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Introduction

In functional analysis the study of spectral theory is an extension of the study of eigenvectors and
eigenvalues of matrices in an infinite dimensional space. It also gives measures to describe operators
and therefore we obtain a way to describe orthogonality. In this thesis the goal is to find orthogonality
relations of special functions with the application of spectral theory.

Chapter 2 contains the basics of spectral theory that is needed in the remaining chapters. Allthough
we are not going into quantum mechanics, spectral theory is used widely in this field. Therefore we
restrict our attention to Hilbert spaces, because they posses inner products which allows us to talk
about length and angle. The spectral measure of a bounded symmetric operator can be expressed
in terms of the resolvent operator and this is a powerful tool in finding orthogonality relations. We
also want to know whether a symmetric operator is (essentially) self-adjoint or not, by the use of de-
ficiency indices. The final theorem in chapter two is the spectral theorem for unbounded operators,
which ensures a unique measure such that the operator can expressed in terms of that measure.

The fundament of chapter 3 is the three-term recurrence relation of orthonormal polynomials such
that we can introduce tridiagonal Jacobi operators and its eigenvalue problem. The main theorem
in this chapter is Favard’s theorem, which states that a set of polynomials that satisfy a three-term
recurrence relation is a set of orthonormal polynomials. The spectral theorem now returns to a Jacobi
operator a unique spectral measure. To obtain the spectral measure we define the Green kernel,
which is the resolvent operator of the Jacobi operator. Finally we notice the importance of self-adjoint
Jacobi operators by connecting it to the moment problem.

In the 4th and final chapter we study an explicit operator that generalizes a Jacobi operator, we intro-
duce the g-Meixner polynomials, which are polynomials defined in terms of basic hypergeometric
series. The method of finding asymptoticaly free solutions and using the Green kernel to obtain the
spectral measure of the g-Meixner polynomials will be discribed. For this we need a suitable domain
where the corresponding Jacobi operator is self-adjoint. To do the analysis we use a difference op-
erator L instead. The chapter ends with some orthogonality relations of g-Meixner polynomials, the
dual polynomials and the big g-Laguerre polynomials.






Basics of spectral theory

In this chapter we mention some definitions and properties about linear operators and we give the
basics of spectral theory needed for the next chapters. Readers who are familiar in the area of spectral
theory may rather continue to chapter 3. During this paper we use the convention N:={0,1,2,...}.

2.1. Hilbert spaces and bounded operators
To be able to talk about orthogonality we need a space with an inner product.

Definition 2.1. Let X be a complex vector space. A mapping X x X — C is called an inner product if
forall u,v, w € X and a, b € C we have

1. {(av+ bw,u) = al{v, u) + b{w, u)

2. {u,v) = W

3. (u,uy=z0and (v, v) =0 v=0.

If such a mapping exists, then X is called an inner product space, or Pre-Hilbert space. As a conse-
quence of properties 1. and 2., the inner product is sesquilinear, i.e (u,av) = a(u,v) forall u,ve X
and a € C.

We define || v|| := v/(v, v) as the associated norm. The Cauchy-Schwarz inequality now states that
Ku, )| < lulllvl, (2.1)
with equality if and only if u and v are linearly dependent.

Definition 2.2. Let X be a normed vector space. If every Cauchy sequence converges in X, then X is
called complete. A complete inner product space is called a Hilbert space.

Example 2.3. Consider v, w € C" with standard inner product (v, w) = Z‘i’il viw; and v = (vy,...,Vn),
w = (wy, ..., Wy). The inner product together with completeness yields C” as a Hilbert space.

We will assume that all Hilbert spaces in this thesis are separable, i.e. that every Hilbert space con-
tains a countable dense subset. An example of a separable space is the real line R. A countable dense
subset is Q c R, the set of rationals. In general, all finite-dimensional spaces are seperable. A Hilbert
space is separable if and only if there exists a countable set of orthonormal basis vectors. So we may
always assume for any Hilbert space that there exists a basis.



Example2.4. Let £%2(N) denote the space of square summable sequences {a}ren < C, i.e.

Z |le|2 < 00.
keN

This is a separable Hilbert space with orthonormal basis the standard vectors e, so (ex); = ;. In-
deed for x; € C, 0 < i < n, the sequence {xg, X1,...,X5,0,0,...} € 22(N).
Theorem 2.5 (Bessels inequality). Let A be a Hilbert space and fi, f>, ... an orthonormal sequence in

J€. Then for every f € /4 one has
S KA P <IfIP.
k=1

The next theorem describes in which case the inequality of Theorem 2.5 is actually an equality. A
proof can be found in [6].

