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Preface

A semi-infinite symmetric matrix

A1wy
Wy A2 ws
J = wy A3 ws

called the Jacobi matrix in honor of Carolus Gustavus lacobus lacobi (1804-1851) is
the central object of this thesis and everything we present is connected by the Jacobi
matrix. First of all, the spectral analysis of linear operators associated with 7 is of
great interest. A particular class of them are known as discrete Schrodinger operators
and their spectral properties play the fundamental role in Quantum Mechanics.

From the mathematical point of view, operators determined by 7 constitute a sub-
stantial class of operators. For instance, any self-adjoint operator on a separable Hilbert
space with simple spectrum is generated (as a minimal closed operator) by some matrix
J. This has been proved by M. Stone [40]. Even certain class of closed symmetric opera-
tors with deficiency indices (1, 1) are generated by J, see [16]. Therefore Jacobi matrices
naturally emerge in models for those phenomena governed by operators of mentioned
properties.

Moreover, the spectral theory of operators generated by Jacobi matrices has a sig-
nificant impact in the theory of Orthogonal Polynomials, the Moment Problem and the
theory of Continued Fractions. Several aspects of these connections are discussed in this
thesis.

My scientific work as a Ph.D. student has resulted in 7 papers, not all of them being
published, however. In present (June 4, 2014), 2 papers have already been published
and 2 more have been accepted for publishing. Remaining 3 preprints are still going
through the reviewing process in impacted journals. I list these papers in the order as
they have been written:

(1) F. Stampach, P. Stovicek: On the eigenvalue problem for a particular class of finite
Jacobi matrices, Linear Alg. Appl. 434 (2011) 1336-1353.

(2) F. Stampach, P. Stovicek: The characteristic function for Jacobi matrices with
applications, Linear Algebra Appl. 438 (2013) 4130-4155.

(3) F. Stampach, P. Stovicek: Special functions and spectrum of Jacobi matrices, Lin-
ear Algebra Appl. (2013) (in press).

(4) F. Stampach, P. Stovicek: Factorization of the characteristic function of a Jacobi
matriz, (submitted).
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(5) F. Stampach, P. Stovi¢ek: Orthogonal polynomials associated with Coulomb wave
functions, J. Math. Anal. Appl. (2014) (in press).

(6) F. Stampach, P. Stovicek: The Hahn-Exton q-Bessel function as the characteristic
function of a Jacobi matriz, (submitted).

(7) F. Stampach, P. Stovi¢ek: The Nevanlinna parametrization for q-Lommel polyno-
mials in the indeterminate case, (submitted).

The first paper initiated my work on the characteristic function of a Jacobi matrix. It
has been written in continuation of my master studies, however, it also contains results
that has not been included in my master thesis.

In the second paper the characteristic function of a Jacobi matrix is introduced and
its usage in the spectral analysis of Jacobi operators is described in full details. The
theory is applied on several interesting examples ibidem. Even more concrete Jacobi
operators with solvable spectra are analyzed in the third paper. Spectral properties of
operators under investigation are described in terms of special functions; hypergeometric
series and their g-analogues, exclusively.

In the paper (4) a proof of certain logarithm formula and factorization of the chara-
cteristic function into the Hadamard’s type infinite product is presented. These results
have applications concerning spectral zeta functions of Jacobi operators and continued
fractions.

The fifth paper deals with a construction of the measure of orthogonality for orthog-
onal polynomials from a certain class. In addition, a new family of orthogonal polyno-
mials which is a generalization of the well known Lommel polynomials is introduced and
investigated.

Finally, papers (6) and (7) are closely related. In (6), a number of identities concern-
ing orthogonality and other properties of g-Bessel functions are derived by using spectral
analysis of a suitably chosen Jacobi operator. The notion of characteristic function is
used here again although the formalism from (2) is no longer applicable. Moreover, the
corresponding indeterminate moment problem is solved in (7) by means of derivation of
explicit formulas for entire functions from the Nevanlinna parametrization. This com-
pletes the work initiated by Koelink in [21] on describing measures of orthogonality of
g-Lommel polynomials.

The present thesis is dived into 4 parts. The first part serves as an introduction to
papers (1)-(4). We summarize selected results of the highest importance usually provided
without proofs that can be found in the papers enclosed. Moreover, there are several
explanations and discussion on topics that have not been involved in papers (1)-(4).
Either because they can be considered as a common knowledge in the society of mathe-
maticians working on related topics, for example the construction of Jacobi operators
from the Jacobi matrix J. Or they do not follow the main idea of the respective paper
and form a secondary result, for instance applications concerning continued fractions.

The second part provides some basic informations on orthogonal polynomials and
the moment problem with emphasis on the indeterminate case and the Nevanlinna
parametrization. Part III consists of reprints of (1)-(3) and preprint of (4) which serves
as the complementary material to the first introductory part with full details. Similarly
the last part is composed of reprint to (5) and preprints to papers (6) and (7) which
supplement and provide additional results on problems indicated in the second part.
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At the end, it is to be said a lot of results are simplified or not even mentioned in the
general survey parts [ and II. The truly interested reader is encouraged to read papers

(D)-(7).
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Part 1

Characteristic Function of a Jacobi
Matrix






I.1 Jacobi operator

Differences between terms Jacobi matriz and Jacobi operator are sometimes neglected
in literature. While the former means usually a formal semi-infinite tridiagonal matrix,
the meaning of the latter needs not be always fully clear. Let us denote by J a Jacobi
matrix of the form

A1 wy
w1 /\2 w9
j = W9 )\3 ws ( 1)

where A = {\,}°2; and w = {w, }5°, are given sequences.

In this section, we describe the standard construction of densely defined linear oper-
ators acting on ¢*(N) associated with a matrix J. We assume A C R and w C R\ {0},
although everything can be done in the general case of complex A and w as well, see [3].

Let us denote by C* the linear space of all complex sequences indexed by N and by
2 its subspace of those sequences having at most finitely many nonvanishing entries.
In other words, 2 coincides with the linear hull of the standard basis {e,, | n € N} of
(%(N). Notice matrix J acts linearly on C* and & is a J-invariant subspace. Action
Jz, for z € C™, is to be understood as the formal matrix product while treating = as
a column vector.

Let us denote by J the restriction of J to 2. In general, operator J is not closed
on ¢*(N), however, it is always closable on ¢?(N) since it is symmetric. Let us introduce

Jmin 1= J , the closure of J. The subscript min indicates Ju;, is the smallest closed
restriction of J having {e, | n € N} in its domain.

Another natural candidate of an operator associated with Jacobi matrix 7 is so called
maximal domain operator Jpax, see [18, Chp. 3, §2.]. That is Jyax is the restriction of
J on the set

Dom Jyay = {7 € A(N) | Jo € *(N)}.

Clearly JC Jmax. Further, operators J , Jmin, and Jy. and their adjoints are related as
follows.

Lemma 1: It holds

(J>* = J:;lin = JmaX7 Jr = Jmin-

max

Proof. The first equality is clear since Jy;, = J. In order to prove the second equality
we recall the definition of the adjoint,

Dom Jii, = {y € C(N) | (Jy* € £*)(Yx € Dom Junin ) (Y, Juin®) = (", 2)) }-

According to the definition of J,;, and the continuity of the scalar product we can
restrict with = to be from 2, or even further to require (y, Jmne;) = (y*, e;) holds for
all 5 € N, by linearity. Thus,

Dom J;, = {y € C*(N) | (Fy" € *)(Vj € N)({y, Jmines) = (", €;))}-

Since (y, Jmine;j) coincides with the j-th element of Jy we conclude y € ¢*(N) belongs
to the domain of J*, if and only if Jy € ¢*(N). Hence Dom J7; = Dom Jy., and the
equality J .. = Jmax follows. Equality J. . = Jun is obtained by taking adjoints in the

max
last equation. O



As a consequence of the last lemma, we see J,., is closed. Further we have J;, C
Jmax and, in addition, any closed linear operator 1" which is a restriction of J on a
domain containing the standard basis of £?(N) satisfies Jim C T C Jiax-

If Jiin = Jmax there is a unique densely defined self-adjoint operator whose matrix in
the standard basis of £2(N) coincides with (1), the Jacobi operator. In this case, we drop
the subscripts min and max and write just J referring the Jacobi operator in question.
With some abuse of notation, we can even use the same letter J for the Jacobi matrix
(1).

If Join # Jmax there is infinitely many densely defined operators associated with 7.
In fact, the deficiency indices of the symmetric operator J, are either (0,0) or (1,1).
Indeed, by Lemma 1, a non-trivial solution x = x(§) of the equation

*
min

xr =&,
where £ € C, Im & # 0, is a solution of the system of difference equations
A1+ wiTe = 81, Wn1Tp + ATy + WnTnp1 = ETn, N2> 2,

and it is determined uniquely up to a multiplicative constant. Indeed, by fixing the
value 1, other components of the vector x can be computed recursively since w,, # 0,
Vn € N. Consequently,

0 < dimKer(J:,, —¢) < 1.

Taking into account z(§) = x(§), we conclude deficiency indices are either (1,1) or (0, 0)
depending on whether x belongs or does not belong to £?(N), respectively.

In the case Jmin # Jmax, deficiency indices of J,;, are (1,1). By application of the
von-Neumann theory of self-adjoint extensions to J,i,, we obtain a one-parameter family
of self-adjoint operators J, k € RU {oo}, for which Jy, C Ji C Jmax. The explicit
description of the set Dom J, in terms of boundary conditions can be found, for instance,
in [42, Chp. 2, Sec. 6].

To distinguish two cases when Jy,;, has deficiency indices (0,0) or (1,1), various
terminology is used in literature. For example, Teschl [42] defines [J to be in the limit
point, or limit circle case if J,,;, is, or is not self-adjoint, referring to the Weyl theory of
ordinary differential operators. While Akhiezer [2] uses the terms J being of type C' in
the letter case, and of type D in the former case. Furthermore, Beckerman [3] says J is
proper if Juim = Jmax, although he deals with a more general situation with a complex
Jacobi matrix.

I.2 Function §

The main aim of Part I is to define a function in terms of the diagonal sequence A and
the off-diagonal sequence w from the Jacobi matrix (1) such that its zeros are related
with the spectrum of the Jacobi operator J,.,. For this purpose we introduce a function
called § which has been defined and studied in [32], for the first time.

Definition 2: Define §: D — C,

o0 oo o0 o0
Fa)=1+> (=)™ > oo D> TeTkTkThel - Th Tk, (2)
m=1 k1=1 ko=k1+2 km=km_1+2



where

D= {x c C>® Z |Tpres| < oo} )
k=1
For a finite number of complex variables we identify §(xy, z,...,z,) with §(z) where

x = (21,%2,...,7,,0,0,0,...). By convention, we also put §(0) = 1 where () is the
empty sequence.

Note the function § is indeed well defined on the domain D since one has the estimate
| (x)] < eXP(Z Iwkxml)-
k=1

Note also that the domain D is not a linear space. One has, however, (*(N) C D.

Besides the application using § in the spectral analysis of Jacobi operators, function
§ is closely related with solutions of unilateral or bilateral difference equations of the
second order, theory of continued fractions, or orthogonal polynomials. Of course, § is
also a nice mathematical object of independent interest. At the start, we summarize
several algebraic and combinatorial properties of § of which proofs can be found in
(32, 33].

First, § satisfies the relation

F() =F(z1, ..., 2) F(TF2) — F(21, ... 2 wpzn §(TH2), k€N, (3)

where x € D and T stands for the shift operator from the left defined on C* by the
relation (T'x),, = x,41. In particular, for £ = 1 one gets the rule

3(2) = F(Tx) — 1223 (T?). (4)
In addition, one has the symmetry property
Sy, @0,y xp_1, x) = F(@p, Th—1, .., T2, 7).
A particular case of (3) also yields
S, 0, .o xpr1) = F(x1, To, . ., Tg) — TpTpa1 §(T1, T, .o, Tp_1). (5)

Next, § is a continuous functional on ¢?(N) and, for z € D, one has

nh_{lgog(T”x) =1 and 7111_{{)105(:101,@, ce ) = §(2). (6)
Alternatively, §(z1,...,2,) can be expressed as the determinant of n x n matrix X,
with entries defined by
1, ifi=j
0,  otherwise,

where i,5 € {1,...,n}. Thus, §(z1,...,2,) = det X(") and, taking into account the
second limit relation in (6), for x € D, one gets

F(z) = lim det X™.

n—oo



With a concrete choice of z € C*, the definition relation (2) can be sometimes
further simplified resulting in a power series form which can be written in terms of
special functions. Usually they are hypergeometric series or their g-analogues. The
following illustrative example is concerned with the Bessel functions of the first kind.
The corresponding derivation has been worked out in [32, Sec. 2].

Example 3: For y,v € C, v ¢ —N, one has
Y o _
=T Dy J,(2y).
3({ v+ k}kzl) (v Dy J.(2) (7)

At the end of this section, let us shortly discuss the link between § and solutions of
unilateral difference equation of the form

Op—_1Up—1 + Bnun + ApUpt1 = 07 n = 27 37 47 LR (8)

where {a, }72 1, {Bn )02, C C\ {0} are given sequences satisfying the convergence condi-
tion

2

o

n=1 5n5n+1

Let = z(a, f) € C* be an arbitrary sequence fulfilling the recurrence rule
2

TpTptl = . )
Bnﬁn+1

which is determined unambiguously up to a multiplicative constant.
Condition (9) implies x € D and we define ¢, 1 € C*> by the relations

[e.9]

< . 9)

n € N,

= (— n (@)t "x n
e e GONEE

(61

()1

and

¢n: (_1)n+1 3($1,...,$n_1), TLEN,

where we put
(y')n = H Y, N E Z-i—a
k=1

for any y € C*. It is a straightforward application of (4) and (5) to verify both sequences
¢ and 9 solve difference equation (8). For two solutions u,v € C* of (8) the Wronskian
is introduced as
W(”? U) = Qn (unvn—H - Un—HUn) )

see [42, Chp. 1]. Number W(u,v) is a constant independent of the index n. Moreover,
two solutions are linearly dependent if and only if their Wronskian vanishes. By using
formula (3) one gets
Thus, sequences ¢ and ¢ form a couple of two linearly independent solutions of the
difference equation (8) if and only if F(z) # 0.

Similarly can be treated the bilateral difference equation of the form (8) where n €
Z. Providing the corresponding convergence condition as (9) one can express a couple
of solutions of the bilateral difference equation in terms of §. However, in this case,
the definition of § has to be slightly generalized, see [33, Subsec. 2.3] for a detailed
discussion.



1.3 Characteristic function of a Jacobi matrix

With the aid of §, one can describe spectral properties of a Jacobi operator Jy,.x provid-
ing certain convergence condition in terms of the sequences A and w is satisfied, see (12)
below. First of all, one can introduce a function whose zeros describe the spectrum of
the Jacobi operator J... In addition, eigenvectors or even the Green function of Jay
can be described in terms of § as well. The explicit formulas have been derived in [33]
where the reader can find all the omitted proofs from this introductory section.

For the sake of simplicity and taking into consideration concrete applications, we
assume A C R and w C R\ {0}, although the case of complex sequences A and w can
be treated as well. Even matrix (1) need not be necessarily symmetric.

The main idea can be motivated by the following connection between § and the
characteristic polynomial of a finite Jacobi matrix. Let J, € C™" denotes the n x n
principal submatrix of matrix (1), i.e.,

)\1 w1
w1 )\2 Wa
Wnp,—2 /\n—l Wn—1
Wp—1 )\n
then for all z € C it holds
n 2 2 2
71 72 Tn
det(J, — zI,) = Ak — , fee e 10
l 2hn) <1<;H1(k Z>>S<)\1—z Ay — 2 )\n—z> (10)

where {7x}7_, is any sequence satisfying the recurrence y;yx41 = wy, for k > 1.

Looking at the formula (10) one can try to send n — oo. Of course both sides can
diverge, however, if the sequence in the argument of § belongs to the domain D, one
can extract this term hoping the resulting function reflects some spectral properties of
an operator associated with matrix (1). By this way one arrives at the function

Fg(z) = S({AVEZ} _> (11)

which we refer to as the characteristic function associated with a Jacobi matrix J.
Function F7 is well defined whenever the sequence in the argument of § on the RHS of
(11) belongs to D. We proved this to be guaranteed for all z € C} := C \ Ran X under
the assumption that there exists at least one z, € C) such that

00
>
n=1

Condition (12) determines a class of Jacobi matrices for which the characteristic function
is defined. Moreover, (12) together with reality of A and w implies Jiax to be self-adjoint,
see [33, Theorem 15], and hence we omit the subscript and write simply J for the Jacobi
operator in question.

Let der(\) stands for the set of all finite accumulation points of the sequence A. By
a closer inspection one finds that, under the assumptions of (12) the function F;(z)

2

Wy,

(An = 20)(An+1 — 20)

< 00. (12)

7



is meromorphic on C \ der(\) with poles at the points z = A, for some n € N (not
belonging to der(\), however). For any such z, the order of the pole is less than or equal
to r(z) where

r(z) = Z 0z,
k=1

is the number of members of the sequence A coinciding with z (hence r(z) = 0 for
z € Cy).

If condition (12) is fulfilled, the part of spec(.J) not intersecting der(\) coincides with
the set

3(T) = {z € C\ der()) ‘ lim (u — 2)" P F () = O} :

Of course, 3(J) N C} is nothing but the set of zeros of F7(z). More precisely, we have
proved
spec(J) \ der()) = spec,(J) \ der(\) = 3(J)

and the points from this set consist of simple real eigenvalues which have no accumulation
point in R\ der()). Let us note the excluded set der()) is often empty or a one-point
set since, in applications, we usually encounter Jacobi matrices whose diagonal is either
an unbounded sequence of isolated points or a convergent sequence.

Moreover, the vector valued function ¢ : C\ der(A) — C*°, where

(=) = fim (u = )" (ﬁ uwi‘i)g <{ i u}w )

=1 I=k+1

for k£ € N, has the property that for z € 3(7J), {(z) is an eigenvector of J corresponding
to the eigenvalue z. Similarly, by using §, we were able to find formulas for the />-norm
of the eigenvector £(z) or the Green function of J (especially the Weyl m-function), see
[33, Propositions 12 and 18].

As an application of the presented results, we provide a description of spectral prop-
erties of many concrete Jacobi operators in [33, 34]. In fact, in several examples of
operators investigated in [34], we go even beyond the presented formalism since the
condition (12) is violated. Nevertheless, one can proceed in a similar way to obtain
desired results. In all cases, spectral properties of Jacobi operators have been described
in terms of special functions such as Bessel functions, ¢g-Bessel functions, Coulomb wave
functions, confluent hypergeometric functions, etc. These special functions can be de-
fined as hypergeometric series or their g-analogues, see [1, 13].

Example 4: We provide an illustrative example of a Jacobi matrix whose diagonal
depends linearly on the index and parallels to the diagonal remain constant, i.e., we set
An =n and w, = w € R\ {0}, for n € N. The corresponding Jacobi matrix determines
an unbounded self-adjoint operator J with discrete spectrum.

Condition (12) is clearly fulfilled, for instance, with zy = 0. Further, one has der(\) =
() and spec(J) = 3(7). Using (7) one derives that

(I R (R e

k=r+1

for r € Z. It follows that
spec(J) ={z e R| J_,(2w) =0}.



Components of corresponding eigenvectors v(z) can be chosen as
ve(2) = (=1 Jh_.(2w), k € N,
Moreover, formula [33, Eq. 34] for the Green function
G(z;4,7) = {es, (J — 2)ey), i,j €N,

provides us with an explicit expression for the matrix elements of the resolvent operator
(J — 2)~! in terms of Bessel functions and Lommel polynomials R, , (see [36, Sec. 4],
references therein, or Example 9). Indeed, taking into account [36, Eq. 34], one finds

i Ric11-2(2w) Jj— . (2w)
wJ_,(2w)

G(z;4,7) = (1) L 1<i<j,
for all z € C for which J_,(2w) # 0. If i > j it suffices to interchange indices i and
j in the last formula due to the symmetry property of the Green function: G(z;1i,7) =
G(z;7,1).

For a more detailed analysis of the zeros of the Bessel function considered as a
function of the order based on their relation with the spectrum of the Jacobi operator
J, see [33, Subsec. 4.3].

Let us conclude this section with a short comment on the relation of the characteristic
function F; with the theory of regularized determinants, see [14] or [31]. Recall a
compact operator A defined on a Hilbert space H belongs to the p-th Schatten-von
Neumann class .Z,(H), for 1 < p < oo, if the set of singular values of A forms a
sequence from ((N). In particular, % (H), S(H), and S (H) are spaces of trace
class, Hilbert-Schmidt, and compact operators, respectively. If A € .Z,(H), for p € N,
the regularized determinant det, (I —zA) is a well defined entire function of z € C, whose
zeros are reciprocal values of the eigenvalues of A.

Let us temporarily assume \,w € (?(N). Then (12) holds (for any z; # 0 not being
in Ran \), the Jacobi matrix J is a Hilbert-Schmidt operator on ¢*(N), and for the
regularized determinant of I — z.J one has

deto(I — 2J) = ( [1(- z)\k)ez’\’“> Fr(z7h).
k=1
Indeed, by rewriting (10) into the form

2 2 2

71 V2 Tn
det(7,, — 1— )\ e, —
=) (H ’ k) <>\1—2_1’)\2—Z_17 ’)\n—z_1>’

multiplying both sides by exp(z Tr J,,), and using the well known identity

detexp(A) = exp(Tr(A)), for A e C""

one arrives at the formula

n 2 n
det [(1, — zJ,,) exp(zJ,) (H (1 —2X\) Z’\k> S({%l} > .
k=1 )\k — Z

k=1



Now, it suffices to send n — oo on both sides of the last identity. The LHS tends
to deto(I — zJ) since the regularized determinant dety is continuous functional on
F(F3(N)), see [31, Thm. 9.2.(c)], and J, ® 0 — J in HH(¢*(N)), as n — oo. The
expression on the RHS converges too, by the second limit relation from (6) and since
A € (*(N), see, for instance [28, Chp. 15].

Thus we see, function F; can be expressed with the aid of the regularized deter-
minant. However, this is true in some special cases only, for instance, if \,w € (*(N).
On the other hand, F'7 has been defined under the assumption (12) exclusively. This
assumption does not imply J to belong to a p-th Schatten-von Neumann class (nor the
compactness of the resolvent). Consequently, function F'7 cannot be defined by using the
theory of regularized determinants, in general. Another advantage of the presented con-
struction is the characteristic function F; has been introduced using only the sequences
A and w determining the Jacobi matrix (1) (although in a quite complicated manner).
While the regularized determinant is usually introduced in terms of eigenvalues of the
operator in question, see [31, Chps. 3,9].

I.4 Logarithm of § and factorization of the
characteristic function

There is another way how to interpret the definition of § given in (2). The RHS of (2)
can be viewed as an element of the ring of formal power series C[[z]] in countably many
indeterminates z = {z,,}5°,. So we are no longer restricted with x to the domain D,
however, the RHS of (2) need not converge in C.

It is not our intention to go into details of the theory of formal power series at all.
One can do many things with formal power series at a purely algebraic level. Apart from
multiplication and inversion of invertible elements (C[[x]] is a ring) one can differentiate
them, there is a Taylor’s formula for formal power series, and one can take an exponential
or logarithm of certain elements of C[[z]]. The ring C[[z]] is even equipped with canonical
(product) topology. For the complete theory see [6, § 4.]. Another nice introduction to
the theory of formal power series, however, in one indeterminate only, is given in [25].

A particular subset of invertible formal power series is composed of those of them
having the constant term equal to 1. This is the case of §(x) and the logarithm of §(x) is
a well defined element of C[[z]]. In order to express the formal power series for log §(z)
explicitly we need to introduce the following notation. For a multiindex m € N denote
by d(m) its length, i.e. d(m) = ¢. Further, for a multiindex m € N’ put

1 m, Mt — m
B(m) = 1:[1 ( ¢ +mjil 1), a(m) = 57511) . (13)

Then in the ring of formal power series in the sequence of indeterminates x = {zx}52;
one has

log §(z Z >« )ki ﬁ (Thrj1Tr45)™ - (14)

=1 meN¢

In addition, if x € C* is such that Y32, |rrxr41]| < log2, then the RHS of (14) converges
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in C and we have

|the RHS of (14)] < —log (1 -3 |xkxk+1|>.

k=1

The proof of formula (14) is by no means trivial and it is the main result of paper [35].

Next, we recall two formulas derived again in [35] where it is shown the characteristic
function admits Hadamard’s infinite product factorization. The factorization can be
made in two possible ways — either in the spectral parameter or in an auxiliary parameter
which may be called the coupling constant.

First, in order to factorize the characteristic function in the spectral parameter, we
regularize function F7 to obtain an entire function having the property that the set of
its zeros coincides with the spectrum of the corresponding Jacobi operator. For this
purpose we restrict ourself to real sequences A and w and such that lim,, .., A\, = +00
and w, # 0, Vn € N. In addition, without loss of generality, A is assumed to be
positive. Moreover, suppose that condition (12) is satisfied for zo = 0 and the sequence
A7t ={1/\,.}52, belongs to 2(N).

Under these assumption, Jacobi operator J is self-adjoint with a compact (even
Hilbert-Schmidt) resolvent, see [33, Cor. 13]. Thus J has discrete spectrum. Moreover,
the characteristic function F'7 can be regularized by the multiplication factor

o

®y(2) =[] (1 - ;) e/

n=1 n

Since A7! € (?(N), @, is a well defined entire function; see, for instance, [28, Chp. 15].
In this way one arrives at the entire function

H;(z) := ®x(2)Fs(2),
which is to be referred as the reqularized characteristic function of the Jacobi operator
J. One has
spec(J) = spec,(J) = H;({0})
If J is invertible and A\,(J), n € N, stand for the eigenvalues of J, then H; is an

entire function of genus one and it admits the Hadamard’s infinite product factorization
of the form

Hy(2) = Fy(0) " ﬁ1 (1 = A,j J)> e/ An() (15)

where

b:,i@wb))“‘"

We illustrate the general formula (15) in the example with Bessel functions.

Example 5: Using (7) and the well known formula for the gamma function,

erE = z\ 7!
I'(2) = (1 > =/m
(2) . nll + ) e

where 7 is the Euler constant, one finds

Hj;(z) =e”w?*J_,(2w).

11



J is the Jacobi operator introduced in Example 4. As a result one reveals the infinite
product formula for a Bessel function considered as a function of its order. Assuming
Jo(2w) # 0, the formula reads

where
1 0 . w2k
c(w) = To(2w0) ];(—1) U(k+1) (k)2

and ¥ (z) = I''(z)/T'(z) is the polygamma function, see [1, Sec. 6]. To derive the expres-
sion for ¢(w) it suffices to compare the coefficients at z on both sides of (16).

Next, we present the factorization formula for the entire function
f(w) :=F(wzx), we C.
Here we assume x € D such that z, # 0, Vn € N.
Clearly F7(z) = f(z71) where J is the Jacobi matrix (1) with A, = 0 and w, =
/TnTni1 (any branch of the square root is suitable). The corresponding operator J
represents a Hilbert-Schmidt operator on ¢2(N) and the set of nonzero eigenvalues of J

coincides with the set of reciprocal values of zeros of f.
Since f is an even function its zeros can be arranged into sequences

{Gehel U=ty

where each zero being repeated according to its multiplicity, and N(f) € Z, U {o0}.
The multiplicity of a zero zy of f coincides with the algebraic multiplicity of eigenvalue
25! of J, see [35, Prop. 12]. Then one has

fw) = 11 (1-%) a7)

By taking the logarithm of both sides, using formula (14), expanding the both sides into
a power series at w = 0, and equating the coefficients at w?" one derives

=N > a(m)i

C2
(=1 St meM(N) k=1j

d

3

)
<$k+jfl$k+j)mj> (18)

Il
—

for N € N, where

N ¢
M(N)=Sme |JN'| > m;=N,.
=1 j=1
Consequently, (18) provides us with an explicit expression of the value of a spectral
zeta function at an even integer. Recall, for an invertible operator A, with A~ € .#,(H),
we call the function

Calz) = Tr A~

the spectral zeta function of an operator A, which is a well defined entire function on
the half-plane {z € C | Rez > p} as it follows from Lidskii’s theorem and properties of
trace class operators, see [31, Chp. 3].

Let us recall the example with Bessel functions once more.

12



Example 6: Put z;, = (v + k)™!, Vk € N, where v > —1. Recalling (7) and putting
z = w/2, one obtains the factorization of Bessel functions [1, 44],

<;)Vr(y +1)J,(2) = ’ﬁ (1 - Z;)

as a particular case of (17), where j,x stands for the k-th positive zero of the Bessel
function J,. The corresponding spectral zeta function

Z , Res>1,

k=1 juk

is known as the Rayleigh function [19]. Rayleigh function generalizes the famous Rie-
mann zeta function since 21/2J1/2( ) is a constant multiple of sin(z), see [1, Eq. 10.1.11],
hence jj /o, = 7k, from which one deduces

> 1
m01(s) =Y —, Res> 1.
’ i ke
Values 0, (2N) for N € N are rational functions in v and have originally been computed
by Rayleigh for 1 < N < 5 and by Cayley for N = 8 [44, § 15.51]. The particular case
of (18) implies the equality

oo d(m) 1 mj
o,(2N)=22"N>" > a(m) 1}1 <(, )(j+k:+u)> . (19)

k=1 meM(N) j+k+rv—1

is valid for all N € N. Thus, one can determine the value o, (2N) for any N by using (19).
However, it seems a more efficient way to evaluate 0,(2N) is the recursive procedure
using the identity

n

- (1 (Z) (j;”) 7, (28),

which holds true for all n € N , see [19].

I.5 An application in the theory of continued
fractions

For a given x € D such that §(x) # 0 let us introduce sequences { P}, and {Qr}72,
by Py =0 and P, = §(xa,...,xx) for k > 1, Qr = F(x1,...,xx) for k > 0. According to
(5), the both sequences obey the difference equation

Yirr =Y —mpwp 1 Yer, £=1,2,3,...,

with the initial conditions Py = 0, P, = 1, )y = @)1 = 1, and define the infinite continued
fraction

STw) iy B _ ! . (20)
g(x) k—o00 Qk 1— T1Xo
ToT3
- 3T
1— 344
1 —
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For a sequence a € C*, formal expression of the form

1

a1

(21)
1 —

1— @

R

1.

is referred to as formal Stieltjes continued fraction, or shortly as formal S-fraction. We
have already mentioned §(x) represents an invertible element of the ring C[[z]], so
S(z)™' € C[[z]] and the LHS of equality (20) can be understood in a pure algebraic
manner as

§(T2)F(x)" € Clla]], (22)

where Tx = {xp11}72, is a truncated sequence of indeterminates. Consequently, with
any formal S-fraction (21) there is naturally associated a unique formal power series f(a)
in the indeterminates a which, under identification: ay = xzg.1, Vk, equals (22). This
power series expansion has been studied a long time ago, particularly in the case when
the formal indeterminates a; are replaced by epx where e are fixed complex coefficients
and x is a complex variable [27]; see also [43, Thm. 52.1]. Somewhat surprisingly, an
explicit formula for f(a) has been derived much later [11, 45]. Here we recall it while
using the above introduced notation (13).

Theorem 7: The formal power series f(a) € C[[a]] associated with the formal Stieltjes
continued fraction (21) is given by the formula

f(a)zl—i—i Z B(m)li[laflj. (23)

=1 meN¢

Alternatively to the proofs presented in [11, 45] we shall show that formula (23) can
be derived in a straightforward manner from (14). In addition, we get as a byproduct
another formula, this time for log f(a). Note that the logarithm of f(a) actually makes
good sense in Cl[[a]] (see [6]) since, even if unaware of (23), it is obvious from (21) as
well as (22) that the constant term of f(a) equals 1.

Proposition 8: Let f(a) € Cl[[a]] be the formal power series expansion of the formal
Stieltjes continued fraction (21). Then

4

log f(a) = i Z a(m) H a;nj. (24)

l=1 meN¢ Jj=1

Proof. First, note for A, B € C[[z]] with constant terms being equal to 1, the well known
identity
log(AB) = log A + log B

remains true in C[[z]]], see [6, § 4.]. As a consequence, one verifies log A™! = —log A in
C[[x]]. Thus, under the identification ay = xyxr11, Vk € N, one has the equalities

log f(a) = log (§(T2)§(x) ") = log §(Tx) ~ log F(x).

By applying formula (14) to the RHS and making obvious cancellations one arrives at
(24). O
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Proof of Theorem 7. Let f(a) designate the RHS in (23) and g(a) the RHS in (24). We
have to show that f(a) = f(a). From (13) it is obvious that a;0¢(a)/da; = f(a) — 1.
On the other hand, it is as well clear from (21) that f(a) = (1 —ay f(Ta))~*. From here
one derives (using the common rules of differentiation which are known to be valid in
C[[a]], too, see [6]) that

g 108 f(a) = f(a) 1.

At the same time, Proposition 8 implies

0 0 -
150108 £(a) = a5 gla) = fla) — 1.

This shows (23). O
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Part 11

Orthogonal Polynomials and the
Moment Problem
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II.1 Function § and orthogonal polynomials

Orthogonal Polynomials (=OPs) has been studied for a long time and the theory of OPs
has been developed into a considerable depth [2, 8, 17, 41]. One defines a sequence of
polynomials with real coefficients {P,}>°,, where deg P, = n, to be OPs by requiring
the orthogonality relation

/R Po(2)Po(z) () = Spumy 1,1 € Loy, (25)

to hold where p is a positive Borel measure on R with finite moments. Without loss of
generality one may assume p to be a probability measure, i.e. u(R) = 1. As usual, u is
unambiguously determined by the distribution function x — u((—o0, z]).

To avoid some exceptional situations we assume, in addition, that the distribution
function of x4 has an infinite number of points of increase. Then the set of monomials,
{z" | n € Z,}, is linearly independent in L*(R,du). One can arrive at the set of
polynomials {P,}>°, which is orthonormal with respect to p by applying the Gram-
Schmidt process on the set of monomials in the Hilbert space L*(R,du). From the
way the Gram-Schmidt process proceeds one deduces {P,}>°, satisfies a three-term
recurrence relation,

xPy(x) = MPo(x) + woPy(x), xPy(x) =wy_1P_1(x) + N\ Po(2) + w, Prya(x), (26)

for n € N, where {\,}°, is a real sequence and {w,}>?, is a positive sequence, see

[2, 8, 30]. Thus, any sequence of OPs forms a solution of the three-term recurrence (26).
On the other hand, due to the Favard’s theorem, the opposite statement is also true.

For any sequence of real polynomials, { P, }°° ,, with deg P,, = n, satisfying the recurrence

relation (26) there exists a positive Borel measure making this sequence orthonormal.
Polynomials { P, }2°, that are the solution of equations

TUp = Wp_1Up—1 + /\nun + Wplpy1, NE Ny

satisfying the initial conditions Py(z) = 1 and Pi(x) = (z — A\o)/wp are called OPs of
the first kind. The second linearly independent solution {@, }5°, of the same difference
equation with initial conditions Qg(z) = 0 and Q1 (z) = 1/wy is referred to as OPs of
the second kind. These two polynomial sequences are related by the formula

Qo) = [ P=2 W), ez,

where p is the measure of orthogonality of OPs {P,}>° . see, for example, [2, Chp. 1].

It is a usual situation in applications that a sequence of OPs is prescribed by the three-
term recurrence rule (26). Then a natural question is: How the measure of orthogonality
1 looks like?

This problem is very closely related to the spectral analysis of a Jacobi operator
determined by the Jacobi matrix (1), now however, the defining sequences A and w
are coefficients from the recurrence (26) and hence they are indexed by Z, (instead of
N). This choice of the set of indices is quite standard in the theory of OPs, we follow
Akhiezer’s monograph [2]. Let J be a Jacobi operator determined by sequences A and
w from the three-term recurrence (26). One easily verifies

P.(J)ey =en, Vn € Z, (27)
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where {e, | n € Z,} stands for the standard basis of ¢*(Z,) and {P,}22, are OPs of
the first kind. Assume the Jacobi matrix represents a unique self-adjoint operator J on
(*(Z) and let E; denotes the projection-valued spectral measure of J. Then, by using
(27) and the Spectral Theorem, one gets

Gn = (ems en) = (Pun(J)e0, Pa(J)e0) = /R Po(2)Po(2)du(z), myn € Z,,

where we denote

1(.) = (eo, Ey(.)eo)-
Consequently, the measure of orthogonality u is determined by the spectral measure of
J. This measure is supported on spec(J), see [2, 30].

If the Jacobi matrix is in the limit circle case we can similarly construct the whole
one-parameter family of measures of orthogonality s, of respective OPs, for h € RU{oo},
using the spectral measure of Jj, a self-adjoint extension of J,;,. Measures p;, are known
as N-extremal measures referring to the corresponding Hamburger moment problem, see
Section I1.2. The interesting fact is that the N-extremal measures do not form the whole
set of measures with respect to which OPs { P, }°° , are orthogonal (see [2, 30] or Section
I1.2).

Let us remark the OPs of the first kind {P,}>°, are related to §. Indeed, by using
(5), one easily verifies

Pu(z) = :H: (l“ ;:‘k) %({A:fz x}M) . nez,. (28)

k=0

Recall {v}22, is any sequence satisfying equations vyyx11 = wy, for k € Z .

Assuming a sequence of OPs is defined via the recurrence rule (26), i.e. via formula
(28), we provide a description of the measure of orthogonality in terms of sequences
A and w using the advantage of § once more. For the sake of simplicity we suppose
a particular case with A being a real sequence from ¢'(Z,), and w being a positive
sequence from (?(Z, ). The general result is given in [36, Thm. 1].

Under the above assumptions on A and w the Jacobi operator J is compact and
(12) holds for any zy # 0 not belonging to the range of A. Moreover, the characteristic
function of J can be regularized with the aid of the entire function

o0

oa(z) == H(l — 2An).

n=0

Thus we can introduce an entire function G; by

Gi(2):= {¢A(Z)FJ(Z_1) if z 40,

29
1 if z=0. (29)

The measure of orthogonality p for the corresponding sequence of OPs defined in

(26) fulfills

supp(p) \ {0} = {z7" | G;(2) = 0}
where the RHS is a bounded discrete subset of R with 0 as the only accumulation point.
Moreover, for x € supp(p) \ {0} one has

(o)) = —a S0,
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Here JU denotes the Jacobi operator determined by the diagonal sequence TA =
{1122, and the weight sequence Tw = {w,11}5°,, see [36, Thm. 3.
The orthogonality relation for {P,}5°, now reads

{0} Pa(0)Pa(0) — 3 o)

P, P, =dmn, MmN E Ly, 30

where {p | k£ € N} stands for the set of all zeros of G;. Number u({0}) vanishes if and
only if 0 is not an eigenvalue of J. If 0 € spec,(J) then {P,(0)}5, is the corresponding
eigenvector of J and

oo

-1
00D) = o 0))eo) = (X R(02)
n=0
Example 9: Let us illustrate the presented method of finding the measure of orthogo-
nality on a concrete example with Lommel polynomials, well known from the theory of
Bessel functions (see, for example [44, § 9.6-9.73] or [10, Chp. VII]). Lommel polynomials
can be written explicitly in the form

R, (z) = [nz/ﬂ(_l)k<n ; k:) I(v+n—k) <2>n—2k

= F'v+k) \z

wheren € Z,, v € C, —v ¢ Z, and z € C\ {0}. Here we use the traditional terminology
though, obviously, R, () is a polynomial in the variable ™! rather than in z. One
readily verifies the Lommel polynomials obey the recurrence
2(n+v
Rn+1,l/(x> - (x) Rnﬂ/(x) B Rnfl,l/(x)v n € Ly, (31)
with the initial conditions R_; ,(z) =0, Ry, (z) = 1.
For v > —1 and n € Z,, set temporarily

A =0 and wnzl/\/(y+n+1)(y+n+2).

Then the solution {P,}>, of recurrence (26) with this particular choice of A and w is
related with Lommel polynomials by the relation

[ v+1 2
Rn,l/—l-l(x) = m P, (1‘) ) (32)

as it follows from (31). Since obviously A € ¢1(Z,) and w € (*(Z. ) is positive for v > —1,
we can use formula (30) to derive the orthogonality relation for Lommel polynomials.
First, recalling (7), by (29) one has

Gi(2)=Fi(z Y)Y =T(v+1)27"J,(22)

and similarly

G (2) =T(v+2) 27" ,41(22).
Second, 0 is not an eigenvalue of the corresponding Jacobi operator J. In fact, invert-
ibility of J can be verified straightforwardly by solving the formal eigenvalue equation
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for 0. At last, note z7".J,(x) is an even function, denote by jj, the k-th positive zero of
J,(x) and put j_j, = —ji, for k € N. Then formula (30) tells us that the orthogonality
relation takes the form

2w+1) ¥ ‘me< 2 )Pn< 2 ) s

keZ\{0} jk2,l/ L(]k,v) jk,ll jk,l/

where J/(x) denotes the partial derivative of J,(z) with respect to z. Finally, by using
(32) together with well known identity [1, Eq. 9.1.27],

0,:J,(@) = = Ty(@) = o (),

the orthogonality relation simplifies to a nice formula

1

m Omn, (33)

Z jkTE Rn,u+1 (jk,y)Rm,l/—l-l(jk,u) =
kez\{0}

valid for v > —1 and m,n € Z,. Most likely, the orthogonality relation (33) has been
originally derived by Dickinson in [9].

Let us remark the so called Askey scheme [20] is a comprehensive list of today’s well
known OPs. OPs from the Askey scheme are defined as terminating hypergeometric
or g-hypergeometric series. The orthogonality relations of OPs as well as many other
properties are listed in the Askey scheme. However, Lommel polynomials are not in-
volved although there is a relation for them in terms of hypergeometric series, see [9].
The reason for that is maybe the orthogonality relation for Lommel polynomials is not
fully explicit due to the presents of zeros jj,, in contrast to orthogonality relations of
all OPs from the Askey scheme.

In view of Example 9, one can say Lommel polynomials are associated with Bessel
function J, since this function plays a crucial role in the orthogonality relation. Apart
from the orthogonality, asymptotic behavior of Lommel polynomials R, ,, as n — 00,
can be expressed in terms of Bessel function J, 1, as it follows from Hurwitz’ limit rela-
tion [44, § 9.65]. In [36] we have introduced a new family of OPs associated with regular
Coulomb wave function, see [1, Chp. 14]. This family generalizes Lommel polynomials
in one additional parameter. The introduced method of finding the measure of orthog-
onality is applicable in this case. Surprisingly, the orthogonality relation has almost the
same form as in the case of Lommel polynomials, see [36, Thm. 14].

I1I.2 The moment problem

In this section, we explain what it means to solve a moment problem. We focus on the
so called Hamburger moment problem (=Hmp) in the indeterminate case. In particular,
we stress the importance of the entire functions A, B, C' and D from the Nevanlinna
parametrization since having them at hand one can describe any solution of the corre-
sponding indeterminate Hmp in a systematic way.

In [38], we have found explicit expressions for the Nevanlinna functions in the mo-
ment problem related with a g-analogue of Lommel polynomials. These polynomials
are orthogonal and they have been introduced and studied by Koelink and others in
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[21, 22, 23]. Especially paper [21] served as a strong motivation for work [38], Koelink
pointed out that it would be of interest to determine functions from the Nevanlinna
parametrization corresponding to the Hmp in question. He derived one exceptional
solution to the Hmp (N-extremal, see below) and found a corresponding relation of or-
thogonality for g-Lommel polynomials. All other N-extremal measures of orthogonality
are described in [38]. Moreover, in [37] we provide a detailed spectral analysis of a certain
Jacobi operator. This operator is chosen suitably so that its spectral properties allow
us to reproduce, in a quite straightforward but alternative way, some results concerning
the so called Hahn-Exton ¢-Bessel functions originally derived in [21, 22].

Suppose a real sequence m = {m,,}>, is given. To solve a Hmp means to answer
the following 3 questions. Is there a positive Borel measure p on R whose n-th moment
is equal to m,, i.e.,

/Rx"d,u(ac) = My, (34)

for all n € Z, 7 If so, is the measure p determined uniquely by the sequence m? If this
is not the case, how all the measures with the moment sequence m can be described?

If p fulfills (34) we say that p is a solution to the Hmp. If the solution is unique
the Hmp is called determinate. Otherwise the Hmp is said to be indeterminate. A
comprehensive treatise on the classical results from the theory of the moment problem
is given in |2, 29].

The systematic study of the moment problem has been initiated by Stieltjes in his
memoir [39] from 1894-95, though he restricted himself to measures supported on [0, c0).
Hamburger continued his work in the series of papers [15] from 1920-21, dealing with
measures supported on the whole real line. Hamburger’s theorem concerns the existence
of a solution of Hmp. It says the Hmp has a solution if and only if the sequence m is
positive definite which holds true if and only if the (n + 1) x (n + 1) Hankel matrices

mo mi mo e my,

ma meo ms oo Mp4a
An(m) = | M2 ms My cee Mpgo

My Mpy1 Mpy2 ... Moy

are positive definite for all n € Z,. The problem of determinacy of a Hmp has been
treated in terms of Hankel matrices by Hamburger, too. He showed the Hmp is deter-
minate if and only if

_ det A, (m)

im

n—o det A,,_1(T%m)
where T stands for the shift operator defined in connection with the identity (3). A
simple criterion for the Hmp to be determinate, which is however a sufficient condition
only, is due to Carleman [7]. He proved that if
> 1

nz:%) 2\"/ Maon,

then the Hmp is determinate. So if the moment sequence does not grow too rapidly, the
Hmp is determinate. The opposite, however, is not true. By using the Carleman’s crite-
rion one can easily prove, for example, the probability measure of a normally distributed
random variable is uniquely determined by its moments.

