Holomorphic functions associated with indeterminate
rational moment problems™

A. Bultheel®*, E. Hendriksen®, O. Njastad®

“Dept. Computer Sc., KU Leuven, Celestijnenlaan 200A, 3001 Heverlee, Belgium
bBeerstratenlaan 23, 2421GN Nieuwkoop, The Netherlands
¢Dept. of Mathematical Sciences, Norwegian Univ. of Science and Technology, Trondheim, Norway

Abstract

We consider indeterminate rational moment problems on the real line with their associated orthogonal rational func-
tions. There exists a Nevanlinna type parameterization relating to the problem, with associated Nevanlinna matrices
of functions having singularities in the closure of the set of poles of the rational functions belonging to the problem.
We prove that the growth at the essential singularities of the four functions in the Nevanlinna matrix is the same.
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1. Motivation

To compute an integral I, (f) = [ f(x)du(x) where u is a nonnegative measure, one can make use of Gauss-type
quadrature formulas. These compute an approximation ,(f) = Y7 _; Waf (xux) with positive weights w,; and whose
nodes x,; are the zeros of the nth degree polynomial ¢, orthogonal with respect to the measure p. Since a node
Xnr could coincide with a pole of the function f, it is safer to introduce a parameter 7, € R and use the zeros of a
quasi-orthogonal polynomials ¢, + 7,0,—1. This 7, can then be used to move the zeros away from the poles of f.
It is well known that the Gauss-type quadrature formulas based on the zeros of quasi-orthogonal polynomials will
have algebraic degree of exactness 2n —2 (2n — 1 if 7, = 0). This means that it will match the power moments: ¢y =
1, (xF) = 1,(x*), k= 0,1,...,2n — 2. This links the study of convergence of these quadrature formulas to the solution
of a Hamburger moment problem in the sense that the discrete measure of the quadrature f,(x) = Y3 Wy 6 (x — xpt)
will (hopefully) converge (in a weak sense) to a solution of the moment problem. In fact, for all functions f in a class
in which the polynomials are dense the integral Iy (f) will be the same for any v that solves the moment problem, that
is any nonnegative measure v on R that satisfies I, (x*) = Iy (x¥), k=0,1,2,.... Thus convergence of the quadrature
does not imply that u, will converge to u in a stronger sense. Indeed, when the moment problem is indeterminate
there are infinitely many solutions of the moment problem and the i from the original integral is just one of them. For
example when du(x) = exp{—+/x}dx, then, according to [3, Thm. 4.1], the moment problem will be indeterminate.
All solutions of the moment problem can be characterized via their Stieltjes transform by the so called Nevanlinna
parametrization (more details in the next section)

a(z) f(z) —c(z)
b(z)f(z) —d(z)

with f an arbitrary Pick function. The four functions a, b, ¢,d holomorphic in C\ R appear in a 2 x 2 Nevanlinna matrix
and they have zeros that are all in the support of particular extreme solutions of the moment problem (corresponding
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to the choice f = 0 and f = o). Since these functions are obtained as the limits of quasi-orthogonal polynomials, the
distribution of their zeros will say something about the asymptotic behaviour of the zeros of these quasi-orthogonal
polynomials, i.e., the nodes of the corresponding quadratures.

Now suppose we want to compute

x—0.5

1= [ reauc) f<x>=sin<|x—s'>log( s

D du(x) = e V¥dr.

In that case f(x) has three essential singularities x = 5, x = 0.5 and x = —0.2. Therefore it is much wiser to replace
the set of orthogonal polynomials with the set of orthogonal rational functions of the form p,(x)/m,(x) where p,
is a polynomial of degree n at most and m,(x) = [T;_, (1 — x/04) where in this example we can choose o =5 for
k=3l 04 =0.5for k=3[—1and oy = —0.2 for k =3/ —2 where [ = 1,2,.... Such a construction can be set up in
any situation where a finite number of different real poles I' = {0y : k= 1,...,m} are used in the orthogonal rational
function spaces and each of them is repeated an infinite number of times. The rational versions of the Gauss quadrature
formulas will now fit rational moments, i.e., I, (bx) = I,(by) for k=0,...,2n— 2 where by = 1 and by (x) = x* /m(x),
k=1,2,.... So this links the rational quadrature formulas with rational Hamburger moment problems. As in the
polynomial case there holds a Nevanlinna parametrization to characterize all the solutions of the rational moment
problem. The four functions in the Nevanlinna matrix are limits of quasi-orthogonal rational functions and their zeros
belong to the supports of either one of the two extreme solutions of the moment problem and they will get a positive
mass. These zeros will accumulate at the points o € I" that will thus belong to the support of both of the extreme
solutions but with zero mass.

With this paper we continue our investigation of the behaviour of these Nevanlinna functions in the rational case
that we started in [12]. We shall give more details on how these functions behave at the points o € I'. In fact the
behaviour will be the same for all four functions. This extends results of Berg and Pedersen [4] obtained in the
polynomial case. To prove this we will also show that the way in which their zeros accumulate at the o € I is the
same for all four functions. Before we engage in the formulation and the proofs of our main results, we will first recall
some definitions and results from the literature.