Theorem 2.6. Let A/ be an Hilbert space and f, f>,... an orthonormal sequence in /€. Then the
following are equivalent:

~

The sequence f1, f>, ... is an orthonormal basis of /.

2. IffeAKand f L fi fork=1,2,..., then f =0.
3. A =spanf{fi | k=1,2,...}

N

fEX ) fe YfeH
L&) =Xk fi)(g fr) VfgeH
CfIP =Xk (f )P Ve

The last assertion is called Parseval’s identity.

)]

)

To explain the concept of moments in the next example we need some knowledge about measures.

Definition 2.7. A g-algebra is a set 28 of subsets of Q such that
1. Qe %B;
2. If Ae B, then A€ € %;
3. If A1, Ay, ... € 9B, then U;enA; € B
Let (Q, d) be a metric space. 2 is called the Borel o-algebra if it is the smallest o-algebra that con-
tains all open subsets of Q.
Definition 2.8. Let (Q,d) be a metric space. A complex Borel measure on Q is a map
w:%B(Q) — C such that
1. u(@)=0
2. If Ay, Ay,... € B are mutually disjoint, then ,u(u‘l.’ZIA,-) = Z?Zl H(A;D).

In particular, if u maps to Rxp, then p is called a positive (Borel) measure.



Example 2.9. Let u be a positive Borel measure on the real line R, such that all moments exist, i.e.
Jr1x1™ dp(x) < oo for all m € N. Without loss of generality we assume that y is a probability mea-
sure, i.e. fR du(x) = 1. By L2 (1) we denote the space of square integrable functions on R, i.e.
Jr!f(X)>dp(x) < co. More formally, L?(u) consists of all equivalent classes such that f and g with
Ja|f () — g(x)[>du(x) = 0 belong to the same class. Then the space L?(y) is a Hilbert space with
respect to the inner product (f, g) = [ f(x)g(x) du(x).

Consider the operator T from a normed vector space X to a normed vector space Y. Then T is
bounded if there exists an M > 0 such that for every u € X it holds that || Tull < M| u|l. The smallest
M such that this inequality holds is called the norm of T, denoted by || T||. It can be shown that
1Tl =supy, =1 I Tull.

Proposition 2.10. Let X and Y be two normed vector spaces. Then T :X — Y is a bounded linear
operator if and only if T is continuous.

Proof. Because T is bounded, we know that || T|| < co. Furthermore we note that for x, y € X,
ITx—Tyll=1Tx-»I<ITllx-yll.

As an immediate consequence, T is continuous.

Now assume that T is not bounded. This means that || T'll = sup,,=; | Tull is not finite. Therefore we
can find a sequence x, € X with | x,|l = 1 such that | Tx, |l = n. But that implies that || %xn | = % — 0
as n — oo, while | T(+ x,) || = 1+ 0. It follows that T is not continuous. O

Definition 2.11. Let /## and % be Hilbert spaces and consider T : # — £ to be a bounded linear
mapping. Then the mapping T* : # — A, defined by

(Tx,y)=(x, T*y),

for all x € A,y € &, is called the adjoint of T. If TT* =14 and T*T = 14, we call T unitary.
Moreover, if # = % then T is called

1. symmetricif T = T*;
2. aprojection if T? = T.

In this thesis, the definition of symmetric is just reserved for bounded operators T. For unbounded
operators we will develop an extended definition in section 2.4.

2.2. Spectral decomposition

The set of eigenvalues of a bounded linear operator T : & — % with & a complex Banach space, is
part of the spectrum o (7). The spectrum is defined as o(T) = C\p(T) with p(T) the resolvent set,
the set of A € C such that the AI — T has a bounded inverse which is densely defined. Therefore the
resolvent operator, or just the resolvent, R(1) = (AI — T) ! is bounded on p(T).

The spectrum can be decomposed into mutually disjoint sets o, (T),0.(T),0,(T) € C, with
1. Aeop(T)iff AI - T is not one-to-one, i.e. A is an eigenvalue of T;
2. Aeo (T)iff AI-T is one-to-one, rge(AI — T) is dense in &, but the inverse is unbounded;
3. Aeo,(T)iff AI - T is one-to-one, but rge(AI — T) is not dense in &'

The sets are called point spectrum, continuous spectrum and residual spectrum respectively.



Proposition 2.12. Let T be a bounded operator. Then o(T) is a compact subset of C contained in the
closed disk of radius || T||.

Proof. Let T be a bounded operator. Using Neumanns expansion, (I — S~ 1= Zzo Sk with ISl < 1,

=0
we can see that
© (T k
AI-D't=Ata-A'n =2ty (—) :
=0\ A

onlyif | T| < |A], and consequently A € p(T). Soif A € 0(T), then |A| = || T|| and so o(T) is bounded by
ITl.