=0

=
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Let a positive measure p with a moment sequence m be given. Without loss of
generality we can assume the moment sequence is normalized so that my = 1. OPs
P, (x) satisfying orthogonality relation (25) are determined by the moment sequence m.
Indeed, the explicit formula reads

mo mq e mpy
) my mo ... Mp+1
Pu(z) = f |
\/det [An—1(m)A,(m)] Mp_1 My M2p—1
J "

for n € Z., where one has to set det A_;(m) := 1, see [2, Eq. 1.4].

Let us draw our attention to the Hmp in the indeterminate case. The Hmp is
indeterminate if and only if the Jacobi operator J;,, determined by diagonal sequences
{A\n}22, and off-diagonal sequence {w, }>°, from recurrence (26), has deficiency indices
(1,1). In terms of OPs, the indeterminacy of the Hmp is equivalent to the case when
both sequences {P,(x)}>°, and {Q,(x)}>, belong to (*(Z,) for at least one = € R.
It is even necessary and sufficient that there exists z € C, Imz # 0, such that either
{P.(2)}5%, or {Qn(2)}52, belongs to ¢*(Z.). In this case, series

i_ojo Pz and f: Qu(2)?

converge locally uniformly on C. All proofs of mentioned statements can be found, for
instance, in [2, 30].

Recall one way of the definition of the Nevanlinna functions A, B, C' and D is the
following:

A(z) = 2 i Qu(0)Qu(z).  B(z)=—1+2 i Qu(0)Pa(2).

Clz)=1+=2 i P,(0)Q.(2), D(z)==z2 i)Pn(O)Pn(z),

n=0

where P, and @),, are OPs of the first and second kind, respectively. Since all the series
converge locally uniformly on C all Nevanlinna functions are entire. In addition, the

Nevanlinna matriz
(25 53

has determinant equal to one, i.e.,
A(z)D(z) — B(2)C(2) =1, VzeC. (35)

Furthermore, functions A, B, C' and D share many properties as entire complex func-
tions. For instance, they are of the same order less or equal to 1, the same type (min-
imal exponential) and have the same Phragmén-Lindelof indicator function which is
non-negative, see [4].

The description of all solutions of indeterminate Hmp is due to Nevanlinna [24].
The parameter space is the one-point compactification of the set & of Pick functions,
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which are holomorphic functions in the upper half-plane C, = {z € C | Imz > 0}
with nonnegative imaginary part. The Nevanlinna parametrization is established via
the homeomorphism ¢ — 1, of & U {00} onto the set of solutions of the indeterminate
Hmp given by the formula

vz Bl —De “SCOVE (36)

[ dnale) __ Aot~ L)

which expresses that the Stieltjes (or Cauchy) transform of any solution p of indetermi-
nate Hmp is given by the RHS of (36) for a unique ¢ € & U {o0}.

Strictly speaking it is not the set of solutions which is parametrized but the set of
their Stieltjes transforms which are holomorphic functions in the cut plane C \ R. This
is in principal as good, since the Stieltjes transform is a one-to-one mapping from the
set of finite complex Borel measures to the set of holomorphic functions on C \ R. The
inverse mapping is given by the Perron-Stieltjes inversion formula which states p is the
weak limit for € — 0+ of measures with density

pmngiéwﬂ@k—éuﬁﬁk>

with respect to the Lebesgue measure, see [2, Chp. 3].

Thus, to solve the indeterminate Hmp means, in certain sense, to find expressions
for Nevanlinna functions A, B, C' and D. The formulas in concrete cases are usually in
terms of special functions. In particular functions B and D play an important role.

A particular subset of the set of solutions of the indeterminate Hmp is formed by so
called Nevanlinna extremal, or shortly N-extremal measures. N-extremal measures can
be parametrized by a parameter ¢ € R U {oo} since these measures correspond to the
choice

o(z)=t, Imz#0,teRU{c0},
for the Pick function ¢ in (36). Thus, one has

for t € R, or /R dg"j(j) — 28 (37)

/ dp(x) _ A(z)t — C(z)
R z—2x  B(2)t—D(z)

Measures p; are purely discrete and they can be characterized by at least two different
propositions. First one is due to Riezs, see [26] or [29, p. 62], stating N-extremal measures
are the only measures (among solutions of the Hmp) for which polynomials C|z] are dense
in L2(R,dp).

At the same time, p; = (eg, Ej,e9) where e is the first vector of the standard basis of
(*(Z) and Ej, is the projection-valued spectral measure of a self-adjoint extension J; of
Jmin- Thus, N-extremal measures correspond to spectral measures of all the self-adjoint
Jacobi operators determined by the Jacobi matrix whose diagonal and off-diagonal se-
quences are defined by the three-term recurrence of the corresponding OPs.

The support of p; is the set of poles of meromorphic functions on the RHSs in
formulas in (37). Since the zeros of functions

2z A(z)t —C(2) and z+— B(2)t — D(2)
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are real, simple and interlace, see [2, Chp. 2, Sec. 4], one gets y, is supported on the set
3 :={reR|B(x)t—D(z) =0}, forteR,
or
300 :={z € R | B(z) = 0}.
Consequently, the first formula in (37) is, in fact, the Mittag-Lefler expansion of the
meromorphic function on the RHS, cf. [2, footnote at p. 55],

3 p{e}) ARt = C(2)

z—x B(z2)t — D(2)’

TE3:

from which one deduces

At —=C() A(x)t — C(x)
e R B — e
p{e}) = Res (B(.)t —D()") T B(a)t—D(a)

for x € 3;. We treat the case t € R, if ¢ = 0o one proceeds in a similar way. The last
identity can be slightly rewritten. Note if x € 3; then B(z)t = D(z) and taking into
account identity (35) one observes

Az)t — Cx) 1

B'(z)t — D'(x)  B'(x)D(x) — B(x)D'(z)

Consequently, the magnitude of jumps of the distribution function x — u((—o0,z]) is
independent of .

Altogether, N-extremal measures are completely determined by functions B and D
and they can be written in the form

My = Z p(m)ém

TE3¢

where we put
1

") B - BOD )
t € RU{oo}, and 9, stands for the Dirac measure supported on {z}. Recall also for the
function p it holds

> 1
P(2)]? = —
S IR - o
and 0 < p(z) < 1, for all z € C, see again [2, Chp. 2, Sec. 4].
Besides the N-extremal measures, by setting ¢(z) = t + iy, with 2 € C,, t € R,
v > 0, for the Pick function in (36), one arrives at a two-parametric family

{:U“t,'y |t€R7’Y>O}

of solutions of Hmp. Berg and Valent [5] proved measures ., are all absolutely contin-
uous with respect to the Lebesgue measure. Their density can be expressed in terms of
functions B and D as follows

d,U/t,'y ’777-_1

de ~ (tB(@) - D@ + (B TN
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It was Krein [2, p. 87] who proved the following criterion: If there exists a solution
o of the Hmp whose absolutely continuous part w,, is such that

log w,,(z)
/IR L5 22 dz > —o0 (38)

then the Hmp is indeterminate. Measures f1, 4 are interesting since the solution 11 is the
one that maximizes the entropy integral from (38) among all the densities of solutions
of the Hmp, see [12] for even more general result.
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1. Introduction

The results of the current paper are related to the eigenvalue problem for finite-dimensional sym-
metric tridiagonal (Jacobi) matrices. Notably, the eigenvalue problem for finite Jacobi matrices is solv-
able explicitly in terms of generalized hypergeometric series [7]. Here we focus on a very particular
class of Jacobi matrices which makes it possible to derive some expressions in a comparatively simple
and compact form. We do not aim at all, however, at a complete solution of the eigenvalue problem.
We restrict ourselves to derivation of several explicit formulas, first of all that for the characteristic
function, as explained in more detail below. We also develop some auxiliary notions which may be, to

our opinion, of independent interest.
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First, we introduce a function, called §, defined on a subset of the space of complex sequences. In the
remainder of the paper it is intensively used in various formulas. The function g has remarkably simple
and nice algebraic properties. Among others, with the aid of § one can relate an infinite continued
fraction to any sequence from the definition domain on which § takes a nonzero value. This may be
compared to the fact that there exists a correspondence between infinite Jacobi matrices and infinite
continued fractions, as explained in [2, Chapter 1]. Let us also note that some special functions are
expressible in terms of F. First of all this concerns the Bessel functions of first kind. We examine the
relationship between § and the Bessel functions and provide some supplementary details on it.

Further we introduce an infinite antisymmetric matrix, with entries indexed by integers, such that
its every row or column obeys a second-order difference equation which is very well known from the
theory of Bessel functions. With the aid of function § one derives a general formula for entries of this
matrix. The matrix also plays an essential role in the remainder of the paper.

As an application we present a comparatively simple formula for the determinant of a Jacobi matrix
of odd dimension under the assumption that the neighboring parallels to the diagonal are constant.
As far as the determinant is concerned this condition is not very restrictive since a Jacobi matrix can
be written as a product of another Jacobi matrix with all units on the neighboring parallels which is
sandwiched with two diagonal matrices. The formula further simplifies in the particular case when
the diagonal is antisymmetric (with respect to its center). In that case zero is always an eigenvalue and
we give an explicit formula for the corresponding eigenvector.

Finally we focus on the rather particular class of Jacobi matrices of odd dimension whose parallels to
the diagonal are constant and whose diagonal depends linearly on the index. Within this class it suffices
to consider matrices whose diagonal is, in addition, antisymmetric. In this case we derive a formula
for the characteristic function. Yet another formula is presented in which the characteristic function is
expressed in terms of the function § in a very simple and compact manner. Moreover, we construct a
basis in which the Jacobi matrix becomes a sum of a diagonal matrix and a rank-one matrix operator.
This form is rather suitable for various computations. Particularly, one can readily derive a formula
for the resolvent. In addition, a vector-valued function on the complex plain is constructed having the
property that its values on spectral points of the Jacobi matrix are equal to corresponding eigenvectors.

2. The function §

We introduce a function § defined on a subset of the linear space formed by all complex sequences
X = {Xk}[?ir

Definition 1. Define3: D — C,

o0 o o0 o
O =1+ D (=D" D> D o D XXk +1XXi41 XXk +1 (1)
m=1 ki=1 ky=k1+2 km=km—1+2
where
o
D= {{xpes: D IXkxpqr| < 00
k=1
For a finite number of complex variables we identify §(x1, xa, . . ., X,) with F(x) where x = (x1, x,

...,%,0,0,0,...).By convention, we also put F(#) = 1 where ¢ is the empty sequence.

Remark 2. Note that the domain D is not a linear space. One has, however, £2(N) C D. To see that
the series on the RHS of (1) converges absolutely whenever x € D observe that the absolute value of
the mth summand is majorized by the expression

1 /= "
> Xy Xiey 41 X0 Xy 1+ * * X X411 < — > 1xixital |
N\

keN™
ky<ky<---<km
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Obviously, if all but finitely many elements of a sequence x are zeroes then F(x) reduces to a finite
sum. Thus

Sx1) =1, F(x1, %) =1 —x1x2, F(X1, X2, X3) = 1 — X1X2 — X2X3,

T(x1, X2, X3, X4) = 1 — X1X2 — X2X3 — X3X4 + X1X2X3X4, €tC.

Let T denote the truncation operator from the left defined on the space of all sequences:

T ({Xk};?i1) = {Xk+1}§?°:1 .
T",n=0,1,2,...,stands for a power of T. Hence T" ({Xi};2 1) = {Xk4n}peq-
The proof of the following proposition is immediate.

Proposition 3. Forall x € D one has

F(x) = F(Tx) — x1x2 S(TZX) . )
Particularly, ifn > 2 then
F(x1,X2,X3, ..., Xp) = (X2, X3, ..., Xn) — X1X2 F(X3, ..., Xn). (3)

Remark 4. Clearly, given that (@) = F(x1) = 1, relation (3) determines recursively and unambigu-
ously F(xq, ..., x,) for any finite number of variables n € Z (including n = 0).

Remark 5. One readily verifies that

Fx1, X2, o5 Xn) = FXn, - - -, X2, X1). (4)
Hence equality (3) implies, again forn > 2,
X1, oo Xn—2, Xn—1, Xn) = F(X1, ..., Xn—2, Xn—1) — Xn—1Xn (X1, .. ., Xn—2). (5)

Remark 6. For a given x € D such that §(x) 7 0 let us introduce sequences {P}p2 and {Qk}p2, by
Pp =0and Py = §(x2,...,x,) fork > 1, Q = F(x1, ..., x) for k > 0. According to (5), the both
sequences obey the difference equation

Y1 = Yo — XXk Ye—1, k=1,2,3,...,
with the initial conditions P = 0,P; = 1, Qp = Q; = 1, and define the infinite continued fraction

F(Tx) . P 1
= lim — =
(%) k=00 Qi 1 X1X2
X2X3
1= X3X
1— 3X4
1—...

Proposition 3 admits a generalization.

Proposition 7. Forevery x € D and k € N one has
300 =31, ... x0) FTN) — &1, .. ek F(T ). (6)

Proof. Let us proceed by induction in k. For k = 1, equality (6) coincides with (2). Suppose (6) is true
for k € N. Applying Proposition 3 to the sequence T*x and using (5) one finds that the RHS of (6) equals

S0y i) ST — F(x1, . X Xep 1 Xk S(TFT2x)
— X1y -y X)) XiXp ST
= 3, s X X)) ST = 3, - X)X X2 F(TE2).

This concludes the verification. O
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Remark 8. With the aid of Proposition 3 one can rewrite equality (6) as follows
F(X1, .o X1)

3(x) :3(X1,---’X’<)S( S(x1, ..., Xk)

Xics Xk+15 Xk+25 Xk435 - - ) (7)

Later on, we shall also need the following identity.

Lemma 9. Foranyn € N one has

urd(uz, us, ..., up)FOV1, V2, v3, .., V) — vig(ug, U, us, .., Up)F(V2, V3, ..., V)
n [j—1
= T wevie | i = v) SCujgr, ujgo, - - o, un)FWjg1s Viga, - -, Vo). (8)
j=1 \k=1

Proof. The equality can be readily proved by induction in n with the aid of (3). O

Example 10. Fort,w € C, |t| < 1, a simple computation leads to the equality
tm(Zm—l)WZm

&({tk_lw}li]) =1+ mZ::l(_])m 1—-tHA =t - (1 —t2m) : (9)

This function can be identified with a basic hypergeometric series (also calledg-hypergeometric series)
defined by

ee]

. . (a T+s—r gk
@b = (01j Dk (arj Dy ((_l)kq%k(k—l)) Z
k=0 (b1 ’ q)k e (b57 Q)k (qa Q)k

wherer, s € Z, (nonnegative integers) and

k—1
@ =[] (1-ed), k=01,2,...,
j=0
see [5]. In fact, the RHS in (9) equals o¢1 (; 0; 2, —tw?) where
oo k(k—1) \ 00 qk(k—l) }
01(:0:q.2) =D =2 z,

= (@ D A= —g»)---(1—-4Y
with q, z € C, |q| < 1, and the recursive rule (2) takes the form

091G 0; q,2) = 061G 0; 4, 2) + z o1 ; 0; q, ¢°2). (10)

Pute(q; z) = o¢1(; 0; g, (1 — q)z). Then limg41 e(q; z) = exp(z). Hence e(q; z) can be regarded as a
g-deformed exponential function though this is not the standard choice (compare with [5] or [6] and
references therein). Equality (10) can be interpreted as the discrete derivative

e(q;2) —e(q: g2) _ . (q. qzz) ‘

(1—9qz
Moreover, in view of Remark 6, one has
1 _ 091G 0; g, q2)
14 ;qz 0¢1(; 0; ¢, 2)
1+ a
14--.

This equality is related to the Rogers-Ramanujan identities, see the discussion in [3, Chapter 7].
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Example 11. The Bessel functions of the first kind can be expressed in terms of function 3. More
precisely, for v ¢ —N, one has

wY wo o ®
Jo@w) = r(v+1)3({v+k]k:1)‘ (1
The recurrence relation (2) transforms to the well known identity
Zy(2) = 2(v + 1)]y11(2) + Zv42(2) = 0.
To prove (11) one can proceed by inductioninj =0, 1, ..., m — 1, to show that

k1=1 ky=ky1+2 km=km—1+2

1

X

w+k))Ww+ki+DWw+k)v+k+1)---(V+kp)(W+ky+1)

1 o o0 o0

=3 Z Z Z
Fg=1 ko=ki+2  kn_j=km_j_1+2
1

X

W+ +Hk+DO+ k)W +k+1) - (VA k) (v + kp—j + 1)

1
X .
W4kn—j+2)W+knj+3)- -V +kn_j+j+1)

In particular, for j = m — 1, the RHS equals

1 x 1
(m—1)! klzz:] W+k)W+k+D@+k+2)---(v+k+m)
1 T(v+1)
- m@@+1)WwW+2)---(v+m) =m!F(v+m+l)

and so
wV w 00 e’} W2m+v
() = S e

rv+1) v+ k) g=1 0 mTw+m+41)
as claimed. Furthermore, Remark 6 provides us with the infinite fraction

v+1J412w) 1

w o Ju2w) - w?
1 v+DW+2)
2
w

W +2)(v+3)
W2
v +3)(v+4
1—--.

1—

1
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This can be rewritten as

@ z
= 2
SR NPTONP I ‘ =
20 +2) — =
2(11—1-3)—72(”_’_4)_“.

Comparing to Example 11, one can also find the value of § on the truncated sequence {w/(v+k) };_;.

Proposition 12. Forn € Zy andv € C\ {—n, —n+1, ..., —1} one has
w w w rw+1) B2 (n—7s)! n1-s )
()= > 0 w2 ] ).
v+1 v42 Vv+n Frv+n+1) = sl (n — 2s)! i=s
(12)
In particular, form, n € Z4, m < n, one has
[(n—m)/2]
w w w m! n—s)l(n—m-—s)!
3(7777"'1 )27 z (_‘1)5 ( ) ( ) W2S' (13)
m+1 m+2 n n! =0 st(m+s)! (n—m — 2s)!
Proof. Firstly, the equality
i m+1—-kM+2—-k---(n+s—1—k)
=1 w+kw+k+1)---(v+k+s)
B nn+1)---(n+s—1) (14)
TsWAn+) @+ DWH2) - (v +5)

holds foralln € Z,,v € C,v ¢ —N, and s € N. To show (14) one can proceed by induction in s. The

case s = 1 is easy to verify. For the induction step from s — 1 to s, with s > 1, let us denote the LHS of
(14) by Ys(v, n). One observes that

v+n+s—1 v+n+2s—1
Ys(v,n) = flfsq(v, n) — %Ys_l(\)+1,n).

Applying the induction hypothesis the equality readily follows.
Next one shows that

n—2s+2 n—2s+4 n

k=1 ky=ki+2 ks=ks—1+2
1
X (15)
WH+kD)W+k+ D@ +k)W+ka+1)-- v+ k) (v + ks + 1)
. m—2s4+2)(n—2s+3)---(n—s+1)
sl D2 S Fn—s+2)v+n—s+3)---v+n+1)

holds foralln € Z4,s € N, 2s < n + 2. To this end, we again proceed by induction in s. The case

s = 1 is easy to verify. In the induction step from s — 1 to s, with s > 1, one applies the induction
hypothesis to the LHS of (15) and arrives at the expression
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n—2s+2 1

>

= wF+hE+Fk+1) (s —1!
X m—k—2s+3)(n—k—2s+4)---(n—k—s+1)
WH+k+2)W+k+3) - W+k+)V+n—s+3HV+n—s+4)--V+n+1)

Using (14) one obtains the RHS of (15), as claimed.
Finally, to conclude the proof, it suffices to notice that

w w w (n/2] n—2s+1 n—2s+3 n—1
&( ) LI ) =1 + z (_1)5 Z Z T Z
v+1 v+2 v+n s=1 k=1 ko=ki+2  ke=ks_1+2

WZS

X
W+ +HK+DW k)Wt +1)---(V+k)(V + ks + 1)
and to use equality (15). O

One can complete Proposition 12 with another relation to Bessel functions.

Proposition 13. Form,n € Z, m < n, one has

7 (2W) Yn1 2w)
= —"—’wm—"—ls(i, ) (16)
m! m+1 m+2 n
mlm—s—1D!(n—m+2s+1)!

— Wn—m+25+1 OWm+n+1 log(w)).
Ssln+s+DIn—m+s+1)! +0( g(w))

Proof. Recall the following two facts from the theory of Bessel functions (see, for instance, [4, Chap-
ter VII]). Firstly, for u, v ¢ —N, one has

N e e R At
Ju @]y (@) —g(_l) SIT(uw+s+ D (w+s+1) (5)

where (a); = a(a+ 1) - - - (@ + s — 1) is the Pochhammer symbol. Secondly, forn € Z_,

9
TYn(2) = P @ — (=D, (2)

v=n

Form, n € Z4, m < n, a straightforward computation based on these facts yields

7TJm(2)Yn(2)
[(n—m—1)/2] _
_ sm=s—=DIn—-—m—s—-1)! Em”“S
- g(:) =N stm+s)!(n—m—2s—1)! (2)
m—1 _
(m—s—1D!(n—m+ 2s)! fz\1—mt2s z
B = stm+s)!(n—m+s)! (5) + 2n(@n(2) log (5) (17

ad (m+n+2s)! (Z)T"JF“HS

* EO(_]) stm+s)!(n+9)! (m+n+s)!\2

—Ymts+1) —Yts+ ) —Ymtnts+1) —yis+1)

(20(m+n+25+1)

where ¥ (z) = I'/(z) /T (2) is the digamma function. The proposition follows from (17) and (13). O
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Remark 14. Note that the first term on the RHS of (16) contains only negative powers of w. One can
extend (16) to the casen = m — 1. Then

m—1 e
(@0 Ym(@w) = — 3 Mo DHE

(s? (m +s)! w¥ + 0w log(w)).
s=0 : :

3. The matrix J

In this section we introduce an infinite matrix J that is basically determined by two simple prop-
erties - it is antisymmetric and its every row satisfies a second-order difference equation known from
the theory of Bessel functions. Of course, in that case every column of the matrix satisfies the difference
equation as well.

Lemma 15. Suppose w € C \ {0}. The dimension of the vector space formed by infinite-dimensional
matrices A = {A(m, n)}m nez satisfying, forallm, n € Z,

wA(m,n — 1) — nA(m,n) +wA(m,n+1) =0 (18)
and

A(n, m) = —A(m, n), (19)
equals 1. Every such a matrix is unambiguously determined by the value A(0, 1), and one has

VneZ, An,n+1) = A0, 1). (20)

Proof. Suppose A solves (18) and (19). Then A(m, m) = 0. Equating m = n in (18) and using (19)
one finds that A(n,n + 1) = —A(n, n — 1) = A(n — 1, n). Hence (20) is fulfilled. Clearly, the matrix
A is unambiguously determined by the second-order difference equation (18) in n and by the initial
conditions A(m, m) = 0, A(m, m + 1) = A(0, 1), when m runs through 7Z.

Conversely, choose A € C, A # 0. Let A be the unique matrix determined by (18) and the initial
conditions A(m, m) = 0, A(m, m + 1) = A. It suffices to show that A satisfies (19) as well. Note that
A(m, m — 1) = —A. Furthermore,

wA(m —1,m+1) —mA(m,m+1) + wA(m + 1, m + 1)
= wA(m—1,m+1) —mA(m—1,m) + wA(m—1,m—1)
= 0.

From (18) and the initial conditions it follows that A(m, m+2) = (m+1)A/w,and somA(m, m+2) =
(m+ 1)A(m — 1, m + 1). Consequently,

wWA(m—1,m+2) —mA(m,m+2) + wA(m+ 1, m + 2)
=wA(m—1,m+2)— (m+1DAm—-1,m+1) + wA(m — 1, m)
= 0.
One observes that, for a given m € Z, the sequence
m
X, = —A(m—1,n) + —A(m,n), n € Z,
w

solves the difference equation

WXp—1 — NXp + WXp41 =0 (21)
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with the initial conditions x,4+1 = A(m + 1, m 4+ 1), Xp42 = A(m + 1, m + 2). By the uniqueness,
xp = A(m + 1, n). This means that, for allm, n € Z,
wA(m — 1, n) — mA(m, n) + wA(m+ 1,n) = 0.
Put B(m, n) = —A(n, m). Then B fulfills (18) and B(m, m) = 0, B(m, m + 1) = A. Whence B =A. O

Lemma 16. Suppose w € C \ {0}. If a matrix A = {A(m, n)}m.nez satisfies (18) and (19) then
Vm,n € Z, A(m, —n) = (—=1)"A(m, n), A(—m, n) = (—1)MA(m, n). (22)

Proof. For any sequence {x;},c7 satisfying the difference equation (21) one can verify, by mathemat-
ical induction, thatx_, = (—=1)"x,,n=10,1,2,.... O

Definition 17. For a given parameter w € C \ {0} let 3 = {J(m, n)}m nez denote the unique matrix
satisfying (18), (19) and 3(m, m+ 1) = 1,Vm € Z.

Remark 18. Here are several particular entries of the matrix J,

m+1 (m—i—l)(m-i-z)_1

J(m,m) =0, 3(m,m+1) =1, 3(m, m+2) = , I(m, m+3) = 2 ;

with m € Z. Some other particular values follow from (19) and (22). Below, in Proposition 22, we
derive a general formula for J(m, n).

Lemma 19. For 0 < m < n one has (with the convention F(¥)=1)

(=D ( w w w )
jm,n) = —— s e, . 23
3(m, n) m! W § m+1 m+2 n—1 (23)

Proof. The RHS of (23) equals 1 forn = m 4 1, and (m + 1) /w for n = m + 2. Moreover, in view of
(5), the RHS satisfies the difference equation (21) in the index n. O

Remark 20. From (23) and (11) it follows that
n—1

Vm e Z, lim
n—o0 (n —1)!

3(m, n) = J;m(2w).

This is in agreement with the well known fact that, for any w € C, the sequence {J,(2w)},cz fulfills
the second-order difference equation (21).

Remark 21. Rephrasing Proposition 13 and Remark 14 one has, form,n € Z, m < n,

B Ml m—s—Dn—m+2s)!
_ 1 _ n—m-+2s
TJm(2w) Y, 2w) = —w ™~ '3(m, n) sgo st(n+s)! (n —m+s)!

+o(w™ " log(w)).

Since, by definition, the matrix J is antisymmetric it suffices to determine the values J(m, n) for
m < n,m,n € 7Z. In the derivations to follow as well as in the remainder of the paper we use the
Newton symbol in the usual sense, i.e. forany z € C and n € Z, we put

(z)_z(z—1)~-~(z—n+1)

n n!
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Proposition 22. Form, n € 7Z, m < n, one has

[(n—m—1)/2]

n—s—1 n—m-—s—1)!

3(m’ Tl) — 2 (_1)5 ( ) Wm7n+25+1_ (24)
= n—m-—2s—1 s!

Proof. We distinguish several cases. First, consider the case 0 < m < n. Then (24) follows from (23)
and (13). Observe also that form = n, m, n € Z, the RHS of (24) is an empty sum and so the both sides
in (24) are equal to 0.

Second, consider the case m < 0 < n. Putm = —k, k € Z. The RHS of (24) becomes

[(n+k—1)/2]
' Z / (—])S n—=s- 1 w W_k_n+25+1. (25)
= n+k—2s—1 s!
Suppose k < n. Then the summands in (25) vanish fors = 0, 1, ..., k — 1, and so the sum equals
[(n—k—1)/2]

z (—1)5+k (n—k—s—1)! (n_s_l)lwk—n+2s+1.

= n—k—2s—1)!s!  (s+k)!

By the first step, this expression is equal to (—1)¥3(k, n) = 3(—k, n) (see Lemma 16). Further, suppose

k > n. Then the summands in (25) vanish fors = 0, 1, ..., n — 1, and so the sum equals
[(k=n—1)/2]
nz: / (_1)n+s( —s—1 )(k —s- D! wi—k+2s+1
= k—n—2s—1 (n+s)!

Using once more the first step, this expression is readily seen to be equal to
(=D 3(n, k) = 3(—k, n).

Finally, consider the casem < n < 0.Putm = —k,n = —{,k, £ € Zy.Hence 0 < ¢ < k. The
RHS of (24) becomes
[(k—£—1)/2]
3 / Cof TS YR =D e
prard k—¢—2s—1 s!

Using again the first step, this expression is readily seen to be equal to (=K 52, k)
=3(—=k,—¢). O

4. The characteristic function for the antisymmetric diagonal

Foragivend € Z let E+ denote the (2d + 1) x (2d + 1) matrix with units on the upper (lower)
parallel to the diagonal and with all other entries equal to zero. Hence

(E)jk =iy (ED)jk =jky1, o k=—d, —d+1,—-d+2,...,d

Fory = (V_d, V—dt1s Y—ds2s - - - » ¥a) € C**1 let diag(y) denote the diagonal (2d 4+ 1) x (2d + 1)
matrix with the sequence y on the diagonal. Everywhere in what follows, I stands for a unit matrix.

First a formula is presented for the determinant of a Jacobi matrix with a general diagonal but with
constant neighboring parallels to the diagonal. As explained in the subsequent remark, however, this
formula can be extended to the general case with the aid of a simple decomposition of the Jacobi
matrix in question.

Proposition 23. Ford € N,w € Candy = (y—d, Y—dt+1, Y—d+2» - - - » ¥a) € CPHL T yey— # 0,
one has
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) d w w w w
det(diag(y) + wEt + wE_) = [ [ yey—« | [yo3{ — ... — )5 —. ... —
k=1 Y Yd y—1 Y—d
w2 (w W)g( w w )
yvi \»2 va) \y-1T T y-a

w2 w w w w
= ) s =, ) (26)
y-1 i Yd y-2 Y—d

Proof. Letus proceed by induction ind. The case d = 11is easy to verify. Put Ny (w; y) = det(diag(y)+

WE4 + WE_). Suppose (26) is true for some d > 1. For givenw € Candy € C24+3 consider the
quantity Myy1(w; y). Let us split the corresponding (2d 4 3) x (2d 4 3) Jacobi matrix into four blocks
by splitting the set of indices into two disjoint sets {—d — 1, d+ 1} and {—d, —d+1, —d+2, ..., d}.
Applying the rule

A B »
det = det(A) det(D — CA™ 'B)
CD

one derives the recurrence relation

Nap1Ws Y _d—1,Y—ds Y—dt1s - - » Vs Yd+1)

= Va1V —d—1NaW; Y gy Y—d1s Yodt2s - - - » Yd—1,Yig)

where

/ Wz / W2
Ya=\1- ya, V.4=(1—— -
YdYd+1 V—dV—d—1

Now it is sufficient to use the induction hypothesis jointly with the equality

Xn—1

1 —Xp—1xn

(1 —xp—1xp) E(thz, co Xp2, ) = F(X1,X2, ..., Xn—1, Xn)

which is valid for n > 2 and which follows from relations (4) and (7), with k = 2. O
Remark 24. Let us consider a general finite symmetric Jacobi matrix J of the form

A1 Wy

Wi Ay Wy

Wn—2 Apn—1 Wp—q

Wp—1 An
such that HZ;]] wy 7 0. The Jacobi matrix can be decomposed into the product

J=qJG (27)

where G = diag(y1, 2, - - ., Yn) is a diagonal matrix and] is a Jacobi matrix with all units on the
neighboring parallels to the diagonal,
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M1
1 A 1

—
I

1 Apoq 1
1

Hence det(J]) = (szl ykz) det(]), and one can employ formula (26) to evaluate det(j) (in the case of
odd dimension). In more detail, one can put

LRI k—1 Wajt1
j j

vak—1 =] ——, va=w [[ ", k=1,2,3,....
=1 W2j-1 =1 W2

Alternatively, the sequence {yy}}_, is defined recursively by y1 = 1, yk+1 = wi/yk. Furthermore,
A = Ak/ylcz. With this choice, (27) is clearly true.

Next we aim to derive a formula for the characteristic function of a Jacobi matrix with an antisym-

metric diagonal. Suppose A = (A_q, A—d41, A—di2s - .., Ag) € C*¥Handa_, = —xyfor—d < k <
d; in particular, o = 0. We consider the Jacobi matrix K = diag(}) +wE4 +wE_. Let us denote, tem-
porarily, by S the diagonal matrix with alternating signs on the diagonal, S = diag(1, —1,1,..., 1),

and by Q the permutation matrix with the entries Q; y = §j4,0 for —d < j, k < d. The commutation
relations

SQKQS = —K, S*=0%=1,
imply
det(K — zI) = det(SQ(K — z1)QS) = — det(K + zI).

Hence the characteristic function of K is an odd polynomial in the variable z. This can be also seen
from the explicit formula (28) derived below.

Proposition 25. Supposed € Nw € C, A € C*¥land A_y = —Apfork = —d, —d + 1, —d +
., d. Then

(_1)d+1

———— det(diag(A) + WE+ + wE_ — zI) (28)
z

d w w w w
A (o)
k=1 M—z A —2 M+2z Ad+2z
23 (11 6-2))o(5 2 )G i)
w —z e ey .
= k=j+1 k Ajp1 — 2 A —2Z Ajt1 +2z A +2

Proof. This is a particular case of (26) where one has to setyy, = Ay —zfork > 0,y = —z,
Yk = —(A_k 4 z) for k < 0. To complete the proof it suffices to verify that
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w? S( w w )&( w w w )
M —2) \M—2z2 T xg—z MAZ 4z Atz

w? g( w w w )g( w w )
z(M+2) \M—2 M-z T A—2z YO = A WSy

d j
; 1 w w w w
=2>w¥ g( )3( )
; (kl;[] xﬁ—ﬁ) A1 —2 ri—2z) \ A1 +z A+ z

To this end, one can apply (8), withn = d, uy = w/(Ax — 2), vk = w/(Ar + z). Note that u; — v; =
2zujvi/w. O

Zero always belongs to spectrum of the Jacobi matrix K for the characteristic function is odd.
Moreover, as is well known and as it simply follows from the analysis of the eigenvalue equation, if
w # 0 then to every eigenvalue of K there belongs exactly one linearly independent eigenvector.

Proposition 26. Supposew € C, L € C¥+1 A, = —xy for —d < k < d, and [T¢_, Ak # 0. Then

the vectorv e C?%H1 vT = (0_g4,0_411, 0—_d42, . . ., 04), with the entries
k.. k d w w w
O = (—1)'w H Aj {S’(,,...,) for k=0,1,2,...,d, (29)
=k +1 A1 A2 Ad

O_ = (=X, for —d < k < d, belongs to the kernel of the Jacobi matrix diag(A) + wEy + WE_.
In particular, Oy = XAy ... hgFW/ A1, W/hy, ..., Ww/kq), 04 = (—=1)4w? and so v # 0.

Remark. Clearly, formulas (29) can be extended to the case ]"[}i:1 Ak = 0as well provided one makes
the obvious cancellations.

Proof. One has to show that
W1 + MO + w1 =0, k=—-d+1,—d+2,...,d—1,

and A_g0_g+wO_44+1 = 0,WwO3_1+Ag0q = 0.0wingto the symmetriesA_y = —Ak,0_x = (—l)"@k,
it suffices to verify the equalities only for indices 0 < k < d. This can be readily carried out using the
explicit formulas (29) and the rule (3). O

5. Jacobi matrices with a linear diagonal

Finally we focus on finite-dimensional Jacobi matrices of odd dimension whose diagonal depends
linearly on the index and whose parallels to the diagonal are constant. Without loss of generality one
can assume that the diagonal equals
(—d,—d+1,—-d+2,...,d),d € Z;.Forw € C put

Ko = diag(—d, —d+1,—d+2,...,d), KWw) =Ko+ wEy + wWE_.

Concerning the characteristic function x (z) = det(K(w) — z), we know that this is an odd function.
Put

(_1)d+1
Xred(2) = — det(K(w) — 2).

Hence  xred(z) is an even polynomial of degree 2d. Further, denote by
{e_d,e_d4+1,€—_ds2, ..., eq) the standard basis in C>4+71,
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Suppose w # 0. Let us consider a family of column vectors x; , € C%4+1 depending on the
parameters s, n € Z and defined by

X = @6 +d ), 36 +d—1,m),36+d—2,n),...,36 —d n).
From the fact that the matrix J obeys (18), (19) one derives that
Vs,n€Z, KW)Xsn=5Xn—W3Is+d+1,ne_qg—wI(s—d—1,n)egy.
Put
Vs = X5 s4d+1, S € Z.
Recalling that 3(m, m) = 3(—m, m) = 0 one has
Kw)vs =svs —wJ(s—d—1,s+d+ 1)eg. (30)
Remark 27. Putting s = 0 one gets K(w)vy = 0, and so vg spans the kernel of K(w).

Lemma 28. Forevery{ = —d, —d + 1, —d + 2, ..., d, one has

d+e (=1t
@+ 9! (L —s)! Vs € e¢ + span{egy1, €¢42, ..., €q}.
s=—d ! |
In particular,
d d+s
-1
o 5 i (31)

—
S dts)d—s)
Consequently, V = {V_4, V_q41,V_d42, . - -, Va} is a basis in C24+1,

Proof. One has to show that

d+¢ : ( 1)25
— J(s — k, d+1) =8¢ for —d < k< L.
w 2 @t S)!J(S k,s+d+1) ¢k for k

Note that foranya € Candn € Z,

n 4k il n\fa+k
(—1)k<n)(a ): 0, r=0,1,2,....,n—1, (—1)"( )( ): (=)™
IZ;‘] k r ,Z(:) k n

Using these equalities and (24) one can readily show, more generally, that

¢ (_I)Z—i-s
Z mS(m+s,n+s)=0form,nez,mgngm_i_d_'_g’
s=—d : —S).
and
¢ _1\{+s
Z Lﬁ(m+5,m+d+£+5+1)zw—d—e.
S d+9)! (L =)

This proves the lemma. O
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Denote by K (w) the matrix of K (w) in the basis V introduced in Lemma 28. Let a, b € C?4*1 be the
column vectors defined by a” = (a—q, @—d41, @—d+2, . .. &), b' = (B—d, B—g+1, B—d42s - - - Ba)s

(_-l)d+s W2d+1

= —d—1,s+d+1), = = —d, —d+1,—d+2,...,d. (32

o =As—d=T,sHd+ D, fo= s +1, —d+ (32)
Note that

as=—as, P_s=ps. (33)

The former equality follows from (22) and (19). From (30) and (31) one deduces that
K(w) =Ko — ba". (34)

Note, however, that the components of the vectors a and b depend on w, too, though not indicated in
the notation. ~

According to (34), K(w) differs from the diagonal matrix Ko by a rank-one correction. This form is
suitable for various computations. Particularly, one can express the resolvent of K (w) explicitly,

% _ 1 = _ -1 1 N1y T =1
Rw) =27 =K —2)" + (1<0—z)—1b(K° 2" ba’ Ky —2)7 .

The equality holds for any z € C such that z ¢ spec{Ko} = {—d,—d + 1,—d + 2,...,d} and
1—d" (Ko —2)"'h # 0. Clearly, this set of excluded values of z is finite.

Let us proceed to derivation of a formula for the characteristic function of K(w). Proposition 25 is
applicable to K(w) and so

= ([0 2)o( o ()

k=1

d
2j 2 w w w w
+2.ZW (H (" Z)) (j+1—z""’d—z)5(1+1+z"”’d+z)'

j=1 k=j+1

Below we derive a more convenient formula for xreq(z).

Lemma 29. One has

4 ((d—s))?@d—s+1)!
. 26 36
Xred (0) g(:) S @2d—2s+ 1) w (36)
and
1 =1 ) n+k\(d+k+1\ 55 o
- —D*@2k + 1)! N ¥
Hrea(n) = - ,Z(:)( )" (2k + )<2k+1)< n+1 ) e

forn=1,2,...,d.

Proof. Let us first verify the formula for y;eq(0). From (35) it follows that

2
_ 2 w 2j w w E
Xrea(©) = (@) 5 (1, 2. )+zzw () (]+1 - d)
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By Proposition 13,

Krea (0) = 2 w* 2 V4q 2w)° <10<2w>2+221,<2w> ) 0 (W log(w)) .

j=1

Further we need some basic facts concerning Bessel functions; see, for instance, [1, Chapter 9]. Recall
that

Jo@? 42> )@ =1.

j=1

Hence

Krea (0) = T2 w* 2 V43 2w)? + 0 (w?*+2 log(w) )

4 (g
— <Z (d k'k)! Wzk) + 0 (W2d+2 IOg(W)) .

k=0

Note that xeq(0) is a polynomial in the variable w of degree 2d, and so

d—-!d—-s+k! 5
w,
k! (s — k)!

Xred (0) = Z Z

$s=0 k=0

Using the identity

S (d—Kd—-s+k! 5 o fd—k\[(d—s+k
D T e Gl Z(d )( d—s )

k=0 k=0 \¢ T3
_(@=9)*(d —s+1)!
T sl@d—2s+1)!

one arrives at (36).
To show (37) one can make use of (34). One has

_1)d+1 _1\d+1
Xred (Z) = % det(K(w) — z) = % det(Ko — z) det (1 — (Ko — z)—lbaT) .

Note that det(I 4+ ba") = 1 + a"b. Hence, in view of (33),

Xred(2) = ﬁ (k2 —22) (1 — i ’350[5> — ﬁ (kz _ 22) (1 _5 4 sBas ) .

k=1 s=—d s—2z k=1

Using (32) one gets

d d
~1
Krea (M) = —2nPnaty [] (K2 —n?) = D 241 3 —d— 1,4 d+ 1),
n
k=1
k#n

Formula (37) then follows from (24). O
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Proposition 30. Foreveryd € Z one has

d _ d—s
Xl.ed(z) _ Z(Zd SS + 1)W2$ H (kz _ 22) . (38)
k=1

s=0

Proof. Since xreq(z) is an even polynomial in z of degree 2d it is enough to check that the RHS of (38)
coincides, forz = 0,1, 2, ..., d, with Xeq(0), Xred(1), Xred(2), - - ., Xred(d). With the knowledge of
values (36) and (37), this is a matter of straightforward computation. [

Remark 31. Using (38) it is not difficult to check that formula (37) is valid for any n € N, including
n > d (the summation index k runs from 1 to min{n — 1, d}).

Remark 32. If w € R, w # 0, then the spectrum of the Jacobi matrix K(w) is real and simple, and
formula (38) implies that the interval [—1, 1] contains no other eigenvalue except of 0.

Eigenvectors of K(w) can be expressed in terms of the function J, too. Suppose w # 0. Let us
introduce the vector-valued function x(z) € C24*! dependingonz € C, x(z)" = ¢_4(@),5-4+1(2),

%_—d-I-Z(Z)» L] Sd(z))v

r d+1
fu(z) = wod-k LETAFTD ( v v Y ) —d<k<d
rz—k+1) z—k+1 z—k+2 z+d
With the aid of (3) one derives the equality
Fz4+d+1
(K(w)—z)x(z):—w_Zd t+d+1) ( i , s s d )ed (39)
I'(z—d) z—d z—d+1 z+d
Remark 33. According to (12),
[(d+k)/2] N d+k—s—1
d—k s (d+k—s)! % .
= -1y — z4+d—j).
D VI TR e~ TR A

Hence &, (z) is a polynomial in z of degree d + k. In particular, £_4(z) = 1, and so x(z) # 0.

Proposition 34. One has

d
2 2 w w w d
= — —I ( ) 9 [ ) 40
o Z(Ig(z <))S z—d z—d+1 z—d+2 z+d o

Ifw € C, w # 0, then for every eigenvalue A € spec(K(w)), x(}) is an eigenvector corresponding to A.

Proof. Denote by P(z) the RHS of (40). By (39), if P() = 0 then x(A) is an eigenvector of K(w). Thus
it suffices to verify (40). The both sides depend on w polynomially and so it is enough to prove the
equality for w € R\ {0}. Note that P(z) is a polynomial in z of degree 2d + 1, and the coefficient
standing at z24*1 equals —1. The set of roots of P(z) is contained in spec(K(w)). One can show that
P(z) has no multiple roots. In fact, suppose P(A) = P’(A) = 0 for some A € R. From (39) one deduces
that (K(w) — A)x(L) = 0, (K(w) — A)x'(L) = x()) (here x'(2) is the derivative of x(z)). Hence

(Kw) — 2)2x(0) = (K(w) — 1)*X' (L) = 0.

Note that x'(A) # 0,and x’()) differs from a multiple of x(1) for &_4(z) = 1. This contradicts the fact,
however, that the spectrum of K(w) is simple. One concludes that the set of roots of P(z) coincides
with spec(K(w)). Necessarily, P(z) is equal to the characteristic function of K(w). O
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Remark 35. With the aid of (40) one can rederive equality (37). For 1 < n < d, a straightforward
computation gives

xm) = (D""WH 3d —n+1,d+n+1).
Equality (37) then follows from (24).
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part of A to be semibounded or 7 to be real, one can show that ;7 determines a unique closed Jacobi
operator J on £%(N). Moreover, the spectrum of J in the domain (C())‘ is discrete and coincides with
the zero set of F.7(z). When establishing this relationship one may also treat the poles of F7(z) which
occur at the points from the range of the sequence A not belonging to the set of accumulation points,
however. In addition, as an important step of the proof, one makes use of an explicit formula for the
Green function associated with J.

The characteristic function as well as numerous formulas throughout the paper are expressed in
terms of a function, called §, defined on a subset of the space of complex sequences. In the introductory
part we recall from [14] the definition of § and its basic properties which are then completed by vari-
ous additional facts. On the other hand, we conclude the paper with some applications of the derived
results. We present several examples of Jacobi matrices for which the characteristic function can be
expressed in terms of special functions (the Bessel functions or the basic hypergeometric series). A
particular attention is paid to the example where the diagonal sequence A is linear while the neigh-
boring parallels to the diagonal are constant. In this case the characteristic equation in the variable z
reads J_,(2w) = 0, with w being a parameter, and our main concern is how the spectrum of the Jacobi
operator depends on w.

2. The function §
2.1. Definition and basic properties

Let us recall from [14] some basic definitions and properties concerning a function ¥ defined on a
subset of the linear space formed by all complex sequences x = {xi}y~ ;. Moreover, we complete this

brief overview by a few additional facts.

Definition 1. Define§: D — C,

o0 0 o0 o
FO=1+D(=D"D D o D XX XkXkot1 Xk X1 (M
m=1 ki=1 ky=k1+2 km=km—1+2

where

o0
D= {{x}2; CC; D Ixixrqr| < 00

k=1
For a finite number of complex variables we identify F(x1,x2,...,X,) with F(x) where x =
(x1,X2,...,%n,0,0,0,...). By convention, we also put §(J) = 1 where J is the empty sequence.

Let us remark that the value of § on a finite complex sequence can be expressed as the determinant of
a finite Jacobi matrix. Using some basic linear algebra it is easy to show that, forn € Nand {x; }]'-1:1 c C,
one has

S(x1, X2, ..., xp) = det Xy, (2)
where
1 x1

X21X2

Xn

Xn—1 1 Xp—1

Xn 1
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Note that the domain D is not a linear space. One has, however, £2(N) C D. In fact, the absolute
value of the mth summand on the RHS of (1) is majorized by the expression

1 /= "
> Xk Xiey 11 X0 Xky 1~ * X Kby 1] < v} > xixial | -
[ o

keN™
k1 <ky<---<kpm

Hence for x € D one has the estimate
o0
IF®)| < exp( D Ixkxks1l |- (3)
k=1
Furthermore, § satisfies the relation
T =0, ... x) TR — Fxa, - e DXXa FT ), k=1,2,..., (4)

where x € D and T denotes the truncation operator from the left defined on the space of all sequences,
T({xn}o21) = {Xn41}52,. In particular, for k = 1 one gets the rule

F®) = F(TX) = xixF(T°%). (5)
In addition, one has the symmetry property

SX1, X2y ooy Xk—1, Xk) = T (Xies Xk—1, - - -, X2, X1).
If combined with (4), one gets

SX1, %2, o Xkr1) = F(X1, X2, oo, Xk) — XiXkep1 S (X1, X2, ooy Xk—1). (6)

Lemma 2. Forx € D one has

Jim §(T"x) =1 (7)
and
Jm S, Xz, - Xn) = §(X). (8)

Proof. First, similarly as in (3), one gets the estimate

[§(T"%) — 1] < exp( > |XI<XI<+1|> -1

k=n+1
This shows (7).
Second, in view of (4), the difference |g(x) — §(x1, X2, . . ., X,)| can be majorized by the expression
o0 o0
11— ST EXD<Z |XkXk-+1 I) + [XnXn+1| exp (2 > Xy I>.
k=1 k=1
From here one derives the (rather rough) estimate
o o
IF(x) — F(x1. X2, ..., xp)| < 2exp (2 D XX I) > XXt - 9)
k=1 k=n

This shows (8). [

Proposition 3. The function § is continuous on £2(N).
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Proof. If x € £2(N) C D then from (9) one derives that, for any n € N,
1500 — §0n, %, . %) < 2 exp(2[X17) 10— Po_1)x]1®

where Py, stands for the orthogonal projection on £ (N) onto the subspace spanned by the first m vec-
tors of the canonical basis. From this estimate and from the fact that §(x1, X2, . . ., X5) is a polynomial
function the proposition readily follows. [

2.2. Jacobi matrices
Let us denote by 7 an infinite Jacobi matrix of the form
A1 wy
Vi Ay wa

V2 A3 w3

wherew = {wp}2,, v = {vs}52; C C\ {0} and A = {A,}52,; C C. Provided any of the sequences
is unbounded it is reasonable to distinguish in the notation between 7 and an operator represented
by this matrix. Such an operator | need not be unique, as discussed in Section 3.2. Further, by J,, we
denote the nth truncation of 7, i.e.

)\1 wWq
Vi A2 W
= - (10)
Vn—2 Ap—1 Wp—1
Vi1 An
As is well known and in fact quite obvious, any solution {x;} of the formal eigenvalue equation
A1X1 + WiXp = 2X1,  Vk—1Xk—1 + AkXk + WiXpp1 = zxg fork > 2, (11)
with z € C, is unambiguously determined by its first component x;. Consequently, any operator |
whose matrix equals 7 may have only simple eigenvalues.

We wish to show that the characteristic function of the finite Jacobi matrix J,, can be expressed in
terms of 3. To this end, let us introduce the sequences {ykjt}zz1 defined recursively by

+ — —
)/'l = ]1 yk_:»] = Wk/yk and 7/k+] = vl(/yk+s k > 1. (]2)
More explicitly, the sequence {y, };_; can be expressed as
k—1 k—1

_ Vaj _ V2j+1
Va1 = [ 1 s ovm=vi [, k=123,
j=1 W2j—1 j=1 W2

As for the sequence {ykJr}Z:], the corresponding expressions are of the same form but with w being

replaced by v and vice versa. Note that if vy = wy forallk = 1,2,...,n — 1,theny, = y," forall
k=1,2,...,n.
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Proposition 4. Let {yki}E:] be the sequences defined in (12). Then the equality

n -+ —.,+ —.,t+
det(J — zl) = (H(xk—z)) g(yl “WnVa Yo ) (13)

=1 M—2Z Ay—2Z An—2

holds for all z € C (after obvious cancellations, the RHS is well defined even for z = iy).

Proof. Put Ak = M/Vi yk . As remarked in [14, Remark 24] the ]acobl matrix J, can be decomposed
into the product J, = G, ],1G+ where Gi = dlag()/1 , yz oo Vo ) are diagonal matrices, and]n is

a Jacobi matrix whose diagonal equals the sequence ()\1, )»2, ..., Ap) and which has all units on the
neighboring parallels to the diagonal. The proposition now readily follows from this decomposition
combined with (2). O

Moreover, with the aid of (13) and using some basic calculus from linear algebra one can derive the
following formula for the resolvent.

Proposition 5. The matrix entries of the resolvent R,(z) = (Jo — zI,) ™', withz € C \ spec(J,), may be
expressed as (1 <i,j < n)

max(i,j) -1
Ri@ij=—Gh| [ @—w (14)
I=min(i,j)
_ in(i,j)—1 _ _ -1
)‘l 1=1 M= Z ) |max(i,j)+1 M=2Z ]
where
]_[l i le lfl <j7
Q@ j) =11, ifi=j,
[ v, ifi>].

In the remainder of the paper we concentrate, however, on symmetric Jacobi matrices withv = w,
i.e. we put

A1 Wy
wy Ay W

Wy A3 w3

where A = {A;}72; C Cand w = {w,}32 i c C\ {0}. In that case some definitions introduced
above simplify. First of all, one has y,, = )/k = Yk where

k—1 Woi k—1 Wajt1
j j
va—1 =[] — vae =wr ] —, k=1,2,3,....
=1 W2j—1 =1 W2

Then Yy Vk+1 = W.
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2.3. More on the function §

In [14] one can find two examples of special functions expressed in terms of §. The first example is
concerned with the Bessel functions of the first kind. In more detail, for w, v € C, v ¢ —N, one has
Notice that jointly with (3) this implies

2
. (16)
In the second example one shows that the formula
k=1
=1

v
v o
w
exp (Z
00 tm(Zm—l)WZm
holds fort, w € C, |t| < 1.Here g¢ is the basic hypergeometric series (also called q-hypergeometric

hEw)| <

w w >
Jo@w) = rv+1 S(’ % +k]k:1)' (15)
_w
rv+1) =1 w+kWw+k+1)
k=1, 1% ) _ _\m _ L0 12 2
F({ew) )_1+mz< D A T — e —wh) (7)

series) being defined by
pibian=> T
oo = (@ Dr(b: @
and
k—1 ‘
@ae=[](1-ad), k=0,1,2,...,
j=0

is the g-Pochhammer symbol; see [8] for more details.
In this connection let us recall one more identity proved in [14, Lemma 9], namely

up § (uz, us, oo u) § (Vi, Vo, e V) — Vi S (U, Uz, o, ) § (V2L V3, L, V)
n j—1

= > TTwwvie ) (w5 = vi) § (Wiers i, - s n) § Vi, Vigas s ) -
i=1 \k=1

For the particular choice
w w

U = —"7, Vk = , 1 <k<n,
u—+k v+ k

one can consider the limit n — oo. Using (15) and (16) one arrives at the equation

n—=v &
JuCw)]y412w) — Ju+1w)), 2w) = W 21u+j(zw)]v+j(zw)- (18)
=

Definition (1) can naturally be extended to more general ranges of indices. For any sequence
(ndnzn, N1 N2 € Z U {—00, +00}, Ny < Np + 1, (if Ny = No + 1 € Z then the sequence is
considered as empty) such that

Ny—1
> Ixeqal < 00
k=N

one can define

o0
N
5({Xk}kiNl) =14+ 2. (=D" D XX +1XXk+1 - - - X Xknt1
m=1 kEI(N],Nz,m)
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where
I(N1, Ny, m) = {k eZ™ kj+2 < kj-H for1 <j<m—1, Ny <kq, kp, < Nz}.

With this definition one can generalize the rule (4). Now one has

F(tadizn,) = S ((xediow, ) §((xdizngr) — xnxnss F(Iadimy, ) S (2, (19)

provided n € Z satisfies Ny < n < N».
This extension also opens a way for applications of the function § to bilateral difference equations.
Suppose that sequences {w,}°° _  and {n}2 _ . are such that wy, # 0, £ # O for all n, and

00 2
Wi

< OQ.
CkCk+1

k=—o00
Consider the difference equation
Wnllnt1 — nlln +Wp_qy—1 =0, n € Z. (20)

Define the sequence {Py},c7 by Po = 1 and P11 = (Wy/Eny1)Pr for all n. Hence

n 0
Wk—1 k
P":H " forn>0, Po=1, P,= H Sk forn < 0.
k=1 k k=n-+1 Wi—1

The sequence {y,}nez is again defined so that 1 = 1 and y;yn+1 = wy, for all n € Z. Hence

k—1 Woi k—1 Wait
) ]
Vzkf'l = H ’ V2k=W1 H ’ forl<:152739"'7
j=1 W2j-1 j=1 W2

and

0 Woj—1 0 W2j
j— j

7/2/<—1=|| —, VszWlH —, fork=0,—-1,-2,....
j=k "2 j=k W2j+1

Then the sequences {fn},c7 and {gn},ez,

ykz = 1 H ykz }HT
n = Pn - y &= - s 21
J S(H Ck ]k:n—H) & Wn—1Pn—1 S( Sk k=—00 =

represent two solutions of the bilateral difference equation (20).
For two solutions u = {up},cz and v = {v;},c7 of (20) the Wronskian is introduced as

W(u, v) = wy (UnVpe1 — Unp1Vn) -

As is well known, this is a constant independent of the index n. Moreover, two solutions are linearly
dependent iff their Wronskian vanishes. For the solutions f and g given in (21) one can use (19) to
evaluate their Wronskian getting

2700
a7 )

One may also consider an application of a discrete analog of Green’s formula to the solutions (21)
[2]. In general, suppose that sequences {uy, } 72 and {v,}2 ; solve respectively the difference equations

Wallng1 — & Un 4+ Woqln—1 = 0, WaVppr — §PVn + Wyoqvp1 =0, neN. (22)
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In that case it is well known and easy to check that

n
1 2
> (Cj( ) §( )) ujv; = wo (UgV1 — U1vo) — Wy (UnVnt1 — Unt1Vn) - (23)
j=1

Proposition 6. Suppose that the convergence condition

< | wi
— | < 0
k=1 CkCk+1

is satisfied for the both difference equations in (22). Moreover, assume that

Wz 2
sup ﬁ < oo and sup TG
n>1 | gV end n>1 g )§é+)1

Then the corresponding solutions fV, f@ from (21) fulfill
o
1 D\ (1) (2 1,2 1,2
Z (gj( ) é-j( ))];( )];-( ) Wo (fO( )f( ) fl( )fO( )) ) (24)
=1
Proof. In view of (23) it suffices to show that
. 1) £(2) - 1) £(2
Jim wof VR = lim wafy L2 = 0. (25)

By the convergence assumption, for all n > ng one has

1 1 1 @),
wal < Syl lgl, twal < 2161624

Using (3), after some straightforward mampulatlons one gets the estimate

2 2 2

‘an(l)f(Z) ‘<2 2(n—ng) exp<§: W ) 1"—01 W4
1 1 2 2 1 2
k=1 §()§k(+)1 f()Ck(+)1 k=1 C()C()
[wy|
X1t G 12—
{n §n+1

This implies (25). O

In the literature on Jacobi matrices one encounters a construction of an infinite matrix associated
with the bilateral difference equation (20) [15, Section 1.1], [9, Theorem 1.2]. Let us define the matrix
J with entries J(m, n), m, n € Z, so that for every fixed m, the sequence u, = J(m, n), n € Z, solves
(20) with the initial conditions J(m, m) = 0,3(m, m+ 1) = 1/wp,.

Using (6) one verifies that, form < n,

~ 1 (g Vi1 Ve i
o= L (@)oY,
Wm \j=m+1 Wi Cmt1 Cmi2 Cn—1

Moreover, it is quite obvious that, for all m, n € Z,

J(m,n) = (UmVn — Vinlp) ,

w(u, v)
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where {uy}, {v,,} is any couple of independent solutions of (20). Hence the matrix J is antisymmetric.
It also follows that, Vm, n, k, £ € Z,

J(m, k)J(n, £) —J(m, O)F(n, k) = J@m, m)J(k, £).

Example 7. As an example let us again have a look at the particular case where w, = w, ¢, =v +n
foralln € Z andsomew, v € C,w # 0,v ¢ Z. One finds, with the aid of (15), that the solutions (21)
now read
fo= T+ DW yin(2w) COT oy ow)
=TI(v w w), = ——w']_,_,Cw).
" vn = Gn@wrv+1) vn
Hence the Wronskian equals

Tw

W(f,g) =

sin(v) n=-—o00

(—y W)yt (2W) — o1 W) (2w)) = 3([ | )
Recalling once more (15) we note that the RHS equals

o0 X (-D" T'(v—=N-+1
N—o0 v—N+nlp=1 N—oo = n! T(w—N+n+1)

Thus one gets the well known relation [1, Eq. (9.1.15)]

sin(rv)
Jo+1@w)J—y 2w) + ], Cw)J—y—1(2w) = — P (26)

Concerning the matrix J, this particular choice brings us to the case discussed in [ 14, Proposition 22].
Then the Bessel functions Yy, (2w) and J,+, (2w), depending on the index n € Z, represent other
two linearly independent solutions of (20). Since [1, Eq. (9.1.16)]

2
h+1@Y(2) = [h(@Yy41(2) = —
mz
one finds that

Jm, n) =1 (Yo QW) CW) — o QW) Vg Cw)) .

Moreover, forc = m 4 pand k = n — m > 0 one has

I'(c +k) w ¥
Jo+k (W) Ys 2w) — Jo W)Yo 1k (2w) = AWk (o + 1) § o :
j=1

Finally, putting g“rf]) =pn+n, {n(z) =v+nandw, = w,Vn € N, in Eq. (22), one verifies that (24)

holds true and reveals this way once more the identity (18).

3. A class of Jacobi operators with point spectra
3.1. The characteristic function

Being inspired by Proposition 4 and notably by Eq. (13), we introduce the (renormalized) charac-
teristic function associated with a Jacobi matrix /7 as

v |7
Fi(2) := S([ . ”_ z} ) (27)
n n=1
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It is treated as a complex function of a complex variable z and is well defined provided the sequence in
the argument of § belongs to the domain D. Let us show that this is guaranteed under the assumption
that there exists zg € C such that

00 W2

> n 0. (28)

<
o1 n — 20) (Anp1 — 20)

For & = {A,}52, let us denote
Cl:=C\ {An; n € N}.
Clearly,
{dn; n € N} = {Ay; n € N} Uder())

where der(A) stands for the set of all finite accumulation points of the sequence A (i.e. der(A) is equal
to the set of limit points of all possible convergent subsequences of A).

Lemma 8. Let condition (28) be fulfilled for at least one zg € (Cé. Then the series

w2

> ! (29)

=1 A —2)(Apy1 — 2)

converges absolutely and locally uniformly in z on (Cé. Moreover,

vé |~ v |
Vze(Ck,[ k ] eD and nlgrg()%’(' k ] )ZFJ(Z), (30)

Ak —2Z k=1 Ak —2Z k=1

and the convergence is locally uniform on CS. Consequently, F 7(z) is a well defined analytic function on (CS.

Proof. Let K C CJ be a compact subset. Then the ratio

An — Z zZ—1z
[An 0|<1 | ol
[An — 2] [An — 2]

admits an upper bound, uniform in z € K and n € N. The uniform convergence on K of the
series (29) thus becomes obvious. Moreover, the absolute convergence of (29) means nothing but

W2/ -o} " ep.

The limit (30) follows from Lemma 2. Moreover, using (30) and also (6), (3) one has

)/,2 n )’,2 l 7/12 I+1
‘S(H M — ZL:]) R < 2 S([ Mk _Z}k:1> - S([ Ak _z}k:l)

I=n
00 WZ 00 W2

< Z l exp z k )
I=n ()‘l - Z) ()\lJr] - Z) k=1

(A — 2) (kg1 — 2)

From this estimate and the locally uniform convergence of the series (29) one deduces the locally
uniform convergence of the sequence of functions (30). [

By a closer inspection one finds that, under the assumptions of Lemma 8, the function F 7(z) is
meromorphic on C \ der(A) with poles at the points z = A, for some n € N (not belonging to der(}),
however). For any such z, the order of the pole is less than or equal to r(z) where
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00
r(z) == Z 8z,
k=1

is the number of members of the sequence A coinciding with z (hence r(z) = 0 forz € (Cé). To see
this, suppose that r(z) > 1 and let M be the maximal index such that Ay, = z. Using (4) one derives
that, foru € C§,

ve " o
FJ(U) - g([Arl_lJ],l:]) S([w]n=M+l)
ol )
An—ul, ;) W=2)(Ay1 —u) An = Uy

The RHS clearly has a pole at the point u = z of order at most r(2).

3.2. The Jacobi operator ]

Our goal is to investigate spectral properties of a closed operator J on £2(N) whose matrix in
the canonical basis coincides with 7. Unless the Jacobi matrix determines a bounded operator, there
need not be a unique way how to introduce J, however. But among all admissible operators one may
distinguish two particular cases which may respectively be regarded, in a natural way, as the minimal
and the maximal operator with the required properties; see, for instance, [3].

Definition 9. The operator J.x is defined so that
Dom(Jmax) = {y € £(N); Jy € L2(N)},

and one sets Jmaxy = Jy, Yy € Dom Jmax. Here and in what follows Jy is understood as the formal
matrix product while treating y as a column vector. To define the operator Jmin one first introduces the
operator] so that Dom(j) is the linear hull of the canonical basis, and again jy = Jy forally € Dom(j).
J is known to be closable [3], and Jmin is defined as the closure of J.

One has the following relations between the operators Jmin, Jmax and their adjoint operators [3,
Lemma 2.1]. Let 7 de51gnates the ]acobl matrix obtained from 7 by taking the complex conjugate of
eachentry. Then ] = ]max, Jomox = ]mm In particular, the maximal operator |y i a closed extension
of Jmin. It is even true that any closed operator ] whose domain contains the canonical basis and whose
matrix in this basis equals 7 fulfills Jmin C J C Jmax. Moreover, if 7 is Hermitian, i.e. 7 = J (which
means nothing but 7is real), then J %, = Jmax O Jmin- Hence Juin is symmetric with the deficiency
indices either (0, 0) or (1, 1).

We are primarily interested in the situation where Jhin = Jmax Since then there exists a unique
closed operator J defined by the Jacobi matrix 7, and it turns out that the spectrum of J is determined
in a well defined sense by the characteristic function F(z). If this happens .7 is sometimes called
proper [3].

Let us recall more details on this property. We remind the reader that the orthogonal polynomials
of the first kind, p,(z), n € Z., are defined by the recurrence

Wl’l—lpn—z(z) + ()\'n - Z)pn—l(z) + Wnpn(z) = Oa n= 27 33 47 R}

with the initial conditions po(z) = 1,p1(z) = (z— A1)/w;. The orthogonal polynomials of the second
kind, g, (z), obey the same recurrence but the initial conditions are qo(z) = 0, q1(z) = 1/wy; see
[2,4]. It is not difficult to verify that these polynomials are expressible in terms of the function § as
follows:

nz—A 2"
@ =[] . %( i , n=012...,
k=1 Wk M=z
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1 nz—A 2 "
m@=—|]] . S([ Y ] ) n=1,273....
Wi \k=2 Wk M=z,

The complex Jacobi matrix 7 is called determinate if at least one of the sequences p(0) =
{Pn—1(0)}22, or q(0) = {ga—1(0)}32, is not an element of ¢?(N). For real Jacobi matrices there
exits a parallel terminology. Instead of determinate one calls 7 limit point at +o0, and instead of in-
determinate one calls 7 limit circle at +o00, see [15, Section 2.6]. According to [16, Theorem 22.1], Jis
indeterminate if both p(z) and q(z) are elements of £ for at least one z € C, and in this case they are
elements of ¢2 for all z € C. For a real Jacobi matrix .7one can prove that it is proper if and only if it is
determinate (or, in another terminology, limit point), and this happens if and only if p(z) ¢ £2(N) for
some and hence any z € C \ R; see [2, Section 4.1] or [15, Lemma 2.16].

For complex Jacobi matrices one can also specify assumptions under which Jiin = Jmax. In what
follows, p (A) designates the resolvent set of a closed operator A. Concerning the essential spectrum, one
observes that spec,q (Jmin) = SPeCess Jmax) [3, EQ. (2.10)]. Hence if p (Jmax) 7# ¥ then spec,e(Jmin) 7#
C. Moreover, in that case 7 is determinate [3, Theorem 2.11(a)] and proper [3, Theorem 2.6(a)]. This
way one extracts from [3] the following result.

and

Theorem 10. If p (J;max) 7 9 then Jmin = Jmax-
3.3. The spectrum and the zero set of the characteristic function
Let us define
3() = [z € C\ der(h); lim (u — 2 PF(u) = o] . (31)

Of course, 3(7) N Cé‘ is nothing but the set of zeros of F7(z). Further, for k € Z andz € C \ der(A)
we put

£(z) = lim (u — 2)"@ ﬁ Wi Vo[ n® 17 (32)
T =1 U= M=)/

where one sets wg = 1. Either denote by M = M, the maximal index, if any, such that z = Aj; or put
M = 0 otherwise. One observes that for k > M,

k k -1 v 2 100
Ee(2) = [ wi-t ( [1c- M)) s( l ) (33)
=1 AM—2Z

=1 I=k+1
M#z

Proposition 11. Let condition (28) be fulfilled for at least one zg € (Cé‘. If
= [i _ @ _
§0(2) = lim (u—2)@Fy(u) = 0

forsome z € C \ der(}), then z is an eigenvalue of Jimqx and

£(2) == (51(2), 62(2), §3(2), .. )
is a corresponding eigenvector.

Proof. Using (5) one verifies that if £(z) = 0 then the column vector £(z) solves the matrix equation
JE(z) = zE(z). To complete the proof one has to show that £ (z) does not vanish and belongs to £2(N).
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First, we claim &;(z) # 0. Suppose, on the contrary, that £(z) = 0. Then the formal eigenvalue
equation (which is a second order recurrence) implies £(z) = 0. From (33) it follows that

2 o0
(] )=
M=Z 44

forall k > M = M,. This equality is in contradiction with (7), however.
Second, suppose z ¢ der(A) is fixed. By Lemma 8, there exists N € N, N > M, such that

[W2| < [An — zl|Anp1 — 21/2, Vn = N

Let us denote

N N
C=ITwial® TT 1z = nl72
=1 =1
)LI#Z
Using also (3) one can estimate

o0
> l&@)1* = Z H|wl 12 H |z — M| 2
k=N k=N I=1 )\;&z
1
sz

Ak —2) (A1 — 2)

Since |Ay — z| > t forall k > M and some t > 0, the RHS is finite. [

2

)

Further we wish to prove a statement converse to Proposition 11. Our approach is based on a formula
for the Green function generalizing a similar result known for the finite-dimensional case; see (14).

(1)

)i e

k=N I=N+1

Z— M1
Z—)»l

o0
< Cexp(z >

k=N+1

Proposition 12. Let condition (28) be fulfilled for at least one zg € (Cé. Ifz € C\ der(A) does not belong
to the zero set 3(7) then z € p(Jmax) and the Green function for the spectral parameter z,

Gz i,j) = (ei, max —2)'¢), i,j €N,
(a matrix in the canonical basis) is given by the formula

max(i,j)

1 w,
Gz i,j)) = ——— H l .
Wmax(i) \j=min(ij) 2~ M

e M (= R L (=
M=z M= Z ) | max(i j)+1 M=)

In particular, for the Weyl m-function one has

el _ 1 i > 1° Y
me) = oE T = M —z S([ Al _Z]lzz)g([ Al _Z]l=1) . %)

Proof. Denote by R(z); ; the RHS of (34). Thus R(z) is an infinite matrix provided its entries R(2); j,
i,j € N, make good sense. Suppose that a complex number z does not belong to 3(J) U der(A). By
Lemma 8, in that case the RHS of (34) is well defined. By inspection of the expression one finds that
this is so even if z happens to coincide with a member A of the sequence A not belonging to der(}), i.e.
the seeming singularity at z = Ay is removable. For the sake of simplicity we assume in the remainder
of the proof, however, that z does not belong to the range of the sequence A. The only purpose of this
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assumption is just to simplify the discussion and to avoid more complex expressions but otherwise it
is not essential for the result.

First let us show that there exists a constant C, possibly depending on z but independent of the
indices i, j, such that

IR(2)i;| < 271 vijeN, (36)
To this end, denote

T =inf{|z — Ay|; n € N} > 0.
Assuming (28), one can choose ny € N so that, for all n > ny,

wal® < |An — 2| [Ang1 — 2I/4. (37)
Let us assume, for the sake of definiteness, that i < j. Again by (28) and (3),

(el ol o]

for all i, j. It remains to estimate the expression

< G,

1 !

[ — 2]

wi

. 38
= M2 o)

We distinguish three cases. For the finite set of couples i, j,i < j < ng, (38) is bounded from above
by a constant C,. Using (37), if i < ng < j then (38) is majorized by

Ang — 2 1w

G <Gt V2| hyy — 2|12 27T F 0,

)\.j—Z I

=ngp

Similarly, if ng < i < j then (38) is majorized by 12797, From these partial upper bounds the
estimate (36) readily follows.

From (36) one deduces that the matrix R(z) represents a bounded operator on £2(N). In fact, one
can write R(z) as a countable sum,

R@2) = D R(zs), (39)

seZ

where the matrix elements of the summands are R(z; s);; = R(2);jifi —j = sand R(z;s);j = 0
otherwise. Thus R(z; s) has nonvanishing elements on only one parallel to the diagonal and

IR(z; s)|| = sup{|R@)j|; i —j=s} < C27¥,

Hence the series (39) converges in the operator norm. With some abuse of notation, we shall denote
the corresponding bounded operator again by the symbol R(z).
Further one observes that, on the level of formal matrix products,

@ —2R@) =R@OIT—-2) =1
The both equalities are in fact equivalent to the countable system of equations (with wg = 0)
Wk—1G(z; i, k — 1) + (Ax — 2)G(z; i, k) + wiG(z; i, k + 1) = 6i, i, ke N.

This can be verified, in a straightforward manner, with the aid of the rule (4) or some of its particular
cases (5) and (6). By inspection of the domains one then readily shows that the operators J,x — z and
R(z) are mutually inverse and soz € p (Jmax). O
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Corollary 13. Suppose, in addition to the assumptions of Proposition 12, that |A,| — ocoasn — oQ.
Then der(A) = ¥ and for every z € C\3(J), the resolvent (Jymax — 2) " is compact.

Proof. Keeping the notation from the proof of Proposition 12, suppose |A,| — 0o asn — 00, and
z € C\ 3(9).Thenitreadily turns out that the estimates may be somewhat refined. In particular, (38)
is majorized by

A — Z|71/2|)\j _ Z|71/2 9+

for ng < i < j. But this implies that R(z; s);; — 0 asi,j — oo, withi — j = s being constant. It
follows that the operators R(z; s) are compact. Since the series (39) converges in the operator norm,
R(z) is compact as well. [J

Corollary 14. If condition (28) is fulfilled for at least one zy € (C())‘ then
spec(Jmax) \ der(A) = spec,(Jmax) \ der(1) = 3(D.
Proof. Propositions 11 and12 respectively imply the inclusions

3(J) C specy(Jmax) \ der(), spec(max) \ der(2) C 3(J).
This shows the equality. O

Theorem 15. Suppose that the convergence condition (28) is fulfilled for at least one zy € (Cé and the
function F7(z) does not vanish identically on (Cé. Then Jmin = Jmax =: J and

spec()) \ der(i) = spec,()) \ der(2) = 3(J). (40)

Suppose, in addition, that the set C\ der(A) is connected. Then spec(J) \ der()) consists of simple eigen-
values which have no accumulation points in C \ der(}).

Proof. By the assumptions, C\ (der(1)U3(7)) # @.From Proposition 12 one infers that o (Jmax) 7% 9.
According to Theorem 10, one has Jin = Jmax. Then (40) becomes a particular case of Corollary 14.
Let us assume that C\ der(}) is connected. Then the set (Cf)\ is clearly connected as well. Suppose
on the contrary that the point spectrum of | has an accumulation point in C \ der(A). Then, by equality
(40), the set of zeros of the analytic function F7(z) has an accumulation point in C \ der(}). This
accumulation point may happen to be a member A, of the sequence A, but then one knows that F 7(z)
has a pole of finite order at A,. In any case, taking into account that (Cé is connected one comes to the

conclusion that F7(z) = 0 everywhere on C?%, a contradiction. [
Remark 16. Theorem 15 is derived under two assumptions:

(i) The convergence condition (28) is fulfilled for at least one zg € (Cé‘.
(if) The function F 7(z) does not vanish identically on (Cé.

But let us point out that assumption (ii) is automatically fulfilled if (i) is true and the range of the
sequence A is contained in a halfplane. This happens, for example, if the sequence A is real or the
sequence {Re A,}2 ; is semibounded. In fact, let us for definiteness consider the latter case and suppose
thatRe X, > ¢, Vn € N.Then (—o0, ) C (Cé‘ and 1/|A, — z| tends to 0 monotonically for all n as
z — —o0o. Similarly as in (3) one derives the estimate

o

o0

[F7(z) — 1] < EXD(Z

n=1

Wn

(A —2) (A1 — 2)
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It follows that lim,—, _ F7(z) = 1. Notice that in the real case, the function F7(z) can identically
vanish neither on the upper nor on the lower halfplane.

Corollary 17. Let 7 be real and suppose (28) is fulfilled for at least one zy € (Cé. Then Jmin = Jmax = J 1S
self-adjoint and spec(J) \ der(X) = 3(J) consists of simple real eigenvalues which have no accumulation
points in R \ der(A).

Proof. Some assumptions in Theorem 15 become superfluous if 7 is real. As observed in Remark 16,
assuming the convergence condition the function F 7(z) cannot vanish identically on (Cé‘. The operator
J is self-adjoint and may have only real eigenvalues. The set C \ der(A) may happen to be disconnected
only if the range of the sequence X is dense in R, i.e. der(1) = R. But even then the conclusion of the
theorem remains trivially true. OJ

Let us complete this analysis by a formula for the norms of the eigenvectors described in Propo-
sition 11. In order to simplify the discussion we restrict ourselves to the domain (CS. Then instead of
(32) one may write

Eu(2) = ﬁWH 3 n " zeCh keZ (41)
¢ N zZ— M\ A —z ’ 0 +

=1 I=k+1

This is in fact nothing but the solution f, from (21) restricted to nonnegative indices.

Proposition 18. Ifz € (C% satisfies (28) then the functions &, (z), k € Z., defined in (41) fulfill

> E(2)? = £ (2)E1(2) — E(2)E (). (42)

k=1

Particularly, if in addition Jis realand z € R N (Cf)‘ is an eigenvalue of | then £(z) = (&(2))2, isa
corresponding eigenvector and

IE@I? = &@)&1@). (43)
Proof. Put gj(” =
applicable toj;»(l) = Ej(z),fj(z) =&j(y),j € Z4.Hence (wg = 1)

zZ—Aj, 9(2) =y —Aj,j € N,inEq.(23), wherez,y € Cé. Then Proposition 6 is

z—y) D &@&©Y) =& @& W) — §@& ).

k=0
Now the limit y — z can be treated in a routine way. [

Corollary 19. Suppose 7 is real and let condition (28) be fulfilled for at least one zg € (Cf;. Then the
function F7(z) has only simple real zeros on (Cé.

Proof. Supposez € (Cé isazero of F7(z),i.e. F7(z) = &y(z) = 0.Then z is a real eigenvalue of ] where
J = Jmax = Jmin is self-adjoint, as we know from Corollary 17. Moreover, by Proposition 11, £(z) # 0
is a corresponding real eigenvector. Hence from (43) one infers that necessarily §;(z) # 0. O

4. Examples
4.1. Explicitly solvable examples of point spectra

In all examples presented below the Jacobi matrix 7is real and symmetric. The set of accumulation
points der(}) is either empty or the one-point set {0}. Moreover, condition (28) is readily checked to
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be satisfied for any zg € C \ R. Thus Corollary 17 applies to all these examples and may be used to
determine the spectrum of the unique self-adjoint operator ] whose matrix in the canonical basis equals
J (recall also definition (31) of the zero set of the characteristic function). In addition, Proposition 11
and Eq. (32) (or (41)) provide us with explicit formulas for the corresponding eigenvectors.

Example 20. This is an example of an unbounded Jacobi operator. Let A, = na, where « € R\ {0},
and w, = w > O foralln € N. Thus

a w
w2a w

w 30 w

One has der(A) = @ and spec(J) = 3(J). Using (15) one derives that

(O (e O I ) I (R TR €

forr € Z . 1t follows that

2w

spec(J) = {z eR; ]_Z/a(—) = O] . (44)
o

For components of corresponding eigenvectors v(z) one obtains

2
V(@) = (—1)%_2/&(;””), keN.

Let us remark that the characterization of the spectrum of J, as given in (44), was observed earlier
by several authors, see [10, Section 3] and [13, Theorem 3.1]. We discuss in more detail solutions of the
characteristic equation J_,(2w) = 0 below in Section 4.3.

Further we describe four examples in which the Jacobi matrix always represents a compact operator
on £2(N).In the first two of them we make use of the following construction. Let us fix positive constants
¢, and B. For n € Z we define the c-deformed number n as

n—1
[nle =D ¢
i=0

Hence [n]. = (c" — 1)/(c — 1) ifc # 1 and [n]. = n for ¢ = 1. Notice that
[n+m—1]c —[n—1]
[m]c

As for the Jacobi matrix .7, we put

1
Am=———, Wy=BJAn—Any1, n=1,2,3,.... (46)
o+ [n—1]

Condition (28) is readily verified, for example for zg < O.

=[nlc—[n—1], Vn,meN. (45)

Proposition 21. Let Jbe defined by (46) for somec > 1and «, B > 0. Then forallr € Z,

yz 0 00 p2s S 7 -1
(=] )25 n00-0)
An — 2 n=r+1 S=ZO z ll;[l Arti
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Proof. We claim that

o0 o0 o0
ki=r ky=ki+2 ks=ks_1+42
2 2 2
x qu sz . Wks
Ay =D Aey1 —2) Ay, =D (Aiyp1 — 20 (Mg — 2 (Agg1 — 2)

_ EV gy ( : (1— : ))_1 48
S (- (48)

holds for every r, s € N. In fact, to show (48) one can proceed by mathematical induction in s. The
case s = 1 as well as all induction steps are straightforward consequences of the equality

w2 s—1 Z —1
J il 1 —
(Aj —2)(Ajy1 — 2) ,1;[1 ([l] ( Ajtitt ))

_ _ﬂ; (E([”CG i ))_l - iljl([i]c(l - A;))_l),

withs = 1, 2, 3, ..., which in turn can be verified with the aid of (45). Identity (47) follows from (48)
and definition (1). O

Example 22. In (46), let us put ¢ = 1 and ¢ = 1 while f is arbitrary positive. Then A, = 1/n,
wp, = B//n(n+1),foralln € N, and so

1 B/V2
B/N2 1/2 B/V6
B/N6 1/3 B//12

One finds that
2 oo oo 2s S 2
Y B 1 1. B
= — = R|k+1—- -5
g({kn—z] ) Zs!zS-Hl—(kH)z °‘(<+ z 2

n=k+1
7 k—1/z 1 28
= (ﬂ) F(k +1-— z)]k—l/z<z), (49)

with k € Z, see [1, Eq. (9.1.69)]. Then
n(z\ " 2B
Fg(z) = F(l - ;) (,3) J]/Z(Z)

2p
spec()) = ’z € R\ {0} ]1/2(2) = 0] U {0}.

For components of corresponding eigenvectors v(z) one has

2
vk(z) = \/E.]k—l/z(f)v k € N.

and
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Example 23. Now we suppose in (46) thatc > 1andputo = 1/(c—1).Then A, = (c—1)c "1 and
wyp = B(c— l)c_l/zc(_'”‘l)/z. In order to simplify the expressions let us divide all matrix elements
by the term ¢ — 1. Furthermore, we also replace the parameter 8 by ,3c1/ 2 and use the substitution

= 1/q, with 0 < q < 1. Thus for the matrix simplified in this way we have A, = ¢"~! and
wy = Bq™D/2 Hence

1 B
_ﬂ qa BJVa
| BVA ¢ By

Eq. (47) then becomes

v 1% Bql2n=3)/4 ro 00 . PO (qr/2 B )25
—_— = T E— - _1
%({ An = Z}n—r+l) SG "=z ) sg(:)( ) @ Ds(@/zDs \ 2

qr qr 2
=o¢1(; Pk Zf ) re L. (50)

Thus we get

1 1 2
spec(J)) = {Z e R\ {0}; (; ; q)oo o¢1(: 24 —fz) = 0} U {0}.

The kth entry of an eigenvector v(z) corresponding to a nonzero point of the spectrum z may be written
in the form

k=1 7 k k k 2
D (k- B q q qB
vi(z) = gD 2>/4( ~iq) op|: —ia. -5 ) keN
Z zZ 00 zZ Z

Further we shortly discuss two examples of Jacobi matrices with zero diagonal and w € £2(N).Such
a Jacobi matrix represents a compact operator (even Hilbert-Schmidt). The characteristic function is
an even function,

ynz o ( 1)m 00 oo [e'9) 5y 5
5 B Z Z2m Z Z T Z Win Wiy = Wi -
n=1

z m=0 ki=1 ky=k1+2  km=km_1+2

Hence the spectrum of ] is symmetric with respect to the origin.

Though 0 always belongs to the spectrum of a compact Jacobi operator, one may ask under which
conditions 0 is even an eigenvalue (necessarily simple). An answer can be deduced directly from the
eigenvalue equation (11). One immediately finds that any eigenvector x must satisfy x,, = 0 and
Xok—1 = (—1)"+1x1/y2k_1 k € N. Consequently, zero is a simple eigenvalue of J iff

> iolkﬂl(wz’ 1) < o0, (51)

k= 1y2k 1 k=1 j=1 W2j

Example 24. Llet A, = Oand w, = 1/J/(n+a)(n+a +1),n € N, where @« > —1 is fixed.
According to (15) one has, for k € Z,

L"z > — 1 * _ a+k %
S({ z }n=k+1)_g([2(a+n) }n:k+l)—l“(a+l<+l)z ]‘Hk(z)'
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Hence
spect) = [z e R\(0); 1 (£) = 0] L 101

The kth entry of an eigenvector v(z) corresponding to a nonzero eigenvalue z may be written in the
form

2
Vi(2) = Va + I<]a+k(;), k e N.

It is well known that for « € 1/2 4+ Z, the Bessel function J,(z) can be expressed as a linear
combination of sine and cosine functions, the simplest cases being

2 2
Jo12@) = \/; cos(2), Ji2(2) = /; sin(z).

Thus for « = £1/2 the spectrum of ] is described fully explicitly. In other cases the eigenvalues of |
close to zero can approximately be determined from the known asymptotic formulas for large zeros
of Bessel functions, see [1, Eq. (9.5.12)].

Example 25. Suppose that 0 < g < 1and put A, = 0, w, = ¢"~ ', n € N. With the aid of (17) one
derives that

ol B
S({”} ) =001 0; ¢ —q¢*z7%), keZy.

z n=k+1
It follows that

spec()) = {z € R\ {0}; 041 0; ¢°, —27%) = 0} U {0}.
The components of an eigenvector v(z) corresponding to an eigenvalue z # 0 may be expressed as
V() = q* VORI 0 (0 0; ¢, —g*272), kel

In this example as well as in the previous one, 0 belongs to the continuous spectrum of J since the
condition (51) is not fulfilled.

Example 26. Finally we give another example of an unbounded Jacobi operator. It is obtained by mod-
ifying Example 23 in which we replace decreasing geometric sequences on the diagonals by increasing
ones. Thus we put 4, = ¢ " and w, = ﬂq_(”_l)/z where again0 < q < 1, 8 > 0. From (50) one
infers that

2 @n-1)/4 1%
g([ = ] ) =3 [131?—1—1] =01 qdzq,—q B, reZy.
An—=2)_riq 2@ "=z )l

Thus one has
spec() = [z € R; (23 D)oo 01 71 0, —9B%) =0}
The kth entry of an eigenvector v(z) corresponding to an eigenvalue z can be written in the form

(@) = ¢ CV4 (B (0" 25 Qo oti(; 625 0, —¢"T1B%), ke N.

4.2. Applications of Proposition 18

Here we apply identity (42) to the six examples of Jacobi matrices described above (though not
in the same order). Without going into details, the final form of the presented identities is achieved
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after some simple substitutions. On the other hand, no attempt is made here to optimize the range of
involved parameters; it is basically the same as it was for the Jacobi matrix in question.

(1) In case of Example 20 one gets

> Jok(®)? = (Ju+1(X) —J(®) = Ju(®) ]v+1(X))

k=1
where x > 0 and v € C. This is in fact a particular case of (18).
(2) In case of Example 22 one gets

> K)oz k(@) = (J @ Jfazﬂ(z) Jaze1(2) Jfaz<z>)

k=1
where@ > 0andz € C.
(3) In case of Example 24 one gets

o0

d
3 (@ + Wasr(2)? = %(]a(z) L@ — Ja+1<z)@a<z>),

k=1
wherea > —1andz € C.
(4) In case of Example 23 one gets

oo

— — _ 2
> q* VD2 (12) (642 D)oo 091G 647 9, —d'12))
k=1

= (4 9o (0451(; z,q, —t2*) o1 (: 42: 4. —qtz*)
2 d 2
+2(z = 1)(0$1G az: 0, —qtz”) S )

2 d 2
= 001G 2 q, —tz°) — 01 (; 42; 4, —qtz )))
dz

where0 < g < 1,t > 0andz € C.
(5) In case of Example 26 one gets

o0
STV (G2 ) 2 o G 6¥2; q, —gF0)?
k=1

d
= (42 0 (o¢1(; 24, =0 01 4z: 4, —g0) + (2 — 1) (001 42: 4. —q0) 5, 001Gz -0
. . d . .
—0$1Gz g, =) 01 gz g, —qt))),

where0 < q < 1,t > 0andz € C.
(6) In case of Example 25 one gets

o0
> gk DEDR2 AT 061059, —¢"2)? = 081G 05 4, —2) 01 (; 0; ¢, —q2)
k=1

d d
+ 22(0</>1 (;0;q,—2) e 091G 05 q, —qz) — 0¢1(; 0: q, —q2) i 091G 0; q, —Z)),

where0 < q < landz € C.
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3 Ag(w)
A9(w)
6 Ag(w)
4 As(w)
2N
— )
w
| 2 E 4 5
_2t Aa(w)
—4r A(w)
_6}

Fig. 1. Several first eigenvalues As(w) as functions of the parameter w for the Jacobi operator ] = J(w) from Example 20, witha = 1.

4.3. A Jacobi matrix with a linear diagonal and constant parallels

Here we discuss in somewhat more detail Example 20 concerned with a Jacobi matrix having a
linear diagonal and constant parallels. For simplicity and with no loss of generality we put @ = 1. Our
goal is to study how the spectrum of the Jacobi operator ] depends on the real parameter w. We treat J
as a linear operator-valued function, ] = J(w). One may write J(w) = L + wT where L is the diagonal
operator with the diagonal sequence 1, = n,Vn € N, and T has all units on the parallels neighboring
to the diagonal and all zeros elsewhere. Notice that ||T|| < 2.

We know that J(w) has, for allw € R, a semibounded simple discrete spectrum. Let us enumerate
the eigenvalues in ascending order as A;(w), s € N. From the standard perturbation theory one infers
that all functions A;(w) are real analytic, with A;(0) = s. Moreover, the functions As(w) are also known
to be even and so we restrict w to the positive real half-axis. In Example 20 we learned that for every
w > 0 fixed, the roots of the equation J_,(2w) = 0 are exactly As(w), s € N. Several first eigenvalues
As(w) as functions of w are depicted in Fig. 1.

The problem of roots of a Bessel function depending on the order, with the argument being fixed,
has a long history. Here we make use of some results derived in the classical paper [5]. Some numerical
aspects of the problem are discussed in [10]. For comparatively recent results in this domain one may
consult [13] and references therein.

In [5] it is shown that

dhs(w) _
dw

00 —1
— (ZW/O Ko (4w sinh(t)) exp (2As(w)t) dt) .

From this relation one immediately deduces a few basic qualitative properties of the spectrum of the
Jacobi operator.

Proposition 27 (M.J. Coulomb). The spectrum {A;(w); s € N} of the above introduced Jacobi operator,
depending on the parameter w > 0, has the following properties.

(i) Foreverys € N, the function As(w) is strictly decreasing.
(ii) Ifr < sthen A,/ (w) < A5’ (w).
(iii) In particular, the distance between two neighboring eigenvalues A1 (W) — As(w), s € N, increases
with increasing w and is always greater than or equal to 1, with the equality only for w = 0.

Let us next check the asymptotic behavior of As(w) at infinity. The asymptotic expansion at infinity
of the sth root x = j;(v) of the equation J,,(x) = 0 reads [1, Eq. (9.5.22)]

js(v) = v =273 4+ O(v_l/3) asv — +00,
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where a; is the sth negative zero of the Airy function Ai(x). From here one deduces that
As(w) = —2w — aswl/3 + O(w_l/3) asw — +o0.

Concerning the asymptotic behavior of A;(w) at w = 0, one may use the expression for the Bessel
function as a power series and apply the substitution, A;(w) = s —z(w),s = 1, 2, 3, .. .. The solution
z = z(w), with z(0) = 0, is then defined implicitly near w = 0 by the equation

mzz“om!l“(m—i—l—s—i—z(w))w =0

The computation is straightforward and based on the relation

1

TCmyg — V™ 2=y @Qm+1D2)+0(2), m=0,1,23,...,

where () is the polygamma function. This way one derives that, as w — 0,

1
W) =1—w?+ 5w4 + o(wﬁ), (52)

1 % 2s
As(W) =s — w™ +
(s—1)ls! s—DE—Dlis+1)!

The same asymptotic formulas, as given in (52), can also be derived using the standard perturba-
tion theory [12, Section II.2]. Alternatively, one may use equivalent formulas for coefficients of the
perturbation series derived in [6,7] which are perhaps more convenient for this particular example.

The distance of s € N to the rest of the spectrum of the diagonal operator L equals 1. The Kato-
Rellich theorem tells us that there exists exactly one eigenvalue of J(w) in the disk centered at s and of
radius 1/2 aslongas |w| < 1/4.The explicit expression for the leading term in (52) suggests, however,
that the eigenvalue A;(w) may stay close to s on a much larger interval at least for high orders s. It turns
out that actually As(w) is well approximated by this leading asymptotic term on an interval [0, ),
with B ~ s/e for s > 1. A precise formulation is given in Proposition 30 below.

Denote by yi(v) the kth root of the Bessel function Y,,(z), k € N. Let us put

_ 1/(2s)
Bs = ((s])‘s') , seN. (53)

T

wst2 4 O(W25+4), fors > 2.

In order to avoid confusion with the usual notation for Bessel functions, the nth truncation of J(w) is
now denoted by a bold letter as J,(w).

Lemma 28. The following estimate holds true:

1 1
Bs < fyl(s_i)’ Vs e N. (54)

Proof. One knows thatv < y;(v),Vv > 0[1,Eq.(9.5.2)], and in particular this is true forv = s—1/2,
s € N. On the other hand, the sequence

b= a0 OER

is readily verified to be increasing, and 1 < ¢4. This shows (54) for all s > 4. The casess = 1, 2, 3 can
be checked numerically. [
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Lemma 29. Denote by x,(w; z) the characteristic polynomial of the nth truncation J,(w) of the Jacobi
matrix J(w). If0 < w < fs for some s € N then z = As;(w) solves the equation
Whs—2(2w)

X2s—1(W; Z) — m X2s—2(w; z) = 0. (55)

Proof. Let{e;; k € N} be the canonical basis in £?(N). Let us split the Hilbert space into the orthogonal
sum

£2(N) = span{eg; 1 < k < 2s— 1} @ span {ex; 2s < k}.

Then J(w) splits correspondingly into four matrix blocks,

B A(w) B(w)
Jw = <c<w> D(w))'

Here A(w) = Jos—1(w),D(w) = J(w) 4 (2s — 1), the block B(w) has just one nonzero element in the
lower left corner and C(w) is transposed to B(w).

By the min max principle, the minimal eigenvalue of D(w) is greater than or equal to 2s — 2w. Since
As(w) < sone can estimate

minspec(D(w)) — As(w) = Aq(w) — As(w) +25s — 1 > s — 2w.

We claim that 0 < w < S implies min spec(D(w)) — As(w) > 0. This is obvious for s = 1. For
s > 2, it suffices to show that S < s/2. This can be readily done by induction in s. Hence, under this
assumption, D(w) — z is invertible for z = Ag(w).

Solving the eigenvalue equation J(w)v = zv one can write the eigenvector as a sumv = x + y, in
accordance with the above orthogonal decomposition. If D(w) — z is invertible then the eigenvalue
equation reduces to the finite-dimensional linear system

A—z—B(D—2"'C)x=0. (56)
( )

One observes that B(D — z) ~1C has all entries equal to zero except of the element in the lower right
corner. Using (35) and (15) one finds that this nonzero entry equals

Was—z (2W)Jas 1 (2w) -
Eq. (55) then immediately follows from (56). O

Proposition 30. Fors € Nand 0 < w < s, with s given in (53), one has

1 ) W
0<s—As(w) < — arcsinf ——— ).
T (s—1)!s!

Proof. We start from Lemma 29 and Eq. (55). Let us recall from [14, Proposition 30] that
s—1 s—k—1
2s—k—1 .
det (Jos—1(W) —s —x) = (=1)°x Z( r )WZk I1 (]2 - xz).
k=0 j=1
Henceifz € R, |z — s| < 1, then

s—1
s wi D) = 1z —s| T] (> = 2 —9)?). (57)
j=1
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Since J_s11/2(x) = (—1)° Ys_1/2(x) it is true that for 2w = y(s — 1/2) one has A;(w) = s —1/2.
Because of monotonicity of A;(w) one makes the following observation: if 2w < y1(s — 1/2) then
s> i(w) =>s—1/2.

By Lemma 28, if w < S5 then 2w < y1(s — 1/2), and so the estimate (57) applies for z = Ag(w).
Using also Proposition 4 to express x2s—2(w; z) one derives from (55) that

22 - A
S @W) || s S( v ) (58)
Jos—1—.2w) [ [2s—1—A \1—X1 2—2A 2s—2— A

where as well as in the remainder of the proof we write for short A instead of Ag(w).
Starting from the equation

A —s| <w

w w w .
S( , A,...):O, with A = Ag(w),

1—-A"2-2"3—
and using (4), (15) one derives that, forall k € Z,
k
w w w (2w
T16-0)§(; 5 5 ) = w2, (59)
1 1—X 2—A k— X J1i—.(2w)
Combining (58) and (59) we get (knowing that 0 < s — A < 1/2 for A = Ag(w))
S ! s 2w)
s—a < wH! A=) [lG+s—n | =———|.
1;[1 jl;{ J1-1.2w)

But notice that, by expressing the sine function as an infinite product,

s—1 s—1 ) B - e .

j=1 j=1 (s 72

=s
Hence
=71 s (2w)
(s =DH% |12 w) |
From (26) one gets, while taking into account that J_; 2w) = 0,

sin(wA) = 7w/, Cw)J1—,. 2w).

sin(m(s —A)) <7

In addition, one knows that

v

1 X
)| < m 5
provided v > —1/2 and x € R [1, Eq. (9.1.62)]. Hence
2w

sin(r(s — 1)) <

(—1DN2TRs+1—MI(A+1)°
Writing A = s — ¢, with 0 < ¢ < 1/2, one has

dlog( ! ):—w(o)(s+;+1)+w<°)(s—;+1)<0.
dc \TFG+¢+DIG—¢+1)

Thus we arrive at the estimate
7'[2W45

sin(rr (s — A))* < (=122
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To complete the proof it suffices to notice that the assumption w < f; means nothing but
wzs/ (s —1)!s!) < 1,and it also impliesthat 0 < s — A < 1/2. O
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their relationship to Jacobi (tridiagonal) matrices. In more detail, the zeros of an appropriate special
function are directly related to eigenvalues of a Jacobi matrix operator, and components of corre-
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of special functions. Particularly, Gard and ZakrajSek reported in [3] a matrix equation approach for
numerical computation of the zeros of Bessel functions; on this point see also [8]. In [7], Ikebe then
showed that the same approach was applicable, too, for determining the zeros of regular Coulomb
wave functions. In practical computations, an infinite tridiagonal matrix should be truncated which
raises a question of error estimates. Such an analysis has been carried out in [9,11].

In [13], the authors initiated an approach to a class of Jacobi matrices with discrete spectra. The
basic tool is a function § depending on a countable number of variables. In more detail, we define
§:D—C,

oo

S(X)—1+Z( l)’”Z Z > XX 1Xk X1 -+ Xy X 415 (1)

ki=1ky=k1+2 km=km_1+2

where the set D is formed by complex sequences x = {x;};2, obeying

oo
D iy | < oo (2)
k=1

For a finite number of variables we identify §(x1,X2,...,x,) with F(x) where x = (x1, X2, ..., X,

0,0,0,...). By convention, we put §(#) =1 where @ is the empty sequence. Notice that the domain
D is not a linear space though ¢2(N) c D.

In the same paper, two examples are given of special functions expressed directly in terms of 3.
The first example is concerned with Bessel functions of the first kind. For w,v € C, v ¢ —N, one has

wy= " w ™ 3
Jv@w) = r(v+1)3<{v+k}k=1>' (3)

Secondly, the formula

tm(2m—1) W2m

ST wh, _”Z(_ " ma—m.aem —oner ) @

holds for t, w € C, |t| < 1. Here g¢; is the basic hypergeometric series (also called q-hypergeometric
series) being defined by

X gkk=1)
o¢1Gb;q,2) =) ————7Z
g (@: Dr(b: D
and
k-1 '
@ Q= 1_[(1 —aq’), k=0,1,2,...,
j=0

is the g-Pochhammer symbol, see [4].

In [14], the approach is further developed and a construction in terms of § of the characteristic
function of certain Jacobi matrices is established. As an application, a series of examples of Jacobi
matrices with explicitly expressible characteristic functions is described. The method works well for
Jacobi matrices obeying a simple convergence condition imposed on the matrix entries which is in
principle dictated by condition (2) characterizing the domain of §.

In the current paper, we present more interesting examples of Jacobi matrices whose spectrum co-
incides with the set of zeros of a particular special function. As a byproduct, we provide examples of
sequences on which the function § can be evaluated explicitly. The paper is organized as follows. In
Section 2 we recall from [13,14] some basic facts needed in the current paper. Section 3 is concerned
with regular Coulomb wave functions. Here we reconsider the example due to Ikebe while using our
formalism. In Section 4 we deal with confluent hypergeometric functions. Here we go beyond the

Please cite this article in press as: F. Stampach, P. Stovicek, Special functions and spectrum of Jacobi matrices, Linear Algebra
Appl. (2013), http://dx.doi.org/10.1016/j.1aa.2013.06.024
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above mentioned convergence condition (see (14) below) which is violated in this example. Section 5
is concerned with g-Bessel functions. This example is particular in that respect that the constructed
second order difference operator is bilateral, i.e. it acts in £2(Z) rather than in £2(N). We first derive
several useful properties of g-Bessel functions and then we use this knowledge to solve the spec-
tral problem for the bilateral difference operator fully explicitly. Finally, another interplay between
special functions, namely g-confluent hypergeometric functions, and an appropriate Jacobi matrix is
demonstrated in Section 6.

2. Preliminaries

Let us recall from [13,14] some basic facts concerning the function § and its properties and possi-
ble applications. First of all, quite crucial property of § is the recurrence rule

F(xide2q) = F(xudpy) — xix2F({(xedpe ) (5)
In addition, §(x1, X2, ..., Xk—1, Xk) = 5 Xk, Xk—1, . . ., X2, X1). Furthermore, for x € D,

lim F({x)e2,) =1 and lim F(x1,x2,.... %) =F(X). (6)

n—oo n—oo

Let us note that the definition of § naturally extends to more general ranges of indices. For any
sequence {xn}r[:’iva N1,Nz € ZU {—00, 400}, Ny < Ny +1 (if Ny = Ny + 1 € Z then the sequence is

considered as empty) such that Z,’:’i;} |XkXk+1| < oo one defines

o0
N
Fh2y,) =T+ D" D Xy Xy 410X 41 -+ Xy Xy 1
m=1 ke€Z(N1,Np,m)

where
I(N1,Na,m) = {k € Z™; kj+2 <kjpq for 1 <j<m—1, Ny <ki, km < N2}.
With this definition, one has the generalized recurrence rule
N N - N
Sz ) = Sy, )F (1) — XXns1 S (0dion, ) B (b2 2) (7)

provided n € Z satisfies Ny <n < Nj.
Let us denote by J an infinite Jacobi matrix of the form

A1 Wi
w1 A2 w3
= wy A3 W3 (8)

where {wy; ne N} c C\{0} and {1;; n e N} c C. In all examples treated in the current paper, the
matrix | determines in a natural way a unique closed operator in £2(N) (in other words, Jmin = Jmax;
see, for instance, [2]). If the matrix is real then the operator is self-adjoint. For the sake of simplicity
of the notation the operator is again denoted by J. One notes, too, that all eigenvalues of J, if any,
are simple since any solution {x} of the formal eigenvalue equation

MX1+WiXa =2X1, Wi 1Xk1 + AMXk + WXy = 2X,  fork > 2, 9)

with z € C, is unambiguously determined by its first component x;.
Let {yx} be any sequence fulfilling yyyk+1 = wi, k € N. If J, is the principal n x n submatrix of J
then

(e vi v 743)
det(Jn zln)_<g(kk Z))S<M—z’kz—z’m’)»n—z' (10)

Please cite this article in press as: F. Stampach, P. Stovicek, Special functions and spectrum of Jacobi matrices, Linear Algebra
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The function § can also be applied to bilateral difference equations. Suppose that sequences
{wn}id _ and {¢n}52 _ o are such that wy, #0, ¢, # 0 for all n, and

o 2

Wi

ke—o0 CkeCk+1

Consider the difference equation

WnXni1 — $nXn + Wn_1Xn-1 =0, neZ. (11)

Define the sequence {Pp}nez by Po =1 and Ppir1 = (Wn/Cn+1)Pn for all n. The sequence {yy}nez is
again defined by the rule ;441 = wy for all n € Z, and any choice of y1 # 0. Then the sequences
{falnez and {gn}nez,

I e (S
n="Pn - ’ n=_— 5 - > 12
f S({ ;k k=n+1 & Wn,173n,] 8" ;k k=—00 ( )

represent two solutions of the bilateral difference equation (11). With the usual definition of the
Wronskian, W(f, g) = Wn(fagn+1 — fa+18n), one has

W(f.2)=3({¥e/tn}re ) (13)

For A = {Mp}52, let us denote (Cé :=C\ {Ay; neN}, and let der(1) stand for the set of all finite
accumulation points of the sequence A. Further, for z € C\ der(}), let r(z) be the number of members
of the sequence A coinciding with z (hence r(z) =0 for z € (Cé). We assume everywhere that (CS #0.

Suppose

oo

2

n=1

wi
(An — z0)(An+1 — 20)

<0 (14)

for at least one zg € Cj. Then (14) is true for all zg € C§ [14]. In particular, the following definitions
make good sense. For k € Z, (Z4+ standing for nonnegative integers) and z € C \ der()) put

NERT r(2) u Wi V[Z *
5(2) = lim (u — 2) Hu—kl 1§ By o) (15)
—k+1

=1

Here one sets wg := 1. Particularly, for z € (Cé, one simply has

k 2 o]
_ Wi_1 Y
w125 (1501 w

(this is in fact nothing but the solution f, from (12) restricted to nonnegative indices). All functions
& (2), k € Z, are holomorphic on (Cé and extend to meromorphic functions on C\ der(), with poles
at the points z = A,, n € N, and with orders of the poles not exceeding r(z). This justifies definition
(15).

The sequence {&(z)} solves the second order difference equation

Wi—1Xk—1 + (Ak — 2)Xk + WiXy1 =0 fork > 2. (17)

In addition, (A1 — 2)&1(2) + w1&2(2) = 0 provided &p(z) = 0. Proceeding this way one can show [14,
Section 3.3] that if £&(z) does not vanish identically on (Cé then

spec(J) \ der(x) = {z € C\ der(1); &(2) = 0}. (18)

Moreover, if z e C\ der()) is an eigenvalue of | then £(2) := (£1(2), £2(2), &3(2), ...) is a corresponding
eigenvector. If J is real and z € ]RO(CS is an eigenvalue then [|£(2)|? = &(2)&1(2). Finally, let us remark
that the Weyl m-function can be expressed as m(z) = —&1(2)/&o(2).
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Lemma 1. For p,r,£ €N, 1 < p <r+1 <, and any £-tuple of complex numbers xj, 1 < j < ¢, it holds true
that

S5 F(x)iop) — S o) S (xYp) ( [1 X1X1+1> (P (X ).
j=

-1

Ifp,reN, 1 <p<r+1,and a complex sequence {xj}j‘?‘:’l fulfills (2) then

3({"]};’:1)3({"1}?117)_S({Xj};:p)g( x]}] 1 ( 1—[ XJXJH) Xﬂ?j)g({xﬂ; r2)-
j=

-1

Proof. Suppose {z]}iifoO is any nonvanishing bilateral complex sequence. In [14, Section 2] it is

shown (under somewhat more general circumstances) that there exists an antisymmetric matrix
J@m,n), m,n € Z, such that

n—1
1
3(m7n): < 1_[ ;)3(2m+],2m+2,...,2n])

j=m+1 7

for m <n, and J(m, k)J(n, £) — J@m, £)J(n, k) = Jm,n)J(k, ¢) for all m,n, k, ¢ € Z. In particular, as-
suming that indices p, r, £ obey the restrictions from the lemma,

JO,r+1DI(p—-1,£4+1) =30, L+DI(p—1,r+1) =3O, p - DIr+1,£+1).

After obvious cancellations in this equation one can drop the assumption on nonvanishing sequences.
The lemma readily follows. O

Lemma 2. Let x = {x;};2 ; be a nonvanishing complex sequence satisfying (2). Then

Fni=3(Ixde2,), neN, (19)
is the unique solution of the second order difference equation

Fy — Fap1 +XnXny1Fpy2 =0, neN, (20)
satisfying the boundary condition limy_, o Fp = 1.
Proof. The sequence {F,} defined in (19) fulfills all requirements, as stated in (5) and (6). It suffices

to show that there exists another solution {G,} of (20) such that lim,_, o G, = oco. If F1 =F(x) #0
then {G} can be defined by G; =0 and

n—2
Gn=(1_[ ! )s({xk};g—f), forn > 2. (21)

XX
k=1 kAk—+1

If F1 =0 then necessarily F, # 0 since otherwise (20) would imply F, =0 for all n which is impossi-
ble. Hence in that case one can shift the index by 1, i.e. one can put G, =0,

n—-2
Gn:(l_[ L )3({Xk}}:_§), forn>3

XX
k=2 kAk+1

(and Gy = —x1x3). In any case, F, is the minimal solution of (20), see [5]. O
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Remark 3. If §(x) =0 then F(x1,x2,...,Xy) tends to 0 as n — oo quite rapidly, more precisely,
n
S(XLXz,...,xn+1)=o<]_[xkxk+1), asn — oo. (22)
k=1

In fact, if §(x) =0 then F, # 0 and the solutions {F,} and {G} defined in (19) and (21), respectively,
are linearly dependent, F, = F»Gp, Vn. Sending n to infinity one gets

n ] n
1=F, lim (1‘[ kak+]>s({xk},< = lim (1‘[ ) F(on) T (ily).

k=1

Xk Xk+1

Now, Lemma 1 provides us with the identity

F(xdiy) S (xahety) — S (et ) S (s l_[XkaH,

and so one arrives at the equation

L
nlerolo<l_[ )5({Xk}z+})3({xk}2=z) =0.

XX
k=1 kAk+1

Since F({x¢}z2,) # O this shows (22).

3. Coulomb wave functions

For x> 1, y € R, put

_ y 1 x2 4 y?
)L(X,y)—m, w(x,y) = a2 _1
and
Ve y) = rdx F(%(x—i—iy—i—l))"

VZx=1rGx+1))| rde+iy)

Then y(x,y)y (x+1,¥) = w(x, y). For u > 0, v € R, consider the Jacobi matrix J = J(u, V) of the
form (8), with

A=A +k,v), wr=w(u+kv), k=1,2,3,.... (23)

Similarly, yx = y (i + k, v). Clearly, the matrix J(u,v) represents a Hermitian Hilbert-Schmidt op-
erator in ¢2(N). Moreover, the convergence condition (14) is satisfied for any zg € C\{0} such that
z0 # A, Yk e N.

Recall the definition of regular Coulomb wave functions [1, Eq. 14.1.3]

oLe=T1/2 |[C(L+1+in)|
I'2L+2)

valid for L € Z4, n € R, p > 0. Let us remark that, though not obvious from its form, the values of
the regular Coulomb wave function in the indicated range are real. But nothing prevents us to extend,
by analyticity, the Coulomb wave function to the values L > —1 and p € C (assuming that a proper
branch of p!*! has been chosen).

As observed in [7], the eigenvalue equation for J(w,v) may be written in the form
F,4_1(—u,z‘1) = 0. Moreover, if z# 0 is an eigenvalue of J(u,v) then the components v,(z), n € N,
of a corresponding eigenvector v(z) are proportional to +/2u +2n — 1FM+n_1(—v,z‘1). Thus, using
definition (24), one can write

FL(n, p) = Pl e P Fy(L+1 —in; 2L + 2; 2ip), (24)
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spec(J(w, W)\{O} = {¢ 71 e 1 Fr(u + iv: 2u; 2i¢) = 0} (25)

and

1y _ — F(utn+iv)| o g i . o
va(¢T) =v2pn+2n-1 TS 0" e Fi(+n+ivi 2+ 2n; 2i7). (26)

Here we wish to shortly reconsider this example while using our formalism.
Proposition 4. Under the above assumptions (see (23)),

(20

_ rG+p-3/i+aord+p+iyi+az
r(wr(w+1)

)€7i§1F1 (W +1iv; 2u; 2i8). (27)

Proof. Observe that the convergence condition (14) is satisfied in this example. For n € N put

_ L}“)
fin 3({)%—(_1 k=n '

and let f,, be equal to the RHS of (27) where we replace p by w +n — 1. According to (5), the
sequence {f1,,} obeys the recurrence rule
fin—finm1+X(@w+n)fins2=0, neN, (28)
where
w(x, V)2
(V) = HOx+1,v) —¢7h
=D +vHE?

X(x) =

= forx> 1.
(4x2 = D((x = Dx = v (X +1) — v8)
Next one can apply the identity
b? —2b+ (2a —b)z

Fila—1;b—2;2) — F1i(a; b;

1Fi(a 2) b —2)b 1F1(a; b; 2)
a(b — a)z>

—————F 1;b+2;2)=0, 29

o712 1a+1,b+2;2) (29)

as it follows from [1, §13.4], to verify that the sequence {f,} obeys (28) as well. Notice that, if
rewritten in terms of Coulomb wave functions, (29) amounts to the recurrence rule [1, Eq. 14.2.3]

L(L+1
Ly (L+ 12 +n?up4q — (2L+1)(77+ %)m +(L+1)/L24+n?u;_1=0,

where u; = F; (1, p).
To evaluate the limit of f;,, as n — oo, one may notice that

lim 1Fi(a+n;b+kn; z) =e?/¥
n—oo

for k #0, and apply the Stirling formula. Alternatively, avoiding the Stirling formula, the limit is also
obvious from the identity [6, Eq. 8.325(1)]

[ee}

1—[<1 N z )= rymry+1 (30)
Pl Y+by+k+D) rd+y-IVi-darig+y+ivi—-4z
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In any case, limy—« f2,n =1 and so, in virtue of Lemma 2, f1, = f2.5, Vn. In particular, for n =1 one
gets (27). O

Proof of formulas (25) and (26). As recalled in Section 2 (see (18)), z=¢~! #0 is an eigenvalue of
J(u,v) if and only if £&(z) = 0 which means nothing but (25). In that case the components &,(z),
n €N, of a corresponding eigenvector can be chosen as described in (15). Note that

n—1 .
_ 'w+n+iv)| 'Cu+1
[Twi=2" 1\/(2M+1)(2M+2n—1)‘ (tntiv)) rep+D
Pl I'(w+1+1iv) | I'2u + 2n)
and that (30) means in fact the equality
1"_"[ 1 TG4 u— 5T+ G+ p+ 3/T+4v2)
1—a(n+kv)z r(re+1) '

k=1

Using these equations and omitting a constant factor one finally arrives at formula (26). O

4. Confluent hypergeometric functions

First, let us show an identity.

Proposition 5. The equation

F@x+y+m ({ VG —a+k+1)) })
k=1

rx+y) x+y+k—DI Gy —a+k)
= nlz/(—)—l_)mlﬂ(a; yvix1Filao—y —m1—y—n;x)

ry-n)ry—-a+n+1) ,.4
- X Fila—y+1;2—y;x)1F1(a;y +n+1;x), (31
o -y +ntl) 1Fi(a—vy yi®iFi(ey ), (31)

is valid for o, y, x € C and n € Z (if considering the both sides as meromorphic functions).
Remark 6. For instance, as a particular case of (31) one gets, for n =0,

1Fi(a vy 01 Fi(e—y;1—y;%)
(y —o)x X
- Fi(a; 1;x)1F — 1;2—y;x)=¢e". 32
y(y—l)l 1y +1L 01 Fila—y + yix)=e (32)

Proof. For «, y and x fixed and n € Z, put

1 1
=—— Fila;n+y;x), =
Pty NNV = R T

Then {¢,} and {y,} obey the second order difference equation [1, Eqs. 13.4.2,13.4.16]

©n U, n+y,x).

m+y —a)xupy1 —+y+x—Nuy+uy,—1 =0, neZ. (33)
Note also that
Ty+1 .
I'(x)
(as it follows, for example, from Eqs. 13.4.12 and 13.4.25 combined with 13.1.22 in [1]). Whence

(@—ynFila;y + 1,00, vy, %) +yviFi(o y; 00U, Yy +1,%) =
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1

x7e*
Fa)ld—o+y)

Yov1 — 1o =

’

and so the solutions ¢, v, are linearly independent except of the cases —«¢ € Z, and ¢ —y e N.
The difference equation (33) can be symmetrized using the substitution

X*Tl
Up= ———Vp.
"“ry—-a+n "
Then wpvpi1 — &V + Wnp—1Vn—1 = 0 where
xn x+y+n—"1xT"
ania n—
'y —a+n) 'y —o+n)

For a solution of the equation yn)n4+1 = wp, Vn, one can take

rGy —a+n+1)
Iy —a+nr Gy —a+n)

Referring to another solution, namely

2yn—1
Vn2;8<{y—k} > withn e N,
Wn—1Pn-1 Sk V=1

using otherwise the same notation as in (12), one concludes that there exist constants A and B such
that

Faty+m ({ V22X (3(y —a +k+1))

Ty —a+n+1) =AI’[ +Bn
Py —a+n+1) (x+y+k—1)1"(%(y—oz+k))}) ¢nt1+ BYni

k=1

for all ne€ Z,. A and B can be determined from the values for n = —1,0 (putting 3({xk}k_:]l) =0,
as dictated by the recurrence rule (7) provided the admissible values are extended to Ny = N, =1,
n = 0). After some manipulations one gets

r'y—-o
— F(y;x)U(a,y +n+1,x
Ty —atniD! 1o y; U, y )
- U, y,x)1F1(a; y +n+1; %)
'ty +n+1)

_ TOIry—olraty+m o, ({ VI Gy o+ k+1) } )
rry—a+n+Hrx+y) X+y+k=DIr Gy —a+k) e/
Recall that

_ Ia-b e TO=D) gy
U(a,b,x)_—F(a_b+l)1F1(a,b,x)+ @ X °1F1(@a—b+1;2—b;x), (34)

whence (31). O

Remark 7. Let us point out two particular cases of (31). Putting o = 0 one gets the identity

n

1 " -0
({ mF(z(y+kl+1>) } )= Fxty) §~Iy+n=j,; (35)
x+y+k—1DI' Gy +k) Fx+y+n r'(y)

k=1 1:0

and for ¢ = —1 one obtains
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({ V2xI 3y +k+2)) }” )
x+y+k—DIr Gy +k+1) )iz

n

r'x+vy) ZF(VJrn—j)

_ TP
Fotyim e rotn v Im-DK (38)

j=0

Let us sketch a derivation of (36), Eq. (35) is simpler. Substitute —1 for @ and y +n for y in (32),
and put

ry+n-1) _

Bp=—",—— "x""Fi(—y —n:2 —y;X).

n y—x+n 1Fi(=y Vi X)
Then

r n+1
Buy1 — By = y+n+1) x 1 1eX,
(y —x+m(y —x+n+1)

Whence

n+1

r j ;
Bui1 = Bo +e* Z ¥+) x!
=1

(Y —x+j-Dy —x+])

which means nothing but

'y +my —x1Fi(=y —n—11-y —n;x)
~I(y =Dy —x+n+ D Fi(—y;2 — yi%)

n+1 .
Iy +J) i
=(y —x+n+1)(y —xe* . —X"T (37)
4 v ;(y—x—i-]—l)(y—x-i-])
Set o« = —1 in (31) and notice that {F1(—1; b; x) =1 — x/b. After some simplifications, a combination

of thus obtained identity with (37) gives (36).

As an application of (31) consider the Jacobi matrix operator J(«, 8, ) depending on parameters
o, B, y,with >0, y >0 and o + B > 0, as introduced in (8) where we put

Ak =Yk, wr=+voa+pk, k=1,2,3,.... (38)

For the sequence y; (fulfilling y4yk+1 = wy) one can take

= (3 ) G5 0)

Regarding the diagonal of J(«, 8,y) as an unperturbed part and the off-diagonal elements as a
perturbation one immediately realizes that the matrix J(c.8, ) determines a unique semibounded
self-adjoint operator in ¢2(N). Moreover, the Weyl theorem about invariance of the essential spectrum
tells us that its spectrum is discrete and simple. Our goal here is to show that one can explicitly
construct a “characteristic” function of this operator in terms of confluent hypergeometric functions.

Proposition 8. The spectrum of ] («, B, y) defined in (8) and (38) coincides with the set of zeros of the function

. a Bz B z.ﬁ> ( )
Fiapy;in=1F(1-—- -5 -Si1-= - = r(1-5-=). 39
Jj@,B.y:2) 11( 52y vy yz/ » (39)
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Moreover, if z is an eigenvalue then the components of a corresponding eigenvector v can be chosen as
r+i'? «a Bz B z | B
B 1Fi(1l-2 -5 -—1-—S—-—+k |,
ra- vz~ § +k) v Y 4 14 Y
keN. (40)

v = (~DkpH2y

Remark 9. (i) In principle it would be sufficient to consider the case y = 1; observe that

Fi(a.p.y:2)=F (ﬁ £ 1-5>
] Py Vs J )/2,)/2, sy .

Thus for y =1 we get a simpler expression,
o
Fi(a,8,1;2)=1F1(1— 5 —B-z1-B—-zp)/I'0-F-2).
(ii) Notice that the convergence condition (14) is violated in this example.

Before the proof we consider analogous results for finite matrices. Let J,(«, 8, ¥) be the principal
n x n submatrix of J(c, B8, y). The characteristic polynomial F,(z) of Jn(«, B, y) can be expressed in
terms of confluent hypergeometric functions, too. According to (10),

F(1—§+n)%<[m (g +k+1) }ﬂ )
ra-2 v (k=G +k) '

Fr(.B.y;n=y"
k=1

Applying (31) one arrives at the expression
Fj, (o, B,v:2)

F(n+1——— Z)
_yey< : 1p1<1_ﬁ_ﬂ_£;1_ﬁ_£;£>
ra-4-3

il v £ )

I r4+1+ 924 - 2)
_<£2> P V1F1<1—3;1+%+3;%)
Y réEra+2-5-2 vy

o B z B z B
X]F1<1_E_F_;’TH_Z_F_;’F))'

Eigenvectors can be explicitly expressed as well. If z is an eigenvalue of J,(«, 8, y) then formula
(16) admits adaptation to this situation giving the expression for the components of a corresponding
eigenvector,

k—1 n
%_k(n):(_])k—1<1_[W])< 1_[ (k]_z)) ({ } ), k:1,2,‘..,n.
plle i — 2 ) j=k+1

Jj=k+1

Notice that E,(") makes sense also for k =n+1, and in that case its value is 0. Using (31) and omitting
a redundant constant factor one arrives after some straightforward computation at the formula for an
eigenvector v of [, (a, B, y):
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B z
1 rG+ibra-=>—24n
v]((n) =(_«1)k/3k/2y—k ( Y 14

[r& +k ra-2—=2+k

><1F1<1—g—£2—£;1—£2—£+k; %>1F1(—g—n;£+£—n; ﬁ)
B v 14 14 14 14

_(ﬁ)wmra +%+n)1‘(—% -2+
_B _z
re-J-z+n

X1F1<1—%—k;l+%+§—k; %)

><1F1<1—g—ﬂz—i;Z—%—ian;ﬁz)), 1<k<n.
By v oy2 oy Uy

Remark 10. Formula (40) can be derived informally using a limit procedure. Suppose z is an eigen-
value of the infinite Jacobi matrix J(«, 8, ). For k € N fixed, considering the asymptotic behavior of
vl((") as n — oo one expects that the leading term may give the component v of an eigenvector corre-
sponding to the eigenvalue z. Omitting some constant factors one actually arrives in this way at (40).
But having in hand the explicit expressions (39) and (40) it is straightforward to verify directly that
the former one represents a characteristic function while the latter one describes an eigenvector.

Proof of Proposition 8. Observe first that for k = 0 the RHS of (40) is equal, up to a constant factor,
to the announced characteristic function (39). If z solves the equation vo = 0 then one can make use
of the identity [1, Eq. 13.4.2]

b(b —1)1F1(a;b—1;x) +b(1 —b —x)1F1(a; b;x) + (b —a)x1F1(a;b+1;x) =0

to verify that v € £2(N) actually fulfills the eigenvalue equation (9). Note that the Stirling formula tells
us that

k/2
I e A e L
sz(zn)1/4k ye v ﬁ 1+0 % ask — oo.

On the other hand, whatever the complex number z is, the sequence vy, k € N, solves the second
order difference equation (17), and in that case it is even true that

woVvo+ (A1 —2)v1 + wivy =0.
Let g, k € N, be any other independent solution of (17). Since the Wronskian

Wi (Vi8k+1 — Vk+18k) =const #0

does not depend on k, and clearly limy_, o Wi Vi = limg_, oo WxViy1 = 0, the sequence g, cannot be
bounded in any neighborhood of infinity. Hence, up to a multiplier, {v,} is the only square summable
solution of (17). One concludes that z is an eigenvalue of J(«, 8, y) if and only if wovg =0 (which
covers also the case « =0). O

Remark 11. A second independent solution of (17) can be found explicitly. For example, this is the
sequence

~1/2
gk=(—1)"/3"/2y"‘F<%+k) U(l - % Pz Pz ﬁ), keN,

as it follows from the identity [1, Eq. 13.4.16]

(b—a—-1U@b—-1,x)+1—-b—x)U(a,b,x)+xU(a,b+1,x)=0.
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But using once more relation (34) one may find as a more convenient the solution

<,3 a3 1
&k = —2)
1 TG +ra+24+2 -k
a gz 5)
x1Fi{1l-=-—-k1+—=5+——-k — |, kel
11( B v: 'y Y2

Remark 12. Let us point out that for &« = 0 one gets a nontrivial example of an unbounded Jacobi
matrix operator whose spectrum is known fully explicitly. In that case

m=yk,  wp=+Bk, k=1,2.3,...,
and
F](O,ﬂ,y;z):e’s/yz/l"(l—%—£>.
v: v
Hence

specJ(0,8,y) = {—5 +vij j:1,2,3,.._}.

Remark 13. Finally we remark that another particular case of interest is achieved in the formal limit
B — 0. Set oo = w? for some w > 0. Since [1, Eq. 13.3.2]

lim 1Fy (a; b; —5) =Z20D2 by Jp12v7)
a— 00 a

one finds that

5 w\ Y 2w
lim Fy(w2,B8,y:z2)=| — _ — ).
p—0 1(W" By32) <V> / Z”’(V)

It is known for quite a long time [3,8] that actually

2w

spec](wz,O, Y)= {z €C; J_zy <7) =0}_

5. Q-Bessel functions
5.1. Some properties of q-Bessel functions

Here we aim to explore a g-analogue to the following well-known property of Bessel functions.
Consider the eigenvalue problem

Wxg_1 — kX + Wxp 1 = vx, keZ,

for a second order difference operator acting in ¢2(Z) and depending on a parameter w > 0. If v ¢ Z
then one can take {J,,,(2w)} and {(=D¥J_,_2@w)} for two independent solutions of the formal
eigenvalue equation while for v € Z this may be the couple {J,x(2w)} and {Y,1x(2w)}. Taking into
account the asymptotic behavior of Bessel functions for large orders (see [1, Egs. 9.3.1, 9.3.2]) one
finds that a square summable solution exists if and only if v € Z. Then x; = ],k (2w), k € Z, is such
a solution and is unique up to a constant multiplier. Since

> @’ =1, (41)

k=—o00
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thus obtained eigenbasis v, = {vy }2 _ ., V € Z, with v, = J,x(2w), is even orthonormal. One
observes that the spectrum of the difference operator is stable and equals Z independently of the
parameter w.

Hereafter we assume 0 < q < 1. Recall the second definition of the g-Bessel function introduced
by Jackson [10] (for some basic information and references one can also consult [4]),

@ oy @ Do (XN (@
v (%) = T \2 op1\:q 54, 2 .

Here we prefer a slight modification of the second g-Bessel function, obtained just by some rescaling,
and define

. 2 2
v q) :=q""* P (q"*x; q)

@ Qoo (%" X
= q" A2 (D) o (50" Ta —g" ). (42)
(4 PDoo \2 4
With our definition we have the following property.
Lemma 14. Foreveryn e N,
j—n (% @) = (=1)"jn(x; ). (43)

Proof. One can readily verify that
qn2 /2420

lim (] — q“*")otpl (; qv+1; q, _qu+3/2W2) _

o1 (;q" s q, —q" P W?
v—>-—n @ Dn-1(q; Dn ( )

and

. (qvﬂ; Qoo
im0

= (=D g2 (g; n-1 (@ Do
The lemma is an immediate consequence. 0O

Proposition 15. For0 <q <1, w,v € C, g~V ¢ q%+, one has

o0
w _ V. v+1/2,,2
3<{q_<v+,<)/2 o }H) =o001(;0": 9, —q""/*w?). (44)

Remark 16. If rewritten in terms of g-Bessel functions, (44) becomes a g-analogue of (3). Explicitly,

S({ i } )=q”/4fq(v+1)vv‘” 2 (2¢7V41 - @w; q)

[V +Klg J k=1
where [4]
I (@ Do 1—x
[X]q—m, Fq(X)—m(l—Q) .

Lemma17.Forv e C,q " ¢ g%+, and all s € N,

i qsk 1
- : (45)
,; @™ Ps1 (1 =05@"; Qs
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Proof. One can proceed by mathematical induction in s. The identity

qsk B q(s—l)k ( 1 1 )
@™ P °A =)\ @ qs (@)
can be used to verify both the case s =1 and the induction step s —>s+1. O

Proof of Proposition 15. One possibility how to prove (44) is based on Lemma 2. The proof presented
below relies, however, on explicit evaluation of the involved sums. For v € C, q” ¢ q%, k € Z, put
3 qv+h/2
pk - l _ qV+k .
Then (45) immediately implies that, forn€Z and s € N,

s(v+n+1)/2

T PnPnt1- - Prts—1-

o0
D qsTOR o s = T

k=n
This equation in turn can be used in the induction step on m to show that, for me N, n € Z,

o0

X oo
Z Z e Z Pk1 Plk1+1Pky Pka+1 - - + Pk Pl +-1
ki=nky=ki+2 km=km-1+2

qm(3m+1)/4qm(v+n71)/2
= PnPn+1--- Pnt+m—1-
(@ Dm
In particular, for n =1 one gets
S S S m(2m+1)/24+vm
Z Z Z Pki Pky+1Pks Pha+1 - -+ Pk Pbe+1 = 7=, MeN.

. v+1. ’
ki=lky=k1+2  km=km_1+2 @ Dm @ Dm

Now, in order to evaluate F({wpk}p2 ), it suffices to apply the very definition (1). O

The g-hypergeometric function is readily seen to satisfy the recurrence rule

01(:0":9.2) —op1(:9" 11 q.q2) — 091(:4" % q,¢°z) = 0.

z
(1—g")(A —g"*)
Consequently,

—-(v+1)/2 _ ,(v+1)/2

wiy(2w; q) — (g q )iv+12wW; @) + Wiy2(2w; q) =0.
This is in agreement with (12) if applied to the bilateral second order difference equation
wxn—1 — (T2 — )y 4 wxp =0, nel. (46)

Suppose q” ¢ q%. Then the two solutions described in (12) in this case give

_ (q;9) v
fa=q V(UH)MﬁW "jv+n(Cw; q), (47)
’ o
- (q;9) ,
g =(-1)""q vW_H)MﬁWVJ—U—n(ZW? Q. ne’. (48)
’ o0
Let us show that they are generically independent. For the proof we need the identity [4, §1,3]
X0 gkk=1)/2

k
2 = (=% oo
= @D
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Lemma 18. For v € C, q" ¢ qZ, the Wronskian of the solutions of (46), { f,} and {g,} defined in (47) and (48),
respectively, fulfills

(v-+k)/2 ) 00
W<f,g)=s<{wq—} )=(—q”2w2;q)oo. (49)

1— qv+k ke —o00

Proof. The first equality in (49) is nothing but (13). Further, in virtue of (44), the second member in
(49) equals

i k(k—1)

. _ _ . q —M 172, 2\k
lim o¢1(; q" N;q’ —q" N+1/2,,2y — . . \=q qgw
Nesoo ( ) M—)OO& (@ D@ M; @ )
00 [2/2
:Z q wz":(—ql/zwz;q)oo.
(q; Dk

k=0

The lemma follows. O

At the same time, W(f, g) equals

R CH
(qv-H i D0 (@Y Poo
This implies the following result.

(v W; Qi—v—12W; @) +jvr12W; Q)i—v QW; ).

Proposition 19. For w € C one has

W @)j—v—1CwW; @) +iv+1CwW; @iy (2wW; q)
" OTV2@ T @)oo (@7 Qoo (—q 2 W25 @)oo

= (50)
(@ Do w
and, rewriting (50) in terms of q-hypergeometric functions,
010" q. —¢" " 2)og1 (07" 9. —q7"2)
q'z V42 V42 —v+1 —v+1

- 5 .4, — z 5 .4, — z

(1_qv)(1_qv+1)o¢1(q 0. —q""2)op1(:a7"" 1 q, —q" " '2)
= (=2 @)oo- (51)

Remark 20. Let us examine the limit ¢ — 1— applied to (50) while replacing w by (1 — g)w. One

knows that [4]

1—x (@5 Doo
(@ Doo

Thus one finds that the limiting equation coincides with the well-known identity

lim j,((1 -9z q) = Ju(2), lim (1—¢q) =TI'(X).
q—1-— q—>1—

1 sin(;rv)
J@Cw) ]y 1QwW) + Jy1Cw) ]y 2w) = Wl + DI (=) = Tw

It is desirable to have some basic information about the asymptotic behavior of g-Bessel functions
for large orders. It is straightforward to see that

1 Vv
jv(x: q) =qv(v+])/4w(§> (1+0(q")) as Rev — +oo. (52)
’ o.¢]

The asymptotic behavior at —oo is described as follows.
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Lemma 21. For o, w € C, q° ¢ q%, one has

Jim sin(rv)g" TV 4w, 2w; )
ve—o—N

—0(1-0)/2 @7 Do @7 Doo (=4 W Qo

= —sin(wo)q @D

(53)

Proof. Put v = —0 —n where n € N. Using (44) and (7) one can write

091(:07 7 q, —CI_U_HH/ZWZ)

B w n w o
=3 qo+h/z _g=(+h/2 |, § g2 —g-(—h/2 | _,

w2
+ (@912 —q-9/2)(q(1-0)/2 — q—(1-0)/2)

w " w o0
x§ qoR2 _ g2 |, § qob2 _g-@h2|,_)

Applying the limit n — oo one obtains

lim 014" " q, _q—(r—n+1/2W2)
n—oo
=0¢1(:4%: 0, —a° "> w?)og1 (4" 71 g, —q TP w?)

w2

+ (qo/z _ qfa/Z)(q(lfcr)/Z _ qf(lf(r)/Z)
xo¢1(:0" 750, —q" P Pw)og (:4* 75 0, —q TP w?)
= (_ql/ZWZ; q)oo'

To get the last equality we have used (51). Notice also that

nli)ngo(_l)nq(fofn)(fafnJrl)/Z(qfafnJrl; q)oo — qa(ofl)/Z(qa; q)oo(qlfa; q)oo.

The limit (53) then readily follows. O

Finally we establish an identity which can be viewed as a g-analogue to (41).

Proposition 22. For 0 < q < 1 and w € C one has
o oo
3 a7 ewi? =jo@wi @) + (62 + a7 )ik@w: @) = (~¢Pwhiq) . (54)
k=—00 k=1
Equivalently, if rewritten in terms of q-Bessel functions,

o0
_ 2
J&@w: 9+ (@2 + 972 1P ewig? = (-w?iq) ..
k=1

Proof. In [12, (1.20)] it is shown that

JPewig? ((q““; Do

2
2v v+1 v V1. v+l 2041, 2
) w3¢a(q" 2, —q" 2, —¢" " q" g* g, —w?),

w4\ (@ Do
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and this can be rewritten as

2 1 1
001(:0" ¢, —0" %) = (X% Qoo3a(q" T2, —¢" T2, =" " ? T g, ).
Hence (54) is equivalent to
3¢2(0"%, —q'% —q:q.9: 9, —x)
2
(@72 4 gt/2) g2
(@ Di?

Looking at the power expansion in x one gets, equivalently, a countable system of equations, for
n=1,2,3,...,

1 1
+ Z 3¢ (ql<+2 , _ql<+2 , _ql<+l : ql<+1, q2k+1; q. —X)Xk =1.

k=1

1/2. 1/2.

D (=97 On(=q; On

(@ Dn®
_ 2
N Zn:(_l)k @2 +¢"*g" > @2 @ (=% Dn k(=0T Dok
(RO (@ ODn—k @+ Qi (@1 Ok

(q

=0.

k=1

The equations can be brought to the form

Kk(k—1)/2 14+ k

(@ Pn? (q Onik(@ Dnk

k=1
or, more conveniently,
2n - gien—jtn/2
T
s (4; D2n—j(q: Q)
This is true indeed since, for any m € Z,
i @ Dm —im=/2yJ — (g=M=D/2y. 0y = T (1 — g—Mm—D/2+k
Z(_ "G Om @ ;] x'=( @ =[10-a -

This concludes the proof. O

5.2. A bilateral second order difference equation

We know that the sequence u, = j,.n(2w;q) obeys (46). Applying the substitution ¢~ =z,
w= q%+%ﬂ, one finds that the sequence

v =q " up =q 4,40 (2g*TD4B; q) (55)
= g~ (2D /A -1 (n-2)/4 (q”(;‘;;)fnoo <§>v+n0¢1 (q'ziq. —q"z2p?),
$ oo
fulfills
" V28v, + (q" — 2)Vnt1 +qV2BVns2 =0, neZ. (56)

Remark 23. One can as well consider the unilateral second order difference equation

(1—2vi+Bv2=0, q" V28vy+(¢" = 2)vnt1 +q"*BVvni2 =0, n=1,2,3,....
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From (52) it can be seen that the sequence {v;} given in (55) is square summable over N. Considering
the Wronskian one also concludes that any other linearly independent solution of (56) cannot be
bounded on any neighborhood of +occ. Hence the sequence vy, n € N, solves the eigenvalue problem
in £2(N) iff vo =0, i.e. iff j,(2w; q) = 0. In terms of the new parameters 8, z this condition becomes
the characteristic equation for an eigenvalue z,

(z7"q) ot (2 15 q. —272B%) =0.
This example has already been treated in [14, Sec. 4.1].

For the bilateral equation it may be more convenient shifting the index by 1 in (56). This is to say
that we are going to solve the equation

4" 2By, 1+ (q" — 2)va + ¢V =0, nez, (57)

rather than (56). Denote again by J = J(8,q), with 8 € R and 0 < q < 1, the corresponding matrix
operator in ¢2(Z). One knows, however, that J(—g,q) and J(B,q) are unitarily equivalent and so, if
convenient, one can consider just the values g > 0. In Eq. (57), z is playing the role of a spectral
parameter. Using a notation analogous to (8) (now for the bilateral case), this means that

wy =q"*B, M=q", and {i=z—is=z—q", neZ. (58)

Notice that for a sequence {y;} obeying ¥, ¥nt+1 = Wy, Vn € Z, one can take

V2k—12 = qk_l s V2k2 = qk52~
Since the sequence {w,/(A;+ 1)} is summable over Z, the Weyl theorem tells us that the essential
spectrum of the self-adjoint operator J(B,q) contains just one point, namely 0. Hence all nonzero
spectral points are eigenvalues.

Proposition 24. For 0 < q < 1 and B > 0, the spectrum of the Jacobi matrix operator J(8,q) in £>(Z), as
introduced above (see (58)), is pure point, all eigenvalues are simple and

spec, J(B.q) = (—B%q"*) Uq”.

Eigenvectors v,(ﬂ+) corresponding to the eigenvalues q™, m € Z, can be chosen as v,(71+) = {v,(;,)(},‘jif oo With

Vi =" (20T 4Bs q).

They are normalized as follows:

o0
v 1= 37 a*2in(2g~ @™V ) = (~g g2 q) . VmeZ.

k=—o00

Eigenvector v,(ﬂ_) corresponding to the eigenvalues —B2q™, m € Z., can be chosen as v,(ﬂ_) = {vfﬂ_,)c},fif .

with
(-1 )qu(l<—4m—1)/4

(=) —k —m+k+1 -2,
Ve = B (—q B %q
m.k (@ Doo ( )oc

X O(Pl (’ _q—m+k+1ﬂ—2; q, _q_2m+k+1ﬂ_2)~ (59)

Remark 25. An expression for the norms of vectors v,(n_) can be found, too,

()12 = (_1ymg-mBm+1)/2 (—4B72 Doo(—0 B ™% Doo (=™ B2 Do
[om” I =1 (0P Do @™ D)oo
L 016 —qB7%q,—q 172
o1 —qp?;q, —q~™+12)

Please cite this article in press as: F. Stampach, P. Stovicek, Special functions and spectrum of Jacobi matrices, Linear Algebra
Appl. (2013), http://dx.doi.org/10.1016/j.1aa.2013.06.024

, VmeZ,.




LAA:12253

20 E Stampach, P. St'ovicek / Linear Algebra and its Applications eee (eeee) see—eee

But the formula is rather cumbersome and its derivation somewhat lengthy and this is why we did
not include it in the proposition and omit its proof.

Proof. We use the substitution z =g~V where v is in general complex. The RHS in (12) can be
evaluated using (44) and (42). Applying some easy simplifications one gets two solutions of (57):

Vh=gq (V+ﬂ)/4 (Zq(ZU ])/4ﬂ q) Tn=(=1) q*(v+ﬂ)/4 (2q(2V 1)/4,3 q)
nez.

One can argue that in the bilateral case, too, all eigenvalues of J(B,q) are simple. In fact, the

solution {v,} asymptotically behaves as
v, = 1 %(n2+(4v—1)n+(3v—1)u)ﬁv+n(1 +0(q") asn— +oo.
(G Doo

For any other independent solution {y,} of (57), ¢/?(¥nVni1 — Ynir1Vn) is @ nonzero constant. Ob-
viously, such a sequence {y,} cannot be bounded on any neighborhood of +oo. A similar argument
applies to the solution {V,} for n large but negative. In particular, one concludes that z=¢q™" is an
eigenvalue of J(B,q) if and only if {v,} and {v,} are linearly dependent.

Using (50) one can derive a formula for the Wronskian,

W, 7) = g2 BVt — Vip1 k)
( l)k“ﬂq (2v+1)/4( (Zq(ZV l)/4ﬂ CI)] Dk ]( q(2v ])/4ﬂ CI)
+ivrk1 (242 VB q)i k(29D 81 q))
_ "0 D@ Y Do (0" % Doc.
(@; q)oc?

Thus z is an eigenvalue if and only if either (z—
case z € g%, in the latter case —z € g2q%+.
Thus in the case of positive eigenvalues one can put v = —m, with m € Z. With this choice, {v}
coincides with {V(+)}. Notice that then the linear dependence of the sequences {vi} and {V} is also
+)

L Doo(qZ; @)oo = 0 or (—z~182%; @)oo = 0. In the former

obvious from (43). Normalization of the eigenvectors v;, ’ is a consequence of (54).

As far as the negative spectrum is concerned, one can put, for example, T = —(im + log %)/ logq
and v =1t —m, m € Z,. Then the sequence

Vi = qi(rim+k)/4j17m+k(_Ziq7(2m+l)/4; q), keZ.

represents an eigenvector corresponding to the eigenvalue —g2q™. But it is readily seen to be propor-
tional to the RHS of (59) whose advantage is to be manifestly real.

Finally let is show that O can never be an eigenvalue of J(8,q). We still assume 8 > 0. For z=0,
one can find two mutually complex conjugate solutions of (57) explicitly. Let us call them v n, n € Z,
where

(2n+3)/4 o k(k+2)/4 :nj2\ k
4n iq — 1q
ven =1 n/41¢1<0; et B ) - nMZ (@ D <$ B )
k= ¢
Clearly,
Vi =iT"g (14 0(¢"?)) asn— +oo.

Using the asymptotic expansion one can evaluate the Wronskian getting

W1, v_)=q"?B(VinV_ni1 — Vanr1v_n) = —2ig /8.
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Hence the two solutions are linearly independent. It is also obvious from the asymptotic expansion
that no nontrivial linear combination of these solutions can be square summable. Hence 0 cannot be
an eigenvalue of J(8, q) whatever g is, and this concludes the proof. O

So one observes that the positive part of the spectrum of J(B, q) is stable and does not depend on
the parameter B. This behavior is very similar to what one knows from the non-deformed case. On
the other hand, there is an essentially new feature in the q-case when a negative part of the spectrum
emerges for B # 0, and it is even infinite-dimensional though it shrinks to zero with the rate g2 as
tends to O.

6. Q-confluent hypergeometric functions

In this section we deal with the g-confluent hypergeometric function

o0
- @ Pe
1¢1(a:biq.z) = Y (~Dkgkh-D/2__o LKk
=0 (b; Dk (q; D

It can readily be checked to obey the recurrence rules

A —gq'mth 'z
—(]_qym_qyﬂ)z]qbl(q“;q”+2;q,qy+22)— -1 191(0%: 975 9,97 1'2)
+1¢1(¢*:4":9.9"2) =0 (60)
and
_ _ qq—q” —q"7" +1) 1. -
11(@* 7 g% q,2) + p— 191(q* 797759, 2)
9@-q" -q" 7+ q-q” Wy ey
_< qy_qa +qy_qaz ]¢1(q i q 7q’z)_0'
Put, for n € Z,
on=(0""":q9) 11 (@%: 4" 9. —q"7 2), (61)
ety —mty—Dry—22 @ T Doo gy, a—n—y+1. 2-n—y. . _
Yn=q T B4 161(q :q 14, —q2).
@7 Do
(62)

Here z, o,y € C, q¥ ¢ q%. The recurrence rules imply that both {¢,} and {y;} solve the three-term
difference equation

qa+y+n—1 (1 _ qy—oz+n)zun_H _ (1 _ qy+n—1 +qy+n—lz)un +Up1=0, neZ. (63)
Lemma 26. The sequences {¢,} and {ym,} defined in (61) and (62), respectively, fulfill

1
Povr — 1o =q “Y D2V D (@r et gy (—q¥Z; q) 00z Y (64)

Alternatively, (64) can be rewritten as
101(0%:97:9.9" %2)1¢1(q* V50" V5 q.9'%2)
11 —q" "z
(1—-g7-H(A—-q¥)

1010%: 0" 0,07 2)11 (T 070,94 2) = (2 Qe
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Proof. Checking the Wronskian of the solutions ¢, and v, one finds that

1
q2" VTR (gr et q) 2N (@n¥net — @n1¥n) = C (65)

is a constant independent of n. In particular, o1 — @1¥ = C. It is straightforward to examine the
asymptotic behavior for large n of the solutions in question getting ¢, =1+ 0(q") and

Yn = qf%n(nfl)f(aﬂryfl)nf%(yfl)(y72)fayzlfyfn(_qaz; q)oo(14 0(q")).

Sending n to infinity in (65) one finds that C equals the RHS of (64). O

Proposition 27. For o, y,z € C,

3({ g2y I3 qr etk g2y /7 }°°>
k=1

(@7 =tk g2)00 (1 — (1 = 2)g7 K1)

V.
B %Wﬂ (@*:9”:9.-9"2). )

Proof. The both sides of the identity are regarded as meromorphic functions in z. Setting Imy to a
constant, the both sides tend to 1 as Rey tends to 4oo. In virtue of Lemma 2, it suffices to verify
that the sequence

_ (qH"*l; Qoo
((1=2)q7" 1 @)

satisfies the three-term recurrence relation F;, — Fy+1 + SpzFpq2 =0, n € N, where

191(g%:97*" 19, —q" " 12), neN,

n

qa+y+n71 1- qy7a+n)
(A=A =2g"H(1 - (1 -2’

Since y here is arbitrary one can consider just the equality for n = 1. But then the three-term recur-
rence coincides with (60) (provided z is replaced by —z). O

Sn

Let us now focus on Eq. (63). One can extract from it a solvable eigenvalue problem for a Jacobi
matrix obeying the convergence condition (14).

Proposition 28. For o e Rand y > —1, let ] = (o, y) be the Jacobi matrix operator in £?(N) defined by
(8)and

1
Wi =5 sinh(o)g™ YV /1 —gtr,  a=q" (67)

Then z # 0 is an eigenvalue of J (o, y) if and only if

(cosh2(0/2)z’] 1q) 191(077 cosh?(0/2)z71; cosh? (0 /2)z71; q, — sinh? (0/2)2’1) =0.

Moreover, if z # 0 solves this characteristic equation then the sequence {vy}52 ;, with

iRl —n
vy = q*%)’n+%n(n73) sinh”(0)(22) (qn cosh? (Z)Zﬂ; q>
o0

V@ Doo 2

X 101 (q’y cosh? <%)z’1 . q" cosh? <%>z’1 :q, —q" sinh? <%>z’1), (68)

is a corresponding eigenvector.

Remark 29. Notice that the matrix operator J(o, y) is compact (even trace class).

Please cite this article in press as: F. Stampach, P. Stovicek, Special functions and spectrum of Jacobi matrices, Linear Algebra
Appl. (2013), http://dx.doi.org/10.1016/j.1aa.2013.06.024
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Proof. First, apply in (63) the substitution

—ans

y=7+a, z=q¢,  un=q""in,

and then forget about the tilde over y and u. Next use the substitution

o o). 3
gP? = tanh<5>, “=q7 cosh2<§>z_1, Un = Giln,

where {¢,} is a sequence obeying

P _ gBv -2 [T gy,

®n+1

Up to a constant multiplier, ¢,2 = g~#"—Y1=31(1=3) (qV+1. gy We again forget about the tildes over
z and u, and restrict the values of the index n to natural numbers. If ug = 0 then the transformed
sequence {u};2, solves the Jacobi eigenvalue problem (9) with wy and A, given in (67).

Further apply the same sequence of transformations to the solution ¢, in (61). Let us call the
resulting sequence {v,}. A straightforward computation yields (68). Clearly, the sequence {vy; k> 1}
is square summable. On general grounds, since J(o,y) falls into the limit point case, any other
linearly independent solution of the recurrence in question, (17), cannot be square summable. Hence
the characteristic equation for this eigenvalue problem reads vo = 0. This shows the proposition. O

Remark 30. In the particular case y = 0 the characteristic equation simplifies to the form

(cosh®(0/2)27 1 q)  (~sinh*(o/2)z "1 q) ,, =0.

Hence in that case, apart of z=0, one knows the point spectrum fully explicitly,
spec] (0,0 \ {0} = {g" cosh?(0/2); k=0,1,2,...} U[—g"sinh®(0/2); k=0,1,2,...}.

Remark 31. Of course, Proposition 28 can be as well derived using formulas (16), (18), while know-
ing that (14) is fulfilled. To evaluate &,(z) one can make use of (66). Applying the same series of
substitutions as above to Eq. (66) one gets

({ 2%~ sinh(0)(q" *; ¢?) ro )
2@V )o@ =2 i

h2 2 —1.
= (cos (ﬁf_ )2 ’q)ooldn q’ cosh? g 7z~ 1. cosh? g 271;q,—sinh2 g z ).
(Z75 Do 2 2 2

Then a straightforward computation yields

2qVTD2/(@qr 1 g) oo

sinh(0)(z71; @)oo

n(2) = vp, n=0,1,2,...,
with v, being given in (68).
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Abstract

In a recent paper we have introduced a class of infinite Jacobi matrices with
discrete character of spectra. With each Jacobi matrix from this class we have
associated an analytic function, called the characteristic function, whose zero set
coincides with the point spectrum of the corresponding Jacobi operator. Here
we show that the characteristic function admits Hadamard’s factorization in two
possible ways — either in the spectral parameter or in an auxiliary parameter
which may be called the coupling constant. As an intermediate result we get
an explicit expression for the power series expansion of the logarithm of the
characteristic function.

Keywords: infinite Jacobi matrix, characteristic function, Hadamard’s factorization
AMS classification: 47B36; 33C99; 11A55

1 Introduction

In a recent paper [8] we have introduced a class of infinite Jacobi matrices characterized
by a simple convergence condition. Each Jacobi matrix from this class unambiguously
determines a closed operator on £*(N) having a discrete spectrum. Moreover, with such
a matrix one associates a complex function, called the characteristic function, which is
analytic on the complex plane with the closure of the range of the diagonal sequence
being excluded, and meromorphic on the complex plane with the set of accumulation
points of the diagonal sequence of the matrix being excluded. It turns out that the
zero set of the characteristic function actually coincides with the point spectrum of
the corresponding Jacobi operator on the domain of definition (with some subtleties
when handling the poles; see Theorem 1 below).



The aim of the current paper is to show that the characteristic function admits
Hadamard’s factorization in two possible ways. First, assuming that the Jacobi ma-
trix is real and the corresponding operator self-adjoint, we derive a factorization in the
spectral parameter. Further, for symmetric complex Jacobi matrices we assume the
off-diagonal elements to depend linearly on an auxiliary parameter which we call, fol-
lowing physical terminology, the coupling constant. The second factorization formula
then concerns this parameter.

Many formulas throughout the paper are expressed in terms of a function, called
§, which is defined on a suitable subset of the linear space of all complex sequences
r = {xp}2,; see [7] for its original definition. This function was also heavily em-
ployed in [§]. So we start from recalling the definition and basic properties as well as
relevant results concerning §. In addition to Hadamard’s factorization we derive, as
an intermediate step, a formula for log §(z).

Define §: D — C,

S(ZE) =1+ Z(—l)m Z Z ce Z Ly Tl +1L ko Lho+1 « + + Lhp, Loy +15 (1)
m=1 k1=1 ko=ki1+2 km=Fkm—_1+2
where
D= {{xk},;’ol c G Z |zpxpy1] < oo} : (2)
k=1
For a finite number of complex variables we identify §(z1,xs, ..., z,) with F(z) where

r = (x1,%2,...,%,,0,0,0,...). By convention, let F(#) = 1 where @ is the empty
sequence.
Note that ¢*(N) C D. For z € D, one has the estimates

§(z)| < exp <Z |xk$k+1’>7 §(z) — 1] < exp (Z |$k$k+1|> -1, (3)

k=1 k=1
and it is true that
5(x) :JLIEOS(xl,xQ,...,xn). (4)

Furthermore, § satisfies the relation

SHantniy) =@, 20) S pantnzs) — S(@1, - o) Bk 1 S {@hrnt1 fnr)
(5)
for any £ € N and x € D. Let us also point out a simple invariance property. For
x € D and s e C, s#0, it is true that y € D and
§(x) = S(y), where yop 1 = swop 1, yor = Tor/s, k € N. (6)

We shall deal with symmetric Jacobi matrices

Alwy
Wy Ay W

J == Wy >\3 w3 ) (7)



where A = {\,}°2, C C and w = {w,}>2, € C\ {0}. Let us put

k—1 w k—1 w
2j 2j+1
/VQk—l:H 772k:w1H ak:1a2737"" (8)
i Waj—1 i Wa;

Then Vi1 = wi.
If for n € N, J, is the n x n Jacobi matrix: (J,);r = Jjx for 1 < j, k <n, and I,
is the n x n unit matrix, then the formula

n 2 2 2
det(J, — zI,) = <H()\k - z)) 3(}\171_ -, )\272_ Sy Vi z). 9)

k=1

holds true for all z € C (after obvious cancellations, the RHS is well defined even for
2z = Ag; here and throughout we use the shorthands LHS and RHS for “left-hand side”
and “right-hand side”, respectively).
Let us denote
C) :=C\ {\;; n € N}.

Moreover, der()) designates the set of all accumulation points of the sequence A. The
following theorem is a compilation of several results from [8, Subsec. 3.3].

Theorem 1. Let a Jacobi matriz J be real and suppose that

>

n=1

,w2

o= 0| = 10)

for at least one z € C}. Then

(i) J represents a unique self-adjoint operator on (*(N),

(1) spec(J) N (C\ der(X)) consists of simple real eigenvalues with no accumulation
points in C \ der(\),

(iii) the series (10) converges locally uniformly on Cy and

ro-af{))

is a well defined analytic function on C},
(iv) Fy(z) is meromorphic on C\ der(X), the order of a pole at z € C\ der(\) is less
than or equal to the number r(z) of occurrences of z in the sequence A,

(v) z € C\ der(X) belongs to spec(J) iff

lim(z —u)"® F;(u) =0

uU—=z
and, in particular, spec(J) N Cy = spec,(J) NC) = F; 1 ({0}).

We shall mostly focus on real Jacobi matrices, with an exception of Section 4.
For our purposes the following particular case, a direct consequence of a more general
result derived in [8, Subsec. 3.3], will be sufficient.

3



Theorem 2. Suppose J is a complex Jacobi matriz of the form (7) obeying A, = 0, Vn,
and {w,} € (*(N). Then J represents a Hilbert-Schmidt operator, F;(z) is analytic

on C\ {0} and
spec(.J) \ {0} = spec,(J) \ {0} = F; ' ({0}).

2 The logarithm of §(z)

§(x1,...,2,) is a polynomial function in n complex variables, with §(0) = 1, and
so log§ (z1,...,x,) is a well defined analytic function in some neighborhood of the
origin. The goal of the current section is to derive a formula for the coefficients of the
corresponding power series.

For a multiindex m € N’ denote by |m| its order and by d(m) its length, i.e.

¢
m| =Y "mj, dm)=".
=1
For N € N define

M(N) = {m e N m| = N} . (12)

(=1

One has M(1) = {(1)} and

M(N) = {(Lml,mz,---,md(m)) ; mEM(N—l)}
U{(ml—i—l,mg,...,md(m));mGM(N—l)}.

Hence |[M(N)| = 2¥~1. Here and everywhere in what follows, if M is a finite set then
| M| stands for the number of elements of M. Furthermore, for an multiindex m € N*

put .
s = ("™ g = 2 (13

mj my
Proposition 3. In the ring of formal power series in the variables tq, ..., t,, one has
n—1 n—_L {
log&'(tl,...,tn) = —Z Z CY( H tk+] 1tk+] . (14)
(=1 meN? k=1 j=1

For a complex sequence x = {x}72, such that Y, | |tkxpi1] < log2 one has

o /L
log §(x Z > am) Y T @rerjmrmie)™ - (15)
=1 meN¢ k=1 j=1

The proof of Proposition 3 is in principle a matter of some combinatorics. Below
we reveal the meaning of the combinatorial numbers (m) and «(m). Let us first
introduce a few notions. For n € N, n > 2, we regard the set

A, ={1,2,...,n}

4



as a finite one-dimensional lattice. A loop of length 2N, N € N, in A,, is a mapping
m:{1,2,...,2N,2N + 1} = A,

such that 7(1) = 7(2N + 1) and |7(j + 1) — 7w(j)] = 1 for 1 < 57 < 2N. The vortex
7(1) is called the base point of a loop.

For m € N denote by Q(m) the set of all loops of length 2|m| in Ay, which
encounter each edge (7, j+1) exactly 2m; times (counting both directions), 1 < 7 < /.
Let €1 (m) designate the subset of 2(m) formed by those loops which are based at the
vortex 1. If 7 € Qy(m) then the sequence (7(1),7(2),...,7(2N)) contains the vortex
1 exactly m, times, the vortices j, 2 < j </, are contained (m,;_; +m;) times in the
sequence, and the number of occurrences of the vortex ¢ 4+ 1 equals my.

Lemma 4. For every { € N and m € N°, [Q;(m)| = B(m) and |2(m)| = 2|m|a(m).

Proof. To show the first equality one can proceed by induction in ¢. For ¢ = 1 and
any m € N one clearly has |[Q;(m)| = 1. Suppose now that £ > 2 and fix m € N*.
Denote

m' = (ma,...,my) € N1

For any 7" € Qy(m’) put
=171 +1,72)+1,...., 72N +1)+1,1)

where N’ = |m/| = |m| — my. The vortex 2 occurs in 7 exactly (mq + 1) times. After
any such an occurrence of 2 one may insert none or several copies of the two-letter
chain (1,2). Do it so while requiring that the total number of inserted couples equals
my — 1. This way one generates all loops from €2;(m), and each exactly once. This
implies the recurrence rule

m1—1—|—m2

|Ql(m1,m2,...,mg)|: ( ) |Ql(m2,...,mg)|,

mao

thus proving that [Q(m)| = S(m).
Let us proceed to the second equality. Put N = |m|. Consider the cyclic group
G = {g), ¢*¥ = 1. G acts on Q(m) according to the rule

g-m=(m(2),7(3),...,7(2N + 1),7(2)), Vr € Q(m).

Clearly, G - Q(m) = Q(m). Let us write 2(m) as a disjoint union of orbits,

For each orbit choose 7y € O, N Q1 (m). Let Hy C G be the stabilizer of mg. Then

M
2N
26m) =3 -
s=1 s

5




Denote further by G the subset of G formed by those elements a obeying a-m, € €y (m)
(i.e. the vortex 1 is still the base point). Then |G!| = m; and O, N Q(m) =G -7

Moreover, G! - = G}, ie. H, acts freely from the right on G!, with orbits of
this action bemg in one-to-one correspondence with elements of Oy N §2;(m). Hence

0 N (m)| = |G/ H| and

M
Q21 (m |—Z|(9 N Z

This shows that |Q2(m)| = (2N/m1)|Q1(m)|. In view of the first equality of the propo-
sition and (13), the proof is complete. O

ml\_
m ) mylmse! ..omy!

> atm =55y ): (16)

meM(N)

For m € N let

Lemma 5. For N € N,

Proof. According to Lemma 4, the sum

2N Z = > 19m)

meM(N meM(N)

equals the number of all classes of loops of length 2N in the one-dimensional lattice
7, provided loops differing by translations are identified. These classes are generated
by making 2N choices, in all possible ways, each time choosing either the sign plus
or minus (moving to the right or to the left on the lattice) while the total number of
occurrences of each sign being equal to V. O]

Lemma 6. For every { € N and m € N,

and equality holds if and only if { =1 or 2 .

Proof. Put y(m) = a(m)/(‘ﬁ). To show that (m) < 1/|m| one can proceed by
induction in ¢. It is immediate to check that equality holds for =1 and 2 . For ¢ > 3
and my > 1 one readily verifies that

y(ma, ma,mg, ... my) < y(my — 1,me + 1,mg, ..., my).

Furthermore, if £ > 3, m; = 1 and the inequality is known to be valid for ¢ — 1, one

has ( ) .
Mo y{Mmo, M3, ...,My

M, Mo, M3, ..., My) = < —.

V(s ‘) l+mo+ms+...+my |m|

The lemma follows. O




Proof of Proposition 3. In the course of the proof and otherwise as well we repeatedly
use the trivial observation that

U2 N = U, M(N) and Up—! N = UX_ {m € M(N); d(m) < n}.

The coefficients of the power series expansion at the origin of the function log § (t1, . . ., t,)
can be calculated in the ring of formal power series. As observed in [8], one has

where
0

ta 0t

tn—l 0 tn— 1
t, O

Since det exp(A) = exp(Tr A) and so logdet(/ +7') = Trlog(/ +T), and noticing that
Tr T?%+1 = 0, one gets

oo

1
10g§ (tr,. - tn) = Trlog(I+T) = =) N Tr T2V

N=1

From (17) one deduces that

2N
T = Y [t (18)

meL(N) j=1

where £(N) stands for the set of all loops of length 2NV in A,, (see the notation preced-
ing Lemma 4). Further one observes that for each 7 € L(N) there exist unambiguously
defined m € M(N), with d(m) < n, an integer k, 1 < k < n —d(m), and 7 € Q(m)
such that 7(j) = k+7(j) — 1 for 1 < j <2N +1 (then £ = min{n(j); 1 <j < 2N}).
Hence the RHS of (18) equals

n—d(m) d(m)
> Q)| [T (rjrtess)™ -
meM(N) k=1 j=1

d(m)<n

To verify (14) it suffices to apply Lemma 4.
Suppose now z is a complex sequence. If >, |rxr+1| < log2 one has, by (3),
|§(z) — 1] < 1 and so log §(x) is well defined. Moreover, according to (4),

logF(x) = lim log §(z1,...,2,).
n—oo



If >, |zxxrs1]| < 1 then the RHS of (14) admits the limit procedure, too, as demon-
strated by the simple estimate (replacing ¢;s by z;s)

> ( ) itﬁmﬂ 12k |™

meM(N) k=1 j=1

the RHS of (14)] < ) _ lm?ﬁa) a(gvvv;)]

m

< Z (Z |xkxk+1\> = — 10g<1 — Z ]xka:kH]).
N= 1 k=1
Here we have used Lemma 6. O

3 Factorization in the spectral parameter

In this section, we introduce a regularized characteristic function of a Jacobi matrix
and show that it can be expressed as a Hadamard infinite product.

Let A = {152, {wn}r2, be real sequences such that lim, .. A\, = 400 and
wy, # 0, Yn. In addition, without loss of generality, {)\,}5°, is assumed to be positive.
Moreover, suppose that

> w
;)\AH

Under these assumptions, by Theorem 1, J defined in (7) may be regarded as a
self-adjoint operator on ¢?(N). Moreover, der()) is clearly empty and the characteristic
function F;(z) is meromorphic on C with possible poles lying in the range of A. To
remove the poles let us define the function

By (z) = ﬁ (1 - Ain) e/,

n=1

= 1
< oo and 2—2 (19)

Since Y A, ? < 0o, @, is a well defined entire function. Further, ®, has zeros at the
points z = \,,, with multiplicity being equal to the number of repetitions of A, in the
sequence A, and no zeros otherwise; see, for instance, |5, Chp. 15].

Finally we define (see (11))

Hj(z) = ®)(2)Fy(2),

and call H;(z) the regularized characteristic function of the Jacobi operator J. Note
that for € > 0, Fy./(z) = F;(z — ¢) and so

_ = €
Hyyer(2) = Hy(z — €)®a(—e) " exp <—2;m> (20)
According to Theorem 1, the spectrum of J is discrete, simple and real, and
spec(J) = spec,(J) = H; ' ({0}).

8



As is well known, the determinant of an operator I + A on a Hilbert space can
be defined provided A belongs to the trace class. The definition, in a modified form,
can be extended to other Schatten classes .#, as well, in particular to Hilbert-Schmidt
operators; see 6] for a detailed survey of the theory. Let us denote, as usual, the trace
class and the Hilbert-Schmidt class by % and %, respectively. If A € .%; then

(I4+ A)exp(—A)—1 € 7,

and one defines
dety(f + A) :=det (({ + A) exp(—A4)).

We shall need the following formulas [6, Chp. 9|. For A, B € %, one has
deto(I + A+ B + AB) = dety( + A) dety({ + B) exp (— Tr(AB)). (21)

A factorization formula holds for A € % and z € C,

N(A)
deto (1 + zA) H (1+ zun(A)) exp (—zun(4)), (22)

where p,(A) are all (nonzero) eigenvalues of A counted up to their algebraic multi-
plicity [6, Thm. 9.2]. In particular, I +zA is invertible iff deto(I + zA) # 0. Moreover,
the Plemejl-Smithies formula tells us that for A € %,

deto(I + zA) Z am(A) — (23)
where
0 m—1 0 . 0 0
Tr A2 0 m—2 ... 0 0
Tr A3 Tr A2 0 o 0 0
am(A) = det : . . . : : (24)
Tr A1 TrA™2 TrA™3 .. 0 1
TrA™ TrA™ ! TrA™2 ... TrA%? 0

for m > 1, and ag(A) =1 [6, Thm. 5.4]. Finally, there exists a constant Cy such that
for all A, B € %,

[deta (1 + A) — deta(I + B)| < [[A = Bllz exp(Ca(l[All2 + [Bll2 + 1)), (25)

where || - ||2 stands for the Hilbert-Schmidt norm.
We write the Jacobi matrix in the form

J=L+W4+W*

where L is a diagonal matrix while W is lower triangular. By assumption (19), the

operators L~! and
K =L YW + W)L~ /? (26)

9



are Hilbert-Schmidt. Hence for every z € C, the operator L=Y2(W + W* — 2)L~1/2,
with its matrix being equal to

—Z/)\l 'LUl/\/ )\1)\2
wl/\/ )\1)\2 —Z/)\Q wg/\/ )\2)\3
U)Q/\/ /\2)\3 —Z/>\3 wg/\/ )\3/\4 !

belongs to the Hilbert-Schmidt class.

Lemma 7. For every z € C,
Hy(z) =dety (I +L72(W +W* —2)L71?).

In particular,

Proof. We first verify the formula for the truncated finite rank operator Jy = PyJ Py,
where Py is the orthogonal projection onto the subspace spanned by the first NV vectors
of the canonical basis in ¢*(N). Using formula (9) one derives

det[(I + PyL™'?(W + W* = 2) L2 Py) exp(—PyL™"?(W + W* — 2)L™'2 Py)]
= det(PNLAPN) det(JN - ZIN) exp(z TI"(PNLile))

(fLe-2) o))

Sending N to infinity it is clear, by (4) and (19), that the RHS tends to H;(z).
Moreover, one knows that dety(/ + A) is continuous in A in the Hilbert-Schmidt
norm, as it follows from (25). Thus to complete the proof it suffices to observe that if
Aefgthen||PNAPN—A||2—>0aSN—>oo. ]

We intend to apply to H;(z) the Hadamard factorization theorem; see, for example,
[1, Thm. XI.3.4]. For simplicity we assume that F;(0) # 0 and so J is invertible.
Otherwise one could replace J by J + eI for some ¢ > 0 and make use of (20).

As already mentioned, the operator K defined in (26) is Hilbert-Schmidt. At the
same time, this is a Jacobi matrix operator with zero diagonal admitting application
of Theorem 1. One readily finds that

wo-s({-5))

Hence F(—1) = F;(0), and J is invertible if and only if the same is true for (I + K).
In that case, again by Theorem 1, 0 belongs to the resolvent set of J, and

J V= LVHI 4+ k)L (27)

10



Lemma 8. If J is invertible then J~' is a Hilbert-Schmidt operator and
dety (I — 2(I + K)"'L7") =dety (I — 2J7") (28)
for all z € C.

Proof. By assumption (19), L~'/2 belongs to the Schatten class .#;. Since the Schatten
classes are norm ideals and fulfill .%,.%, C .%, whenever r~! = p~!+ ¢! [6, Thm. 2.§],
one deduces from (27) that J~! € %.

Furthermore, one knows that Tr(AB) = Tr(BA) provided A € .%,, B € .%, and
p'+q 1 =1]6, Cor. 3.8]. Hence

Tr (I + K)"'L)" = Tr (1721 + K)—lL—W)’“ =Tr(J7"), Vk e Nk > 2.
It follows that the coefficients a,, defined in (24) fulfill
am (I + K)'L7Y = a,,(J7h form=0,1,2,....
The Plemejl-Smithies formula (23) then implies (28). O

Theorem 9. Using notation introduced in (7), suppose a real Jacobi matriz J obeys
(19) and is invertible. Denote by A\,(J), n € N, the eigenvalues of J (all of them are
real and simple). Then L™' — J7' € 7,

i A(J) 72 < o0, (29)

and for the reqularized characteristic function of J one has

Hy(2) = F;(0) " ] (1 - ﬁ) e*/ M) (30)

n=1

where

n=1

Proof. Recall (27). By a simple algebra, and since L=Y/? € .#,, K € .%,, one has
L' J =LK1+ K)'L7? ¢ 7. (31)

By Lemma 8, the operator J~! is Hermitian and Hilbert-Schmidt. This implies (29).
Furthermore, by Lemma 7, formula (21) and Lemma 8,

HJ(Z) = det2(1+ K — ZL_l)
= deto(/ + K)dety (I —2(I + K) 'L ) exp[z Tr (K(I + K)"'L™")]
= Fy(0)e” dety (I —2J7").

11



Here we have used (31) implying
Tr (KI+K) 'L =T (LPKI+K)'L7?) =Tr (L' = J7 1) =0
Finally, by formula (22),

det2 —zJt H ( >> e/ (),

n=1
This completes the proof. n

Corollary 10. For each € > 0 there is R. > 0 such that for |z| > R,
H5(2)] < exp (€l#f?). (32)

Proof. Theorem 9, and particularly the product formula (30) implies that H;(z) is an
entire function of genus one. In that case the growth property (32) is known to be
valid; see, for example, Theorem XI1.2.6 in [1]. ]

Ezxample 11. Put A, = n and w, = w # 0, Vn € N. As shown in [7], the Bessel
functions of the first kind can be expressed as

(M

as long as w,v € C, v ¢ —N. Using (33) and the well known formula for the gamma
function,

—yz X -1
S (I
z n

n=1

I'(z) =

where 7 is the Euler constant, one gets
Hjy(z) = 7w J_,(2w).

Let us apply Theorem 9 to this Jacobi matrix. As a result one reveals the infinite

product formula for a Bessel function considered as a function of its order. Assuming
Jo(2w) # 0, the formula reads

G- (i)

where . .
w
c(w > (-1 ;
JO 2w —~ (k;')

and (z) = [(2)/I'(z) is the polygamma function (recall that (1) = —v and so
¢(0) = —v). To derive the expression for ¢(w) it suffices to compare the coefficients at
z on both sides.



4 Factorization in the coupling constant

Let © = {x,}5°, be a sequence of nonzero complex numbers belonging to the domain
D defined in (2). Our goal in this section is to prove a factorization formula for the
entire function

f(w) :=F(wx), we C.

Let us remark that f(w) is even.
To this end, let us put vy = /7%, Vk, (any branch of the square root is suitable)
and introduce the auxiliary Jacobi matrix

0 ag 0 O
aq 0 a9 0
A= 0 a2 0 a3 --- | witha; = vpvgsr, k€N (34)

0 0 as O
Then A represents a Hilbert-Schmidt operator on ¢%(N) with the Hilbert-Schmidt

norm . .

1AIF =2 " laxl* =2 |zpzpl.

k=1 k=1
The relevance of A to our problem comes from the equality
T 1
a0 =3({ 7)) =167,
=3({2)) =)

which can be verified with the aid of (6). Hence Fa(z) is analytic on C \ {0}. By
Theorem 2, the set of nonzero eigenvalues of A coincides with the zero set of Fa(z). It
even turns out that the algebraic multiplicity of a nonzero eigenvalue ( of A equals the

multiplicity of ¢ as a root of the function F4(z), as stated in the following supplement
to Theorem 2.

Proposition 12. Under the same assumptions as in Theorem 2, the algebraic multi-
plicity of any nonzero eigenvalue ¢ of J is equal to the multiplicity of the root (' of
the entire function p(z) = F;(z71) = F({27,2}52,).

Proof. Recall that 4,v,+1 = w, and so, by the assumptions of Theorem 2, {72} € D.
Denote again by Py, N € N, the orthogonal projection onto the subspace spanned by
the first NV vectors of the canonical basis in ¢*(N). From formula (9) we deduce that

S ({zvﬁ}ﬁlzl) =det(I — zJy) = det((I — zJN)eZJN) ,

where Jy = PyJPy. Since PyJPy tends to J in the Hilbert-Schmidt norm, as
N — oo, and by continuity of the generalized determinant as a functional on the
space of Hilbert-Schmidt operators (see (25)) one immediately gets

e(2) = F({z212,) = det((I — 2J)e*) = deto(I — 2J). (35)
From (22) it follows that ¢(z) = (1 — (2z)™ @(z) where m is the algebraic multiplicity
of ¢, ¢(z) is an entire function and @(¢') # 0. O

13



The zero set of f(w) is at most countable and symmetric with respect to the
origin. One can split C into two half-planes so that the border line passes through the
origin and contains no nonzero root of f. Fix one of the half-planes and enumerate
all nonzero roots in it as {(j kN:({), with each root being repeated in the sequence
according to its multiplicity. The number N(f) may be either a non-negative integer

or infinity. Then

spec,(A)\ {0} = {£¢, " ke Nk < N(f)}.

Since A? is a trace class operator one has, by Proposition 12 and Lidskii’s theorem,

2
~

() 00
1 1,
1 <—k2 = 5 Tr A = kgl LTpLitq- (36)

i

Moreover, the sum on the LHS converges absolutely, as it follows from Weyl’s inequal-
ity |6, Thm. 1.15].

Theorem 13. Suppose v = {x;}72, is a sequence of nonzero complexr numbers such
that

00
Z ‘xkkarl‘ < 0.
k=1

Then zeros of the entire even function f(w) = §(wzx) can be arranged into sequences

G U=,

with each zero being repeated according to its multiplicity, and

- 11 (1-%). (37)

k=1 k

Proof. Equality (37) can be deduced from Hadamard’s factorization theorem; see, for
example, [1, Chp. XI]. In fact, the absolute convergence of the series Y (2 in (36)
means that the rank of f is at most 1. Furthermore, (3) implies that

|f(w)] < exp <|w|2 Z |$k$k+1|> ;

k=1

and so the order of f is less than or equal to 2. Hadamard’s factorization theorem tells
us that the genus of f is at most 2. Taking into account that f is even and f(0) = 1,
this means nothing but

) = (e [T (1-%)

k=1

14



for some ¢ € C. Equating the coefficients at w? one gets

- E TpTr41 = C — E

k=1
According to (36), ¢ = 0. O

Corollary 14. For any n € N (and recalling (12), (13)),

N(f) 1 oo d(m)
> =" Y am)Y [T @rrgmrane)™ (38)
k=1 >k meM(n) k=1 j=1

Proof. Using Proposition 3, one can expand log f(w) into a power series at w = 0.
Applying log to (37) and equating the coefficients at w?" gives (38). O

If the sequence {xx} in Theorem 13 is positive one has some additional information
about the zeros of f(w). In that case the vys in (34) can be chosen positive, and so A
is a self-adjoint Hilbert-Schmidt operator. The zero set of f is countable and all roots
are real, simple and have no finite accumulation points. Enumerating positive zeros
in ascending order as (y, k € N, factorization (37) and identities (38) hold true. Since
the first positive root (; is strictly smaller than all other positive roots, one has

¢r = lim Z a(m Z H Thoyj1Tkrg)"”
meM(N) k=1 j=1

Remark 15. Still assuming the sequence {z;} to be positive let g(z) be an entire

function defined by
z
—1+zgn -M(1-2).

k=1

i.e. g(w?) = f(w). In some particular cases the coefficients g,, may be known explicitly
and then the spectral zeta function can be evaluated recursively. Put

=1
:ZT
k=1 >k

Taking the logarithmic derivative of g(z) and equating coefficients at the same powers
of z leads to the recurrence rule

n—1

0-(2) = — 01, 0'(271) = —Ngn — Zgn—k U(Zk) forn > 1. (39)
k=1

15



Ezample 16. Put x;, = (v + k)~', with v > —1. Recalling (33) and letting z = w/2,
one obtains the following factorization of the Bessel function [10],

(5) T+ - ﬁ (1 - j—)

as a particular case of Theorem 13. Corollary 14 implies a formula for the so called
Rayleigh function [4]

1
al,(s)zz , Res > 1,
o 1]yk
namely
d(m) 1 m;
=27°NN , NeN.
72N Z 2 @ H((]+k+u—1)(1+k¢+y))

k=1 meM(N)

FExample 17. This examples is perhaps less commonly known and concerns the Ra-
manujan function, also interpreted as the g-Airy function by some authors [3, 9], and

defined by

Ag(2) = 001(5059,—q2) = ) (q(‘jnq)n (—2)", (40)

where ¢¢1(;b;q, 2) is the basic hypergeometric series (g-hypergeometric series) and
(a;q)y is the g-Pochhammer symbol (see, for instance, [2]). In (40) we suppose 0 <
g < 1land z € C. In [7] we have shown that

Ay(w?) = gF ({wg® 17 ). (41)

Denote by 0 < (1(q) < (a(q) < (3(q) < ... the positive zeros of w — A,(w?) and put
te(q) = (q)?, k € N. Then Theorem 13 tells us that the zeros of A,(z) are exactly
O < 11(q) < ta(q) < t3(q) < ..., all of them are simple and

a0 =11 ()

k=1

One has {u(q)""/?; k € N} = spec(A(q))\{0} where A(q) is a Hilbert-Schmidt matrix
operator in ¢?(N) whose matrix is of the form (34), with a, = ¢"/2. Corollary 14 yields

a formula for the spectral zeta function D N(q) associated with A,(z), namely

Dy(q) = = S Y o , NeN,

meM(N)

whereVm € N¥ ¢;(m) = Zﬁzl(j — 1)m;. In accordance with (39), from the power

series expansion of A,(z) we get the recurrence

2
nt1 Q" q
yd)n 1 )

16



Consider now a real Jacobi matrix J of the form (7) such that the diagonal sequence
{A\n} is semibounded. Suppose further that the off-diagonal elements w, depend
on a real parameter w as w, = ww,, n € N, with {w,} being a fixed sequence
of positive numbers. Following physical terminology one may call w the coupling
constant. Denote A\ = Inf \,,. Assume that

2

2 T <

n=1

for some and hence any z < Ayr. For z < Ay, Theorem 13 can be applied to the
sequence

where {k,} is defined recursively by k1 = 1, Kpkni1 = wp; comparing to (8) one has
Kok—1 = Yak—1, Kok, = Yor/w. Let

P =5({25 ) ) = stwa )

n=1

be the characteristic function of J = J(w). We conclude that for every z < Ay fixed,
the equation Fj(z;w) = 0 in the variable w has a countably many positive simple
roots (x(z), k € N, enumerated in ascending order, and

FJ@;w):]f[l(l_%).
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1. Introduction

In [9], Ikebe showed the zeros of the regular Coulomb wave function Fr,(n, p) and its derivative 0,F(n, p)

(regarded as functions of p) to be related to eigenvalues of certain compact Jacobi matrices (see [1, Chp. 14]

and references therein for basic information about Coulomb wave functions). He applied an approach orig-

inally suggested for Bessel functions by Grad and ZakrajSek [8]. In more detail, reciprocal values of the

nonzero roots of Fr(n, p) coincide with the nonzero eigenvalues of the Jacobi matrix
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where
1)2 2
w0, = (n+1)2+n and A, — @)
(n+1)y/(2n+1)(2n + 3) n(n+1)

forn=L,L+1,L+2,.... Similarly, reciprocal values of the nonzero roots of 0,Fr(n, p) coincide with the
nonzero eigenvalues of the Jacobi matrix

AL WL
Wy ALyl WLl
WLyl ALy2 W42

where

5 2L+ 1 ~ n
=/ DV p— — 4
wr L+1 Wb M AL= Ty @)

The parameters have been chosen so that L € Z, (non-negative integers) and n € R. This is, however,
unnecessarily restrictive and one may wish to extend the set of admissible values of L. Note also that Jp,
and Jg, are both compact, even Hilbert-Schmidt operators on ¢2(N).

Ikebe uses this observation for evaluating the zeros of Fr,(7, p) and 0,F7 (7, p) approximately by computing
eigenvalues of the respective finite truncated Jacobi matrices. In this paper, we are going to work with Jacobi
matrices J;, and Jy, as well but with a fully different goal. We aim to establish a new class of orthogonal
polynomials (shortly OPs) associated with Coulomb wave functions and to analyze their properties. In
doing so, we make a thorough use of the formalism which has been introduced in [19] and further developed
in [20]. The studied polynomials represent a two-parameter family which is a generalization of the well
known Lommel polynomials associated with Bessel functions. Let us also note that another generalization
of Lommel polynomials, although going in a completely different direction, has been described by Ismail
in [10], see also [13,15].

When looking into a new class of OPs, our primary intention was to obtain the corresponding orthogonal-
ity relation. Before approaching this task we discuss the problem of finding a measure of orthogonality for
a sequence of OPs on a more general level. In particular, we address the situation when a sequence of OPs
is determined by a three-term recurrence whose coefficients satisfy a certain convergence condition. Apart
from solving the orthogonality measure problem, various identities are derived for the newly identified class
of OPs which may be viewed as generalizations of a number of formulas well known from the theory of
Bessel functions. Finally, the last section is devoted to the study of spectral zeta functions corresponding to
the regular Coulomb wave functions or, more precisely, to the respective tridiagonal matrices. In particular,
we derive recursive formulas for the values of zeta functions. This result can be used to localize the smallest
(in modulus) zero of Fi(n, p), and hence the spectral radius of the Jacobi matrix Jy,.

2. Preliminaries and selected useful identities
2.1. The function §

In order to keep the paper self-contained we first briefly summarize such information concerning the
formalism originally introduced in [19] and [20] which will be needed in the course of this paper. Our
approach is based on employing the function § defined on the space of complex sequences. By definition,
§:D—C,

Please cite this article in press as: F. Stampach, P. Stovicek, Orthogonal polynomials associated with Coulomb wave functions,
J. Math. Anal. Appl. (2014), http://dx.doi.org/10.1016/j.jmaa.2014.04.049
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o0

o0 o0 o0
Flx)=1+ Z (=)™ Z Z . Z Ty Thoy 41Tk Thot1 - - - Thoy, Theyo 415
m=1

ki=1ko=ki+2  km=km_1+2
where
D= {{xk}zo_l c G Z |Trxpt1] < oo} (5)
k=1
For x € D one has the estimate
o0
|(x)| < exp (Z $k$k+1|>~ (6)
k=1

We identify §(z1,x2,...,z,) with §F(z) where x = (z1,22,...,2,,0,0,0,...), and put F(@) = 1 where ()
stands for an empty sequence.
Further we list from [19,20] several useful properties of §. First,

F(x) = §(xq,... ,xk)S(Tkz) —&(xq,. .. ,azk_l)xkkaS’(T’“Hz), k=1,2,...,

where € D and T denotes the shift operator from the left, i.e. (T2)r = zx41. In particular, for k = 1 one
gets the rule

§(x) =F(Tz) — xleS(T2x). (7)
Second, for z € D one has
ILm g(T"x) =1, li_)m F(x1,xa,. .., 2,) = F(2). (8)

Third, one has (see [20, Subsection 2.3])
Sz, 2, ..., 2a)F (X2, X3, ., Tars) — (X1, T2, - .o, Tars)S(T2, T3, . .., Tg)

d
= <H ‘le'j+1>{§(xd+27$d+3w~'afdJrs) 9)
j=1

where d, s € Z,. By sending s — oo in (9) one arrives at the equality

d
S(x1,. .., 20)F(Tx) — F(xa, ..., 2q)F(x) = (H l’kfl?k-+1> F(T% 1) (10)
k=1

which is true for any d € Z4 and x € D.
2.2. The characteristic function and Weyl m-function

Let us consider a semi-infinite symmetric Jacobi matrix J of the form

Ao wo
wo )\1 w1

J = w1 )\2 w2 (11)
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where w = {w, }52, C (0,400) and A = {N\,}72, C R. In the present paper, such a matrix J is always
supposed to represent a unique self-adjoint operator on £2(Z, ), i.e. there exists exactly one such self-adjoint
operator so that the canonical basis is contained in its domain and its matrix in the canonical basis coincides
with J. For example, this hypothesis is evidently fulfilled if the sequence {w,} is bounded. With a certain
degree of notation abuse we use the same symbol, J, to denote this unique self-adjoint operator.

In [20], we have introduced the characteristic function F; for a Jacobi matrix J provided its elements
satisfy the condition

(A — z)(;n+1 —2)] <0 (12)

n=

for some (and hence any) z € C\ der(\) where der(\) denotes the set of all finite cluster points of the
diagonal sequence ], i.e. the set of limit values of all possible convergent subsequences of A\. By Corollary 17
in [20], condition (12) also guarantees that the matrix J represents a unique self-adjoint operator on ¢2(Z..).
The definition of the characteristic function reads

Fea=5({5) ) (13)

where {v,}52 , is determined by the off-diagonal sequence w recursively as follows: vo = 1 and yx+1 = wi/Vk,
for k € Z,. The zeros of the characteristic function have actually been shown in [20] to coincide with the

eigenvalues of J. More precisely, under assumption (12) it holds true that

spec(J) \ der(A) = spec,(J) \ der(A) = 3(J) (14)

where
3(J) 1= {z € C\ der(\); lim (u— 2) @ Fy(u) = 0} (15)
and 7(2) := > o020, € Zy4 is the number of occurrences of an element z in the sequence A. Moreover,

the eigenvalues of J have no accumulation points in C\ der(A) and all of them are simple.
Finally, denoting by {e,; n € Z, } the canonical basis in £2(Z ), let us recall that the Weyl m-function
m(z) = (eq, (J — z)"teg) can be expressed in terms of §,

R (L (F M )

for z ¢ spec(J) Uder(X). From its definition it is clear that m(z) is meromorphic on C \ der(\) having only

simple real poles, and the set of these poles coincides with 3(.J).
3. Some general results on orthogonal polynomials

The theory of OPs has been developed into considerable depths. Let us just mention the fundamental
monographs [2,3]. If convenient, a sequence of OPs, {P,},, where deg P,, = n, may be supposed to be
already normalized. Then one way of defining such a sequence is by requiring the orthogonality relation

/ Pon(2) Pa(2) dit(@) = Oy, mum € Zy, (17)
R

with respect to a positive Borel measure 1 on R such that
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/xQ" dp(z) < o0, VYneZ;.
R

Without loss of generality, one may assume that p is a probability measure, i.e. u(R) = 1, and Py(z) = 1.
As usual, p is unambiguously determined by the distribution function & +— p((—oo,z]). In particular,
the distribution function is supposed to be continuous from the right. With some abuse of notation, the
distribution function will again be denoted by the symbol p. The set of monomials, {z"; n € Zy}, is
required to be linearly independent in L?(R,du) and so the function y should have an infinite number of
points of increase.

It is well known that a sequence of OPs, if normalized, satisfies a three-term recurrence relation,

JUPn(JJ) = wn—lpn—l(-r) + )\nPn(x) + wnPn-‘rl(x)) neN, (18)

with the initial conditions Py(x) = 1 and Pi(z) = (z—Ao)/wo, where {\,, }32, is a real sequence and {w,, }52
is a positive sequence [2,3]. However, due to Favard’s theorem, the opposite statement is also true. For any
sequence of real polynomials, {P,, }22, with deg P,, = n, satisfying the recurrence (18) with the above-given
initial conditions, there exists a unique positive functional on the space of real polynomials which makes
this sequence orthonormal. Moreover, if the matrix J given in (11) represents a unique self-adjoint operator
on (?(Z,) then this functional is induced by a unique positive Borel measure p on R. This means that (17)
is fulfilled. In other words, in that case the Hamburger moment problem is determinate; see, for instance,
§4.1.1 and Corollary 2.2.4 in [2] or Theorem 3.4.5 in [14].

Using (7) one easily verifies that the solution of (18) with the given initial conditions is related to §

through the identity
n—1 n—1
x—)\k ’}/z
P,(z) = , Zy. 1
(@) (H — )3({Ak_x ) mez. (19)

k=0

A second linearly independent solution of (18) can be written down in the form

B 1 nil(L‘—)\k 7}%4_1 n—2
Qnu)—w—O(H = )3({/\k+1—$}k_0)7 nen.

k=1

The latter solution satisfies the initial conditions Qo(z) = 0 and Q1 (z) = 1/wo.

Being given a sequence of OPs, with {P,}5° , defined via the recurrence rule (18), i.e. via formula (19),
the crucial question is what does a measure of orthogonality looks like. Relying on the function § we provide
a partial description of the measure u. Doing so we confine ourselves to such Jacobi matrices for which the
set of cluster points of the diagonal sequence A is discrete. This assumption is not too restrictive, though,
since it turns out that der(\) is a one-point set or even an empty set in many practical applications of
interest.

Theorem 1. Let J be a Jacobi matriz introduced in (11) and der(X\) be composed of isolated points only.
Suppose there exists zg € C such that (12) is fulfilled for z = zy. Then the orthogonality relation for the
sequence of OPs determined in (18) reads

/Pm(:r)Pn(x) dv(x) + ) Pn(@)Po() _ Omns  m,n € Ly, (20)

) 2 PP

where D = spec,(J) Nder(A) and ||P(x)| stands for the £*-norm of the vector P(x) = (Py(x), Py(z),...).
The measure dv is positive, purely discrete and supported on the set 3(J). The magnitude of jumps of the
step function v(x) at those points x € 3(J) which do not belong to the range of \ equals
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({50 W (1= I

Remark. In Theorem 1 we avoided considering the points from 3(J) which belong to the range of A\. We
remark, however, that such points, if any, can be addressed as well, similarly to (21), though in a somewhat

more complicated way. But we omit further details for the sake of simplicity.

Proof. Let E; stand for the projection-valued spectral measure of the self-adjoint operator J. As it is well
known, the measure of orthogonality u is related to E; by the identity

(M) = (eo, E;(M)eq) (22)

holding for any Borel set M C R. Here again, ey denotes the first vector of the canonical basis in ¢2(Z, ).
Moreover, supp(u) = spec(J). In fact, let us recall that (22) follows from the observation that e, = P, (J)eq
for all n € Z4 and from the Spectral Theorem since

Smn = (€m, €n) = <60,Pm(J)Pn(J)eO> = /Pm(x)Pn(x) dp(z).
R

The set der()\) is closed and, by hypothesis, discrete — and therefore at most countable. We know, referring
o (14), that the part of the spectrum of J lying in C\ der()) is discrete, too. Consequently, spec(.J) is
countable and therefore the continuous part of the spectral measure E; necessarily vanishes, i.e. J has
a pure point spectrum. In that case, of course, in order to determine the spectral measure E; it suffices
to determine the projections E;({z}) for all z € spec,(J). Since the vector P(z) is a formal solution of
(J — 2)P(z) = 0, unique up to a constant multiplier, one has the well known criterion = € spec,(J) iff
| P(z)|| < oo. Moreover, Py(xz) =1 and so

— |<P($)’60>|2 - 1
(o Ba(teD)eo) = T = [PaP

The point spectrum of J can be split into two disjoint sets, spec, (/) = 3(J) UD. The Hilbert space and
the spectral measure decompose correspondingly. Put

J' =JE;(3(J)) and wv(z) = (e, Ey ((—o0,x])eq) for z € R.
Then the measure dv is supported on 3(J) and

[ 161t = [ roraters 5 A

for all f € C(R). As pointed out in (14), any = € 3(J) is a simple isolated eigenvalue of J. Then E;({z})
can be written down as a Riezs spectral projection. When choosing a sufficiently small € > 0, one has

(e0, Ej({z})eo) = L % m(z)dz = — Res(m, z).

2mi
|z—z|=¢

If, in addition, = does not belong to the range of A then, in view of (16) and (13), (15) (with r(x) = 0), we
may evaluate
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! a1 [ d 2 1\
Res(m,x) = 3({ — Fl—— .
( ) A —x Aet1— ) o/ Ld2|,_, A —2) g

This concludes the proof. O

Remark 2. Of course, the sum on the LHS of (20) is void if der(A) = (). The sum also simplifies in such a
case when J is a compact operator satisfying (12). One can readily see that this happens iff \,, — 0 and
w € £?(Zy). Then Theorem 1 is applicable and the orthogonality relation (20) takes the form

/Pn(x)Pm(x) dv(x) + AgPr(0) P (0) = 0.

If J is invertible then Ay vanishes. Yet, in general, Ay may be strictly positive — as demonstrated, for
instance, by the example of g-Lommel polynomials, see [16, Theorem 4.2].

For the intended applications of Theorem 1, the following case is of importance. Let A\ € £}(Z, ) be real
and w € ¢3(Z, ) positive. Then J is compact and (12) holds for any z # 0 not belonging to the range of .
Moreover, the characteristic function of J can be regularized with the aid of the entire function

oo

oa(z) = [T (1 = 2xn).
n=0
Let us define
_ o) Fs(z7h) iz #0,
Gslz): { 1 if 2= 0. (23)

The function G; is entire and, referring to (14), one has
spec(J) = {0} U {z"; G,(2) =0}. (24)
Let us also note that

gJ(Zil) = lim 27"p,(2)

n—roo

where

= (Ho 20 )o(2)) vere

are the monic polynomials corresponding to the orthogonal polynomials P, (x) given in (19).

m(z):/%(wz)

R

Since

where dy is the measure from (22), formula (16) implies that the identity

du(z) _ G0 (2)
/1 —xz Gi(2) (25)
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holds for any z ¢ G;'({0}). Here J®) denotes the Jacobi operator determined by the diagonal sequence
{Ani1}52, and the weight sequence {w,, 11} ; i.e. J) is obtained from J by deleting the first row and
the first column.

Let us denote by {p,}22; the set of nonzero eigenvalues of the compact operator .J. Remember that all
eigenvalues of J are necessarily simple and particularly the multiplicity of 0 as an eigenvalue of J does not
exceed 1. Since du is supported by spec(J), formula (25) yields the Mittag—Leffler expansion

— A G (2)
Ao + kZ:l = 6 (26)

where Ay denotes the jump of the piece-wise constant function p(z) at x = pg, and similarly for Ay and
x = 0. From (26) one deduces that

—1
b= i (1 - B0, G i)

By G, M

for k € N. This can be viewed as a regularized version of the identity (21) in this particular case. We have
shown the following proposition:

Theorem 3. Let \ be a real sequence from ((Z.) and w be a positive sequence from ¢*(Z.). Then the
measure of orthogonality du for the corresponding sequence of OPs defined in (18) fulfills

supp(dp) \ {0} = {z7"; Gs(2) = 0}

where the RHS is a bounded discrete subset of R with 0 as the only accumulation point. Moreover, for
x € supp(du) \ {0} one has

) = o =) = e, @0

Let us denote £_1(2) := G;(z) and

k—1
() = (H w)z’“*lgwn(z), kezy, (28)
=0

where

A Wk
) Wi A1 Wil
- Wil Akp2 Wi

Lemma 4. Let A € (*(Zy), w € (*(Zy) and z # 0. Then the vector

£(z) = (50(2)751(2)752(3)’ .. ) (29)
belongs to (*(Z.), and one has
Y6 = () — (6. (30)
k=0
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Moreover, the vector £(z) is nonzero and so
£-1(2)6(2) — €L1(2)60(2) > 0, Vz e R\ {0}, (31)
provided that the sequences A and w are both real.

Proof. First, choose N € Z, so that z=! # )\ for all k > N. This is clearly possible since \,, — 0 as
n — 0o. Then we have, referring to (6) and (23),

oo oo
|22 |w; |2
Gy (2)| <exp [2]| A\ ] + for k> N.
| | 2 FINIE 3 e )
Observing that w, — 0 as n — 0o, one concludes that there exists a constant C' > 0 such that
k—1
Elkaks H w; < C27% for k> N.
1=0

These estimates obviously imply the square summability of the vector £(z).
Second, with the aid of (7), one verifies that for all z # 0 and k € Z,

wr—16k-1(2) + (A — 27 1) &k (2) + wrbpra(z) = 0

where we put w_; := 1. From here one deduces that the equation

(zil — xil)ﬁk(z)fk(x) = Wi(x, z) — Wi_1(z, 2), (32)

with

Wi (2, 2) = wi (§ry1(2)k (@) — Erpr (2)€r(2)),

holds for all k € Z,. Now one can derive (30) from (32) in a routine way.
Finally, it can be stated that the first equality in (8) implies the limit

lim Gy (2) = 1.
k—o0
Referring to (28) this means & (z) # 0 for all sufficiently large k. O

Proposition 5. Let A\ € (1(Z,) be real, w € (*(Zy) be positive and z # 0. If z=1 is an eigenvalue of the
Jacobi operator J given in (11), then the vector (29) is a corresponding eigenvector.

Proof. As mentioned in (24), 27! is an eigenvalue of J iff G;(z) = £€_1(z) = 0. Following from that, one
readily verifies, with the aid of (7), that £(2) is a formal solution of the eigenvalue equation (J—z71)¢(z) = 0.
According to Lemma 4, £(z) # 0. Furthermore, it is true that £y(z) # 0. Indeed, if £_1(2) = &(z) = 0,
then, by recurrence, £ (z) = 0 for all k& € Z,, which is a contradiction. Moreover, Lemma 4 also tells us
that £(2) € (2(Zy). O

Theorem 6. Let A € (Y(Zy) be real and w € (?(Z.) be positive. Then the zeros of the function G; are all
real and simple, and form a countable subset of R\ {0} with no finite accumulation points. Furthermore,
the functions Gy and Gy have no common zeros, and the zeros of the same sign of Gy and G ;1) mutually
separate each other, i.e. between any two consecutive zeros of Gy which have the same sign there is a zero
of Gy and vice versa.
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Proof. The first part of the proposition follows from (24). In fact, all zeros of G; are with certainty real since
J is a Hermitian operator in ¢£2(Z). Moreover, J is compact and all its eigenvalues are simple. Therefore
the set of reciprocal values of nonzero eigenvalues of J is countable and has no finite accumulation points.

Thus we know that the zeros of G; and G;u) are all located in R\ {0} and £_1(2) = G;(2), &(z) =
2G ;1) (z). Hence, as far as the zeros are concerned and we are considering an interval separated from
the origin, we can speak about £_; and &y instead of G; and G;a), respectively. The remainder of the
proposition can be deduced from (31) in a usual way. Suppose a zero of £_1, called z, is not simple. Then
€-1(z) =& () = 0, which leads to a contradiction with (31). From (31) it arises that £_; and & have no
common zeros in R\ {0}. Furthermore, suppose z; and z5 are two consecutive zeros of £_; of the same sign.
Since these zeros are simple, the numbers £’ ;(z1) and & ;(z2) differ in their sign. From (31) one deduces
that £o(21) and &y(z2) must differ in sign as well. Consequently, there is at least one zero of &y lying between
z1 and z3. An entirely analogous argument applies if the roles of £ _; and &y are interchanged. O

4. Lommel polynomials
4.1. Basic properties and the orthogonality relation

In this section we deal with the Lommel polynomials since they represent one of the simplest and most
interesting examples that enable to demonstrate the general results derived in Section 3. This is done
having in mind the main goal of this paper, namely formulating a generalization of the Lommel polynomials
established in the next section. Let us note that although the Lommel polynomials can be expressed in terms
of hypergeometric series, they do not fit into Askey’s scheme of hypergeometric orthogonal polynomials [12].

Let us recall that Lommel polynomials were introduced within the theory of Bessel function (see, for
instance, [22, §9.6-9.73] or [7, Chp. VII]). They can be written explicitly in the form

R () = Zﬁ(—l)‘“ (" R k) % (%)Mk (33)

where n € Zy, v € C, —v ¢ Z; and z € C\ {0}. Here we stick to the traditional terminology though,
obviously, R, ,(z) is a polynomial in the variable z—! rather than in z. Proceeding by induction in n € Z
one easily verifies the identity

B (@) = (;)"r(lg(;ms({ 5+ }k_> | 39

As it is well known, Lommel polynomials are directly related to Bessel functions,

Ry u(z) = %(Yflﬂf(x%]nﬂl(x) - J71+V($)Yn+u(x))

T

= Sainrry v O l@) + (CDM g (@) ()

From this and relation (37) below it follows that Lommel polynomials obey the recurrence

2(n+v)

RnJrl,V(x) = -

Rn,l/(x) - Rnfl,u(x), nely, (35)

with the initial conditions R_; ,(x) =0, Ry, (z) = 1.
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The original meaning of the Lommel polynomials is revealed by the formula
Join(z) = Ry () Jy(x) = Ry—1p41(2)Jy—1(x) forn € Zy. (36)

As first observed by Lommel in 1871, (36) can be obtained by iterating the basic recurrence relation for
Bessel functions, namely

L%ﬂ@::%ﬁxxy—ﬁ,ﬂ@. (37)

Let us remark that (36) immediately follows from (10), (34) and the formula

2 —
=I'(r+1 Ju(2 38
({745} ) -rernraen (38)
which has been observed in [19] and holds for any v such that —v ¢ N and p € C.

The orthogonality relation for Lommel polynomials is well known and is expressed in terms of the zeros
of the Bessel function of order v —1 as explained, for instance, in [4,6], see also [3, Chp. VI §6] and [10]. This
relation can also be rederived as a corollary of Theorem 3. For v > —1 and n € Z, let us set temporarily

A=0 and w, =1/\/(v+n+1)(v+n+2).

Then the corresponding Jacobi operator J is compact, self-adjoint and 0 is not an eigenvalue. In fact, the
invertibility of J can be verified straightforwardly by solving the formal eigenvalue equation for 0. Referring
o (38), the regularized characteristic function of J equals

Gi(z) = ]:J(Z_l) =T(v+1)z27"J,(2z).

Consequently, the support of the measure of orthogonality turns out to coincide with the zero set of J,(z).
Remember that 27 J,(z) is an even function. Let ji , stand for the k-th positive zero of J,(z) and put
J—k,» = —Jjk, for k € N. Theorem 3 then tells us that the orthogonality relation takes the form

—2(v+1) Z Mpm( 2 )Pn(.2 )zémn

kEZ\{0} jl?,y‘]ll/(jk,v) jk,l/

where J](z) denotes the partial derivative of J,(z) with respect to z.
Furthermore, (19) and (34) imply

v+1 2
Bualz) = mpn@- (39)

@L@ZEL@—LHQL

Using the identity

the orthogonality relation simplifies to the well known formula

1

._92 . -
E R, V)R v =
e B+ (k) B4 (o) 2ln+v+1)

kez\{0}

valid for v > —1 and m,n € Z,..
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4.2. Lommel polynomials in the variable v

Lommel polynomials can also be addressed as polynomials in the parameter v. Such polynomials are also
orthogonal with the measure of orthogonality supported on the zero set of a Bessel function of the first kind
regarded as a function of the order.

Let us consider a sequence of polynomials in the variable v and depending on a parameter u # 0,
{Qn(u;v)}22 ), determined by the recurrence

Q1 (1) = nQ (150) + uQu 1 (wiv) = vQu(uiv), n € Ly,

with the initial conditions Q_1(u;v) = 0, Qo(u;v) = 1. According to (19),

Qnlu,v) = u”F(;(—;)n)8<{yj_k}:_:> for n € Z.

Comparing the last formula with (34) one observes that
Qn(u7 V) = Rn,V(QU), vn S Z+.

The Bessel function J,(z) regarded as a function of v has infinitely many simple real zeros which are all
isolated provided that z > 0, see [20, Subsec. 4.3]. Below we denote the zeros of J,_1(2u) by 0, = 0, (u),
n € N, and restrict ourselves to the case u > 0 since 6,,(—u) = 6,,(u).

The Jacobi matrix J corresponding to this case, i.e. J with the diagonal \,, = —n and the weights w,, = u,
n € Z4, is an unbounded self-adjoint operator with a discrete spectrum (see [20]). Hence the orthogonality
measure for {Q, (u;v)} has the form stated in Remark 2. Thus, using (21) and (38), one arrives at the
orthogonality relation

o0

Jgk 2u)
2 ) 2u) = 7.

Let us remark that initially it was Dickinson who formulated the problem of constructing the measure
of orthogonality for the Lommel polynomials in the variable v in 1958 [5]. Ten years later, Maki described
such a construction in [17].

5. A new class of orthogonal polynomials
5.1. Characteristic functions of the Jacobi matrices Jr, and Jr,

In this section, we work with matrices J;, and J;, defined in (1), (2) and (3), (4), respectively. In order to
have a positive weight sequence w and a Hermitian matrix, we assume, in the case of Jy,, that —1 # L > —3/2
if n € R\ {0}, and L > —3/2 if n = 0. Similarly, in the case of .J;, we assume that L > —1/2 and € R.

Let us recall that the regular and irregular Coulomb wave functions, Fr(n,p) and Gr(n,p), are two
linearly independent solutions of the second-order differential equation

d*u 2n  L(L+1)
dp? + ( P 02 >“ 0; (41)

see, for instance, [1, Chp. 14]. One has the Wronskian formula (see [1, Eq. 14.2.5])

Please cite this article in press as: F. Stampach, P. Stovicek, Orthogonal polynomials associated with Coulomb wave functions,
J. Math. Anal. Appl. (2014), http://dx.doi.org/10.1016/j.jmaa.2014.04.049




Doctopic: Real Analysis
F. Stampach, P. Siovicek / J. Math. Anal. Appl. e e o (e e ee) o0 e—0ee

L
Fr1(n,p)GL(n,p) = FL(n, p)GL-1(n,p) = Nicr=rs

Furthermore, the function Fp, (7, p) admits the decomposition [1, Eqs. 14.1.3 and 14.1.7]

Fr(n,p) = Cr(m)p*or(n, p)

where

2 O PA TP (T P)
Cr(n) = \/emL - (2L +n1)!!L! :

and
¢r(n,p) :==e 1 F (L +1—in,2L + 2,2ip).
For L not an integer, C(n) is to be understood as

Culn) = 2Le=m™/2|T0(L 4 1 + in)|
L= T(2L + 2)

YIMAA:18474
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(43)

(44)

(45)

In [21], a formula for the characteristic function of the matrix Jy, has been derived. If expressed in terms of

Gy, , as defined in (23), the formula simply reads

gJL<p>=< I <1—Akp>>s({%}w ) = oul0.).

k=L+1 k=L+1

For the particular values of parameters, L = v — 1/2 and n = 0, one gets

(et )) oo

It is also known that, see (44) and Eqgs. 14.6.6 and 13.6.1 in [1],

Fufl/2(07p) = _JV(p)7
) 2\ ¥
bu—1/2(0,p) =e "1 F1(v+1/2,2v+1,2ip) =T(v + 1) <;) Ju(p).

Let us note that (47) with (49) jointly imply (38).
Using recurrence (7) for §, one can also obtain the characteristic function for Jp,,

f]L (pil) = ]:JL (pil) - — N wa IJL+1 (/)71)~

Be reminded that ¢r,(n, p) obeys the equations

L+3
P

U p U
L+1¢L(n7p)— 2L+3<1+ (L+1)2>¢L+1(777p)7

2L +3 n

+ L—|—1> br4+1(n,p),
2

apd’L—&-l(ﬁaﬂ) = ¢L(777p) - (

0p0L(n, p) =

(46)

(47)

(51)

(52)
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as it follows from [1, Eqs. 14.2.1 and 14.2.2]. A straightforward computation based on (46), (50) and (52)
yields

oo

np np —1y _ P
(”m>< 11 (”m»%“ )= OOt o)

n=L-+1

In view of (43), this can be rewritten as

p~F0,Fr(n, p).

G, (p) = 61.00p) + 5006100, ) = m

5.2. Orthogonal polynomials associated with Fr(n, p)
Following the general scheme outlined in Section 3 (see (18)), we denote by {PY(LL)(n; 2)}52, the sequence
of OPs given by the three-term recurrence

2P (03 2) = wrin PP (05 2) + Apan 1t P (0052) + wiamn P (02), n€ Zy, (53)

with PELl) (n;2) =0 and PéL)(n; z) = 1. Again, we restrict ourselves to the range of parameters —1 # L >
—3/2if n € R\ {0}, and L > —3/2 if n = 0. Likewise to Lommel polynomials, these polynomials are not
included in Askey’s scheme [12]. Further let us denote

R (n;p) == P (s p71) (54)

for p # 0, n € Z,. According to (19),

Pé“(n;z)(lﬁlzm’f)s({ ik } ) ne€Zy. (55)

k1 W4k z — >\L+k k=1

Alternatively, these polynomials can be expressed in terms of Coulomb wave functions.

Proposition 7. Forn € Z, and p # 0 one has

\/(L+l)2+172\/2L+2n+3

(L) (. oy —
By (n; p) L+1 9L +3

(FL(n,0)Grins1(n,p) = Frinya1(n, p)GL(n, p)).

Proof. To verify this identity it suffices to check that the RHS fulfills the same recurrence relation as
R%L)(n, p) does, while sharing the same initial conditions. The RHS actually meets the first requirement as
it follows from the known recurrence relations for Coulomb wave functions, see [1, Eq. 14.2.3]. The initial
condition is a consequence of the Wronskian formula (42). O

For the computations to follow it is useful to note that the weights w,, and the normalization constants
Cr(n), as defined in (2) and (45), respectively, are related by the equation

n—1
[2L +2n+1 Cr4n(n)
= - 1 2 ceee
kl;l(:)’wL+k 2L—|—1 CL(T]) ) n 07 y &y (56)

Proposition 8. For the above indicated range of parameters and p # 0,

. L+n p(L) . — 772 _
lim /(2L + 3)(2L + 2+ 1)Crin(n)p" ™ R,y (1) = 4|1+ T 1)QFL(n, p)- (57)
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Proof. Referring to (54) and (55), Rﬁf)(n; p) can be expressed in terms of the function §F. The sequence
whose truncation stands in the argument of § on the RHS of (55) belongs to the domain D defined in (5) —
meaning that the second equation in (8) can be applied. Concerning the remaining terms occurring on the
LHS of (57), one readily computes, with the aid of (56), that

n—1 —1 . )\
lim /(2L +3)(2L + 2n + 1)Cren(m)pt | [ 2ttt

(L+1)>+7° T np
=y Ceme kl:[l<1+(L+k)(L+k+1))'

Recalling (46) and (43), the result immediately follows. O

Remark 9. Note that the polynomials RSLL)(n; p) can be regarded as a generalization of the Lommel poly-
nomials R, , (). Actually, if » = 0 then the Jacobi matrix .J,_; /5 is determined by the sequences

M=0, w,=1/2y+n+1)(rv+n+2)).

Thus the recurrence (53) reduces to (35) for n = 0 and L = v — 1/2. More precisely, one finds that
Pflu*l/Z)(O; z) coincides with the polynomial P, (2z) from Section 4.1 for all n. In view of (39) this means

b v+n+1
RY2(0;p) = \/ Vi_’_an,u-&-l(p) (58)

forn € Zy, pe C\ {0} and v > —1. In addition we remark that, for the same values of parameters, (57)
yields Hurwitz’ limit formula (see §9.65 in [22])

/2

n—00 F(l/ L4+ 1) Rn,u+1(,0) = Jy(p)

A more explicit description of the polynomials PT(LL) (m; 2) can be derived. Let us write

n

P (n;2) = cr(n, L)z ", (59)
k=0

Proposition 10. Let {Qx(n, L;n); k € Z1} be a sequence of monic polynomials in the variable 1 defined by
the recurrence

Qr+1(n, Lin) = nQx(n, Lyn) — hy(n, L)Qk—-1(n, Lyn)  for k € Z, (60)
with the initial conditions Q_1(n,L;n) =0, Qo(n, L;n) =1, where

k2L +k+1)(2n — k+2)(2L + 2n — k + 3)

hae(n, L) = 12— 2%+ 1)(2n — 2k + 3) !

keZ,.

Then the coefficients ci(n, L,n) defined in (59) fulfill

V2L +2n+3 D(L+2+in) |T(2n—k+2)T(2L +2n — k + 3) 27 nthk-1
(L+1DV20+3|T(L+n+2+in)| I'(2n—-2k+2)T'(2L+k +2) k!

Qk (na Lv 77)

(61)

cx(n, L,n) =

fork=0,1,2,...,n.
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For the proof we shall need an auxiliary identity. Note that, if convenient, Qx(n, L;n) can be treated as
a polynomial in 1 with coefficients belonging to the field of rational functions in the variables n, L.

Lemma 11. The polynomials Qr(n, L;n) defined in Proposition 10 fulfill
Qr(n, Lyn) — ag(n, L)Qr(n — 1, Lin) — Be(n, L)nQk-1(n —1,L;n) =0 (62)
fork=0,1,2,..., where

22n —2k+1)(L+n+1)
2n—k+1)2L+2n—k+2)’

k(2L +k+1)

L) = .
ak(n, L) (2n —k+1)(2L +2n — k + 2)

6k(na L) =

Proof. It is easy to verify that ax(n, L), Bi(n, L) fulfill the following identities

ak(n’ L) + /Bk(nv L) =1, (63)
apr1(n, L)hg(n — 1, L) — ag_1(n, L)hg(n,L) =0, (64)
ﬁk(n, L)hk,l(n — ]., L) - 5]@,1(’)7,, L)hk(n, L) =0. (65)

In order to show (62) one can proceed by induction in k. The case k = 0 means ag(n, L) = 1 which is
obviously true. Furthermore, Q1(n, L;n) = 1, meaning that the case k = 1 is a consequence of (63), with
k = 1. Suppose k > 2 and further suppose that the identity is true for kK — 1 and k — 2. Applying (60) both
to Qx(n, L;n) and Qr(n — 1, L;n) and using (63), (64) one can show the LHS of (62) to be equal to

—hg—1(n, L) (Qr—2(n, L;n) — ar—a(n, L)Qr—2(n — 1, L;n)) + n(Qr-1(n,L;n) — Qe—1(n — 1, L;n)).

In the next step, we apply the induction hypothesis both to Qr—1(n, L;n) and Qr_2(n, L;n) in the above
expression. It equals, up to a common factor 7,

—Br-1(n, L)Qr—1(n — 1, L;n) + Br—1(n, L)NQx—2(n — 1, L;n) — hy—1(n, L) Br—2(n, L)Qr—3(n — 1, L;n).

Finally, making once more use of (60), this time for the term Qx_1(n — 1,L;n), one can prove the last
expression to be equal to

(hi—2(n—1,L)Be—1(n, L) — hg—1(n, L) By—2(n, L)) Qr—3(n — 1,L;n) =0
as it follows from (65). O
Proof of Proposition 10. Write down the polynomials P,(LL)(T];Z) in the form of (59) and substitute the
RHS of (61) for the coefficients c(n, L, n). By substituting the resulting expression for the polynomials in

(53), one finds that the recurrence relation for the sequence {Pr(LL) (n; z)} is satisfied if and only if the terms
Qr(n, L;n) from the substitution fulfill

ar(n, L)Qk(n, L;n) — bx(n, L)Qr(n — 1, L;n) — ck(n, L)nQr—1(n — 1, L;n)
+di(n, L,n)Qr—2(n—2,L;n) =0 (66)

for k,n € N, n > k, where we again put Q_1(n, L;n) =0, Qo(n, L;n) =1, and
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@Cn—k)2n—k+1)2L+2n—k+1)2L+2n—k+2)

ax(n, L) = QL+ k)RL+k+1)(L+n+1) ’

be(n. L) — 42L+2n+1)(n—k)(2n — 2k + 1)

k(. L) L+ k) 2L+ k + 1) ’
EQL+2n+1)2n—k)(2L+2n—k+1)

ce(n. L) = QL+ k)L +n)(L+n+1) ’

o1y = (B DGR+ (L4 0%)

L+n

Note that for £k = 0 one has

ao(n, L)Qo(n, Lﬂ?) - bo(?% L)Qo(n -1,L, 77) - C()(’I’L, L)anl(n -1 Lﬂ?) = ao(’I’L, L) - bo(n, L) = 0.

It can be observed that relation (66) provides the terms Qx(n, L;n) with an unambiguous specification.
For this fact to be visible, one can proceed by induction in k. Suppose k > 0 and all terms Q;(n, L;n)
are already known for j < k, n > j. Putting n = k in (66) one can express Qx(k,L;n) in terms of
Qr—1(k — 1,L;n) and Qr_o(k — 2,L;n) since bg(k,L) = 0. Then, treating k as being fixed and n as a
variable, one can interpret (66) as a first order difference equation in the index n, with a right hand side,
for an unknown sequence {Qx(n, L;n); n > k}. The initial condition for n = k is now known as well as the
right hand side and so the difference equation can be solved unambiguously.

To prove this proposition it suffices to verify that if {Q(n, L;n)} is a sequence of monic polynomials in
the variable 1 defined by the recurrence (60) then it obeys, too, the relation (66). To this end, one may
apply repeatedly the rule (62) to bring the LHS of (66) to the form

€0(1’L, L)Qk(n -2,L; 7)) + el(n’ L)an*I(n -2,L; 77) + 62(n7 L, n)Qka (n -2,L; 77) (67)
where
eo(n, L) = ag(n, L)ag(n — 1, L)ag(n, L) — bg(n, L)ag(n — 1, L),
e1(n,L) = ag(n,L)ag—1(n — 1, L)Bx(n, L) + ar(n, L)ag(n, L)Bx(n — 1, L)
—br(n,L)Br(n —1,L) — cp(n, L)ag—1(n — 1, L),
and

ea(n, L,n) = (ar(n, L)Br—1(n — 1,L)By(n, L) — cx(n, L)Br—1(n — 1, L))n2 + dig(n, L,n).
Direct evaluation then yields
ex(n,L)/eo(n, L) = =1, ez(n,L,n)/eo(n, L) = hy—1(n—2,L).
Referring to the defining relation (60), this proves (67) to be equal to zero indeed. O

Remark 12. Let us shortly discuss what Proposition 10 tells us in the particular case whenn =0, L = v—1/2.
The recurrence (60) can be easily solved for n = 0. One has Qaj41(n, L; 0) = 0 and

CEN(n—E)2n —4k+ I T(L+k+1)I(L+n+2)
Elln —2E)!1(2n — 2k + 1)! TNL+ 1)I'(L+n —k +2)

Qar(n, L; 0) = (—1)

for k=0,1,2,.... Whence ca11(n,v —1/2,0) = 0 and
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1 v4+n+1 bon_ok (M—K\NT(v+n—k+1)
—2,0) =/ 1)k .
CQk(”’V 2’) yr1 Y k T(v+k+1)

Recalling (58), the explicit expression (33) for the Lommel polynomials can be rederived.

Let us mention two more formulas. The first one is quite substantial and shows that the polynomials
R;L)(n, p) play the same role for Coulomb wave functions as Lommel polynomials do for Bessel functions.
It follows from the abstract identity (10) where we specialize d = n,

’Y%Jrk 1
Ty = —— 68
S P (68)
and again make use of (56). Thus we get
R (. p) s (1.p) — L+1\/2L+3 V2 +L2 \Fy (0. p)

[2L +2n + 1
= —F
27, 1 L+n(777 ﬂ), (69)

where n € Z;, 0 # L > —1/2, n € R and p # 0. Moreover, referring to (48) and (58), one observes that
relation (36) is a particular case of (69) if one lets n =0 and L =v — 1/2.

Similarly, the announced second identity can be derived from (9) by making the same choice as the one
in (68) but writing z instead of p~!. Recalling (55) one finds that

P00 2) P s 2) = PR 2) Py (s 2) = = P 0 2)
holds for all n,s € Z .

We conclude this subsection by describing the measure of orthogonality for the generalized Lommel
polynomials. To this end, we need an auxiliary result concerning the zeros of the function ¢y (n,-). It
is obtained by applying Theorem 6 to the sequences w and A defined in (2). From (46) we know that
oL (n, p) = Gy, (p) and we note that, obviously, Jp41 = Jé ) Thus we arrive at a proposition stated below.

Proposition 13. Let —1 # L > —3/2 if n € R\ {0}, and L > —3/2 if n = 0. Then the zeros of the function
ér(n,-) form a countable subset of R\ {0} with no finite accumulation points. Moreover, the zeros of ¢r(n,.)
are all simple, the functions ¢r,(n,-) and ¢r+1(n,-) have no common zeros, and the zeros of the same sign
of r(n,-) and ¢r11(n, ) mutually separate each other.

Let us arrange the zeros of ¢ (n,-) into a sequence py, n, n € N (not indicating the dependence on 7
explicitly). According to Proposition 13 we can carry this out in such a way that 0 < |pp1| < |pr2] <
lpr,3l < .... Thus we have

{prn; n €Nt ={peR; ¢1(n,p) =0} = {p € R\{0}; Fr(n,p) =0}. (70)
Theorem 14. Let —1 # L > —3/2 if n € R\ {0}, and L > —3/2 if n = 0. Then the orthogonality relation

(L+1)%+17?

(o]
> LA RE (05 pL k) RE (s pri) = CL+3)(L+1)

k=1

Omn (71)

holds for all m,n € Z,..
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Proof. According to Theorem 3, we have the orthogonality relation
/ P (3 p) PV (m; p) dp(p) = Smm
R

where dyu is supported on the set {pz,ln; n € N} U {0}. Applying formula (27) combined with (46) and (52)
one finds that

1 1 1 G prg)  (2L+3)(L+1)2
_ —0) =— k) )
”(PL,k) U(PL,k ) PrL.k 8,611, P (L+1)2+n2 PL.k

We claim that 0 is a point of continuity of u. Indeed, let us denote by A; the magnitude of the jump of u
at pzlk if k € N, and at 0 if K = 0. Then, since du is a probability measure, one has

172113 (72)

> (2L + 3)( L+1 (2L+3)(L—|—1)
1= Ay = A9+
kZ:O O T Ly 1)? ;p Aot = ye

where ||Jp||2 stands for the Hilbert—Schmidt norm of Jy. This norm, however, can be computed directly,

(L+1)2 477
— Va2 2 = :
1TL13 = Z Ln T Z“’H" 2L+3)(L+1)2

Comparing this equality to (72) one finds that Ayp = 0. To conclude the proof it suffices to recall (54). O

In the course of the proof of Theorem 14 we have shown that 0 is a point of continuity of u. It follows
that 0 is not an eigenvalue of the compact operator Jy,.

Corollary 15. Let —1 # L > —3/2 if n € R\ {0}, and L > —3/2 if n = 0. Then the operator Jy, is invertible.

Remark 16. Again, letting n = 0 and L = v — 1/2 in (71) and recalling (58), one readily verifies that (40)
is a special case of (71).

Remark 17. In the same way as above one can define a sequence of OPs associated with the function
0,Fr(n, p) or, more generally, with aFr,(n, p) + pd,Fr(n, p) for a real a. Since our results in this respect are
not complete yet and since they are notably less elegant than those for the function Fy (7, p), we confine
ourselves to this short comment for now and leave this problem open for further research.

Let us just consider the particular case of the function d,F',(n, p) and call the corresponding sequence of
OPs {P(L (;2)}22,. It is defined by a recurrence analogous to (53) but now the coefficients in the relation
are matrix entries of .J;, rather than those of J;,. The initial conditions are the same, and one has to restrict
the range of parameters to the values L > —1/2 and n € R. Let us denote R (n;p) := PT(LL)(n;pfl) for
p # 0, n € Zy. The zeros of the function p — 0,Fr(n, p) can be shown to be all real and simple and to
form a countable set with no finite accumulation points. One can arrange the zeros into a sequence which
we call {fr; n € N}. Then the corresponding orthogonality measure du is again supported on the set
{pL k€ N}U{0}. It is possible to directly compute the magnitude Ay of the jump at pL * of the piece-wise
constant function p with the result

L+1

Ay = — — .
Y2 20— L(L+ 1)

We propose that g has no jump at the point 0 or, equivalently, that the Jacobi matrix Jy, is invertible, but
we have no proof for this hypothesis yet.
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6. The spectral zeta function associated with Fr,(n, p)

Let us recall that the spectral zeta function of a positive definite operator A with a discrete spectrum
whose inverse A~! belongs to the p-th Schatten class is defined as

1
C(A)(s) = Z SV TrA™®, Res>np,
n=1""

where 0 < A1 < Ag < A3 < ... are the eigenvalues of A. The zeta function can be used to approximately
compute the ground state energy of A, i.e. the lowest eigenvalue \;. This approach is known as Euler’s
method (initially applied to the first positive zero of the Bessel function Jy) which is based on the inequalities

¢W(s)

(A ()15 <\, « S (8)

s> . (73)
In fact, the inequalities in (73) become equalities in the limit s — oo.

In this section we describe recursive rules for the zeta function associated with the regular Coulomb wave
function. The procedure can be applied, however, to a wider class of special functions. For example, this
approach can also be applied to Bessel functions, resulting in the well known convolution formulas for the
Rayleigh function [11]. Not surprisingly, the recurrences derived below can be viewed as a generalization of
these previously known results.

Recall also that the regularized determinant,

deto(1+ A) :=det((1 + A) exp(—A4)),

is well defined if A is a Hilbert—Schmidt operator, i.e. belonging to the second Schatten class, on a sepa-
rable Hilbert space. Moreover, the regularized determinant is continuous in the Hilbert—Schmidt norm [18,
Theorem 9.2].

Referring to (1), (46) and (70), we start from the identity

deto(1 — pJr.,) = exp(pTrJp ) det(1 — pJr 1)

n 2 n
_ e np _ TL+k
_eXp(L+n+1 L+1)<H(1 p)\k+L)>g<{)\L+k_p_l}k—1>

k=1

where Ji, , stands for the n x n truncation of J;,. The formula can be verified straightforwardly by mathe-
matical induction in n with the aid of the rule (7). Now, sending n to infinity and using (46), we get

deta(1 — pJi) = exp (L”fl) oL (1, p). (74)

On the other hand, we have the Hadamard product formula

detQ(]_ — PJL) = H (]_ . L)ep/PL,n’ (75)

n—1 PL.n

see [18, Theorem 9.2]. Combining (74) and (75) one arrives at the Hadamard infinite product expansion of

¢L(77’ ')a

np P /
— 1 P/PL,n
ér(n,p) = GXP(L 1) n|_|1( me)e (76)
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Let us define

Co(k) =) % k> 2.

n=1PLn

In view of (76), we can expand the logarithm of ¢, (7, p) into a power series,

np 00 00 1 p k
Ingr(n, p) = T+1 > E(PL—>
n=1 k=2 ’

whenever p € C, |p| < |pr,1]- Whence

0,01(n, p)
;L(mp) L+1 ZCL (h+ 1

Comparing this equality to (52) one finds that

oo ko1 n? Pr+1(n,p)
kZ:OCL(kH)P = 2L+3<1+ (L+1)2) or(n,p)

In this way, the values of (;, (k) for kK € N, k > 2, can be obtained by an inspection of the Taylor series of
the RHS in (77).
However, an apparently more efficient tool to compute the values of the zeta function would be a recur-

for || < lpr.il. (77)

rence formula. To find it, one has to differentiate Eq. (77) with respect to p and use both formulas (51)
and (52). By doing so, one arrives at the equation

(L+1)

_ i)\ 200 dra(np) P N $r11(00)\°
= orey (1t ) - e s () ()

2 —1 oo
(2L+3)<1+"72> S kCo(k +2)p"
k=0

Using (77) to express ¢r1+1(n, p)/¢L(n, p), one obtains
2

S kClk+2)pf =1+ (inl)z — (2L +3)3 ok +2)"
k=1 k=0

K
L+1Z€L (k+1)p ZZQL(Z+2)CL(k—l+2)pk+2.

k=0 1=0

At this point, it suffices to equate coefficients at the same powers of p. In particular, for the absolute term

we get
1 n?
) =—|14+ —5 ). 78
€L (2) 2L+3( +(L+1)2) (78)
Note that ¢7,(2) is the square of the Hilbert—Schmidt norm of Jy,. The desired recurrence relation reads
k1) = — 2 ¢ +Z§ (+ D) (k—1)), k=234 (79)
2L+k+2 L+1 llL L ) T Ay Iy Ty e e

Please cite this article in press as: F. Stampach, P. Stovicek, Orthogonal polynomials associated with Coulomb wave functions,
J. Math. Anal. Appl. (2014), http://dx.doi.org/10.1016/j.jmaa.2014.04.049




Doctopic: Real Analysis YJMAA:18474
22 F. Stampach, P. Stovicek / J. Math. Anal. Appl. e e e (e eees) oo e—0oe

As described above, bounds on the first (in modulus) zero py, 1 can be determined with the aid of the
zeta function. The operator .Jy, is not positive, however, and so the bounds should be written as follows

2s)
25) "5 < p? <L, s>
In the simplest case, for s = 1, we get the estimates

(2L + 3)(L 4 1)* _ 2 (2L +3)(2L +5)(L +2)(L + 1)?
C+1)2+p2 PP S T+ (L+2)(L + 1)

Let us further examine the particular case when n = 0 and L = v — 1/2. In that case, rules (78) and (79)
reproduce the well known recurrence relations for the Rayleigh function g, (v), with n > 2 and v > —1
[11]. Recall that

U2n Z .7 i

where j, , denotes the k-th positive zero of the Bessel function J,,. The recurrence relation reads

n—1
1 1
oa(v) = o oon (V) = — ; 0ok (V)Oon_ox(v) forn=2,34,....

Remark 18. Let us remark that instead of (79) one can derive a recurrence relation in a form which is a
linear combination of zeta functions. Rewrite Eq. (77) as

2 o0
(1 " (I/i7F71)2)¢)L+1(77’p) = (2L +3)¢r(n,p) ];CL(k +2)p"

and replace everywhere the function ¢ by the power expansion

L (L+1—1n) (2ip)*
oLlmp) =e pz QL+2), K

After carrying out obvious cancellations and equating coefficients at the same powers of p on both sides one
arrives at the identity
2(L+1)2+n? T(L+2—in+k) Xk:F L+1—in4k—1)(2i)"
(L+1)(L+1—-1in) T2L+4+ k)k! reL+2+k—-10)k-0N!

CLl+2),
=

which holds for any k € Z,, L > —1 and n € R.

Remark 19. The orthogonality measure du for the sequence of OPs {P,(LL) (n,p)}, as described in Theorem 14,
fulfills

L L
[ 1@ auto —@(Lf’ TS 2 (o)
k=1

for every f € C(R). Consequently, the moment sequence associated with the measure dy can be expressed
in terms of the zeta function,
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Cr(n+ 2)
my = [ 2"du(xr) = =—>——=, nez
/ u(@) (2) i
R
(recall also (78)). In view of formulas (78) and (79), this means that the moment sequence can be evaluated

recursively.

Remark 20. This comment extends Remark 17. We note that it is possible to derive formulas analogous to
(79) for the spectral zeta function associated with the function d,F7(n, p) though the resulting recurrence
rule is notably more complicated in this case. One may begin, similarly to (75), with the identities

deta(1 — pJp) = ﬁ (1 - #>ep/5“ = exp (—%) (m(n,p) + Liﬂapm(n,p))-

ne—1 PL,n

Hence for ¢1.(n, p) := ¢r.(n,p) + (p/(L +1))0,¢L(n, p) we have

L+2 - | '
1n¢L(n,p)=ﬁ_2;E(ﬁ§n> Y

whenever p € C, |p| < |pr.1|- Let us define

G =S o, k=2,

n=1 va"

Having arrived at this point, manipulations quite similar to those used in the case of the zeta function
associated with Fp(n, p) can be applied. Differentiating Eq. (80) twice and both times taking into account
that F(n, p) solves (41), one arrives, after some tedious but straightforward computation, at the equation

2(p —m) (L +2)np* np* (L+2)p =+ 2
p? —2np— L(L+1) (Lp BESE ZC kH) <L T + Z:: CL(k)Pk>
2(L*+L—1)ny

=L+ (L+1)2

P2+ 3 (b + 1)Lk
k=2

From here the sought-after recurrence rules can be extracted in a routine way, yet we refrain from writing
them down explicitly because of their length and complexity.
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Abstract

A family 7®), v € R, of semiinfinite positive Jacobi matrices is introduced with
matrix entries taken from the Hahn-Exton ¢-difference equation. The corre-
sponding matrix operators defined on the linear hull of the canonical basis in
(%(Zy) are essentially self-adjoint for |v| > 1 and have deficiency indices (1,1)
for [v] < 1. A convenient description of all self-adjoint extensions is obtained
and the spectral problem is analyzed in detail. The spectrum is discrete and
the characteristic equation on eigenvalues is derived explicitly in all cases. Par-
ticularly, the Hahn-Exton ¢-Bessel function J,(z; q) serves as the characteristic
function of the Friedrichs extension. As a direct application one can reproduce,
in an alternative way, some basic results about the g-Bessel function due to
Koelink and Swarttouw.

Keywords: Jacobi matrix, Hahn-Exton ¢-Bessel function, self-adjoint extension, spec-
tral problem
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1 Introduction

There exist three commonly used g-analogues of the Bessel function J,(z). Two of
them were introduced by Jackson in the beginning of the 20th century and are mutually
closely related, see [6] for a basic overview and original references. Here we shall be
concerned with the third analogue usually named after Hahn and Exton. Its most
important features like properties of the zeros and the associated Lommel polynomials



including orthogonality relations were studied not so long ago [11, 10, 9]. The Hahn-
Exton ¢-Bessel function is defined as follows

3 (¢ @)oo ) )
Jo(z:9) = JP(21q) = =2 271010475 ¢, 42%). (1)
(45 @)oo
Here ,¢s(ay,...,a,;by1,...,bs;q, z) stands for the basic hypergeometric series (see, for

instance, [6]). It is of importance that .J,(z;q) obeys the Hahn-Exton ¢-Bessel differ-
ence equation

J(qzq) + ¢ (q2* = 1= ¢") 1, (¢"%2;q) + Ju(2;9) = 0. (2)

Using the coefficients from (2) one can introduce a two-parameter family of real
symmetric Jacobi matrices

Bo
TET(”): ag B oo (3)

aq 52 (8%

depending on v € R and also on ¢, 0 < ¢ < 1. But ¢ is treated below as having been
fixed and in most cases is not indicated explicitly. Matrix entries are supposed to be
indexed by m,n =0,1,2,.... More formally, we put T,.,, = Bn, Thnt1 = Tnt1n =
and 7,,, = 0 otherwise, where

o) = g, g = B — (14¢") ¢, n € T (4)

n

Qp

In order to keep notations simple we will also suppress the superscript () provided
this cannot lead to misunderstanding.

Our main goal in this paper is to provide a detailed analysis of those operators
T in (> = (*(Z,) (with Z, standing for nonnegative integers) whose matrix in the
canonical basis equals 7. This example has that interesting feature that it exhibits a
transition between the indeterminate and determinate cases depending on v. In more
detail, denote by C* the linear space of all complex sequences indexed by Z, and by
2 the subspace of those sequences having at most finitely many nonvanishing entries.
One may also say that 2 is the linear hull of the canonical basis in ¢2. It turns out
that the matrix operator induced by 7 on the domain & is essentially self-adjoint in
¢% if and only if |v| > 1. For |v| < 1 there exists a one-parameter family of self-adjoint
extensions.

Another interesting point is a close relationship between the spectral data for these
operators T" and the Hahn-Exton g-Bessel function. It turns out that, for an appro-
priate (Friedrichs) self-adjoint extension, J,(¢~'/2\/7;q) serves as the characteristic
function of T in the sense that its zero set on R, exactly coincides with the spectrum
of T'. There also exists an explicit formula for corresponding eigenvectors. Moreover,
T-! can be shown to be compact. This makes it possible to reproduce, in a quite
straightforward but alternative way, some results originally derived in [11, 9].



Finally we remark that recently we have constructed, in [14, 15|, a number of ex-
amples of Jacobi operators with discrete spectra and characteristic functions explicitly
expressed in terms of special functions, a good deal of them comprising various com-
binations of ¢-Bessel functions. That construction confines, however, only to a class
of Jacobi matrices characterized by a convergence condition imposed on the matrix
entries. For this condition is readily seen to be violated in the case of T, as defined in
(3) and (4), in the present paper we have to follow another approach whose essential
part is a careful asymptotic analysis of formal eigenvectors of 7.

2 Self-adjoint operators induced by T

2.1 A x-algebra of semiinfinite matrices

Denote by .4, the set of all semiinfinite matrices indexed by Z, X Z, such that each
row and column of a matrix has only finitely many nonzero entries. For instance, .#,
comprises all band matrices and so all finite-order difference operators. Notice that
Mz, is naturally endowed with the structure of a x-algebra, matrices from .#4, act
linearly on C* and & is .#5,-invariant.

Choose A € My, and let A" stand for its Hermitian adjoint. Let us introduce,
in a fully standard manner, operators A, Amin and A, on £2, all of them being
restrictions of A to appropriate domains. Namely, A is the restriction A’ G Apin 18

the closure of A and
Dom Apae = {f € 0% Af € (%},

Clearly, A C Apax. Straightforward arguments based just on systematic application
of definitions show that

(A)* = (Aminyk = AElax? (AmaX)* = Aiin'

Hence A, is closed and Ain C Apax-

Lemma 1. Suppose p,w € C and let A € M, be defined by
Apn =p", Aniin = —wp™™ foralln € Z,, Ay, =0 otherwise. (5)
Then Apin # Amas if and only if 1/|p| < |w| < 1, and in that case
Dom A,i, = {f € Dom A, ; nlggo w " f, = 0}.
Proof. Choose arbitrary f € Dom A,,.. Then f € Dom A,;, iff

Vg S DOHIAE&X’ 0= <AHgaf> - <g7~’4f> = _nh_E{.lOAn,ng_nfn (6)

Since both f and ¢ in (6) are supposed to belong to ¢* this condition is obviously
fulfilled if |p| < 1. Furthermore, the situation becomes fully transparent for w = 0.



In that case the sequences {p"g,} and {p"f,} are square summable and (6) is always
fulfilled. In the remainder of the proof we assume that |p| > 1 and w # 0.
Consider first the case when |w| > 1. Relation Af = h can readily be inverted
even in C* and one finds that
P fo =Y (pw)hy g = (pw)" Y (pw) Fhy, Vn.

k=0 k=0

Denote temporarily by h the sequence with h,, = (pw)~". Tt is square summable since,
by our assumptions, [pw| > 1. For f € Dom Ay, one has h € £? and

o

fn = w"((ﬁ, h) — ¢,) where ¢, = Z (pw)Fhy.

k=n+1

Assumption f € 2 clearly implies (h, h) = 0 and then, by the Schwarz inequality,

[Annfnl < /v Ipw] =1, Vn.

Whence A, ,, g fn — 0 as n — oo for all ¢ € Dom Agax and so f € Dom An.

Suppose now that |w| < 1. If A"g = h in C* and h is bounded then, as an easy
computation shows,

()" gn = Y(@) "+ Y (@) (7)

for all n and some constant . Observe that, by the Schwarz inequality,

0o 00 1/2
kz_()@)khn% < \/%W (;Ihﬁ) 7 (8)

and this expression tends to zero as n tends to infinity provided h € ¢2.

In the case when [pw| < 1 the property g € 2 and Atg = h € ¢* implies that the
constant 7 in (7) is zero, and from (8) one infers that A,,,, g, — 0 as n — oo. Thus
one finds condition (6) to be always fulfilled meaning that f € Dom Ajp;,.

If [pw| > 1 then the sequence g defined in (7) is square summable whatever v € C
and h € (? are. Condition (6) is automatically fulfilled, however, for v = 0. Hence
(6) can be reduced to the single nontrivial case when we choose § € Dom Al with
gn = (pw)™™. Then A"g = 0 and condition (g, Af) = 0 means that w="f, — 0 as
n — o0o. It remains to show that there exists f € Dom A, not having this property.
However the sequence f, with f,, = w", does the job since Af = (1,0,0,...) e ? O

2.2 Associated orthogonal polynomials, self-adjoint extensions

The tridiagonal matrix 7 defined in (3), (4) belongs to #4,. With T there is asso-

ciated a sequence of monic orthogonal polynomials [7], called {P,(z) = pY (x)} and
defined by the recurrence

Po(z) = ( — Buc1)Pooi(2) — 2 5 Pys(x), n > 1, 9)

4



Pu(w) = PP(@) = (<17q" " PY). (10)

Then (Py(z), Pi(z), Py(x),...) is a formal eigenvector of T (= an eigenvector of T in

(Bo—2)By(2) + agPy(z) = 0, oy Pyy(x)+ (Bp — ) Po(2) + 2y Poyy () = 0 for n > 1.
(1)
Observe that 7% = ¢~ T™). Since we are primarily interested in spectral prop-
erties of 7 in the Hilbert space £> we may restrict ourselves, without loss of gen-
erality, to nonnegative values of the parameter v. The value v = 0 turns out to be
somewhat special and will be discussed separately later in Subsection 3.2. Thus, if
not stated otherwise, we assume from now on that v > 0.
Given T € 4, we again introduce the operators T , Tmin, Tmax as explained in
Subsection 2.1. Notice that

ﬁn: (v— 1/2|Oén— |+q (v— 1/2’05n|

It follows at once that the operators T" and consequently T,,;, are positive. In fact, for
any real sequence {f,} € Z one has

Z Z Tm,nfmfn - |05—1|q(l/_1)/2 f02 + Z |an—1‘(q(y_1)/4fn - q_(y_l)/4fn—1)2 2 O
n=1

m=0 n=0

This is equivalent to the factorization 7 =AY A where the matrix A = AY) € A, is
defined by the prescription: Vf € C*,

(Af) |a_ |1/2 v—1) /4f (.Af) |a _1|1/2( v— 1)/4fn . q—(u—l)/4fn_1) for n Z 1.
That is, Vn > 0,
Amn |an_ |1/2 -1)/4 _ q—(n—u)/Q’ An—&—lm _ —|O./ |1/2 —(v=-1)/4 _ _q—n/2’ (12)

and A,,, = 0 otherwise.

Thus 7 induces a positive form on the domain 2 with values (f, T f) = [ Af|?
Vf e 2. Let us call tits closure. Then Dom t = Dom A, and t(z) = || Amin 2]|?, Vz €
Domt. The positive operator TV associated with t according to the representation
theorem is the Friedrichs extension of the closed positive operator Ty,;,. One has

ArtnnAmiH‘
It is known that TF has the smallest form-domain among all self-adjoint extensions
of Thin and also that this is the only self-adjoint extension of T, with its domain
contained in Dom t, see [8, Chapter VI].



One can apply Lemma 1, with p = ¢~%/? and w = ¢(!=*)/2, to obtain an explicit

description of the form-domain of T%. Using still A defined in (12) one has Domt =
{fet® Af € ?} forv > 1 and

Domt={f € /?; Af € > and lim ¢“~V"2f, =0} (13)
n—oo
for 0 <v < 1.
In [5] one finds a clear explicit description of the domain of the Friedrichs extension

of a positive Jacobi matrix which can be applied to our case. To this end, consider
the homogeneous three-term recurrence equation

anQn+1 + 571@77, + an—lQn—l =0 (14)

on Z. It simplifies to a recurrence equation with constant coefficients,
¢ V2Qu — (1+¢")Qu+ " ?Qur = 0. (15)

One can distinguish two independent solutions, {Q\"} and {Q\?'}, where

1-v)n/2 _ v+(14+v)n/2

QY =t — = L QY =g n e L. (16)
— q'/

Notice that {QS)} satisfies the initial conditions Q(_li =0, Q(()l) =1, and so Q%l) =
Pn(O), VYn > 0. On the other hand, {Q%z)} is always square summable over Z,, and
this is the so-called minimal solution at 400 since

for every solution {Q,,} of (14) which is linearly independent of {Qg)}. The Wronskian
of QM and Q@ equals
Wa(QY, Q%) =1, ¥n € Z,

where W, (f, 9) := an(fngn+1 — gnfns1). Theorem 4 in [5] tells us that
DomTY = {f € (2, Tf € ¢* and W (f,Q?) =0} (17)

where we put
Weo(f9) = lim W(f, g)

for f,g € C* provided the limit exists. It is useful to note, however, that discrete
Green’s formula implies existence of the limit whenever f, g € Dom Ty,.«, and then

<Tmaxf7 g> - <f7 Tmaxg> = _WOO<77 g)'

We wish to determine all self-adjoint extensions of the closed positive operator
Thin- This is a standard general fact that the deficiency indices of Ty, for any real
symmetric Jacobi matrix 7 of the form (3), with all «,,’s nonzero, are either (0,0)

6



or (1,1). The latter case happens if and only if for some x € C all solutions of the
second-order difference equation

anQn—i—l + (ﬁn - x)Qn + an—l@n—l = 0 (18)

are square summable on Z,, and in that case this is true for any value of the spectral
parameter x (see, for instance, a detailed discussion in Section 2.6 of [16]).

Let us remark that a convenient description of the one-parameter family of all self-
adjoint extensions is also available if the deficiency indices are (1,1). Fix z € R and
any couple QW Q® of independent solutions of (18). Then all self-adjoint extensions
of Tpuin are operators T(/{) defined on the domains

DomT(k) = {f € % Tf € 2 and Wy (f,QW) = s W (f, Q)1 (19)

with x € R U {co}. Moreover, all of them are mutually different. Of course, T'(k)f =
Tf,Vf € DomT (k).

In our case we know, for x = 0, a couple of solutions of (18) explicitly, cf. (16).
From their form it becomes obvious that T, = Tmax is self-adjoint if and only if
v > 1. With this choice of Q, Q® and sticking to notation (19), it is seen from (17)
that the Friedrichs extension T% coincides with 7T(c0).

Lemma 2. Suppose 0 < v < 1. Then every sequence f € Dom T),,, has the asymptotic

exrpansion
fr = C1gt"2 4 g2 L o(g™) as n — oo, (20)

where C,Cy € C are some constants.

Proof. Let f € Dom Tyayx. That means f € £2 and AMAf = h € (2 where A is defined
in (5), with p = ¢7%/2, w = ¢/ (then T = ¢*A"A). Denote g = Af. Hence
ABg = h and, as already observed in the course of the proof of Lemma 1, there exists
a constant 7 such that

G = ,Yqyn/Q + qn/2 Zq(l—u)k/th_H“ V.
k=0

Furthermore, the relation Af = g can be inverted,

fn _ q(l—y)n/2 Z quk/2gk7 Vn.
k=0

Whence

i —v)n v v)n —v)n - v - —v)j
fo = = <q(1 n/2 _ q +(14v) /2) + q(l n/2 Zq(1+ )k/QZq(l )j/Qhk-s-j
k=0 7=0

— Ol q(l—u)n/Q + 02 q(l—i-u)n/Q + qn Cn



where
v

g

oo o0
=g+ 3 d Yy, G = =P
q k=0 §=0 q

and

Cn = - Z q(H—V)k/Q Z q(l_y)j/2hn+k+j‘
k=1 =0
Bearing in mind that h € £? one concludes with the aid of the Schwarz inequality that
¢ — 0asn — oo. O

With the knowledge of asymptotic expansions established in Lemma 2 one can
formulate a somewhat simpler and more explicit description of self-adjoint extensions
of Tmin-

Proposition 3. The operator T, = T(:ZZL, with v > 0, s self-adjoint if and only if
v>1. If0 < v <1 then all mutually different self-adjoint extensions of Ty, are
parametrized by k € PY(R) = RU{oo} as follows. For f € Dom T, let Ci(f), Cao(f)
be the constants from the asymptotic expansion (20), i.e.
Ci(f) = lim foq "2 Cy(f) = lim (fu — Ci(f)g"—"/%) g~ 2,
n—00 n—00

For k € PY(R), a self-adjoint extension T (k) of Ty is a restriction of Tpa to the
domain

DomT(k) = {f € ¢*; Tf € ¢* and Cy(f) = kC1(f)} (21)

In particular, T(oo) equals the Friedrichs extension T

Proof. Let 0 < v < 1, {¢,} be a sequence converging to zero (bounded would be
sufficient) and g(", g h € C* be the sequences defined by

(W _

gt (1-v)n/2

q , 9@ = U2, = g7, Yn.

Hence, referring to (16),

1

QY =— - (g —q"g®), Q¥ = ¢®.

One finds at once that W (¢M, h) = Ws (¢, h) = 0 and
Wa(gW,g®) =1-4¢", vn.

After a simple computation one deduces from (19) that f € Dom 7)., belongs to
Dom T(%) for some & € PY(R), i.e. Wao(f,QW) = &W(f,Q®), if and only if
Cy(f) = kCy(f) with K = —¢” — (1 — ¢¥)&. In other words, T'(k) = T(x). Since the
mapping

P'R) = PY(R): i+ k=—¢" — (1 —¢")i
is one-to-one, P'(R) 3 k — T'(k) is another parametrization of self-adjoint extensions
of Tyin. Particularly, & = oo maps to x = oo and so T'(o0) = TF. O
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Remark 4. One can also describe DomT,,;,. For v > 1 we simply have T, =
Tmax = T%. In the case when 0 < v < 1 it has been observed in [5] that a sequence
f € Dom T},x belongs to Dom T, if and only if W (f,g) = 0 for all ¢ € Dom Thyax.
But this is equivalent to the requirement C;(f) = Cy(f) = 0. Thus one has

Dom T = {f € %, Tf € (* and lim frq~UFIn2 — 0}. (22)
n—oo

2.3 The Green function and spectral properties

For v > 1 we shall write shortly T'= T ) instead of Ty = Tpax = 7. Referring
to solutions (16) we claim that the Green function (matrix) of 7', if v > 1, or TF, if
0 <v<1,reads

WOP for j <k

QVQY for j > k.

Proposition 5. The matriz (G;y,) defined in (23) represents a Hilbert-Schmidt oper-
ator G = G on €2 with the Hilbert-Schmidt norm

1+ ¢*tv
(1—¢*) (1 —g"t)2(1 — g>tv)

The operator G is positive and one has, Vf € (2,

(f.Gf) = Zq

Moreover, the inverse G=1 exists and equals T, if v > 1, or TF, if 0 < v < 1.

1G]l = (24)

(1+U)]/2fk

Proof. As is well known, if T,,;, is not self-adjoint then the resolvent of any of its
self-adjoint extensions is a Hilbert-Schmidt operator [16, Lemma 2.19]. But in our
case the resolvent is Hilbert-Schmidt for v > 1 as well, and one can directly compute
the Hilbert-Schmidt norm of G for any v > 0,

>3 64 = S@rarr Y 3 @

7=0 k=0 7=0 7=0 k=j+1

14 gt & <1 — (j+1))2 2
_ ql+v _ v ’
L=g™ =\ 1-¢

Thus one obtains (24). Hence the Green matrix unambiguously defines a self-adjoint
compact operator G on 2.

Concerning the formula for the quadratic form one has to verify that, for all m,n €
Zy, m<n,

Qo= (zq g, ) (z q<l+v>j/2an,k+j>.
=0

9



But this can be carried out in a straightforward manner.
A simple computation shows that for any f € C* and n, N € Z,, n < N,

n

N
Q2N QIT N +QP S QT i = fo— QPan (QP.1fv — Q2 i)

k=0 k=n+1

Considering the limit N — oo one finds that, for a given f € Dom T}, the equality
GTf = f holds iff W (f,Q®) = 0. According to (17), this condition determines the
domain of the Friedrichs extension TF. Hence GTF C I (the identity operator).

Furthermore, one readily verifies that, for all f € ¢2, TGf = f. We still have
to check that RanG C DomT¥. But using the equality W, (QW,Q?®) = 1 one
computes, for f € > and n € Z,

Wa(GF,Q%) = Y QP fi = 0 as n — oo,

k=n+1

since Q® € (2. Hence T¥G = I. We conclude that G=! = T¥. Remember that we
have agreed to write T = T for v > 1. O

Considering the case v > 1, the fact that the Jacobi operator T is positive and T~!
is compact has some well known consequences for its spectral properties. The same
conclusions can be made for 0 < v < 1 provided we replace T by TY. And from the
general theory of self-adjoint extensions one learns that T'(k), for £ € R, has similar
properties as 7T [18, Theorem 8.18].

Proposition 6. The spectrum of any of the operators T, if v > 1, or T(k), with
arbitrary k € PYR), if 0 < v < 1, is pure point and bounded from below, with
all ergenvalues being simple and without finite accumulation points. Moreover, the
operator T, for v > 1, or T, for 0 < v < 1, is positive definite and one has the
following lower bound on the spectrum, i.e. on the smallest eigenvalue & = ffy),

(1—¢*)(1—q¢"™)*(1—¢*™)
1+ q2+l/ :

&=

Proof. This is a simple general fact that all formal eigenvectors of the Jacobi matrix
T are unique up to a multiplier [3]. By Proposition 5, (T%)~! is compact and therefore
the spectrum of TF is pure point and with eigenvalues accumulating only at infinity.

For 0 < v < 1, the deficiency indices of Ty, are (1,1). Whence, by the general
spectral theory, if T has an empty essential spectrum then the same is true for all
other self-adjoint extensions T'(k), k € R. Moreover, there is at most one eigenvalue of
T (k) below & := minspec(T"), see [18, § 8.3]. Referring once more to Proposition 5
one has

min spec(T") = (maxspec(G)) ™' > |G| -

In view of (24), one obtains the desired estimate on &;. O
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2.4 More details on the indeterminate case

In this subsection we confine ourselves to the case 0 < v < 1 and focus on some general
spectral properties of the self-adjoint extensions T'(k), x € P!(R), in addition to those
already mentioned in Proposition 6. The spectra of any two different self-adjoint
extensions of Ty, are known to be disjoint (see, for instance, proof of Theorem 4.2.4
in [3]). Moreover, the eigenvalues of such a couple of self-adjoint extensions interlace
(see [12] and references therein, or this can also be deduced from general properties of
self-adjoint extensions with deficiency indices (1, 1) [18, § 8.3]). It is useful to note, too,
that every z € R is an eigenvalue of a unique self-adjoint extension T'(x), k € P'(R)
[13, Theorem 4.11].

For positive symmetric operators there exists another powerful theory of self-
adjoint extensions due to Birman, Krein and Vishik based on the analysis of associated
quadratic forms. A clear exposition of the theory can be found in [2]. Its application
to our case, with deficiency indices (1, 1), is as follows. A crucial role is played by the
null space of T, = 1.5 which we denote by

N = Ker T = CQW

(recall that QY = P,(0), Vn € Z,). Let t, = t be the quadratic form associated
with the Friedrichs extension T%. Remember that the domain of t has been specified
in (13). All other self-adjoint extensions of T, except of 7%, are in one-to-one
correspondence with real numbers 7. The corresponding associated quadratic forms
t,, 7 € R, have all the same domain,

Dom t, = Dom to, + .4 (25)
(a direct sum), and for f € Domt.,, A € C, one has
t(f +2QW) = tuo(f) + 7% (26)

Our next task is to relate the self-adjoint extensions T'(k) described in Proposition 3
to the quadratic forms t..

Proposition 7. The quadratic form associated with a self-adjoint extension T(k),
k € R, is t. defined in (25), (26), with T = (k+¢")/(1 —¢").

Proof. Let k € R and o be the real parameter such that t, is the quadratic form
associated with T'(x). Recall (16). One has TQW = 0 and (TQ?),, = 6,0, ¥n € Z,.
According to (17),

Q¥ € Dom T (00) C Dom t...

One computes t,(Q?) = (Q®@, TQ®) =1. Let 7 = (k +¢")/(1 — ¢*) and
h=71Q% + Q" € Dom to, + CQ™ = Dom t,.

Then (1 — ¢*)h, = ¢1="/2 4 kqU+I"/2 ¥n € Z,. Hence, in virtue of (21), h €
Dom T'(k), and, referring to (26),

4o =to(h) = (b T(k)h) = (b, Th) = (7 +1).
Whence o = 7. -

11



Now we are ready to describe the announced additional spectral properties of
T(k). The terminology and basic results concerning quadratic (sesquilinear) forms
used below are taken from Kato [8].

Lemma 8. Let .7 and A be linear subspaces in a Hilbert space 7€ such that . NAB =
{0}, and let s and b be positive quadratic forms on . and 9, respectively. Denote by
s and b the extensions of these forms to . + A defined by

Vo e 7, Ve B, 5(p+n)=s(p) and b(p +n) = b(n),

and assume that, for every p € R, the form s + p[NI 15 semibounded and closed. Then,
for any 7 € C, the form & + 7b is sectorial and closed. In particular, if . + B is
dense in A then s+ 76, 7 € C, is a holomorphic family of forms of type (a) in the
sense of Kato.

Proof. Fix 1 € C, 0 € (w/4,7/2), and choose 71, 72,73 € R so that
5+ Re(7)b > vy, (tan(h) — 1)5 + tan() Re(1)b > 72, 5 — | Im(7)[b > 7.

Let v = min{y1, cot(8) (72 + 73)}. Then Re(5 + 76) > 7 and, for any couple ¢ € .7,
ne#,

() — sl + |
tan(0) (s(¢) + Re(7)b(n)) — (2 +3) e + nll?
tan(6) (s() + Re(7)b(n) — v]l¢ +7l|*).

| Tm(5 + 76) (¢ + )| = | Im 7|b(n)

IANIAIA

This estimates show that & + 7b is sectorial. Finally, a sectorial form is known to be
closed if and only if its real part is closed. m

Proposition 9. Let {¢,(r); n € N} be the eigenvalues of T(k), k € P'(R), ordered
increasingly. Then for everyn € N, &, (k) is a real-analytic strictly increasing function
on R, and one has, Vk € R,

€1</€) < 51(00) < 52(/41) < 52(00) < fg(/’i) < 53(00) < .... (27)

Moreover,

lim &) = —00, lim_£,(k) = €u(00) forn>2, lim_£.(s) = &(00) forn > 1.
(28)

Proof. The Friedrichs extension of a positive operator is maximal in the form sense
among all self-adjoint extensions of that operator [2]. Particularly,

&1(k) = min(specT'(k)) < & (00) = min(spec T'(00)).

But as already remarked above, the eigenvalues of T'(k) and T'(co) interlace and so
we have (27).
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Referring to (25), (26), the property 1,k € R, k1 < kg clearly implies t,.,) <
tr(x,) Where 7(k) = (k +¢")/(1 — ¢”). In virtue of Proposition 7 and the min-max
principle, &,(k1) < &,.(k2), ¥n € N. But the spectra of T'(k;) and T'(ks) are disjoint
and so the functions , (k) are strictly increasing on R.

One can admit complex values for the parameter 7 in (25), (26). Then, according
to Lemma 8, the family of forms t., 7 € C, is of type (a) in the sense of Kato. Referring
once more to Proposition 7 one infers from [8, Theorem VII-4.2] that the family of
self-adjoint operators T'(k), k € R, extends to a holomorphic family of operators on C.
This implies that for any bounded interval K C R there exists an open neighborhood
D of K in C and p € R sufficiently large so that the resolvents (T'(k) + p)~!, k € K,
extend to a holomorphic family of bounded operators on D. In addition we know that,
for every fixed n € N and k € R, the nth eigenvalue of T'(k) is simple and isolated.
By the analytic perturbation theory [8, § VIL.3|, &,(x) is an analytic function on R.

Finally we note that every z € R is an eigenvalue of T'(k) for some (in fact,
unambiguous) £ € R and so the range &,(R) must exhaust the entire interval either
(—00,&1(00)), if n =1, or (§,-1(00),&n(0)), if n > 1. This clearly means that (28)
must hold. ]

Remark 10. As noted in [2, Theorem 2.15], & (k) is a concave function.

3 The characteristic function

3.1 A construction of the characteristic function for v > 0

Recall (9), (10). Observe that the sequence {P,(x)} obeys the relation
P,(z) = QWY — zqt—)/? ZQSZk_lqkpk(x) for n > —1. (29)
k=0

This relation already implies that P_j(z) = 0, Py(z) = 1. Notice also that the last
term in the sum, with k& = n, is zero and so (29) is in fact a recurrence for {P,(z)}.
Equation (29) is pretty standard. Nevertheless, one may readily verify it by checking
that this recurrence implies the original defining recurrence, i.e. the formal eigenvalue
equation (11) which can be rewritten as follows

Q2B (2) — (14 4°)Pue) + 4 V2E, 1 (2) = g Byfa). ¥n 2 0. (30)
Actually, from (29) one derives that
PP (w) = Pae) = g TVRQLL - QY
—Z i (Q,(ql_)k - q(l_y)ﬂQS_)k—l)qkpk(x)
k=0
R LM EOLY zn: g=IM2 P, ()
k=0
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and so
q(u—l)/Qpn+1($) _ pn@) — g2 (q(l’—l)/2]5n(x) — pn—l(m)) = —anpn($)v
as claimed.

Proposition 11. The sequence of polynomials {¢="2P, ()} converges locally uni-
formly on C to an entire function ®(x) = ®¥)(x;q). Moreover, ®(z) fulfills

O(x) = l—q ( —xzq1+vk/2p ) (31)

and one has, Vn € Z, n > —1,

Py(x) = (1 —¢)®(2)Q + 2QY ZQ )+2Q0 Y QP Pilx).  (32)
k=n-+1
Proof. Denote (temporarily) H,(z) = ¢*~V"2P,(z), n € Z,. Then (29) means that

n—1

(1= ¢ )Hp(w) =1 = ¢"" =2 (1= """ P)g" Hy (), n € Zy. (33)

k=0

Proceeding by mathematical induction in n one can show that, Vn € Z.,

n—1
|H,(z)] < % where a = % and (—a;q), = H(l + ¢*a) (34)
k=0

is the g-Pochhammer symbol. This is obvious for n = 0. For the the induction step it
suffices to notice that (33) implies

| Hn ()] <

Moreover,
n—1
L+aY " (—a;q) = (—a;)n
k=0

From the estimate (34) one infers that {H,(x)} is locally uniformly bounded on
C. Consequently, from (33) it is seen that the RHS converges as n — oo and so
H,(z) — ®(x) pointwise. This leads to identity (31). Furthermore, one can rewrite
(29) as follows

n 1-v)n/2 ,(14v)k/2 _ (1+v)n/2 (1—-v)k/2
2 q q q q 5
Pox) = QP —z) T Py(x)
k=0 q
= OV +2QP > Q) Pile) —2Q) QP Pelw)
k=0 k=0
) (1—;52@,913( )> '+ o Qy ZQ 0120 Y QPR
k=0 k=n+1
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Taking into account (31) one arrives at (32).

Finally, from the locally uniform boundedness and Montel’s theorem it follows
that the convergence of {H,(z)} is even locally uniform and so ®(x) is an entire
function. O

It turns out that ®(x) may be called the characteristic function of the Jacobi
operator T, if v > 1, or the Friedrichs extension T, if 0 < v < 1.

Lemma 12. Assume that v > 1. Suppose further that f € C>, {q=7°" f,} is bounded
for some o > —(v+1)/2 and f = G f for some x € R where

G =QP Y QA +QW > QP fi. n e, (35)
k=0

k=n+1
Then the sequence {q~°" f.} is bounded for every o < (v+1)/2. In particular, f € (2.

Proof. Put
S={o>—-(w+1)/2;{¢g"f,} €L}, 0. =supb.

Notice that, by the assumptions, S # @ and the definition of Gf makes good sense.
We have to show that o, > (1 4 v)/2. Let us assume the contrary.

We claim that if 0 € S and ¢ < (v —1)/2 then ¢ +1 € S. In particular,
o, > (v—1)/2. In fact, write f,, = ¢°"h,, h € £*°. From (35) one derives the estimate

~ [[7/lo (v+1)n/2 — (o+(1—v)/2)k glotin
|(Gf)n|§1_—qu q ;q +W :
From here one deduces that there exists a constant C' > 0 such that

Vi, | ful = |2(Gf)a] < CglotHm,

as claimed.
Choose o such that 0, < o < (v +1)/2. Then

y+1<y—1 | < 1< 1<y—1<
2 =2 =7 ’ 9 =7
and so 0 — 1 € S. But in that case o € S as well, a contradiction. O

Proposition 13. If v > 1, the spectrum of T' coincides with the zero set of ®(x).
If 0 < v < 1 then specT(k), kK € PY(R), consists of the roots of the characteristic
equation

kP(x) +¥(z) =0 (36)

where

() = VW (z;q) = ; —1q" ( v —g Zq(l_”)k/215k(a:)>. (37)

k=0

In particular, the spectrum of TT = T(o00) equals the zero set of ®(x).
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Proof. From Proposition 6 we already know that the spectrum of T (or T'(k)) is pure
point and with no finite accumulation points. Assume first that ¥ > 1. According to
Proposition 3, we are dealing with the determinate case and so z is an eigenvalue of T'
if and only if the formal eigenvector P(z) = {P,(z)} is square summable. If P(z) € (2
then ¢~D"/2P,(x) — 0 as n — oo and so ®(z) = 0 (see Proposition 11). Conversely,
if ®(x) =0 then (32) tells us that P = G P, cf. (35). By Lemma 12, P(x) € 2.
Assume now that 0 < v < 1. This the indeterminate case meaning that p(x) is
square summable for all z € C. Hence z is an eigenvalue of T'() iff P(z) € Dom T (k).
Recall that T'(x) is defined in Proposition 3. From (32) one derives the asymptotic

expansion
P,(z) = @(l’)(q(l_”)”/Q _ qu+(1+u)n/2) + xq(1+u)n/2 ZQ}E})pk<x> +o(q") asn — oo.
k=0

From here it is seen that P(z) fulfills the boundary condition in (21) if and only if «
solves the equation

(5 + ") (z) — 2(QW, P(x)) = 0.
Referring to (16) one finds that #(QW, P(z)) = ¢“®(x) — U(x). O

Proposition 14. For v > 0 one has

1 v G oo via —y _
D(z) = — 161(0;¢" 1 g, 1) = —(V, oo 12 PI(¢ V),  (38)
1—gq (25 @)oo
and for 0 <v <1,
ql/ v .y q;q)co —v(v v —(v
V(o) = 1 1010 ¢"7iq,q"x) = ——(é_,,-zl) g IR R g (7T s ).

(39)

If ®(x) = 0 and so x is an eigenvalue of T, provided v > 0, or TF, provided

0 <v <1, thenx > 0 and the components of a corresponding eigenvector can be
chosen as

up(z) = "2 J,(¢"*V/x;q) = C %2 101(0; 4" q, 6" ), k€ 2y, (40)

where C = z¥/? (qHy; 7)o/ (3 q)oo-

Ifo0<v <1, keR and kP(z)+ VY(x) =0 and so x is an eigenvalue of T(k) then
the components of a corresponding eigenvector can be chosen as

(@5 Do viray2 0 »
up(r, z) = q’“/Q(nJy(qk“\/E;q)—ﬁq @42)/20 1 (B2 [T )
= C (kg™ 191(0; " q, ¢ ) + ¢ 160050 g, ¢ V),

with k € Z, (C is the same as above).
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Lemma 15. For every m € Z, and o > 0,

0o (o u—1)/2)k dmpk(o) B (_l)m m qmo+m(m71)/2
Z q d m - o. o+v. N (41)
k=0 Z (q ) q)m-l-l (q ) q)m—H

Proof. For a given m € N, one derives from (30) the three-term inhomogeneous re-
currence relation

1yye P11 (0) d™ P, (0) dmP,_(0) d™1P,(0)

w=1)/22 "tV qagry )y etz 2 S n >0
1 dxm (1+47) dx™ +4 dx™ T gm0 =
(42)

with the initial conditions

d"P_,(0 d™ Py (0
1(0) =0, (0) = 0y forallm > 0. (43)
dz™ dz™ ’

Recall that, by Proposition 11, the sequence {g*~1"/ 2]5”(9[:)} converges on C locally
uniformly and hence it is locally uniformly bounded. Combining this observation
with Cauchy’s integral formula one justifies that, for any m € Z, fixed, the sequence
{q="/2d™ P, (0)/dz™} is bounded as well. Therefore the LHS of (41) is well defined.
Let us call it Sy, ,. Using summation in (42) and bearing in mind (43) one derives the
recurrence

mq®

Sm,o- = —(1 — qU) (1 — q‘7+’/) Sm—l,a+l for m Z 1,0' > 0.

Particularly, for m = 0 we know that P,(0) = QY. n e Z,. Whence

1
SD o — )
S A=) (=g
cf. (16). A routine application of mathematical induction in m proves (41). O

Proof of Proposition 14. Letting o = 1 in (41) and making use of the locally uniform
convergence (cf. Proposition 11) one has

1 dm > , R -1 mqm(m+1)/2
— ¢ +1)k/2pk<x) = '( ) p , Vm e Z,.
m!dx — =0 (¢ QDmi1 ("5 Qmia

Now, since ®(z) is analytic it suffices to refer to formula (31) to obtain

1 cO (_1)nq(n—1)n/2 " 1 .
d(z) = = 10 O;QHHJ’Q?-
) =1= g nz% (@ @n (@500 1—¢” 3 )

Letting 0 = 1—v in (41), a fully analogous computation can be carried out to evaluate
the RHS of (37) thus getting formula (39) for W(x).
From (2) it is seen that the sequences {uy(x); k € Z} and {vg(z); k € Z}, where

up(z) = ¢ J,(¢"*V/x; q) and vy (z) = ¢"* T, (¢" 23 q),
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obey both the difference equation
QU1 + Brus + Qp—1Up—1 = TUy, (44)

(with g, Bx being defined in (4)). In the case of the former sequence, v can be
arbitrary positive, in the case of the latter one we assume that 0 < v < 1. Hence the
sequence (ug(x), ui(x), us(x),. ..) is a formal eigenvector of the Jacobi matrix 7T if and
only if u_q(z) = 0. A similar observation holds true if we replace ug(z) by ug(k, ).
In view of Proposition 14, it suffices to notice that u_;(z) is proportional to ®(x) and
u_1(k,x) to k®(z) + V(). O

3.2 The case v =0

The case v = 0 is very much the same thing as the case when 0 < v < 1. First of all,
this is again an indeterminate case, i.e. T, is not self-adjoint. On the other hand,
there are some differences causing the necessity to modify several formulas, some
of them rather substantially. Perhaps the main reason for this is the fact that the
characteristic polynomial of the difference equation with constant coefficients, (15),
has one double root if v = 0 while it has two different roots if 0 < v. Here we
summarize the basic modifications but without going into details since the arguing
remains quite analogous.