2. Definitions and notation

We use the following notations. C denotes the complex plane, C the extended complex plane (one pomt compact-
ification), R the real line, R the closure of R in C, U the open upper half-plane, U the closure of U in C.

A function f is called a Pick function if it is holomorphic in U and maps U into 0. A Pick function is either a
constant in R or maps U into U.

We define the integral transformations ; and S, of a finite measure on R by

1+1z 1
Qu(2) :/ du(r) and Su(z) = /7 du (). @.1)
RI—2 RI—2Z
The functions €, and S, are Pick functions and they satisfy
Qu(e) = (1+22)8,u(2) +2 /R du(t). 2.2)
Let M be a Hermitian, positive definite linear functional on the space & of polynomials, and define its moments
cn by ¢y =M[7"],n=0,1,2,.... A solution of the Hamburger moment problem for {c, } (or M) is a (positive) measure

u on R which satisfies [ #*du(t) =c, foralln=0,1,2,....

A moment problem is called determinate if it has exactly one solution, indeterminate if it has more than one
solution.

H. Hamburger (in [15-17]) showed that such measures exist, and gave conditions for the moment problem to be
determinate (i.e., to have a unique solution).

R. Nevanlinna (see [21, 22]) established a one-to-one correspondence between all Pick functions f and all solu-
tions i of an indeterminate moment problem, given by

a(2)f(z) —¢(z)

Sule) = 50



(Nevanlinna parameterization of the solutions.) Here a,b,c,d are certain entire transcendental functions. It was
shown by M. Riesz (see [26-28] and also [1, Ch. 3]) that the growth of these functions are restricted as follows: For
every positive constant &, there exists a constant M (&) such that

|[F(2)] < M(e)exp{elz|},

where F' is any of the functions a,b, c,d. Thus these function are of order less than one, or of zero type of order one.

In [4] it was shown by Berg and Pedersen that the order (and the type) are always the same for the functions
a,b,c,d, for a given indeterminate problem.

A parameterization of the solutions can also be given in terms of Pick functions g and the integral transforms
through the formula
0. () — A8 ~C()
(@) = — oS-

B(z)g(z) - D(z)

where A, B,C,D are certain entire transcendental functions with simple relationships to the functions a,b,c,d. The
functions A, B,C, D satisfy the same condition for restriction on the growth as the functions a, b, c,d do.

For more details and further results concerning the Nevanlinna parametrization we refer to [3, 6, 14, 29, 30] in
addition to the references already cited.

In this paper we treat a rational moment problem, where the polynomials are replaced by rational functions with
poles in R. A Nevanlinna-type parametrization for solutions of an indeterminate rational problem in terms of Pick
functions, the integral transforms €, and certain holomorphic functions A, B,C, D was proved by Almendral in [2]. In
[12], Bultheel, Gonzdlez-Vera, Hendriksen and Njdstad treated especially the situation where the set of singularities
for the rational functions is finite, with poles of all orders occurring. Maximal estimates of the growth of the functions
A,B,C,D in the parametrization formula at the singularities were established, analogous to those for the classical
problem. Our aim in this paper is to prove that at each singularity the order of growth of A, B,C, D are equal.

Properties of solutions of strong (or two-point) Hamburger moment problems (where the singularities alternate
between the origin and infinity) were treated e.g. in [18, 19, 23-25].

A parametrization result for an indeterminate rational moment problem where the singularities are contained in
the open unit disk (or equivalently in the open upper half plane) was established in [11].

The outline of the paper is as follows. In Section 3 we introduce the rational moment problem and the associated
quadrature formulas that will play an essential role in its solution. Section 4 gives the Nevanlinna parametrization of
the solutions of indeterminate problem. In Section 5 we discuss the zeros and the properties of the functions A, B,C, D.
These are used in Section 6 to give a factorization of these functions. Finally in Section 7 we prove our result on the
equality of the growth orders.

3. A rational moment problem

We shall here consider a somewhat special case of rational moment problems. For treatment of general problems,
we refer to [7-12].
Let {ax}7_, be a sequence of arbitrary points (singularities or interpolation points) in R \ {0} and set o = co. We
set
[ = {a € R : There exists an n such that o;, = a}.

For o € I, we denote by I'y, the subsequence of those o, in {a,} for which 0y, = . We shall here assume that I is
finite and that every Iy is infinite. We may write I' = {11, %,..., %}
We set

mo=1, m(z) 3.1
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Note that b, = by, thus b, (x) is real for real x. The set {bg, by, ...,b,} is a basis for the space

"%’:{i(é.)):pe%}

where &7, denotes the space of polynomials of degree at most n. We define £ = |J,_y-Z,. Thus .Z consists of all
rational functions L of the form L(z) = 71;"(8) ,pE P, forsomen=0,1,2,.... Note that £ - ¥ = %, since all 'y, are
infinite and I' is finite.

The situation o, = oo for all n represents the classical case, where .2 = &7. In many situations the point oo requires
special consideration. To keep the presentation without such extra considerations we shall in the following assume
that o ¢ I, but our main results will be valid also when o € T". In particular when I' = {co}, the classical results are
obtained. The reason for 0 ¢ I' is of a technical kind. The theory where every point in R may occur in I' becomes
rather more complicated (cf. [10]).

Let M be a Hermitian, positive definite linear functional on .Z. For convenience we assume M to be normalized
such that M[1] = 1. The moments p, of M are defined as

iy =M[b,], n=0,1,2,...

A measure U on R is said to solve the rational Hamburger moment problem for M if

/@mmmgzm for n=0,1,2,.... (3.2)
JR

or equivalently
/R FO)du(r) = M[f] for fe 2. (33)

We shall in the following be concerned mainly with indeterminate moment problems, i.e., problems where there is
more than one measure satisfying (3.2) or (3.3).

Let {@,}_, be the sequence of functions obtained by orthonormalization of the sequence {b,};;_, with respect to
the inner product (-,-) defined by (f,g) = M[f - g]. We fix the elements uniquely by a unimodular factor such that the
coefficient ¢, of b, in the expansion @, = Y7 _ cxby is positive.

pa(2)
7 (z)?

The function @, has the form ¢,(z) = Pn € P\ P,—1. We shall assume a weak regularity condition,
namely p,(04,—1) # 0 for all n.

The functions y;, of the second kind are defined as

1+1¢
tizz{(Pn(t)_(Pn(Z)} , n=12....

w(z) =—z, Wu(z) =M, {

where M; means that M operates on the argument as a function of ¢. Equivalently

W@ = [T o0 - o)), n=1.2....

JR t—2Z

where ( is any solution of the moment problem. We observe that y, € %, and that ¢@,(x) and y,(x) are real for real
x.

Remark 3.1. We have here followed the convention used in [2] and [12]. The definition of y, differs from the
definition in the monograph [9], where the following convention is used:

1+1
o - @}, n=12...

Vo(z) =iz, Wu(z) = —iM;

Similarly in [9], the integral transformation Q, is defined by Q,(z) = —i [ lt%’zzdu(t).



A function of the form @,(z) + 1, 1:/2 7(’;;1

Ch. 11.5]). For convenience we shall extend this definition to functions of the form

©qn—1(z) with 1, € R is called quasi-orthogonal of order n. (See [9,

1- Z/OC —1 ~
an(pn(z)—kfnﬁ nfl(Z), TneR, ap ER,
n
so that also functions 7, 1]7172,1 ¢n—1(z) are counted as quasi-orthogonal of order n. A zero of the numerator of such

a function could cancel a zero of its denominator. However, because of the interlacing property of the zeros of the
numerators of successive ¢y, this can only happen for at most n+ 1 values of 7, if we fix n and a,. Therefore, except
for a possibly at most countable set X of exceptional parameter values ay,, T,, every quasi-orthogonal function of order
n has n simple real zeros when a,, # 0 and n — 1 simple real zeros when a,, = 0 (see [9, Ch. 11.5]).

The zeros 'g'ml , éng, e énn (when a,, # 0) are nodes of a quadrature formula with positive weights A, 1,4,2, ..., Aun
exact for functions in .%,_1 - %,—1.
Similarly when a,, = 0, there is a quadrature formula with nodes at the n — 1 zeros and positive weights which is exact
on %, -%,—1. The basic results concerning quasi-orthogonal rational functions and their associated quadrature
formulas can be found in [9, Ch. 11.5-11.6].

Let £ be an arbitrary fixed element in R. We define the quasi-orthogonal function ¢,(z,&) as

00 ) = L ()00 - L 1 2)0n(8),
1-&/a

where & is chosen such that for @, = — g Pr1 (&) and —@, (&) do not belong to the exceptional set X introduced

above. Clearly & is a zero of ¢,(z,&). It follows from the determinant formula (see e.g. [9, Ch. 11.3]) that two
consecutive orthogonal functions ¢,_1(z) and @,(z) can not have a common zero. We shall number the zeros of
0n(z,&) such that & = &;. For the associated weight A, in the corresponding quadrature formula we shall write
An(&). The formula then has the form

[ £ = M) F(E) + Y A Gt G4
k=2

when a,, # 0 and analogously when a, = 0.
The weights 4, x can be expressed as A, = [ [Ln’k(t)]zdu (t) where L, ; is the unique element in .%,_; for which
Ly i(&n,j) = 6, k, j=1,2,...,n. In particular

Inl&) = [ [Lur()Pau(). (3.5)

The value of the weight can also be expressed in the form A, , = I/Z;?;é [0;(&ur))? k=1,2,...,n. (See [9, Ch. 11.6].)

In particular
1

Yol (8

Note that these concepts are independent of the solution i and are only depending on the functional M.
We shall give arguments concerning the quasi-orthogonal functions ¢, (z,&) that are strongly indebted to the

analogous treatment in [14].

We shall use the notation .i’le for the set of elements in .%, (or %, if a, = 0) where all the coefficients with
respect to the basis by, . ..,b, are real.

Mn(8) = (3.6)

Proposition 3.2. A,,(&) is characterized by

2ulE) =min{ Ll 0P au) a0 € 281 901(8) = 1}



PROOF. Letg,_1 € ZF |, g,—1(&) = 1. First assume ¢, (&) # 0. Then by (3.4)

Llan (0Pam(0) = Au(@lan 1 (EF + . Auclan1(Eus)F 2 2(E).