Next, we claim that p(T) is open. Let A € p(T). Then (AI — T7)~! is nonzero and bounded, so 0 <
(A1 = T)7!| < co. Define § = [|(AI — T)~!|~! as the radius of the open ball Bs(0) with the origin as
centre. The claim has been proven if we can show that the open ball with radius § and centre A,
Bs(A) € p(T). Take y € B5(0), then |y| < . This implies ||y (A — Y <1. By Neumanns expansion
we see that (I —y(AI - T7)~1) has a bounded inverse and therefore

A-NI-T=QAI-TVT-yAI- ™
also has a bounded inverse. And so A —y € p(T). Now
Bs(A)={ueC : |[A-pul<dt={A-yeC: |yl<dt<p(T)

which proves that p(T) is open. O

A consequence of the previous proof is that p(T) is non-empty. Without proof we mention that o(T)
is non-empty.

Theorem 2.13. The spectrum o(T) of a bounded operator T is non-empty.

Proposition 2.14. The residual spectrum o, (T) of a symmetric operator T is empty.

Proof. Let T : % — % be symmetric and assume A € 0,(T). Then rge(AI — T) is not dense in & and
we can decompose the space & into

X =kerAI-T)" @rge(AI-T), (2.2)

with ker (A — T)* = ker (ZI - T*) # {0}. Therefore, there exists a non-trivial x € & such that T* x = Ax
and so
(Tx,xy={x,T"x)=A(x,x).

It follows that (T'x — Ax, x) = 0. But for a fixed x € & this means that Tx - Ax =0 and so A € o,(T).
This is a contradiction with the fact that o,(T) and o p(T) are mutually disjoint. O

Proposition 2.15. Let T on X be symmetric. Then the spectrum is real. Furthermore,

oM < [=ITILITNI.

Proof. Consider the numerical range W(T) = {{Tx, x) | l|x|l = 1}. Then for || x| < 1,

KTx, < ITxxl < ITxl < T1,



so (T'x, x) is bounded by boundedness of T'. It follows that W (T) is bounded. Notice that W(T) =R,
because (Tx, x) = {x, Tx) = {Tx, x) and therefore (T x, x) € R.

Next, we want to show that o(T) € W(T). Assume that A ¢ W(T) and let d := inf{l/l— pliue W(T)}.
Then d > 0 by clossedness. It follows, for || x| = 1, that

0<d=|A—(Tx,x)| ={Ax=Tx,x)| < |(AT = T)x|l - | xll = 1 (AL — T)xI|.

This shows that there does not exist an x # 0 such that (AI — T)x = 0. Therefore ker(AI — T) = @ and
thus the map Al — T is injective. The mapping A - T : & — rge(AI — T) is an isomorfism.
The range is dense in . Indeed, if not, then there exists an xy € rge(AI — 7)1 with || x|l = 1, such that

0=A(T - ADxp, x0) = {Txp, x0) — {Ax0, x0) = (T xp, X0) — A.

It follows that A = (T xy, xo) € W(T), which is a contradiction to A ¢ W(T). Therefore is the range
dense in /. This shows that 1 € p(T) and thus A ¢ 0(T). Soo(T) = W(T) =R.

The inclusion is a corollary of Proposition 2.12. O

2.3. The spectral theorem for bounded symmetric operators

Let V be a subspace of the Hilbert space . Then ./ can be decomposed into # = V & V. Assume
that h € # can be decomposed into h = f + g with f € V and g € V4, then py : # — F,h— f is
called an orthogonal projection.

Definition 2.16. Let 22(#) be the set of orthogonal projections on a Hilbert space . and let 2 the
Borel o-algebra of a set S. We say that the mapping p : 8 — 22(A) is a projection valued measure
on the Borel space (S, ) if

1. p(S)=1and p(®)=0;

2. If {A;} is a countable collection of pairwise disjoint elements of 98, then p(A;) is a pairwise
orthogonal collection of projections, and p(UA;) =) ; p(A;).

The definition of a projection valued measure is similar to the definition of a measure. The only
difference is that projection valued measures uses self-adjoint projections rather than real numbers.

Now we are able to introduce the concept of the resolution of the identity.
Definition 2.17. A resolution of the identity, say E, of a Hilbert space ./ is a projection valued Borel
measure on R such that for all Borel sets A, B < R we have
1. E(A) is a symmetric projection;
E(AnB)=E(A)E(B);
E@)=0,ER) =1,

-~ W

AN B =@ implies E(AU B) = E(A) + E(B);

In some literature will be spoken of a spectral family instead, see for example [3].

Proposition 2.18. Let E be a resolution of the identity of a Hilbert space 4. For all u,v € A the map
A— Ey ,(A) = (E(A)u,v) is a complex Borel measure.