For v = 0 one has Domt = {f € (*; Af € ¢*}, and two distinguished solutions of
(14) are

QY =(n+1)¢"? QP =q¢"? nel,

n

where again Q) = P,(0) for n. > 0 and {QS)} is a minimal solution, W,,(QW, Q) =
1. The asymptotic expansion of a sequence f € Dom T, reads

fn = (C’l (n+1)+ Cg)q”/2 +0(q") as n — oo,

with C,Cy € C. The one-parameter family of self-adjoint extensions of T},;, is again
denoted T'(k), k € P*(R). Definition (21) of Dom T'(x) formally remains the same but
the constants C1(f), Co(f) in the definition are now determined by the limits

Ci(f) = lim fo(n+1)"q "2, Co(f) = Tim (fu = Co(f) (n +1)g"?) g™/,

One still has T'(oo) = TY. Similarly, f € Dom Ty belongs to Dom Ty, if and only if
C1(f) = Co(f) = 0 meaning that (22) is true for v = 0, too. Furthermore, everything
what is claimed in Propositions 5 and 6 about the values 0 < v < 1 is true for v = 0
as well.

Proposition 7 should be modified so that the quadratic form associated with a
self-adjoint extension T'(k), k € R, is t,41, i.e. for v = 0 one lets 7 = 7(k) = kK + 1.
On the other hand, Proposition 9 holds verbatim true also for v = 0.

Relation (29) is valid for v = 0 as well but more substantial modifications are
needed in Proposition 11. One has
—n/2 00
P (z) — ®(z) =1— quk/ka(x) as n — 0o,

k=0

q
n+1
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and the convergence is locally uniform on C for one can estimate

q—n/2 A

n+1

TL

H (14 (k+1)¢"|z|), n € Zs.

Equation (32) should be replaced by

Py(z) = @(2)Q) +:cc2$3>ic2<” z) +2QY Z QY Pu(x
k=0

k=n+1

From here one infers the asymptotic expansion

P,(z) = ®(x)(n + 1)¢"* + z¢"? Z Qg)pk(x) +o0(¢") as n — oo.
k=0

One concludes that what is claimed in Proposition 13 about the values 0 < v < 1 is
true for v = 0 as well but instead of (37) one should write

o0

U(z) = -2 Y (k+1)q"*Py(x).

Finally let us consider modifications needed in Proposition 14. For v = 0 one has

®(x) = 1¢1(0; s ¢, 2) = Jo(q/*Vx5q)

and
0
V(z) = g 202(0, ¢; pq, g; ¢, )
D bt
0 0
= 25 10100595 ¢,2) | + x5 1¢1(05¢; ¢, ).
p p=q O
Let
up(z) = ¢*V2 Iy (¢ /x5 q)
and
vp(z) = (k+1)g® ™2 10,(0;¢; 9, " a) +2¢%2 — 16,(0;p; ¢, ¢" )

Ip

p=q

0
+ gD/ o 1010, "),

k € Z. Then both sequences {ug(z)} and {vg(x)} solve (44) on Z and u_;(x) = ®(z),
v_1(z) = ¥(z). Consequently, if &(z) = 0 then components of an eigenvector of
T(o0) = T¥ corresponding to the eigenvalue x can be chosen to be ux(x), k € Z,.
Similarly, if k®(x) + ¥(z) = 0 for some k € R then components of an eigenvector of
T (k) corresponding to the eigenvalue x can be chosen to be kuy(x) + vg(z), k € Z,..
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4 Some applications to the g-Bessel functions

In this section we are going to only consider the Friedrichs extension if 0 < v < 1. To
simplify the formulations below we will unify the notation and use the same symbol
TY for the corresponding self-adjoint Jacobi operator for all values of v > 0, this is to
say even in the case when v > 1. Making use of the close relationship between the
spectral data for 7% and the ¢g-Bessel functions, as asserted in Propositions 13 and 14,
we are able to reproduce in an alternative way some results from [11, 9].

Proposition 16 (Koelink, Swarttouw). Assume thatv > 0. The zeros of z — J,(2;q)
are all real (arranged symmetrically with respect to the origin), simple and form an
infinite countable set with no finite accumulation points. Let 0 < wy < wy < w3 < ...
be the positive zeros of J,(z;q). Then the sequences

u(n) = (J,(¢"*wn; @), @2 T (qwns @), a1, (¢*Pwisq), ... ), n €N, (45)

form an orthogonal basis in €. In particular, the orthogonality relation

q71+y/2 1/2 aju(wn; Q)

v TL7 - 5. 6mn
2wn J (q w Q> aZ ’

(46)

> d* (@ Pwn;q) T (5 P q) = —
k=0

holds for all m,n € N.

Remark. Tt is not difficult to show that the proposition remains valid also for —1 <
v < 0. To this end, one can extend the values v > 0 to v = 0 following the lines
sketched in Subsection 3.2 and employ Propositions 13 and 14 while letting x = 0 in
order to treat the values —1 < v < 0. But we omit the details. An original proof of
this proposition can be found in [11, Section 3].

Proof. All claims, except the simplicity of zeros and the normalization of eigenvectors,
follow from the known spectral properties of TF. Namely, T is positive definite,
(TT)~! is compact, spec T¥ = {qw?; n € N} and corresponding eigenvectors are given
by formula (40); cf. Propositions 5, 6, 13 and 14.

The remaining properties can be derived, in an entirely standard way, with the
aid of discrete Green’s formula. Suppose a sequence of differentiable functions wu,(z),
n € Z, obeys the difference equation (44). Then Green’s formula implies that, for all

m,n € Z, m <n,

n

D un(@)? = Qe (W ()t (2) 1 (2)00, () =0 (1, (2) 1 (2) =t (2)10, 1 ()

k=m

(with the dash standing for a derivative). We choose m = 0 and uy(x) as defined in
(40). From definition (1) one immediately infers the asymptotic behavior

ur(z) = C2)(1+0(¢")) ¢ M2, w () = C'(2)(1+0(¢")) ¢V, as k — oo, (47)
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where C(x) = 2/2 (g ””, @)oo/ (q; @) o- It follows that one can send n — oo in Green’s
formula. For z = qw? we have u_;(z) = 0 and the formula reduces to the equality

= , 8, (¢ ;g
> 1@ TV Pw,;9)* = =7 T, (¢ Pwni ) ( @x\/_ ) :
— 2

T=qw,?
Whence (46). From the asymptotic behavior (47) it is also obvious that uy(x) # 0 for
sufficiently large k. Necessarily, 0.J,(w,;q)/0z # 0. O

In addition, one obtains at once an orthogonality relation for the sequence of
orthogonal polynomials {P,(z)}. As is well known from the general theory [3] and
Proposition 3, the orthogonality relation is unique if ¥ > 1 and indeterminate if
0 < v < 1. It was originally derived in [9, Theorem 3.6].

Proposition 17 (Koelink). Assume that v > 0 and let {P,(x)} be the sequence of
orthogonal polynomials defined in (9), (10), and 0 < w; < wy < ws < ... be the
positive zeros of z v+ J,(z;q). Then the orthogonality relation

o v/ = wyJ, (¢ 2wy q)
1 aJu(waQ)/aZ

]5 (qwk)p (qwlg) = Om,n (48)

holds for all m,n € Z..

Proof. Let u(k), k € N, be the orthogonal basis in ¢ introduced in (45), i.e. we put
u(k)n = ¢"*J, (" ?wysq), k€N, neZ,.

Notice that the norm [lu(k)|| is known from (46). The vectors u(k) and P(z) =
(Po(z), Pi(x), Py(x),...), with x = qw}?, are both eigenvectors of T" corresponding to
the same eigenvalue. Hence these vectors are linearly dependent and one has

¢ 7, (" Py q) = (¢ Pk ) Polquy), k €N, n € Zy.

One concludes that Parseval’s equality

(e}

u
2 bl e =S o € 2

—1
yields (48). O

Remark 18. To complete the picture let us mention two more results which are known
about the Hahn-Exton ¢-Bessel functions and the associated polynomials. First, de-
note again by wY) = wy, n € N, the increasingly ordered positive zeros of J,(z;¢). In
[1] it is proved that if ¢ is sufficiently small, more precisely, if ¢! < (1 — ¢)? then

m-+v

q
1—qgm

qm/2>wm>qm/2<1— ),VmEN.
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More generally, in Theorem 2.2 and Remark 2.3 in [4] it is shown that for any g,
0 < ¢ < 1, one has
W, = ¢ ™2 (1 +0(¢™)) as m — oo.

Second, in Lll, 9] one can find an explicit expression for the sequence of orthogonal
polynomials { P, (z)}, namely

R n n(j—v/2)(,—n. )
(QJ q)]

j=0

20 (¢ g g, g7 2, n e Zy.

Let us remark that a relative formula in terms of the Al-Salam—Chihara polynomials
has been derived in [17, Theorem 2].
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Abstract

The Hamburger moment problem for the g-Lommel polynomials which are re-
lated to the Hahn-Exton g-Bessel function is known to be indeterminate for a
certain range of parameters. In this paper, the Nevanlinna parametrization for
the indeterminate case is provided in an explicit form. This makes it possible to
describe all respective N-extremal measures of orthogonality. Moreover, a linear
and quadratic recurrence relation are derived for the moment sequence, and the
asymptotic behavior of the moments for large powers is revealed with the aid of
appropriate estimates.

Keywords: ¢-Lommel polynomials, Nevanlinna parametrization, measure of orthogo-
nality, moment sequence
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1 Introduction

The Lommel polynomials represent a class of orthogonal polynomials known from the
theory of Bessel functions. Several g-analogues of the Lommel polynomials have been
introduced and studied in [12, 11, 13]. One of the three commonly used g-analogues
of the Bessel function of the first kind is known as the Hahn-Exton ¢-Bessel function
(sometimes also called the third Jackson ¢-Bessel function or j¢; ¢-Bessel function).
It is defined by the equality

(" @)oo

(¢: @)

1

Jo(z;q) = 2 191(0;¢" 5 q,¢2%). (1)



It is of importance that J,(z; q) satisfies the recurrence relation

v

q ) Ju(z;9) + J,-1(z;9) = 0.

Jor1(2zq) — (2 +

z

By iterating this rule one arrives at the formula

Join(219) = P (275 0) T (2:9) — o111 (275 @) o125 9) (2)

where hy,,(w;q) are polynomials in ¢” and Laurent polynomials in w, see [11] for
more details. This is a familiar situation, with equation (2) being analogous to the
well known relation between the Lommel polynomials and the Bessel functions, cf.
[20, Chapter 9]. Thus the polynomials h,, ,(w;q) can be referred to as the ¢g-Lommel
polynomials.

On one hand, the polynomials h, ,(w;q) can be treated as orthogonal Laurent
polynomials in the variable w. The corresponding orthogonality relation has been
described in [11]. On the other hand, h,,(w;q) are also orthogonal polynomials
in the variable ¢”. In Theorem 3.6 and Corollary 3.7 in [13], Koelink described a
corresponding measure of orthogonality. It turns out that the measure of orthogonality
is supported on the zeros of the Hahn-Exton ¢-Bessel function considered as a function
of the order v . Moreover, the measure of orthogonality is unique if w=2 < ¢ or
w2 > ¢g7'. For ¢ < w™? < ¢7', however, the corresponding Hamburger moment
problem is indeterminate and so there exist infinitely many measures of orthogonality.
The measure described in [13] represents a Nevanlinna (or N-) extremal solution of
the indeterminate Hamburger moment problem and it can be seen to correspond to
the Friedrichs extension of the underlying Jacobi matrix operator.

Let us also remark that the g-Lommel polynomials admit another interpretation
in the framework of a birth and death process with exponentially growing birth and
death rates. More precisely, the birth rate is supposed to be )\, = w=2¢~" while the
death rate is p, = ¢~" (or vice versa). See, for example, [9] for more information on
the subject.

As already pointed out in [13], it is of interest and in fact a fundamental ques-
tion to determine all possible measures of orthogonality in terms of the Nevanlinna
parametrization. An explicit solution of this problem becomes the main goal of the
current paper. To achieve it we heavily rely on the knowledge of the generating func-
tion for the ¢-Lommel polynomials. Having the Nevanlinna parametrization at hand
it is straightforward to describe all N-extremal measures of orthogonality. The case
when w = 1 turns out to be somewhat special and requires additional efforts though no
new ideas are in principle needed. To our best knowledge, formulas for this particular
case have been omitted in the past research works on the ¢g-Lommel polynomials.

In addition, we pay some attention to the sequence of moments related to the
g¢-Lommel polynomials. By Favard’s theorem, the moments are unambiguously deter-
mined by the coefficients in the recurrence relation for the g-Lommel polynomials and
otherwise they are independent of a particular choice of the measure of orthogonality
in the indeterminate case. It does not seem that the moment sequence can be found



explicitly. We provide at least a linear and quadratic recurrence relation for it and
describe qualitatively its asymptotic behavior for large powers.

Let us note that throughout the whole paper the parameter ¢ is assumed to satisfy
0 < ¢ < 1. Furthermore, as far as the basic (or ¢-) hypergeometric series are concerned,
as well as other g-symbols and functions, we follow the notation of Gasper and Rahman

[3].

2 The Nevanlinna functions for ¢g-Lommel polyno-
mials

2.1 The ¢g-Lommel polynomials

In the current paper we prefer to work directly with the 1¢; basic hypergeometric
function and do not insist on its interpretation as the ¢g-Bessel function in accordance
with (1). This leads us to using a somewhat modified notation if compared to that
usually used in connection with g-Bessel functions, for instance, in [13]. Moreover,
the notation used in this paper may stress some similarity of the Hamburger moment
problem for the g-Lommel polynomials with the same problem for the Al-Salam-
Carlitz II polynomials. The Hamburger moment problem is actually known to be
indeterminate for particular values of parameters in both cases but there are also
some substantial differences, see [3, Section 4].

Thus we write a > 0 instead of w=2 and x € C instead of ¢”. The basic recurrence
relation we are going to study, defining a sequence of monic orthogonal polynomials
{F.(a,q; )}, (in the variable x and depending on two parameters a and ¢), reads

U1 = (z— (a+ 1)g " )uy — ag " up_1, n€Zy (3)
(Z, standing for nonnegative integers). As usual, the initial conditions are imposed
in the form F_4(a,q;z) = 0 and Fy(a,q;x) = 1. In order to be able to compare some
results derived below with the already known results on the g-Lommel polynomials
let us remark that the ¢g-Lommel polynomials h,, ,(w;¢) introduced in (2) are related
to the monic polynomials F,,(a, q; z) by the formula

h (w3 q) = (=1)"w"q" " VP E (w2, ¢;.¢").
From (3) one immediately deduces the symmetry property
a"F,(a', q¢;7) = F,(a,q;ax), n€Z,.

This suggests that one can restrict values of the parameter a to the interval 0 < a < 1.
We usually try, however, to formulate our results for both cases, a < 1 and a > 1, for
the sake of completeness. The case a = 1 is somewhat special and should be treated
separately.
Letting
Gnla,q;x) = ¢ "Foa(a, ¢ qr), n € Zy, (4)

3



we get a second linearly independent solution of (3), a sequence of monic polynomials
{Gn(a,q;z)} fulfilling the initial conditions Gy(a,q;z) = 0 and G(a,q;z) = 1. Nor-
malizing the monic polynomials F},(a, ¢; x) we get an orthonormal polynomial sequence
{P.(a,q;2)}22,. Explicitly,

Pu(a,q;2) = a~"?¢" P Fy(a,q;x), n € Zs. (5)

The polynomials of the second kind, @, (a, ¢; ), are related to the monic polynomials
Gn(a,q;z) by a similar equality,

Qnla,g;x) = a "¢ G (a,q; ), neZy, (6)

and obey the initial conditions Qo(a,q;z) =0, Q1(a,q;x) = v/q/a.
Note that polynomials P,(a, q; x) solve the second-order difference equation

Vag 2o,y ((a+ 17" = 2)va + Vag ™" o =0, n € Zy,

with the initial conditions P_i(a,q;x) = 0 and Fy(a,q;x) = 1. Denote by «a,, and j,
the coefficients in this difference equation,

O, = a1/2q_n_1/27 Bo=(a+1)g", n€Zy. (7)

The difference equation can be interpreted as the formal eigenvalue equation for the
Jacobi matrix

Bo o
(%] /31 (651

J=J(a,q) = o By o : (8)

Then (Py(z), Pi(z), Pa(x),...) is a formal eigenvector (where Pj(x) = Pj(a, ¢; x)). Let
us emphasize that J is positive on the subspace in ¢*(Z,) formed by sequences with
only finitely many nonzero entries, i.e. on the linear hull of the canonical basis in
(*(Z). Actually, it is not difficult to verify that for every N € Z, and £ € RV*+1

N N-1 N—1 A2 2
D Bl 2 bl = ald + N+ D g ((5) Enir + §n> >0. (9)
n=0 n=0 n=0

Recurrence (3) can be solved explicitly in the particular case when x = 0. One
finds that

1 — n+1 1 — g™
Fo(a,q;0) = (_1)nq—n(n—1)/2 1—61’ Gola, q;0) = (_1)n+1q—n(n—1)/2 1_617
—a —a
for n € Z, and a # 1. Consequently,
1— n+1 1 —a™
Pala,4:0) = (=1)"q"2a™? = Qu(a,:0) = (~1)"*1q"2a~* S=" (10)
—a —a

The quantities P,(1, ¢;0) and @Q,(1,¢;0) can be obtained from (10) in the limit a — 1,
Po(1,4;0) = (=1)"¢"*(n+1), Qu(1,¢;0) = (=1)""'¢"*n.



2.2 The generating function

A formula for the generating function for the g-Lommel polynomials has been derived
in [12, Eq. (4.22)]. Here we reproduce the formula and provide its proof since it is
quite crucial for the computations to follow of the Nevanlinna functions A, B, C, and
D.

Proposition 1. Let a > 0. The generating function for the polynomials F,(a,q; )
equals

ann 1/2F aq7 Z q l’) :2¢2(q7 7Q7qaaq7'x) (11)
(b @rr1(at; Qrr (1 —=2)(1 — at)

where |t| < min(1,a™1).

Proof. The last equality in (11) is obvious from the definition of the basic hypergeo-
metric function. Suppose a and x being fixed and put

2 GFD/2 (g )k
=0 (t; Qw1 (at; @t

V(t) =

V(t) is a well defined analytic function for |f| < min(1,a™!) which is readily seen to
satisfy the ¢-difference equation

(1-t)(1—at)V(t) =1 — xtV(qt). (12)

Writing the power series expansion of V (¢) at ¢ = 0 in the form

n=0

and inserting the series into (12) one finds that the coefficients u,, obey the recurrence
(3) and the initial conditions ug = 1, u3 = —1 — a + z. Necessarily, u,, = F,(a, ¢; x)
forallneZ,. O]

In [12, Section 4] and particularly in [13, Eq. (2.6)] there is stated an explicit
formula for the polynomials F},(a, ¢; ), namely

n —n(n— q -n —7
Fu(a,q;2) = (=1 ”22 2¢1( e g, 07 a) !

Let us restate this formula as an immediate corollary of Proposition 1.

Corollary 2. The polynomials F,(a,q;x), n € Z,, can be expressed explicitly as
follows

o qJ(J /2 (n2d . .
Fn(qu;x) = (_1) q ( 1)/22( (q q Z k+1 j—k+1, q)j aF 27,



Proof. The formula can be derived by equating the coefficients of equal powers of ¢ in
(11). To this end, one has to apply the g-binomial formula

s @n
S @)n

[M]¢
=

Il

o
—
o

ErE 100(q"; 5 q32) = 2z < 1,

n

of. [8, Eq. (IL.3)]. 0

2.3 The indeterminate case and the Nevanlinna parametriza-
tion

We are still assuming that a is positive. In [13, Lemma 3.1] it is proved that the
Hamburger moment problem for the orthogonal polynomials F,,(a, ¢; z) (or P,(a, q;))
is indeterminate if and only if ¢ < a < ¢~!. This is, however, clear from formulas (10)
and from the well known criterion (cf. Addenda and Problems 10. to Chapter 2 in
[1]) according to which the Hamburger moment problem is indeterminate iff

WE

(Pala, ¢;0)* + Qu(a, ¢;0)%) < oo.

Il
=)

n

This also means that the Jacobi matrix operator J defined in (8), (7), with Dom J
equal to the linear hull of the canonical basis in £*(Z,), is not essentially self-adjoint
if and only if a belongs to the interval (¢q,q '), and if so then the deficiency indices
are (1,1) [1, Chapter 4].

Hence for ¢ < a < ¢~! there exist infinitely many distinct measures of orthogonality
parametrized with the aid of the Nevanlinna functions A, B, C' and D,

Az) =2 Qu(0)Qn(2), B(z) = —1+2) _ Qu(0)Fu(2),

C(z)=1423 Pu0)Qu(z), D(2) =2 Pi(0)Pu(2),

where P, and @,, are the polynomials of the first and second kind, respectively [1, 16].
All these Nevanlinna functions are entire and

A(z)D(z) — B(2)C(2) =1, VzeC. (14)

According to the Nevanlinna theorem, all measures of orthogonality /., for which the
set {Pn;n € Z;} is orthonormal in L?(R,dpu,), are in one-to-one correspondence
with functions ¢ belonging to the one-point compactification P U {oo} of the space
of Pick functions P. Recall that Pick functions are defined and holomorphic on the
open complex halfplane Im z > 0, with values in the closed halfplane Im z > 0. The
correspondence is established by identifying the Stieltjes transform of the measure i,

dugle) _ Ae() = C()
|- B(2)e(z)— D)’ VB (15)

6



By a theorem due to M. Riesz, {P,; n € Z, } is an orthonormal basis in L*(R, du,)
if and only if ¢ =t is a constant function with ¢ € RU{oo} [1, Theorem 2.3.3]. Then
the measure p; is said to be N-extremal. Moreover, the N-extremal measures p; are
in one-to-one correspondence with self-adjoint extensions T; of the Jacobi operator J
mentioned above. In more detail, if F; is the spectral measure of T; and eq is the first
vector of the canonical basis in (?(Z,) then u; = (eg, Ei(-)eg) [1, Chapter 4]. The
operators T; in the indeterminate case are known to have a compact resolvent. Hence
any N-extremal measure p; is purely discrete and supported on spec 7;.

On the other hand, referring to (15), the support of yu; is also known to be equal
to the zero set

3t ={z € R; B(x)t — D(z) = 0} (16)
[1, Section 2.4]. Hence
pe=y_ p(x)s, (17)
xE€3:t

where p(z) = u({z}) and ¢, is the Dirac measure supported on {z}. Equation (15),
with ¢ = t, is nothing but the Mittag-Lefller expansion of the meromorphic function
on the right-hand side,

o) _ AL}t - C(2)
Zz—x ~ B(2)t—D(z)’

TE3:

cf. [1, footnote on p. 55|. From here it can be deduced that

A(2)t — C(z) _ A(x)t — C(x) _ 1
B(z)t — D(z) Bl(x)t—D'(x) B'(z)D(x)— B(x)D'(x)

since, for x € 34, t = D(z)/B(x).

It should be noted that we are dealing with the Stieltjes case for the matrix operator
J is positive on its domain of definition, see (9). This means that, for any choice of
parameters from the specified range, there always exists a measure of orthogonality
with its support contained in [0, +00). In particular, if a € (g,¢~!) then at least one
of the measures of orthogonality is supported by [0,400). From [7, Lemma 1] it is
seen that there exists the limit

p(x) = Res,—,

(18)

lim F(0)
n—oo Qn(O)

And, as explained in [3, Remark 2.2.2], an N-extremal measure of orthogonality p is
supported by [0,00) iff t € [«,0], the Stieltjes moment is determinate for & = 0 and
indeterminate for a« < 0. Let us note that pg is the unique N-extremal measure for
which 0 is a mass point.

In our case, making once more use of the explicit form (10), we have

. Pn(aﬂQa 0) _]-7 ifae (O’ 1]a
a=lim ———= =
n—oo Qn(a,q;0) —a, ifa>1.

= € (—00,0].

Hence the Stieltjes problem is indeterminate for any value a € (¢, ¢1).

7



The self-adjoint operator T, corresponding to the N-extremal measure p, is noth-
ing but the Friedrichs extension of J [15, Proposition 3.2]. The parameter a can also
be computed in the limit

. D(z)
a= lim
z——o00 B (x) ’
and by inspection of the function D(z)/B(x) one finds that 1, has exactly one negative
mass point if ¢ ¢ [a,0] including ¢t = oo [3, Lemma 2.2.1]. It is known, too, that
Markov’s theorem applies in the indeterminate Stieltjes case meaning that

QU _ A= ()
n—oo Po(z)  B(z)a— D(2)’

z € C\ supp(tia) (20)

[4, Theorem 2.1]. In addition, in the same case, one has the limit

i £rl2) =D(z) — B(2)a, 2

as derived in [7] and also in [15].
Finally we wish to recall yet another interesting application of the Nevanlinna

functions. It is shown in [6] that the reproducing kernel can be expressed in terms of
functions B(z) and D(z),

K(u,0) ==Y Pu(u)Pu(v) = B(w)D(v) = D{w)B(v) (22)

u—v

see also [5, Section 1].

2.4 An explicit form of the Nevanlinna functions

In order to describe conveniently the Nevanlinna parametrization in the studied case
we introduce a shorthand notation for particular basic hypergeometric series while not
indicating the dependance on ¢ explicitly. We put

Pa(2) = 101(0;qa; ¢, 2), Ya(z) =161(0;qa" "¢, a7 2), (23)

and

0
x1(2) = o 161(05p; g, 2)

pP=q
Theorem 3. Let 1 # a € (q,q7'). Then the entire functions A, B, C and D from

the Nevanlinna parametrization are as follows:

va(92) — Yalq2) _ @ha(2) = ¢a(2)

A(a,q;z): 1—a ) B(&>Q;2)_ 1—a )
C(a,q;z) _ 1/}(1((]2)1__@;0(1((]2) , D(a,q; Z) _ a(@a(zl)__awa(z)) . (24)



For a =1 these functions take the form

0 0
AL g:2) = =20x1(02) = 2 5-1(42), B(1,6:2) = 20x(2) + 22&(2‘1901(2)),

0 0
C(1,q;2) = 2qx1(q2) + @(wl(qz)), D(13q,2) = =2¢x1(2) = z5-¢n(2).  (25)
Proof. We shall confine ourselves to computing the function A only. The formulas for
B, C'and D can be derived in a fully analogous manner. Starting from the definition of
A and recalling formulas (10) and (6), (4) for @, (a,¢;0) and Q,(a, ¢; x), respectively,
one has

qZ S n —Nn nn—
Ala,q;2) = > (=) e = 1) VPE, i (a, 5 02)

B l-a n=1
= Z_qa (a_l nZ:O """ VPE, (0, q;q2)(—qa )" - nZ:O """ VPE(a, g; QZ)(—Q)”> :

From comparison of both sums in the last expression with formula (11) for the gen-
erating function it becomes clear that the sums can be expressed in terms of basic
hypergeometric functions, namely

qz (a12¢2(0,q;q2a1,q2;q,q2alz) 2¢2(0,q;q2,aq2;q,zq2))

l—a (1—-qa")(1—q) - (1-9)(l—qa)
1

= T ((1=161(03907%¢,q07"2)) = (1 =161(0; ga; ¢,42)) ).

Ala,q;2) =

Thus one arrives at the first equation in (24).

Concerning the particular case a = 1, formulas (25) can be derived by applying
the limit @ — 1 to formulas (24). This is actually possible since Proposition 2.4.1 and
Remark 2.4.2 from [3] guarantee that the functions A(a,q;z2), B(a,q;z), C(a,q;z),
D(a,q; z) depend continuously on a € (g,¢"'). In order to be able to apply this
theoretical result one has to note that the coefficients in the recurrence (3) depend
continuously on a, and to verify that the series Y - P,(a,q;0)* and Y > Qn(a, ¢;0)?
converge uniformly for a in compact subsets of (¢,¢~!). But the latter fact is obvious
from (10).

For instance, in case of function A one finds that

©a(q2) — Yalqz) 0

A1, q;2) = lim — = —%(%(qz) — ¥4(qz))

a=1

A straightforward computation yields the first equation in (25), and similarly for the
remaining three equations. [



Corollary 4. The following limits are true:

n/2 . .
lim (_1)n (g) Pn(a,q,a:) _ 1¢1(O, qa, q, ZL') 7 ’lf g<a<l,
q

1—a

1. -1
lim (—=1)"(qa)™?P,(a, q; x) = a101(0;qa" " q,a” ')

n—o00 a—1

. =" —n
lim uq 2P,(1,¢;2) = 161(0; ¢; ¢, ),

n—oo n

Cif T<a<qt, (26)

and 1610 )
191\V54a; 4,4z
— orq<a<l,
161(0; qa; q, 2) fora
. Qn(2) 101(0;ga 15 ¢, ga™ 1 2) -
1 ={ - AR L l<a<q! 27
”lﬁr{’lo Pn(z) a1¢1(05 qail;qvailz) fo,r ¢ T ( )
161(0; 45 ¢, q2)
AN D DR ora=1.
(L 101(05¢; ¢, 2) 4

Proof. From (24), (25) and (19) one immediately infers that

Cla,q;2z) — Ala,q; 2)a = ¢u(qz) or ¥.(qz) or ¢1(qz),
D(a,q:2) — Blas)a = —gulz) or —au(2) or — gi(2),

depending on whether ¢ < a < 1lor 1< a < g ! ora=1. Equations (26) follow from
(21) and (10) while equations (27) are a direct consequence of (20). O

Remark 5. The limits (26) can be proved, in an alternative way, by applying Darboux’s
method to the generating function whose explicit form is given in (11). According to
this method, the leading asymptotic term of ¢""~V/2F, (a, ¢; ) is determined by the
singularity of the function on the left-hand side in (11) which is located most closely
to the origin, cf. [14, Section 8.9]. Proceeding this way one can show that the first
limit in (26) is valid even for all 0 < a < 1 while the second one is valid for all a > 1.
Let us also note that the limits established in (26) can be interpreted as a g-analogue
to Hurwitz’s limit formula for the Lommel polynomials. The case a < 1 has been
derived, probably for the first time, in [12, Eq. (4.24)], see also [11, Eq. (3.4)] and
[13, Eq. (2.7)], while the case a > 1 has been treated in [11, Eq. (3.6)].

The following formula for the reproducing kernel can be established.

Corollary 6. Suppose ¢ < a < q~'. Then
a(@a(u)d)a(v) - 1/111(“)9011(@))

K(u,v) = T —a{a =)
ifa#1, and
K(u,v) = 901(U)(2QX1(U) + vga’l(v)i: E)QQ)(l(u) 4 ugpll(u))gp1<v)
ifa=1.

10



Proof. This is a direct consequence of (22) and (24), (25). O

Remark 7. In [18], self-adjoint extensions of the Jacobi matrix J, defined in (7), (8),
are described in detail while addressing only the case ¢ < a < 1. The self-adjoint
extensions, called T'(k), are parametrized by k € RU{oo}, with k = oo corresponding
to the Friedrichs extension. The domain DomT'(x) C Dom J* is specified by the
asymptotic boundary condition: a sequence f from Dom J* belongs to Dom T'(k) iff

Csy(f) = kC1(f) where

Ci(f) = tim (~1)" (g)n/an7 et = tim (-vrs = (2 o

n—oo

(the limits can be shown to exist). The eigenvalues of T'(k) are exactly the roots of
the equation

Kk 101(0;qa; ¢, ) + a 1¢1(0;qa g, a ) = 0.

On the other hand, consider the self-adjoint extension T; corresponding the measure
of orthogonality p;, with ¢ € RU{oo} being a Nevanlinna parameter. The eigenvalues
of T; are the mass points from the support of 4, i.e. the zeros of the function

(1—a)(B(a,q;2)t — D(a,q;z)) = (t+1)a161(0;qa "5 q,a” ) — (t+a) 1¢1(0; qa; ¢, ),

as one infers from (23) and (24). Since a self-adjoint extension is unambiguously
determined by its spectrum (see, for instance, proof of Theorem 4.2.4 in [1]) one gets
the correspondence k = —(t +a)/(t + 1).

2.5 Measures of orthogonality

With the explicit knowledge of the Nevanlinna parametrization established in Theo-
rem 3 it is straightforward to describe all N-extremal solutions.

Proposition 8. Let 1 # a € (q,q7 ). Then all N-extremal measures p; = pi(a,q) are
of the form

a

1
= r)d, where —— =
ot Q;Etp( ) p(l') 1 — a

3 =3i(a,q) ={x € R; a(t + o (z) — (t + a)ps(x) = 0},

and §, stands for the Dirac measure supported on {x}.
Fora =1, all N-extremal measures p; = (1, q) are of the form py = 3 o) p(2) 62
where
1

) = 2 @)~ @ @X@) + (@ @) - pi@) @) — e @)

(Ya(2)pu(7) — @a(x)¥n(z)),  (28)

and
Vi =Vi(q) = {z € R; 2¢(t + Dxa(z) + (t + Dyl (z) — tpi () = 0}.

11



Proof. Referring to general formulas (17) and (16), (18), it suffices to apply Theorem 3.
0

Lemma 9. With the notation introduced in (23) it holds true that

Pa(2)Val(qz) — aba(2)pa(qz) = 1 —a if a#1, (29)

and

2q(p1(2)x1(q2) — xa(2)e1(q2)) + 2(qp1(2) @1 (a2) — @1 (2)@1(g2)) + e1(2)p1(gz) = 1,
for all z € C.

Proof. These identities follow from (14) and, again, from Theorem 3. O

Let us examine a bit more closely two particular N-extremal measures p; described
in Proposition 8, with ¢ = —1 and ¢ = —a. They correspond to the distinguished case
t=aifa € (¢1)orac (1,¢7"), respectively (cf. (19)). As already mentioned, if
t = « then the corresponding self-adjoint extension of the underlying Jacobi matrix
is the Friedrichs extension, and the measure p; is necessarily a Stieltjes measure. In

the case t = —1 the orthogonality relation for the orthonormal polynomials P, (a, ¢; x)
reads
a (]f
- Z - k a, 4 &) Bn (@, ¢ §x) = Omn (30)
k=1 ZA(S

where {&; k € N} are the zeros of the function ¢,. Actually, from (28) and (29) one
infers that p(x) = —.(¢€k) /¢l (&) if @a(&) = 0. Similarly, the same orthogonality
relation for t = —a reads

Z wa an a,q, nk)Pm(CL, q; nk) = 5mn (31)

where {nx; k € N} are the zeros of the function v,.

Remark 10. The orthogonality relation (30) has been derived already in [13, Theorem
3.6.]. This is the unique orthogonality relation for the polynomials P,(a,q;x) if a €
(0, ¢] (the determinate case), and an example of an N-extremal orthogonality relation
if a € (¢,1). Similarly, (31) is the unique orthogonality relation if @ > ¢~'. Of course,
(30) and (31) coincide for a = 1.

Remark 11. In [2, Section 1], an explicit expression has been found for the measures of
orthogonality p, corresponding to constant Pick functions ¢(2) = f+ iy, with 8 € R
and v > 0. Let us call these measures p13, = p15(a,q). It turns out that g, is an
absolutely continuous measure supported on R with the density

; ]
21— 2((8B(a,q:0) — D(a,q:0))” +7°Bla.g;x)?) .

12



In our case, referring to (24), (25), we get the probability density

d,U,B,’y o Y (1 B a)2

2 (B4 Dava(@) = (B + a)pa(2))” +72(0ta() - wu(2))?)

J

provided 1 # a € (q,q '), and

dusy _

dx T
-1

% (2008 + Dxa(@) = Ber(2) + (8 + Dagh (1) + 92 2axa (@) - i) + 26 (2)°)

provided a = 1. Letting § = —1 or § = —a and v > 0 arbitrary, one obtains
comparatively simple and nice orthogonality relations for the polynomials P,(a, ¢; x),
namely

/ Bu(a,q;7)Po(a, ¢; ) S
R Y (ata(2) — a(@))” + 771 (a — 1)2p(2)2 (a—1)%
and
/ En(a,q;x)Po(a, g; x) doe T 5
w7y (ava(@) = a(@))” + 77N a = D2a2 ()2 (a= 12T

valid for all m,n € Z, and a € (q,q7'), a # 1. If a = 1, a similar orthogonality
relation takes the form

/ Pn(1,q;2)Pa(1, ;)
R 7(20x1(2) + ¢4 (2) — p1(2))” + 7L (2)?2

dz = 7.

3 The moment sequence

3.1 Passing to the determinate case

Let p be any measure of orthogonality for the orthonormal polynomials P,(a,q; )
introduced in (5). Denote by

mn(a7Q) :/l.n dlu<x)7 n e Z-‘m
R

the corresponding moment sequence. It is clear from Favard’s theorem, however, that
the moments do not depend on the particular choice of the measure of orthogonality.
It is even known that

mn(a,q) = (€0, J(a,q)"e0), n €Ly, (32)

where J(a, q) is the Jacobi matrix defined in (7), (8), and e is the first vector of the
canonical basis in ¢*(Z,). Whence m,(a,q) is a polynomial in @ and ¢~'. Conse-

quently, in order to compute the moments one can admit a wider range of parameters

13



than that we were using up to now, namely 0 < ¢ < 1 and ¢ < a < ¢~!'. This ob-
servation can be of particular importance for the parameter ¢ since the properties of
the matrix operator J(a, q) would change dramatically if ¢ was allowed to take values
q > 1. We wish to stick, however, to the widely used convention according to which
the modulus of ¢ is smaller than 1. This is why we replace the symbol ¢ by p in this
section whenever this restriction is relaxed. Concerning the parameter a, it is always
supposed to be positive.
Put, for p > 0 and a > 0,

wn(a,p) = {Z] p Rk ne . (33)
k=0 p

The meaning of the g-binomial ceofficient in (33) is the standard one, cf. [8, Eq. (1.39)].
Let us remark that w,(a,p) can be expressed in terms of the continuous ¢-Hermite
polynomials H,(z;¢q), namely

1
wn(a,p) = 200(p",0; ;p~ ", p"a) = a"’? Hn( 5 (a'/? +a™'/?) ;p“), (34)
see [10].
As before, the monic polynomials F,(a, p; x) are generated by the recurrence (3),
with F_1(a,p;x) = 0 and Fy(a,p;x) = 1 (writing p instead of ¢). The following

proposition is due to Van Assche and is contained in [19, Theorem 2].

Proposition 12. For p > 1 and x # 0 one has

lim ™ "F,(a,p;x) = i wla,p) (Zz)k

n—o0 —~ (pp @

Note that if p > 1 then the Jacobi matrix J(a, p) represents a compact (even trace
class) operator on *(Z,). In particular, this implies that the Hamburger moment
problem is determinate. Several additional useful facts are known in this case which
we summarize in the following remark.

Remark 13. In [17, Section 3] it is noted that if {3,}22, is a real sequence belonging
to (1(Zy), {a,}32, is a positive sequence belonging to ¢*(Z,) and {F,(x)}>2, is a
sequence of monic polynomials defined by the recurrence

Fo(z) = (z = Bu)Fu(z) — ar?—an—l(x)7 n 20,
with Fy(z) = 1 and (conventionally) F_;(z) = 0, then

lim 27 "F,(z) = G(z™") for x#0 (35)

n—oo

where G(z) is an entire function. Moreover, let u be the (necessarily unique) measure
of orthogonality for the sequence of polynomials { F},(z)}. Then the Stieltjes transform

of p reads 3
du(z) _ G(2)
/R 1—220 G(z) (36)

14



where G(z) is an entire function associated in an analogous manner with the shifted
sequences { &, = Q1020 {6n = Bat1}5,-
Theorem 14. Let p > 1 and x # 0. Then

lim 27 "F,(a,p;x) = G(z™)

n—oo
where .
G(2) = (20 Voo 161(0; 259" az) = Y “r(0.2) () (37)
— (Dip)k
15 an entire function obeying the second-order q-difference equation
G(z)— (1= (a+1)2)G(p"2) + ap~'2*G(p?z) = 0. (38)

The Stieltjes transform of the (unique) measure of orthogonality p for the sequence of
orthogonal polynomials {F,(a,p;x)} is given by the formula

du(z) — G(p~'2)
/Rl—za: - G(2) (39)

Proof. In view of Proposition 12, in order to show (37) it suffices to verify only the sec-

ond equality. But this equality follows from the definition of the basic hypergeometric
series and from the well known identity [8, Eq. (I1.2)]

o0

G e = Dok

(25 P)n ‘

n=0

Using the power series expansion of G(z) established in (37) one finds that (38) is
equivalent to

wr— (a+Dwpy +a(1—pFNwp =0 for k>2

and w; — (@ + 1)wy = 0. This is true, indeed, if we take into account (34) and the
recurrence relation for the continuous g-Hermite polynomials [10, Eq. (14.26.3)]

2w Hy(w;q) = Hyy1(259) + (1= ¢°) Hya (23 ).
Recalling once more (3), the polynomials F,,(a, p; x) solve the recurrence relation
Upy1 = (x — (a+ 1)p_”)un —ap "y, (40)
while the polynomials F,(a,p; x) := p~"F,(a, q; px) obviously obey the recurrence
1 = (z— (a+ 1)p" Ny, — ap™" iy (41)
Comparing these two equations one observes that (41) is obtained from (40) just by
shifting the index. In other words, the sequences of monic polynomials {F,(a,p;x)}
and {F,(a,p;x)} are generated by the same recurrence relation, but the index has to
be shifted in the latter case. Hence, referring to Remark 13 and equation (35), one
can compute
Gz = lim 7"F,(a,p;2) = lim (pz)"F,(a,p;px) = G(p~zh).

n—o0 n—oo

Thus G(z) = G(p~'2) and (39) is a particular case of (36). O

15



3.2 Recurrence relations and asymptotic behavior

From (32) it is seen that m,(a,p) < ||J(a,p)||". Moreover, from (39) one deduces that

imn(a,p)z” = Gl '2) , (42)

and the series is clearly convergent if p > 1 and |z| < ||J(a,p)| '

Remark 15. Any explicit formula for monic polynomials F, (z), n € Z,, which are
members of a sequence of orthogonal polynomials with a measure of orthogonality
i, automatically implies a linear recursion for the corresponding moments. In fact,
Fy(z) = 1 and so, by orthogonality, [, F,,(z)du(x) = 0 for n > 1. Particularly, in our
case, formula (13) implies the relation

" (—1)iglni2 (¥ o
Z()—z D (@ )i(a T g) a* | my(a,q) = 0 for n > 1.

= (@) e

Further we derive two more recursions for the moments, a linear and a quadratic
one.

Proposition 16. The moment sequence {my(a,q)} solves the equations mqy(a,q) =1

and
n—1 r
Wnaq qwkaq
mnk(
1

T a,q), neN. (43)
n— e

mn(a, q) =

Proof. Equations (42) and (37) imply that

prmap mzmnap :im m
m=0 m=0

holds for p > 1 and z from a neighborhood of 0. Equating the coefficients of equal
powers of z one finds that (43) holds true for ¢ = p > 1. But for the both sides are
rational functions in ¢ the equation remains valid also for 0 < ¢ < 1. O

Proposition 17. The moment sequence {my(a,q)} solves the equations mgy(a;q) =1
and

n—1

Mp41 ((Z, q) = ((I + 1) mn<a7 q) +a Z q_k_lmk(aa q) mn—k—l(aa Q)v n e Z-i-' (44)
k=0

Proof. Equation (38) can be rewritten as

G(p'z) (1 —(a+ 1)z —ap'2? g@_:%)) =1

16



and holds true for p > 1 and z from a neighborhood of the origin. Substituting the
power series expansion (42) one has

(1—(a—|- —ap~ zZmnap )Zmnap =1.

Equating the coefficients of equal powers of z one concludes that (44) holds for ¢ =
p > 1. For the both sides are polynomials in ¢~! the equation is valid for 0 < ¢ < 1
as well. O]

Our final task is to provide estimates bringing some insight into the asymptotic
behavior of the moments for large powers. We still assume that 0 < ¢ < 1 and a > 0.
On the other hand, a is not required to be restricted to the interval ¢ < a < ¢~ *. Let
us note that it has been shown in [3, Lemma 4.9.1] that

@I < w(a,q) < (L+a)"qg ", ey (45)
Proposition 18. Let a > 0. The moments m,(a,q) obey the inequalities

(1 + a)n q_n2/4

, neZ,, 46
(¢ )n-1 - (46)

and
Man(a,q) > a"q"™, Manii(a,q) > (a+ a"qg "™, ne Z,., (47)

Proof. 1t is clear, for instance from (44), that each moment m,,(a, q) is a polynomial
in a and ¢! with nonnegative integer coefficients. Furthermore, by the very definition
(34), wn(a,q) is a polynomial in a of degree n with positive coefficients. From (43) it

is seen that
wn(a, q)

mp(a;q) < :
(45 @)n—1

and then (45) implies (46).
From (44) one infers that

Maon+1 (CI,, q) Z aq_Qnm2n—l<a7 q)7 an((I, Q) Z aq_2n+1m2n—2(aa Q)a for n Z 1.
Using these inequalities and proceeding by mathematical induction one can verify
(47). ]
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