Next assume @,_1(£) = 0. Recall that then @,_>(&§) # 0. By (3.6) we have A4,(§) = A,—1(&). We can write
Gn-1(2) = a@yu—1(z) + gn—2(2) with g2 € ,,iﬂffz. Note that g,—2(&) = 1 since @,—1(§) = 0. Thus

Lo 0P aut) = [ [0 0Pdun(t) +2a [ ouOgu2()an(e) + [ a2 ()

The middle term vanishes by orthogonality. Hence [g[gn—1(¢)]?di(t) > [pgn—2(¢)]*du(t). By the first part of the
proof, [ [gn-1()]*du(r) = Ay-1(§) = Au(&). Thus

i) <min [la OG0 &) €L (&) =1},
This together with (3.5) concludes the proof. O

Clearly A,+1(&) < A,(&). Thus the limit A (&) = lim, A, (&) exists. That also follows directly from (3.6).

Proposition 3.3. Assume that a point @ € I" does not belong to supp Il for some solution | of the rational moment
problem. Then there exists a & € R\T in the neighborhood of o, such that A(§) = 0 with A (&) as defined above.

PROOF. Set d = dist(a,supppt). Choose & € R\T such that %%_1(5) and —,(&) do not belong to the
countable set X introduced above, for any n, and such that dist(¢t,&) = rd, 0 < r < 1. There is for each m a smallest

integer n(m) such that
1— é/a m—1
<1_Z/a) eD‘Eﬁl(m)—l-

m—1
Set Gu(my—1(z) = (tf//g) . Then g,(,)—1(§) = 1. For t € suppp we have |t — a| > d, while |§ — a| = rd.

Consequently
€ —a 2m—2 r2m72d2m72 .
/R[qn(m%l(t)]zd”(t) - /R ( t—a du() € — g — ="

This result together with Proposition 3.2 and the fact that A, (&) < [g[qn(m)—1 (t)]?du(t) implies that An(m) 0.
Consequently (&) = 0. O

4. Indeterminate problems and the functions A, B,C,D

We shall now concentrate on indeterminate problems. It is shown in [8] (where an equivalent setting with singular-
ities on the unit circle is considered) that the moment problem is indeterminate if and only if the series i |k (z)|?
and Y7 |wi(z)|* converge for some z € U\ {i}. See also [9, Ch. 11.7]. The theorem of invariability (see [8], [9,
Ch. 11.7]) states that in this case, these series converge locally uniformly in C\ (RU{i} U{—i}). Analysis of the ar-
gument shows that there is locally uniform convergence in C \I'. In other words: when the problem is indeterminate,
the series Y5 | @k (2)|> and Y37 |wi(z)|? converge locally uniformly in €\ T'. On the other hand, when the problem
is determinate, the series Y |k (z)|? and Y5 | wi(z)|? diverge for every z € C\ R.

From the considerations above we obtain the following necessary condition for a problem to be indeterminate

Theorem 4.1. If the rational moment problem is indeterminate, then I" C supp U for every solution (L.

PROOF. Assume that o ¢ supp it for some o € I' and some solution . Then by Proposition 3.3 we have A(&) =0
for some & € R\ T. It follows then from (3.6) that the series Y7o |« (&)|* diverges. This means according to the
discussion above that the problem is determinate. This contradiction proves the result. O



Let xo be a fixed point in R, xo € I, x9 # 0. For technical reasons, xg is chosen such that v, (xp) # 0 and for all n,
gn(Q,x0) #0fork=1,2,...,n, where g,(z, 7) is the numerator polynomial in the quasi-orthogonal rational function
on(z)+7 11 Zé% L®,—1(z). Such choice is always possible, see [9, Ch. 11.5].

We set f,(z,w) = (1 —z/at,)(1 —w/a,—1) and define functions A,(z) = A,(z,%0), Bu(z) = Bu(z,%0), Ca(z) =

Cu(z,%0), Dn(z) = Dyn(z,x0) by

—

An(z) = En[fn(xﬂvz)Wn<x0)Wn—l(Z)_fn(zvxo)ll/n(z)‘//n—l(xo)] (4.1)
B = g Ul Va50)001 ()~ fo(2.30) 0021 a0 @42)
G&) = 5 (3029 (50D Y1 (2) — 30 ¥ ) o1 ) @3
Du@) = U502 u50)00-1 ()~ fo(z.30)00(2) 001 ). (4.4

Here E,, is a real constant, see [2], [9, Ch. 11.3].
By Christoffel-Darboux type formulas (see e.g. [9, Ch. 11.3]) these functions can also be written in the form

An(z) = (x0—2) 1+ni1 Vi(x0) Wi (2) (4.5)
B = (o-3)| 1;’;‘())1 - Z AEHAE )] (4.6)
Gl = (-2 f’jﬁ)ﬁzw W) @)
Dy(z) = (x0—2) —1 +:Z;(Pk(x0)‘l’k(z)] : (4.8)

Remark 4.2. These definitions differ from those of [2] and [12] by a factor zxg. This is done in order to avoid an
irrelevant pole at the origin and instead place a pole at infinity. This is consistent with the fact that integrability of the
constant functions impose one condition at infinity on the solutions of the moment problem. (Recall that in (3.1) my
corresponds to 0y = oo, which is systematically made use of in [9].)

The results below follow from somewhat more general results in [2].

Theorem 4.3. The functions Ay, B,,Cy,D, converge locally uniformly in C\T to holomorphic functions A,B,C,D
with simple pole at o and essential singularities at the points of I'. They are given by

Alz) = (o—2)|1+), Wk(XO)Wk(Z)] (4.9)

k=1

[ 1+x0z
B(z) = (x0—2)|— P— + Z Wic(x0) @k (z )] (4.10)
(1

Clz) = (x0—2) Z—H;OZ + Z O (x0) Wi (z )] (4.11)
D(z) = (x0—2z) |1+ Z Ox(x0) Px (Z)] - (4.12)

L k=l
PrROOF. Follows from [2, Prop. 12]. O



Theorem 4.4. The formula

QM@:_é@ﬂQ:gﬁ (4.13)

B(z)g(z) — D(z)
establishes a one-to-one correspondence between all Pick functions g and all solutions | of the indeterminate moment
problem.

PROOEF. Follows from [2, Thm. 9]. O

Remark 4.5. In [2] and [12] the convergence result in Theorem 4.3 is formulated only for z € C\ (TU{i} U{—i}).
However, the argument builds on the convergence results for Y5 |@x(z)|> and Y5 |wi(z)|* discussed at the begin-
ning of this section, which, as stated there, holds for z € C\T.

The following result is proved in [12].

Theorem 4.6. Let o € I and let Vi, be a disk with center at o containing no other point of I'. Then for every positive
€ there exists a constant M(€) such that

F(2)| < M(e) exp{s}

e -«
forall z € Vy\{a}, where F is any of the functions A, B,C, D.
PROOF. This is [12, Thm. 4.4]. O

Now consider an entire function ®, and define M(®,r) = max|,_,|®P(z)|. We recall that the order p(®) of & is
defined as
p(®@) = inf{A : M(®,r) < exp{r*} for sufficiently large r},

and the type 6(®) of ® is defined as
o(®) = inf{s: M(®,r) < exp{srP®} for sufficiently large r}.

See [3, Ch. 2], [20, Ch. 9]. We shall introduce analogous concepts for the functions F € {A,B,C,D} (meaning for any
holomorphic function F' with a finite number of singularities).

Let ¥ be a function which is holomorphic in a deleted neighborhood V, \ {a} of a point o, and with a non-
removable singularity at &. Set Mo (W, r) = max|._q—, [¥(2)|. We define the order py (¥) of ¥ at o as

pa(¥) = inf{/’L Mg (¥, r) < exp{r *} for sufficiently small r}
and the type 64 (V) of ¥ at o as
oq(¥) = inf{s ‘Mg (W, r) < exp{sr P«)} for sufficiently small r}

Let 7, € " and let F be any of the functions A, B,C,D. We shall write M,,(F,r) for My, (F,r), p,(F) for py,(F)
and o, (F) for oy, (F). Thus

pp(F) =inf{A : M,(F,r) < exp{r "} for sufficiently small r}

and
0,(F) =inf{s : M,(F,r) < exp{sr—P»F)} for sufficiently small r}.

Theorem 4.7. Let F € {A,B,C,D} and 7y, € T. Then
(i) pp(F) <1 or (ii) pp(F)=1 and o,(F)=0.

PROOF. This is a rewriting of Theorem 4.6. O



5. Zeros of the functions A, B,C,D

The quotient —A/B is obtained from (4.13) for g(z) = oo and —C/D is obtained for g(z) = 0. Consequently there
exist two solutions [ and piy of the moment problem such that

)
D(z)

AR) _ —Qu.(z) and

9 = -0, (2) 5.1)

forz € C\R.

The functions B, and D,, are quasi-orthogonal with respect to the solutions of the moment problem and hence have
simple real zeros. Then also B and D have only real zeros by Hurwitz’ theorem (see e.g. [20, p. 49]). The zeros are
isolated since B and D are holomorphic in C\ I with essential singularities at the points of I" and simple poles at .
It follows that outside I the quotients A/B and C/D have only poles as singularities, these occurring among the zeros
of B and D. The poles are simple since —A/B and —C/D are Pick functions by (5.1).

Proposition 5.1. The support of U consists of T and the poles of A/B, the support of Ly consists of T and the poles
of C/D. At the poles of A/B and C/D, the corresponding measures have positive mass, while the points of T have
zero mass. Every point in T is an accumulation point for poles of A/B and of C/D.

PROOF. According to Theorem 4.1 the set I" is contained in the support of all solutions of the moment problem. It
follows from the Perron-Stieltjes inversion formula (see e.g. [1, p. 124]) that at each pole of A/B the measure [ has
a mass point with value like the residuum at the pole, which is positive since —A/B is a Pick function. At all points
where A/B is holomorphic, the measure [l has mass zero. Similarly for .

Since the functions in . are integrable with respect to L and Uy, each point in I" has e.-measure and pp-measure
equal to zero. From this and the fact already mentioned that I" is contained in supp U.. and supp t, every point of I"
must be an accumulation point for mass points in supp U and in supp Uo. O

Proposition 5.2. All the zeros of A,B,C,D are real.

PROOF. We have already seen that the zeros of B and D are real. Since —B/A and —D/C are Pick functions and
hence are holomorphic outside R and all the zeros of B and D are real, it follows that A and C are different from zero
outside R. O

Proposition 5.3.

a) A and B have no common zeros
b) C and D have no common zeros
c) A and C have no common zeros
d) B and D have no common zeros

PROOF. We find by calculation from the definitions (4.1-4.4) and use of the determinant formula (cf. e.g. [9, Ch. 11.2])
that
An(Z)Dn (Z) - Bn (Z)Cn(Z) = (1 +Z2)(1 +X(2))

for z ¢ T'. Hence also

A(2)D(z) = B(z)C(2) = (1+27)(1+x5) (5.2)
for z ¢ I'. Possible common zeros are real by Proposition 5.2. Thus z = +i are not common zeros, and the result
follows from (5.2). O

Proposition 5.4. All the zeros of A,B,C,D are simple.

PROOF. This follows from Proposition 5.3 together with the fact that —A/B, B/A, —C/D and D/C are Pick functions
and hence have simple poles. U

Proposition 5.5.  a) Between two consecutive zeros of B there is exactly one zero of A, and vice versa.



b) Between two consecutive zeros of D there is exactly one zero of C, and vice versa.

PROOF. a) Let {x;};7_; denote a numbering of the zeros of B, or equivalently the poles of A/B. We then have

CAlz) _ _0 i 1 +ka
uw

where e, ({x}) > 0 for all k by Proposition5.1. Near x; the ter
Let & and 1 be two consecutive zeros of B, & < 1. We then have

lim —@ =—oc0 and lim —@ = oo,
x—ET B(x) x50~ B(x)
Hence by the intermediate value theorem, there is at least one value { € (§,1) such that A({)/B(&) = 0, and conse-
quently A(§) =0.

Since B/A is a Pick function, there exists by Herglotz-Riesz representation theorem (see e.g. [1, p. 91]) a real
constant a, a positive constant b and a (positive) measure V.. such that

—~ =a+bz+Q, (2).

As in the case of L., the support of V., consists of I" and the poles of B/A, i.e., the zeros of A. Let now {y; };-_; denote
a numbering of these zeros. Then

1+1z 1+ykz

de()_a+bz+sz {yk}) )
f —Z

B
— —a+bz+/

where Voo ({yi}) > 0 for all k. In the same way as above, we conclude that between two consecutive zeros of A there
is at least one zero of B.

From these results the statement of a) follows.

b) The argument is completely analogous to the argument under a). U

Proposition 5.6. Between two consecutive zeros of B there is exactly one zero of D and vice versa.

PROOF. Using the definitions (4.1-4.4) we find by direct calculation

Bu(2)Du($) = Bu(§)Du(2) = E; > fu(x0,%0) [Wa(xX0) @1 (x0) — W1 (x0) @ (x0))]
(2, 8) n(2) @n-1(8) — (8, 2) u—1(2) Pu(E)]-

By using the determinant formula (recall e.g. [9, Ch. 11.2]) on the first brackets to the right and the Christoffel-
Darboux formula (recall e.g. [9, Ch. 11.3]) on the last brackets, we obtain

By(2)Dy(§) — Bu(8)Du(z) = (1+x0 z—¢

1+Z(pk ]

Hence

B(z)D(§) = B()D(z) = (1+x3)(z = &) |1+ i (Pk(z)(Pk(C)] - (5.3)
| k=1

Differentiation of (5.3) with respect to { for § = z gives

B(z)D'(z) = B'(2)D(z) = —(1+x5) | 1+ i <Pk(1)2] : (5.4)
| k=l

10



The right-hand side of this formula is negative for all real z.

Let & and 1 be two consecutive zeros of B, & < 1. Then B'(€) and B'(n) have opposite sign by Proposition 5.4.
Consequently D(&) and D(n) have opposite sign by (5.4). From the intermediate value theorem it then follows that
there is at least one zero § of D in (£, 7).

In exactly the same way we conclude from (5.4) that between two consecutive zeros of D there is at least one zero
of B.

From these results the statement of the proposition follows. U

Let ® be an entire function with a sequence {zx};>_ of zeros, such that |zx| > & > 0 and ordered such that {|z|}
tends non-decreasingly to infinity. We recall that the convergence exponent T(®) of ® is defined as

> 1
T(@) =inf{reR: ) — <oo
=l

and the genus k(®) of P is defined as

o1
K(®) = max tGZ:Z—Z:oo .
k:]|Zk|

See [5, Ch. 2]. [20, Ch. 10].

Now let ¥ be a function which is holomorphic in a deleted neighborhood Vi, \ {a} of an essential singularity c.
Assume there are infinitely many zeros of ¥ in Vi, \ {ot}, and let {z; };7_; be a numbering of these zeros, ordered such
that {|zx — «|} is non-increasing. In analogy with the concepts above we define the convergence exponent T4 (V) of
Yat o as

k=1

To (V) :inf{z ER:Y [z—af <<>o}

and the genus k(W) of ¥ at a as

Ka(‘P)max{IEZ: Z|Zkatoo}.

k=1

(These definitions are clearly independent of the neighborhood V|, as long as V,, contains no other singularities than
a.)