Now we are able to formulate the most important theorem in spectral theory, restricted to symmetric
operators. Later, in Theorem 2.31, we will formulate the spectral theorem in more general setting.
This is in line with [3], where a proof can be found.
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Theorem 2.19 (Spectral theorem for symmetric operators). Let T be a bounded symmetric linear
operator on /€, then there exists a unique resolution of the identity E such that T = [, tdE(?), i.e.
(Tu,v) = fR tdE,, ,(t). Moreover, E is supported on the spectrum o (T) c R, which is contained in the
interval [-||T|l, I Tll]. Moreover, any of the spectral projections E(A), A< R a Borel set, commutes with
operator T

With the spectral theorem in mind we define for any continuous function f its functional calculus
for symmetric operator T as

f(n ::fu;ef(t)dE(t)’

ie. (f(Mu,vy = fR f@dE, ,(2). The resolution of the identity in the theorem obtained from T is
called the spectral measure. Notice that the spectral measure is indeed a (projection valued) mea-
sure.

If we look at the spectral theorem, Theorem 2.19, it may be clear that it now becomes the issue to find
the spectral measure associated with the given bounded symmetric operator T. It turns out that the
spectral measure can be expressed in terms of the resolvent operator R(z) = (z] — T)"! with ze C.

Theorem 2.20. Let u, v € A be fixed. The spectral measure of the open interval (a, b) C R is given by
b-6

1
E, »((a,b)) =limlim — (R(x+ie)u,v)—{(R(x—ie)u,vydx. (2.3)
510 €10 27i Ja+és

Theorem 2.20 gives a powerful tool to explicitly obtain the spectral measure of the operator T if we
have its resolvent operator. In the next section we will explain this in more details.

Proof. See [2]. O



2.4. Unbounded self-adjoint operators

In the case of unbounded linear operators, things get tricky at some point. An important difference
with bounded operators is that unbounded operators are not defined on the whole Hilbert space .
Therefore we need a slightly different definition, see [1].

Definition 2.21. An unbounded linear operator T from ./ to / is a pair (2(T), T) consisting of a
subspace 2(T) c A, the domain of T, and a linear transformation T : 2(T) c A& — F.

The notions of kernel and range are identical to bounded operators. If the operator is bounded on
the domain, then it can be extended to a bounded operator on the whole space #. Therefore we
use Definition 2.21 only for operators that are unbounded on their domain. As completeness of this
paragraph, we define the spectrum for unbounded operators.

Definition 2.22. Let T: 9(T) c /€ — A be densely defined. Then the resolvent set of T is defined
as

p(T):={AeC|AM - T:2(T) c # — 7 has a densely defined bounded inverse (A1 — T)'}.
As in the bounded case, o(T) := C \ p(T) defines the spectrum of T.

The notion of a graph of the operator T is similar to the bounded case as well. We define the graph
as
G(T) ={(x, Tx)|x € D7}

A natural inner product on this space is defined by

((u, v), W'VY) := (u, uy + (v, V).
Definition 2.23. The operator T is called closed if its graph is closed. If the closure of ¢4(T) is the
graph of an operator, then T is called closable.

A helpful theorem is the closed graph theorem. It tells us that if T is linear, then T is continuous if
and only if T is closed. If both T and S are unbounded operators on A, 2(S) c 2(T) and Su = Tu for
all u € 2(S), notation S c T, then T is called an extension of S and so

4(S)c¥9(T).
If, furthermore, ¢(T) is closed and for all extensions $ of S it holds that
G(T)=¥(S),

then T is called the minimal closed extension of S. We now assume that 2(T) is dense in /. Then
we can define the adjoint operator as follows.

Definition 2.24. Let T : 2(T) c # — /€ be a densely defined linear operator on a Hilbert space #
and consider the map ¢, : u— (Tu, v). We define its adjoint T* by

(T*):={ve#|¢,is continuous on 2(T)}

and
(Tu, vy ={(u, T*v), Yuea(T), vea(TY).

The requirement of a densely defined operator in the definition of the adjoint is essential. In fact, if
the operator is not densely defined, then the adjoint can not uniquely be extended.
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Proposition 2.25. If T : 2(T) c A/ — F€ is a densely defined unbounded linear operator, then
1. T* is closed;
2. T is closable if and only if T* is densely defined; in this case T = (T*)*;
3. if T is closable, then (T)* = T*.

Proof. see for details [1]. O

Lemma 2.26. The graph of the adjoint of a densely defined operator T can be written as
G(T*) = {(Tu,—w)luec (T} (2.4)

Proof. Let A={(Tu,—u)luec2(T)} and consider v € 2(T*). