&/,» —2} (2.1)
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and define the algebraic polynomials R, V, W and A4 by

R(e”) :=e™R(p), 0R=2]
V(e'?) := e (), oV =2v
e (22)
W(e'?) = ™9 (p),  OR=2w
A(e'?) = e of (@), 0A=a+ 0,

where
A(z)=z""%"4(z)  with A(e'?):=¢"7"?/(p).

In view of (1.6) we have the explicit representation

m*

Az)=cz7 % [] (z—z)™,  where c,eC, z;=e“. (2.3)
j=1

Let us mention that by (2.1) a =0.«7 if 0./ > w — /2, which will be fulfilled
in most of the interesting cases. So the reader, who is not interested in
details, should associate with a the degree of .«Z. By the definitions (2.2) the
above polynomials are selfreciprocal; to be more precise we have R = R*,
V=V* W=W*and A=A*.

For the following let us point out that we choose that branch of the
square root of /R, which is analytic on C\I, and satisfies (compare
Lemma 3.1 and Remark 3.2 in Section 3)

sgn \/R(e’”)=(—1)’ e for QDG((sza ®241)s
j:O, veny l, (p2]+1 ‘=(p1+2n’ (24)

One of the main reasons that many properties about polynomials
orthogonal with respect to weight functions of the form (1.7) or with
respect to a functional Z(-; .7, #~, 1) of the form (1.17) can be derived is
that the Stieltjes transform of the functional #(-; .«/, #°, A) can be given
explicitly as our first theorem shows.

THEOREM 2.1. Let A, R, V, W and the vector 4 € A,,« be given and let
B:=B(-; A, W, 1) e PS, be the uniquely determined selfreciprocal polynomial
B=B\¥), which satisfies (compare with Lemma 3.3 below) the interpolation
conditions

(VB)) (z) = —2,(z" 27" /R)V (z),  v=0,.,m,

y =1, j=1,.,m*
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and the “zero-condition”

B(Z) +Za+l/27w

;
£or0 iA(z)

Then the following identity holds for ze€ C\(I'g,L {z;: 2;= —1}), where we
use the same notation as in (1.17):

1 e W
$<x+z oW /1> j +z ()
E €

x—z 2 e —2 A(p) ()
1 m* m;—1 1X+Z
4= Y (1=4) Y w(—1) <‘>< >
2]:1 o XX =
B(Z)+Za+l/2—w W(Z)
R(z)

- iA(z) : (2:3)

(v) .
here 5:/ acts on x and the constants u, , are given by

1 a+1/2 w (mjflfv)
Iuj)v.:(m—l_v < W>

If the functional L(-;.«/,#,A) is positive definite then
L((x+z)/(x—z); o, W, A) is a Caratheodory-function.

From the definition of the x;,’s one obtains that the linear functional
L(; o, W, A) from (1.17) can be written in the compact form

1 .
Py o, W, 2) Zﬂj h(e®) (s o, W) dop

E;

1 m* 1_2/ Zu+//2—w—lWh
+5 X 1S
Zj':l(m/'_l)' zAj\/]?
The following theorem is the main result of this paper and characterizes

polynomials orthogonal with respect to a weight function of the form (1.7)
or to a functional of the form (1.17).

(m—1)
)" e e

THEOREM 2.2. Let the polynomials R, V, W, A, B:=B(-; A, W, 1) and
the linear functional £(-; .o/, W, 1) be given. Let ueN, and P, be a
polynomial of degree n, where n>=max{a+12—w,20—1} if £>0 and
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nzmax{a+12—w,2v—1,0 + 12+ v} if u=0. Furthermore let p be the
multiplicity of the zero of P, at z=0. Finally if the polynomials P, and
A/z*= % have a common zero at z;, then z; is supposed to be a simple zero
of P, and of A. Then the following propositions are equivalent:

(a) L(z7P,; o, W, A)=0 for je(0, ..,n+u—1] and there exists a
teN such that L(z°P,; </, W, L) #0.
C

(b) There exists a polynomial Q, ,,; -,€P, . ,_,, and there exists a
polynomial g, with g,(0)#0 from P}szﬂ if u>0 and from Pﬁp,l if
w=20, such that

W(z) PX(z) — V(z) i+1720(z) =zt @HiZowtu g z) gm(2), (2.7)
where p<u—1if u>0, and
V(Zj) Qn+172v(zj) = }“j vV R(Zj) Pn(Zj)’ j=1,.,m* (2.8)

VQn +/—2v

JRP,

(¢) There exists a polynomial g, with g,,(0) #0 from Pﬁm if u>0
and from Py, if u=0, such that

=L V0)Qr i 2(0)=+/R(0) PF0).  (29)

z=0

iQ,(z) A(z) — P,(2) B(z)>2

a+1/2—w

) Pie) — ) (25

:Zn+p—(a+]/27l1})+/lA(Z) g(ﬂ)(z), (2.10)

where p<u—1 if u >0, and (“sign-condition”)

B(Z) _’_Za+l/27w

Q, R(z) _ max{0,0.7 +1/2 —w+1
<P> (z)— A = O(z™! 4 H. (2.11)

n

In (2.10) resp. (2.11) Q,, denotes the polynomial of the second kind with
respect to L(-; 4, W, ).

Thus, Theorem 2.2 gives the following result: given a polynomial P,, in
order to decide if it is orthogonal with respect to Z(-; o7, #°, ) one only
has to look for another polynomial Q,, ,,_,, (and this polynomial is of the
form given in (2.10) if it exists) and to calculate the polynomial expression on
the left hand side of (2.7). Then P,, is orthogonal if and only if the left hand
side of (2.7) has a zero at z =0 of multiplicity n + p — (0.7 + /2 —w) + u and
a degree <n+0o/ +12+w—1if u=0resp. <n+p+0Z +12+w—pu if
1 >0 and the “sign-conditions” (2.8) and (2.9) are fulfilled.
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Remark 2.3. Concerning the assumptions of Theorem 2.2 let us note:

(a) The assumption that P, and A/z*~ % have at most a simple zero
in common is no loss of generality. This can always be obtained by reduc-
ing common zeros of P, and 4 (note that with z;, |z;| # 1, also 1/z; has to
be reduced in A4).