Let F denote any of the functions A,B,C,D and let {z,, j};'o:1 denote the zeros of F in a neighborhood of , € T,
chosen such that every zero of F' occurs exactly once as a z, j, ordered such that {|z, ; — ¥,|}; is non-increasing. We
shall write 7,(F) and &, (F) for 7y, (F) and Ky, (F). Thus

T,,(F)inf{tER: Y lzpi— vl <c><>} (5.5)
j=1
and
KP(F):max{ZEZ: Zzp,j—yp|’:oo}. (5.6)
Jj=1

(These definitions are clearly independent of the exact partition of the sequence of zeros of F in subsequences {z,;} ;.)

Theorem 5.7. For each vy, €T the following equalities hold:
%(4) = 5,(B) = ,(C) = 1,(D)
Kp(A) = Kp(B) = 1,(C) = K,(D).

PROOF. This result follows immediately from the definitions (5.5-5.6) and Propositions 5.5-5.6. O
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6. Factorization of the functions A,B,C,D

Let {;}7., be a sequence in C, {; # 0 for all j, such that {|¢;|} tends monotonically to infinity. The Weierstrass
product determmed by this sequence is the expression

- ¢ ¢, ¢ g <
D(f) = ( 1——= |exp +oot =
jI:Il Cj C 2C 2 J GJJ
This product converges locally uniformly in C, and thus & represents an entire function with zeros exactly at the
points Cj. See e.g. [5, Ch. 20], [20, Ch. 10].
Now let F denote any of the functions A,B,C,D. Let the zeros different from 0 and oo be partitioned in groups

Zp i}5_; as described in Section 5. Recall that then |z, ; — ¥,| — O non-increasingly, and every zero o except
p.j} =1 as described in Section 5. Recall that th: b~ Vp 0 i ingly, and every f F ( p
possibly 0 and ) belongs to exactly one of these subsequences.

_ _1 .
Let§ = =1 Cpj= z,,, e Then §{ — ccasz— 7, and §, Jy oo, Since the Weierstrass product

0 (15 ex SR S
S50 = /I_Tl<1 gp]> p{c,,,+2§,,2+ +J‘€Z§,J}

represents an entire function with zeros at {{, ;};, the function

1
Sy(z) =S, 6.1
P& =5 (Z W ) @D
represents a function which is holomorphic in @\ {7} with zeros at the points z,, j, j = 1,2,.... Note that if 0 belongs
to one of the sequences {{, ;} ;, then the product (6.1) has a factor z/(z—7,). We shall call thls function a Weierstrass

product at Y.
In the proposition below, F' denotes as before any of the functions A, B,C,D.

Proposition 6.1. The function F can be factorized as
q
=R@) []$»()Tp(2)
p=1

R is a rational function with all poles and zeros in the set I except for a simple pole at o, S, is holomorphic in C\ {1}
defined by the Weierstrass product (6.1), and T, is holomorphic in C\ {7y} without zeros.

PROOF. The argument here is essentially a modification of arguments found in [13, Sections 65-67].
We first assume that F(0) # 0. Then we define

(6.2)

This function is holomorphic in C\ I" with a simple pole at e and without zeros.
At 7 = oo we have

f2) = wz+v+—+
f@) = umg—
/(2 1. s
f2) z+zz+

Thus f’/f is holomorphic in C\ I and with a simple zero at co.

12



For every ¥, € I there is a Laurent series expansion of f'/f around ¥,. Let

(p) o (p)

hy(z) = —— + ok
g =% S a-p)

denote the principal part of this series. We may then write

a(p) o (pk)
hp(2) = +8,(2), gp(z)=— : (6.3)
g =% 7 g kg' (k—1)(z—7y,)c!
Note that /2, represents a holomorphic function in C \ {,}. The difference fl(( )> Z 1 hp(2) is thus holomorphic in
all of C, and is consequently a constant. Thus
/ z q a

f@ _ Z wt Z gp(z (6.4)

fz) =

o) o’}

By integrating along a small circle around 7y, we see that only the integral of 70 and of —- contrlbutes to the

'@ ;

value. The integral of r 50l is determined up to a multiple of 27i. It follows that the same is the case for the integral of
(11)

o y , and hence a(p 1) is an integer. The behavior at infinity (cf. (6.3)) implies that » = 0 and Zq ) = 1. Thus
f(2) _ Z a_pl) n i ¢.(2) with i a7 =1 6.5)
@& == = p=1 -

Integration gives

q
log f(z) Za logz—yp—i—ng +C

p=1 p=
and by exponentiation we then obtain
q
= []Gz—1n)" H esrd
p=1
From (6.2) this may be written as
q
F(z2) =R() [[$p(2)T,(z) (6.6)
p=1

where S, (z) denotes the Weierstrass product at ¥, determined by the sequence {z, ;} , 7,(z) denotes the holomorphic

function e#(?) in C\ {y,}, which is without zeros, and R(z) denotes the rational function e® HZZ (z—7)" @ . Because
of (6.5), R(z) has a simple pole at co.
Now assume that F(0) = 0, then the proof goes along the same lines with only minor modifications. We now set

F(z)
ZHZ:] Sp(2)’

so that it is still holomorphic in C\ I" without zeros and a simple pole at . Again f’/f is holomorphic in ¢ \T,
however the zero at < is not simple but double.