(b) The conditions (2.8) and (2.9) resp. condition (2.11) are
necessary to fix the sign of Q, ., ,, resp. (2,4 —P,B)/z*"/>~" at the
zeros of A and at z=0, because these polynomials appear in quadratic
form in (2.7) resp. (2.10). The opposite sign in (2.8) and (2.9) resp. in (2.11)
would destroy the orthogonality property of P,,.

Note that the order of the O-term in (2.11) does not depend on the
degree n. Using similar methods as in the proof of Theorem 2.2 (compare
(4.9)-(4.11)) we see that condition (2.11) follows from (2.10) if for example
a+12—w=0,n>0 and P,(0)#0.

(c) Ifapolynomial P, of degree n,, nye Ny, fulfills an infinite “lower”
orthogonality property with respect to L(-;, %', A), ie, L(z°P,;

o/, W, A)=0 for all Te N (this case is not contained in Theorem 2.2), then
P i(2):i=2P,(2),  keN,, (2.12)

are orthogonal polynomials with respect to Z(-;.«/, #", ) (compare
Theorem 3.8(a) below), and the polynomials R, W, A and B can be given
explicitly as

R(z)=(1—2) (ie. E,;=E,=[0,2n]), W(z)=i(l—-z)

i

AR =7 PRV P), B W) =o

p P (Q7(2) P,(2) = Pr(2) ,,(2)),

no

where beR\{0} is given by P
case we have by Theorem 2.1

*
@ <x+z; AW, ,1>=Q"°(Z).
X—z Pi(z)

(z) QX(z)+ Pl(z) 2,,(z) =2bz"™. In this

no

This means that the polynomials defined in (2.12) are exactly the
Bernstein—Szegd polynomials, mentioned in Section 1, if £(-; .o, #', 1) is
positive definite.

Next we show that the polynomial Q,,,,_,, from Theorem 2.2 fulfills an
orthogonality property with respect to L(-;.oZ, v, A) if f(o; o/, 7V) is
integrable, which for instance is satisfied for each choice of #" if Z has only
simple zeros.
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COROLLARY 2.4. Let the polynomials R, V, W, A, B:=B(-; A, W, 1) be
given as in Theorem 2.2. For an integer n>max{0.</ +1/2—w,2v—1} let
P,eP",0P,=n, such that ¥ (z7P,; .o/, W ,.)=0 for all je(0,..,n+

u—11, ueNy. If flo; o/, V") is integrable, then the polynomial

iQ,(z) A(z) — P,(z) B(z)

a+1/2—w

Qn+172u(z) =

Py o (2.13)

z
is orthogonal with respect to L(-; 4, W, L), ie.,
L0 1nns A,V A)=0  for je(0,.,(n+1=2v)+u—1]. (2.14)

Finally, let us give an integral representation of Q, ., », and P, in terms
of P, and Q, ., ,,, respectively.

THEOREM 2.5. Let the polynomial P, of degree n be orthogonal with
respect to L(-; o, W', L) and let Q,, . ,_,, be given as in (2.13). Further sup-
pose that R has only simple zeros.

(a) For nzmax{0o +1/2—w,2v—1,1} one has

[ even:

Ori-2(2) =iz

. w—//z{lf e +z

2n g e —z
o ‘ 1
X (P,(e?)e """ W(e”)—P,(z) z " W(z)) o) @
1 e’ 4z ‘ ‘
_ i —iap f(oi0) _ a4
2 ), g e A~z )
X P,(e?) flo; o, W) do
+z”A(z)%<x+ZP,,;&/,W,)L>}; (2.15)
X—Z

[ odd:

1 2
weap | L €
O, 1-2(2)=iz
E,

nlg e’ —z

) . . 1
X(P ) e~ W() = P, (2) 2= W) s d
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ip
_LJ e- +z 'ieii(afl/z)(pA(el‘(p)_Zf(ll‘Fl/z)A(Z)
2nlg e’ —z\e"+z

X P, () f@; o, W) do

X+z

+Z—<”+‘/2)A(z)€4< P, <l W, /lﬂ (2.16)

X—z

(b) Iff(g; o/, V") is integrable and n > max{0.«/ +1/2—w,2v—1+ 1}
then

[ even:

1 e 4z
P eI J A
2)=iz {27{ e’ —z

X (Qn+172v(ei¢) eiim/) V(ei¢) - Qn+172v(z) ZﬁUV(z)) N d(P

(e "7 A(e") —z7“A(2))

1[ e’ +z
27'[ E;

X Qn+172v(ei(/)) f((ps %s AV) d(p

e’ —z

+Z(IA(Z)g<§—i_Z Qn+1721};%9 7/9 )'>:|> (217)
—Zz

[ odd:

i(p/2)
P,(z)=iz" U712 lj S
" nig e’ —z

4 . . 1
X(Qnri—2e?) e W(e?) = 0,4y 2(2) 27 W(2)) ") dy

ip
_LJ etz _2 e~ a=12)9 g(oir) — z—(a+12) 4 7)
2n g e’ —z \e'" 4z

X Q}1+/72v(€w))f((p; ‘Qfe 7/1) dgﬂ

X+z

+Z(u+l/2)A(Z)g< Qn+172z7;%’ HV’ A>:| (218)

X—Zz
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3. PRELIMINARY RESULTS AND PROOF OF THEOREM 2.1

In order to simplify the notation we assume that £,=[0, 2z]. This is no
essential loss of generality since all following arguments remain valid for a
set E,=[a,a+2n], ae R, which can be seen by a simple shift (or a rota-
tion on the unit circle). To prove our main results let us first study the
expression

lim /R(ge™), R from (2.2),

o—1-

in some detail. Some preliminaries: we interprete \/; as a function in z on
a two-sheeted Riemann surface % having a cut along the negative real axis,
Le., on & we distinguish between two complex numbers, the arguments of
which differ by exactly 2z, but we identify two complex numbers, whose
arguments differ by exactly 4z. Then the function

f;g:_,@, z»—»f:z\/ée"“"/z’, z=ge™, (3.1)

where g€ Ry and o€ [0, 47), is uniquely defined and analytic on Z\{0}.
The polynomial R induces the function (of the same name)

R(-):C—>Z, z R(z). (3.2)
Combining (3.1) and (3.2) we get that

JR():C\In(I'y) - C,  z>./R(z) (3.3)

is uniquely defined and analytic on C\/',, which will be shown in Lemma
3.1 and Remark 3.2 below. Further we set

JR(e?):= lim /R(ge’”)=./ lim R(ge™), @eE,. (34)
o—1" o—1"

R(ge™)
Rige™) =

It will also turn out (see Remark 3.2) that we have lim
=lim,  ,../R(ge”) for ¢e[0,2n]\E,, but lim

—lim, . \/R(ge”) for ¢ € Int(E)).

LemmA 3.1, For given points 0 =: ¢, < - <@y <@y, =21, leN, let
Re PS, be given as in (2.2). Then for that branch of \/R(e'?) defined in (3.4),
called henceforth positive branch of \/ R(e"), one has

Re?) = {< —1) i JIR(e),  pelpy 1, 0y1j=1, .1
(71).181(//2)(/) |R(e™)]|, (Pe[gﬂzj, 502./+1]j:0’ A
(3.5)

01—

01—
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Proof. We first show the assertion for the case that R has simple zeros
only, i.e, 0 <@, < --- <@, In the following arg(z) denotes the argument
of a complex number z and is understood as a continuous function from
C to R (and not necessarily to [0, 27) or [0, 4x)); i.e., each time when z
circles around the origin in the positive sense, arg(z) increases by 2.

In view of (3.5) and (3.1) we have to show that

arg(R(e”))=lp—jn  for @e(p,¢;1), j=0,.,2
or equivalently that
arg(e "R(e"”))= —jn  for @e(p;,@,.1), j=0,..,2L (3.6)
where we assume that arg(e " R(e”))=0 for @e(0,p,) (note that
e " R(e') is a real trigonometric polynomial).
To prove (3.6) we need an explicit representation of z ~'R(z) for z = ge™®,

0€(0,1], ¢€[0,2n]. Since the polynomial R is selfreciprocal it can be
written in the form

21
z (a, +iby) z*,
ar=ay_+€R, b= —by_,eR, |ag|+|bol#0.

Thus we obtain

2] 1
Re(z 'R(2)|._ o) =a;,+ Y, <gk’+ Qk—’>

k=1+1

X (a; cos(k —1)p — by sin(k —1) p)

21 1
Im(z*’R(Z)IZ:Qew): Y <Qk[_kl>
Q

k=1+1

x (b cos(k—1)p +a, sin(k—1)p)
and as a consequence

R(@) :=Re(z'R(2)|. _ yo)] ,
21
=a,+2 ) (accos(k—1)p—b,sin(k—1)¢p)

k=1+1

d
A (@) 3:de Im(zilR(Z”z:Qgiw)l@:l

=2 i (k—=1)(b cos(k—1)p +a, sin(k—1)p),

k=1+1
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ie.,
()= —(9).
Since all zeros of %(¢) are simple, and #(¢)>0 on (0, ¢,), we have
sgn Zy(@;) = —sgn R' (@) =(—1)/*",  j=1.,2L

Thus by the definition of %, and by the fact that Im(e " R(e”)) =0 on
[0, 27] one has for all ¢ sufficiently near to 1~

<0, je{l,3,..21—1}

S0, jel24, ..ol (37)

Im(zilR(Z” z:gei‘/’j) {

Because of the continuity of Im(z ’R(z)) in a neighbourhood of the unit
circumference |z| =1 property (3.7) also holds on [¢;—¢;, @;+¢;], j=
1, ..., 2/ for &;> 0 sufficiently small.

Now let y be a closed, positively oriented curve in the complex plane,
starting at the point z=1, which coincides with the unit circumference
except for the regions {e¢”: pe[p,—¢, ¢,+¢/], &>0, j=1,.., 2}, where
y lies in the interior of the unit disk as shown in Fig. 2.1. We choose the
values ¢;, j=1, ..., 2/, sufficiently small such that condition (3.7) holds on y,
when p lies in the interior of the unit disk.

For ¢ €e[0, o, —¢,], where @, —&, >0, we have Z(¢)=e ""R(e”)>0
and arg(e "”R(e"))=0. Because of (3.7) one has Im(z 'R(z)) <0 on y
near ¢! and y in the interior of the unit disk, and further e ="’ R(e™) <0,

II

el(ort+e)

e llPR(ei?) < 0
I

Im(z'R(z)) <0 el(®1-€y)

-

e UPR(ei®) > 0

FIGURE 2.1
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pel[@,+e, p,—e,], where ¢, +¢&, <@, —e,. Thus we see that z 'R(z)
describes half a circle around the origin in negative sense while z passes the
point z*' on the curve 7, ie., arg(z 'R(z)) decreases by 7.

The same considerations for the remaining points e*”, j =2, ..., 2/, lead to
the desired assertion (3.6), which proves the lemma if R has simple zeros
only.

If R has multiple roots then this can be considered as a limit case when
simple zeros coincide and the assertion follows. ||

Remark 3.2. Let us state some comments concerning (2.4): if one
examines the methods in the proof of Lemma 3.1 in detail, one sees
that the radial boundary values lim, - arg(R(ee'”)) =:z, and
lim, . arg(R(ge")) =: z, differ by exactly 2=z if ¢ € Int(E,), i.e., z, #z, on
the Riemann surface &#. Thus, by (3.3) and (3.1) we have /R(z,)#
/ R(z,), although z, =z, on the complex plane C. If pc[0,2x]\E, we
have (compare again the proof of Lemma 3.1)

hm arg(R(ge ))— hm arg(R(ee'”)) +¢-4n, ee{—1,1},
ie, lim, - R(ge”)= lim, . R(ge™) on C and on &, and thus (compare
(3.1))

lim /R(ge)= lim ./R(ge™) for ¢e[0,2n]\E,.

01— o1+

The following lemma is needed to state and to prove Theorem 2.1.

LEmMMA 3.3. Let the polynomials R, V, W, A be given as in (2.2) and let
A=(A1y ey Apyx) € A,,«. Then there exists a uniquely determined polynomial
B:=B(-; A, W, 1) e PS,, which satisfies the following conditions

B=B*
(VB)") (z))= —2,(z/ P~ JRY (z),  v=0,.,m,—1, j=1,.,m*
B(z)—i—z"*’/z’wm
lim e RE) g (3.8)

Proof. We denote the multiplicity of the zero of 4 at z=0 by m:=
a— 0./ and set

B(z):=C(2) +2"D(z) + C5¥)(z) e P,
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C
2(a—m

where the polynomials Ce PS5, and DeP
that the system

, are chosen in such a way

v=0,.,m—1, j=1,.,m* (3.9)
~ 144
B(z)—i—z”*'/z"'”ﬂ:O(z’”), as z—0

R(z)

is fulfilled. Note that z,¢ I", and that \/ﬁ is analytic on C\I'y, thus the
derivatives in (3.9) exist and further a + /2 —we N, by Assumption 1.1(b)
and (2.1).

The polynomial C is uniquely determined by the second equation in
(3.9) and D uniquely up to a multiplicative constant by the first equations.
Because z =0 is not contained in {z,, .., z,,»} We obtain uniqueness of D
if we fix D(0).

Since 1/z; is a zero of 4/z" of the same multiplicity as z;, the polynomial
B{¥ solves the system (39), too (recall R=R* V=V* J =2, if
z, = 1/z;), and hence the polynomial 3(B(z)+ By})(z)), which is uniquely
determined if we fix D(0). Now we will choose D(0) such that the polyno-
mial

satisfies (3.8). Since B solves (3.9), only the last condition in (3.8) remains
to be shown. From (3.9) we obtain

B(z) — BS{*¥)(z) =aidA(z),  a€ R depending on D(0), (3.10)
where the fact that « € R can be seen from

id(z) = —(oid(2))s3 = —(B(z) = Bs¥(2))4%' = B(z) — B3} (2) = wid(2).

If we write B in the form B(z) = C(z) + C$¥(z) + 5z"(D(z) + DY) _,.(2)),
we obtain

B(Z) + Za+ 12 —w

li =
:1~I>1}) lA(Z) Ay '
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where dy=D(0), day_my=D5)_,,(0) (ie., the leading coefficient of D(z)),
ay=(iA/z")|._o#0 and r,, is given by the expansion

o0
Jat+i2—w Wiz) =y erj.
—0

From (3.10) we get c?zw,,,,)zdo—ocao. Hence we can choose the free
parameter d, such that Imd,/a,= —Imr,,/a, (note that a, and r,, are
independent of d,) and get

. W(z)
B(Z)+Za+l/2—w
hm \/R(Z)_d0+rn7 gER
-0 iA(z)  a, 2

In Remark 3.5 we will get the uniqueness of B as a by-product of
Theorem 2.1. |

In Corollary 3.6 below (after the proof of Theorem 2.1) we will give an
explicit representation of the polynomial B :=B(-; A, W, A), which will be
needed to prove Theorem 2.5.

We now define the function

W(z)
' R(z)
iA(z) ’

B(Z) +Za+//27w
Flz; A, W, ) .= —

(3.11)

which is analytic on C\(/'zu {z;: ;= —1}) by (3.8) and assumption
1.1(b) (note that a+1/2—weN,). At the points z,, )v.— —1, the function
HF(z; A, W, ) has poles of order m;. On the set I';, we define

F(e'”; A, W, 2) 1= lim F(ge"; A, W, 1), @€k, (3.12)

o— 1"
For A°:=(1,1,..,1)e4,,. we abbreviate

Fz; A, W) :=Fz; A, W, J°) and B(z; A, W) :=B(z; A, W, A°).
(3.13)

The function F(z; A, W) is analytic on C\I';, and plays a crucial role in
developping our theory, as the following lemma shows.

LEMMA 3.4. Let the polynomials R, W, A and the function f(@; o/, W)
be given and let F(z; A, W) be defined as above. Then we have

Re F(e; A, W)= f(@; o, W) (3.14)
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and

e’ +z

F(z;A,W):zij —flo: A W) dp,  zeC\Iy  (315)

T E/G

Proof. Let \/R(e™) be defined as in (2.4) resp. (3.4), then we have by
(3.11)

Re F(e'?; A, W)

) _ ) W(e™ y
Re <iB(e"”; A, W) A(e"”)+ie’(””/2*"”)"’7(e ,) A(e“*’)>
_ R(e')
- |A(e)]?
Re< ila+12—w)ep Wi(e“”) A(e"‘/’))
_ R(e")
|A(e")]? ’
since Re(iB(e'”; A, W) A(e”)) =0 by B=B{*) and 4= A.}). Furthermore
we obtain from (3.5) that
jella+2—w)g Wie") A(e™)
R(e'?)
W (@) (@) .
(1) eR, PE(Py 1,02), J=1..1
B |2(¢)] Y
W(p) Ap) . .
(_1 / elRa (pe(§02ja ¢2j+1)9 ]:09 al
|2 ()

Taking into consideration the fact that |4(e™”)|?=./*(¢) the assertion
(3.14) follows.

By assumption 1.1(a) we have f(¢; o/, #°)e L[ 0,2xn], g€ [1,2), and by
the third property in (3.8) one has F(0; A, W)eR. Thus (3.15) can be
derived from (3.14) and [17, Ch.LD and V.B] for |z| <1. Since both
functions F(z; 4, W) and 127 [ (e +2)/(e” —2)) f(@; o/, W )dp are
analytic on C\I';, and coincide on |z| <1, representation (3.15) holds by
the Identity-Theorem for analytic functions on the whole region C\I'z,. |

Before we prove Theorem 2.1 let us note the simple fact that a moment
generating linear functional %, not necessarily of the form (1.17), whose
moments ¢, := % (z7/), jeZ, satisfy

1

] ) =0,
limsup, _, .. /¢l

jeN, and 0>0, (3.16)
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induces in a natural way the following analytic function

+ & :
Flz)=2% <i Z> =co+2 Z c;z’, |z| <o, where & acts on x.
—Z i—1
’ (3.17)
We now are able to proof Theorem 2.1.

Proof of Theorem 2.1. By definition (3.11) we have

C(z)
iA(z)’

where C(z):=B(z; A, W, A)— B(z; A, W). (3.18)

Fz; A, W, 1) =F(z; 4, W) —

From C= C{*), A= AS* and the third property in (3.8) one gets 9C <04,
thus we can write

C(z) D(z)

DePC
iA(z) €Foa

where D"(z;)=C")(z)) for j=1,...m* v=0,..,m;—1, D(0)=C"(0)
for v=0,..,a—0s/ —1, and by (3.18)

C(z) ,
Ko=—| - =F0;, 4, W, 2)—F(0; 4, W)eR
ZA(Z) z=0
(note C=C4$* and 4 = A{¥)). (3.19)

Let us denote z,:=0, m,:=a— 0./ (i.e., m, is the order of the zero of 4
at z=0) and 4, :=1 then a partial fraction expansion gives

C(Z m*  m;—1 ﬂ
- + Z Z ”V , (3.20)
ZA( 0 Jj=1 v=0 ( .] !
with
C (mj—l—v)
@)
o =", — 1= 0)1
Za+//2 w (mj—1—v)
(-1 (= (=)
iA; f ! A(2) A(z)
= (z) =22
(m;—1—v)! ’ / (z—z)™"
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where the second equality follows with the help of the interpolation property

in (3.8). Let now ¢:=min{|z|: ;= —1}, then by definition ¢>0. By
applying the Cauchy-product (v + 1)-times, ve N, or by using the identity

I _1d"<_1<x+2_1>>( :
(z—z)""' wldx"\ 2z\x-—:z %

(5 e
TP

one obtains for |z| <|z;|

1 _(_1)v+] 1 © <Z>I\
(Z—Zj)v+l_ N Z;+1kgo(k+1)(k+2)...(k+v) 5
1 & 1 \®™ '
-5 I ) e
k=0

and thus for |z| <¢ by (3.20) (note i, ,=0)

From (3.19) and (3.21) we get
m*  my—1 1 (v)
_KO Z Z ﬂjv <> (Zj)
j=1 v=0 '
and thus
m*  my—1 1 1 (v)
~ Z Z ﬂjl < > (Zj)'
j=1 v=0
Now by (3.15) (compare also (3.17)) we can write
Flz; A, W)=co+2 Y ¢25, |z| <1,
k=1

where

1 )
cr :=—f e *®f(@; oA, W) dp.
27'[ E
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Hence by (3.18) and (3.21), note that F(-; A, W, 1) is analytic on |z| <,

Fz; A, W, A)=ci+2 Y cp25, Iz] <o (3.22)
k=1
with
m* m,fl 1 v)
C/( =C + Z Z _, <+]> (Z]) = g(xik; &/9 Wa A‘)a

j—lVO

where Z(-; .o/, W, A) is given as in (1.17) with 4, ,=(1 —2,) u;, and u, ,
from the theorem.

Now by the consideration (3.17) the assertion (2.5) follows for |z| <o
and by the same arguments as at the end of the proof of Lemma 3.4 we
obtain that (2.5) even holds on the larger set C\(/'y,u {z;: 1,;= —1}). |

Remark 3.5. Considering the second identity in (2.5) and noting that
the left hand side of this equation does not depend on B(-; A, W, 1) we
conclude that the polynomial B(-; A, W, A) is uniquely determined by the
system (3.8). This closes the gap in the proof of Lemma 3.3.

The following corollary gives an explicit representation of the polyno-
mial B(-; 4, W, 1).

COROLLARY 3.6. Let the polynomials R, A, B:= B(-; A, W, 1), the func-
tion r(¢) and the functional L(-; o/, W, L) be given and suppose that R has
only simple zeros. Then the polynomial B has the following representation
(Where L (-5 o/, W, A) acts on x):

[ even:

B(z; 4, W, 2)

— iz [ 7 <x A (x)— 2 A(2) ) AW A)

1 j e +z

—iwe ipy _ ,—w L
o (e (e') —z W(z))r((p)d(p]. (3.23)

E; e’ —z

[ odd and we N,:
B(z; 4, W, 1)

=jza+12 [ff <x+z <i x @D Y(x) —z(”“/z’A(z)>; A, W, /l>
X — X z

1 t((/)/2) 1
] e <) . (324
g e’ —z r(@)
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[ odd and w e $N:
B(z; 4, W, )

— iz { @ <x () — 2 A(2)): A W /1)

X—Z
el

l(w/2)

< e 4+ z 7,’(;1:+1/2)¢W(ei¢) _Z(w1/2)W(Z)> r(;) d(o} .

(3.25)

Proof. We first consider the case when / is even: From (3.11) and (2.5)

we get
iz'?

JR(z)

xX+z

B(z; A, W, )) = —iA(z) & < AW, z) iz W(z)

X—z
From (3.5) we obtain
ieie | Ler(E) qe[12), geF
el
€)7o, PLE,.

Since iz"?/./R(z) is analytic on |z| <1 it can be derived from [17, Ch.L.D
and Ch.V.B] (compare also the proof of Lemma 3.4)

- 12 1 ip 1
[ N E Pt (327)
R(z) 2n'pe”—zi(p)

From (3.26) and (3.27) we get for |z| <1

X+z

B(z; A, W, /l)ziz"[ —z‘”A(z)E’( oA, W, /1>

X—2Z

1 e’ +z 1
—1t d
(z )2nJE,e¢—zr((p) (p}

— iz [ @ <x A (x)— 2 A(2)): AW A>

1 e'?
[, o to) o .0

2n
1 oe 1
tan ] W) )

2n g e’ —z (o)
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X+z

B(z; A, I/V,i):iz“{f< (xA(x)—z"“A(2)); AL, W, l>

1 j e’ 4z
Ep

1
o (W) == W) dp |
T

r(p)

e’ —z

This is the assertion (3.23) for |z| < 1.

We now show that the right hand side in (3.23) is as well a polynomial
of degree <2a, which gives the representation (3.23) on the whole complex
plain. Let us restrict attention to the case we N, (the methods for we IN
are quite similar but calculation is more tedious). By Assumption 1.1(b) we
get that ae N, and thus

Z < z (x A(X) z ‘4(2))’ vQ{a W, )“) P2Ca (polynonlial in 2).

Expanding the right hand side in (3.27) in a power series at z =0 we obtain
that

1 / /
e = fi el —=+1,.,-—1
L/e " )d(p 0 or ]e[ R

and in a similar way as in (3.28) by using this orthogonality property we
get

a

1 ip 1
J etz . ——dpeP§¢, (polynomial in z)

o W (g) == W)

e’ —z

and thus (3.23) is proven.

The representations (3.24) and (3.25) can be obtained after some calcula-
tion by applying the methods we used to prove (3.23) to the polynomials
R(z):=R(z%), A(z) := A(z*) and W(z) := W(z?). |

Remark 3.7. If A=."=(1,1, .., 1), ie, no Dirac “mass-points” appear
in L(-;o, W, ), the representations (3.23)—(3.25) take a more trans-
parent form. For example in the case of (3.23) we have

B(z; A, W)=B(z; A, W, 1°)

:iz“{ ! JE i (e “PA(e'”) —z “A(z2)) f(@; A, W) dp

21 lp e — 2
1 e’ 4z ‘ , 1
- _ 7[‘1’(PW p . 7)VW 7d .
2r JE/el{/)—Z(e (e ) : (Z)) r((P) ¢
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At the end of this section we give a sufficient and necessary condition
for a polynomial to be orthogonal with respect to the functional
L(; o, W, ), which will be needed for the proof of Theorem 2.2. In
order to get these sufficient and necessary conditions we need the following
general characterization theorem for orthogonal polynomials, which we
have proven in [24].

THEOREM 3.8 (Peherstorfer and Steinbauer [24]). Let a linear func-
tional &, which fulfills (3.16), be given and let F be the function defined by
(3.17). Further let P,eP¢ of degree 0P,=neN,, Q,ePS and peN,,
keNuU{ow}.

(a) Then the following two statements are equivalent:

(i) P, and Q, satisfy the system
P,(z) F(z)+ G ,(z)= O(z"**)
- _ as z—0. (3.29)
P¥(z) F(z) = Q¥)(2) = O(z" ")

(i) L(z7P)=0, je[—(x—1), un+u—1],

and Q, is the polynomial of the second kind with respect to ¥, ie., Q,=Q,,,
where Q,, is defined as in (1.35).

(b) Suppose that the polynomial P,eP%: of degree neN, is
orthogonal with respect to ¥ and satisfies £(z/P,) =0, je[ —(x—1), ...,
n+u—11], for some i, ue N. Let pe N, denote the multiplicity of the zero
of P, at z=0. Then

p<u—1 and K=u—p.

If we want to apply the general characterization-theorem 3.8(a) to
L(-; o, W, L) we have first to show that

=LA, W, )= L(x A, W, I)=c]  forall keN,.
(3.30)

The second property supposed in (3.16), ie., >, ciz* absolutely con-
vergent on a nonempty subset of the unit circle containing z=0, has
already been shown implicitly in the proof of Theorem 2.1.

Property (3.30) can be obtained in the following way: from (3.11) we
have

1 -
F<_; A, W,i>= —F(z; A, W, %) for |z| <g:=min{|z|: 1,= —1} >0,
Z TARRE
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and therefore by (2.5)

1
—+z -

Ny =—$<x Z;ﬂ,n/%,&),
| X—z
——Z
X

where Z(-; o/, #, 1) acts on Xx.
By (3.22) the functional #(-;.«/, # ", A) can be represented as a power
series at z=0 and thus

LA A, W) +2 Y L, W, ) 2

k=1

=P A, W, 2)+2

k

P, W, 02

1

I8

From the uniqueness of power series representations of analytic functions,
relation (3.30) follows.

The following theorem gives, as mentioned above, another characteriza-
tion of a polynomial to be orthogonal with respect to the linear functional
L(-; o/, W, A). This characterization, which in general is harder to verify,
but which is on the other hand less restrictive than the conditions given in
Theorem 2.2, is needed to prove Theorem 2.2.

THEOREM 3.9. Let the polynomials R, V, W, A, B: B( A, W, A) and
the linear functional L(-; oA, W', 1), where 2= (A1, ., A=) €A,,, be given
as in (1.17), (2.2) and (3.8). Further let P, P, of degree n>max{0.</ +
1)2—w,2v—1} and ue N,. Then the following two properties are equivalent:

(a) ZL(z77P,; A, W,2)=0 for je(0, ..,n+pu—17.
(b) There exists a polynomial Qn+, 2w€PL ., such that P, and
O, 41—, fulfill the following conditions:

(i) (VQuyr 2" () =A(/RP)(
v=0, ...,mj—l, j=1,..,m*
(i) W(2) Qnyi—2(2) =/ R(2) P,(2)
e (3.31)
:O‘(an(ﬁ.p/vL//wa)#»,u) as z—0

(iii)  ¥(z) n+/ 20l \/ z) Py(z

_0( —(0of +1/2 — w)+1) as z—0.
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Further the polynomial Q,, . ;_», in (3.31) can be written explicitly in the form
_iQ,(z) A(z) — P,(z) B(z)

OQ,v1-2(2)= at+i2—w >

(3.32)

z

where Q, denotes the polynomial of the second kind with respect to
Lo, W, A).

Remark. From assumption (iii) in (3.31) it follows that 0Q, , ,,=
n+1—2v, thus we can write Q¥ , ,, instead of Q'*),_,,.

Proof of Theorem 3.9. (a)=-(b) By Theorem 3.8(a), Theorem 2.1 and
(3.11) we obtain

W(z)

4 +1/2 — WP,,(Z)

—(iQ,(z) A(z) — P,(z) B(z))

>
O

_ O(ZnJraf(')x/ +u)

zoeiz—vpr(z) WO (o) azy—pr By S T8 O

n

— O(Zn+a—asz/+l)

From this system it follows that (note that n+a—0.Z Za+1/2—w)

i,A—P,B Q4+ P*B

WE [FDC and —WE P‘D.
Together with

iQ A— P, B\*
<la+l/2> = —iQ\*)A—P}B
z n+a—I12+w

one gets

iQ2,A—P,B / /

0 TLariEw Sn—i—a—i—i-w— a—l—i—w =n+1-2v. (3.34)

Thus Q,,,,;_», from (3.32) is in fact a polynomial of degree <n+/—2v.
Now from (3.33) and (3.34) the second and the third property in (3.31)
follow and by

iV(z) Q,(2) A(z) = V(z)(z*" 2770, 1 _2(2) + P,(2) B(2))
= Za+l/27w( V(Z) Qn+172v(z) - A‘j vV R(Z) Pn(z))
+ P, (z)(V(z2) B(z) + A,z "7 /R(2)) (3.35)
and by the interpolation property (3.8) we get (3.31)(i).
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(b)=>(a) As in the proof of Theorem 2.1 let us denote z,:=0, m, :=
a— 0/ and J, :=1. By the assumptions (i) and (ii) in (3.31), by the second
identity in (3.35), by the interpolation property in (3.8) and by the fact that
V and A4 have no zero in common, the polynomial z¢*"2="Q, ., ,.(z)+
P,(z) B(z) has a root at z; of multiplicity m,, j=0, .., m*, thus

2P0, L al2) + Po(z) B(2) cpc
lA(Z) n+2a— (2u)_

P, (3.36)

Now we get from Theorem 2.1, (3.11), (1.4) and Property (ii) in (3.31)

Py(z) F(z A, W, )) + <Z“” 20, 1al2) + Py(2) B(z)>

iA(z)
=0(z"*H), as z—0. (3.37)

From R=R* V=V* A=A*, and assumption (3.31)(i) it follows that

(VQI1+/ 2U ( ) fP* (‘) V=05 (L] m/'_ 1’ J= la --~9m*

With the help of these equations and assumption (3.31)(ii) we obtain in a
similar way as in (3.37)

PH) Rz A, W, )~ (Z“’”""Q,,Hzl,(z) £ {5) B

iA(z)
=0(z""), as z—0. (3.38)

n

Now the orthogonality property in part (a) follows from (3.36)—(3.38),
Theorem 2.1 and Theorem 3.8(a). ||

4. PROOFS OF THEOREM 2.2, COROLLARY 2.4, AND THEOREM 2.5

Proof of Theorem 2.2. For technical reasons we show the implications
(a)=(c), (¢)=(b), and (b)=(a).

(a)=(c) By Theorem 3.8(a), Theorem 2.1 and (3.11) the
orthogonality property from part (a) of the theorem is equivalent to the
system (note that x from Theorem 3.8(a) is < 0)

P,(z) F(z; A, W, 2) +Q,(2) = O(z"**)

as z—-0. (41)
PX(z) Fz; A, W, 1) — Q#)(2) = O(z" 1) 20
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From the first equation in (4.1) we get by (3.11)

Wi(z)

iQ,(z)A(z) — P,(z) B(z) = gatl2—w \/@

P,(z)+ O(z"T#+a=9)  (42)

We first consider

Case 1: p<n—(0o/ +1/2—w)+u. Squaring the equation in (4.2)
yields

iQ,(z) A(z) = P,(z) B(z) |

a+1/2—w

Wi(z) P(z) = V(2)

V4

:O(Zn+p7(a,n/+l/27w)+/l), (43)

where we have shown in Theorem 3.9 that

iQ,(z) A(z)—P,(z) B(z)

O,11-2(2) = Za+l/27\}11’ ePL L/ a0 (4.4)

Squaring out the bracket-term in (4.3), multiplying the whole equation by
z2@+12=") and using the fact that because of (3.8) the polynomial VB> —
Z2@+2=wI vanishes at the zeros of 4, yields that 4 divides the left-hand
side of (4.3), i.e., we can write

W(z) Po(z) = V(2) O,y o (2) =2" TP @ 2mmbig(z) g, (2), (4.5)
Where g(n)epn p+rw+Il2—a—u
reciprocal polynomials with respect to PS,
tion (4.5) we get

and g ,1)(0) #0. By taking the modified
at both sides of the Equa-

2n + 2w

W(z) PY*(z) = V() Q)7 2l2) =A(2) 835)n prwrin—a ul2) (46)

An analog method used in (4.3) and (4.5) applied to the second equation
n (4.1) leads to

W(z) Pi*(z) = V(z) QK7 _oulz) = 2" 204 A(2) By (2),  (47)
where ., €Py />, and &, #0 (note that the right-hand side of the
second equation in (4.1) does not vanish identically). From the above two

equations (4.6) and (4.7) it follows that

—(a+12—w)+1 .
g((:))ﬂn—p+w+//2—a—,u(z):Zn st ) h(n)(z)’
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thus

) /
0g(,,)Sn—p—i-w—i-z—a—,u—(n—<a+2—w>+1>=l—p—,u—1.

Recall now that the left hand side of the second equation in (4.1) is of the
form O(z"**) with x € N. Then we obtain with the help of Theorem 3.8(b)
that for x4 >0 one even has 0g,, </— p —pu—x =[—2u. Further, again by
Theorem 3.8(b), we have x> p + 1. Thus by (4.5) and (4.4) relation (2.10)
is proved. The assertion (2.11) can be seen from (4.2).

Next we consider

Case 2: p=zn— (04 +1/2—w)+pu. Since by Theorem 3.8(b) u—p=>1
for >0, case 2 is only possible for x =0. Again, in a similar way as in case
1 again we get equation (4.7) and instead of (4.6) the equation

W(z) P;kz(z) —V(z) Q(:zkl%fzv(z) = A(z) g(&fﬂzf(ufa&/)(Z),
where g, € P, ;. i,

_ 12 —w
g((;k)tl—(a—a&/)(z)zzn (i W)+1h(n)(2)~

From the last identity it follows that
/ 3/
0gm<l—(a—0o)—|n— a—i—i—w +1 =8ﬂ+5—n—w—l.

Since g(,,,#0 we have 0./ +3//2—n—w—120,ie,n<0o +3l/2—w—1.
Thus by v+ w =/ case 2 can only occur for n <d.e +1/2 4+ v, which is not
contained in the assumptions of this theorem.

(c)=>(b) From the quadratic Equation (2.10) we obtain that
O, +1_2, given as in (44), is a polynomial of degree n +/— 2v satisfying
(2.7) and by (3.35) and (3.8) Q,,,,_», fulfills the interpolation property
(2.8). Further from (2.11) the first condition in (2.9) follows. By the defini-
tion of 2, in (1.35) one has in any case

PX(z) Fzz A, W, 2) = Q,*)(z) = O(z"), (4.8)

where F(z; A, W, A) is given as in (3.11), and thus for n> 0./ 4+ 1/2 —w the
second condition in (2.9) is also proved. For the remaining case, i.e.,
a=0s and n=a+1/2—w, let us denote P,(z)=o,z"+ -+ +a,, Q,(2)=
B.z"+ -+ + By and F(z; A, W, 2)=c{+2X7  c¢;z/. From (2.11) we see
(note 0./ +1/2—w+1>0)

Bo= —a¢5 (4.9)
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and on the other hand again from (1.35)

Bo=0o ¢t +och+ - +a,ch (4.10)

n

Comparing (4.9) and (4.10) we have ococé+oclcili+ +an;i=0 and the
coefficient of z” on the left hand side in (4.8) vanishes, i.e.,

Roct+ 20 ¢t + - +2u,¢t— By =0. (4.11)

Thus the left hand side in (4.8) is of the order O(z"*!), note n =a +1/2 —w,
and again the second assertion in (2.9) follows.

(b)=>(a) We show that the system (3.31) is fulfilled which, by
Theorem 3.9, implies part (a). First let us note that because of g, #0 the
left hand side in (3.31)(iii) cannot vanish identically and thus by Theorem
3.8(b) there exists a 7€ N such that £(z°P,; o/, W, 1) #0.

Concerning (3.31)(i) let us first consider the case P,(z;) # 0 for a fixed z;.
From the quadratic Equation (2.7) we have for v=0, .., m,—1

O:((VQn+l—2v_lj\/R?Pn)( VQn+l—2v+lj\/§Pn))(v> (Z/)
= ) <V> (VQ;1+172L>_)"j\/EPn)<k) (Z/')
Ko \K ’

X (VO 120t 2 /R P (2)). (4.12)

Since  W(z)) Q41 2(z) —4;/R(z;) P,(z;)=0 and 4;,\/R(z)) P,(z;)#0

(note that 4 has no zero in I'z,) one has

V(Zj) Qn+172r,(zj) + }*j vV R(Zj) Pn(Zj) #0,

and (3.31)(i) follows from (4.12). If P,(z;)=0 then (3.31)(i) follows
immediately by (2.8). Considering condition (3.31)(ii) we see by the first
property in (2.9) that the polynomial Q,,,,_,, must have a zero of exact
order p at z=0. Therefore we can write for |z|] <1 (recall that \/ﬁ is
analytic in |z| < 1):

V(Z) Qn+l—2v(z):: apzp+ap+lzp+l + .-
VR(zZ)P(z)=1b,z"+b, 2P+ -

Substituting these representations in Equation (2.7), which reads after mul-
tiplying with 7 as

and a,=b,#0.

R(Z) Pi(Z)— VZ(Z) 2 (Z):O'(Zn+p7((7{<7/+l/27w)+,u)’

n+1—2v

and comparing coefficients, leads to (3.31)(ii).
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Finally, multiplying again the quadratic Equation (2.7) with V' and
calculating the modified reciprocal polynomials with respect to PS5, .
yields

R(z) P¥(z) = V2(2) Q33 , 2u(2)

B 2”71’7(a+1/27w)+ﬂV(Z) A(Z) gEZ;,lfzﬂ(Z)’ #>0
= an(a+l/27w)+lV(Z)A(Z) gE:;,I,I,,l(Z), ,Lt:O

Comparing coefficients and using the fact that V(0) QF., ., (0)=
 R(0) P¥(0)#0, we get from the above identity

Vv R(z) Pi(z 2) O 1-2(2)

O(Zn7(8¢9/+l/27w)+ /1711))’ Iu>0
= O(Zn7(0<d+l/27w)+ l)’ U= 0

This is (3.31)(iii); recall u — p>1 by Theorem 3.8(b). |

Proof of Corollary 2.4. Since f(¢; o/, 7") is integrable and v+ w =1 the
trigonometric polynomial 7~ fulfills both restriction in Assumption 1.1.
Comparing (2.1), let

a(?”) :=max {&szf, v—é}

and define, note (2.2),
Alz; V") := z9= av/Aepgu(//)’

where 4 is given by A(e’”) :=e'%’ ?./(¢). By (1.4) the system (3.31) can
be rewritten as (note n+/—2v>max{0.</ +1/2—v,2w—1})

(WP (V) an+1 21, (V) )a
v=0, .., m_,-—l, j=1,..,m*
Y R(Z) Q}1+1721,‘(Z)
:O'(Z(n+1720)7(a<n/+l/27v)+,u) as Z—>0
7 (2) =/ R(z) Q%1 2(2)
:O(Z(n+172v)7(&9f/+l/27v)+1)’ as Z-’O.

Since 0Q,, , ;_,=n+ [ —2v, see the remark after Theorem 3.9, the assertion
follows from Theorem 3.9. |
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Proof of Theorem 2.5. The representations (2.15) and (2.16) follow from

(recall (2.13) resp. (3.32))

Za+l/27an+lfzv(Z) = Z‘Qn(z) A(Z) - Pn(z) B(29 A’ Wa A)

and from the representations of 2, in (1.35) (note n=>1) and B(-; 4, W, 1)
in Corollary 3.6 by straightforward calculation. Part (b) can be seen by
changing the roles of P,, Q,,,_,, and W, V, respectively. ||

(3]
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