This implies that in the formula (6.4) for f'/f, not only b= 0, but also ¥_, a'”} =0.

f(@)=

. .. . (p)
Integration and exponentiation results in (6.6), where now R(z) = ze© HZ:] (z—17p)“1, but because ZZ:] a(fl) =0,

this is again a rational function with a simple pole at o as claimed in the Proposition.

13



We introduce the function F, by
Fp(z) = Sp(2)Tp(2).-
For a fixed p we again consider the transformation z — § = ﬁ, Cpi=
We define

1
=W’

5,(6) =8p(2), T;7(8) =Tp(2), and F7(§)=Fp(2).

These are entire functions. S is a (classical) Weierstrass product, 7,* has no zeros, and F°($) = S5 (8)T,°(8).

We recall the definitions of p(®), p,(¥), (), 0,(¥), T(P), 7,(¥), k(¢) and K, (V) from Setions 4-5.
Proposition 6.2. The following equalities hold:

pp(F) = pp(Fp) =p(F,) (6.7)
o,(F) = o0,(F,)=0(F)) (6.3)
(F) = 1,(F) =1(F,)) (6.9)
K(F) = K(Fy) =k(F;)) (6.10)

PROOF. This follows directly from the definitions and the fact that the values of the rational function R and of the
functions F, for r # p (which are holomorphic at 7,) have no effect in the definitions. U

Let {{;}7., be a sequence of points in C such that {|;|} tends non-decreasingly to infinity. Assume that there is
a largest natural number K such that )%, ﬁ diverges. Then the infinite product
J

O S <
*© =110 c])ep{cJUN *xc;f}

converges locally uniformly in C and represents an entire function. See e.g. [5, Ch. 2], [20, Ch. 20]. Such products

are called canonical products or Hadamard products. With § = ﬁ, the function ¥(z) = @({) = ®(— 1y ) is then

holomorphic in €\ {¥p}. Such products are called canonical products at v, or Hadamard products at y,. See e.g., [5,
Ch. 2], [20, Ch. 10].

Theorem 6.3. Let F be any of the functions A,B,C,D. Then it can be decomposed in the following way:
q
@) []P(2)0p(2) (6.11)
p=1

Here R(z) is a rational function with all zeros and poles in the set T except for a simple pole at o, P,(z) is a canonical
product at y, determined by the zeros {z, ;} ; and Q,(z) is a function holomorphic in C\ {7, } without zeros.

PROOF. If follows from (6.7), Proposition 6.2 and Theorem 4.7 that p(F,°) < 1. From the classical theory of entire
functions of finite order it follows that 7(F,°) < p(F°) (see e.g. [5, Ch. 2], [20, Ch. 10]), hence in our case k(F;") €

{0,1}. Let P’ denote the canonical product determined by the sequence {{, ;}; = {m} Le.,
- S -
— ] - exp + 4+ 4
Jl—I PiJ { i 2655 KCp)
where k = k(F}”). The function
Fr(6)
0;(0) = 5= (6.12)
! P (%)

is then an entire function without zeros.
Set P,(z) = Py (8), Op(z) = Q5 (&) with § = z%yp Then by (6.12) and Proposition 6.1 we conclude that F(z) is
of the form (6.11) where R, P, and Q,, have the stated properties. O
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7. Equality of orders

From the classical theory of entire functions refered to above it follows that when an entire function & has finite

order p(®), then
(&) = P(&)exp{q($)}

where P is a canonical product and ¢ is a polynomial of degree at most p(®). Furthermore,

p(®P) = max{t(P), degq}. (7.1)
See e.g., [5, Ch. 2], [20, Ch. 10]. Thus in our case, Q5 ({) = exp{g™~({)}, with degg™ < 1.

Proposition 7.1. For each vy, € T, the following equality holds:

PROOF. The proof follows closely the argument in [4]. For the sake of completeness we wish to present the argument
here. Note that the function F}° does not arise as a function in a Nevanlinna matrix for a classical moment problem
and thus the result does not follow from [4] directly. However the argument in [4] uses only properties that we know
F° to have.

We know that p(F,°) <1

(a) p( ;) =0. Clearly Y7, \C T = oo for t <0, hence 7(F,;°) > 0, and thus p(F;°) = 7(F,;") by (7.1).
(b) 0<p(F, ) < 1. From (7.1) follows that degg =0 and p(F;") = ©(F,"), since deggq is an integer.
) =

© p(Fy7)=1
() x(F, ) = 1. Then by the definition of k(F;°) we see that }.7_, IC 7= hence 7(F;°) > 1. Then from
(7.1) follows that p(F;°) = T(F").
(i) x(F,°) =0. Since p(F,’) is an integer and 6 (F,°) = 0 by Theorem 4.7 and (6.8), a theorem of Lindeldf
(see e.g. [5, Ch. 9.2]) 1mp11es that degg™ = p(F,;°) — 1 =0. Thus by (7.1) p(F;°) = ©(F)"). d

Theorem 7.2. Consider an indeterminate rational moment problem with a finite set y of singularities, all singularities
of infinite order. Then for each vy, € I the following equalities hold:

pp(A) = pp(B) = pp(C) = pp(D).

PROOF. This follows immediately from Theorem 5.7, Proposition 6.2 and Proposition 7.1. O
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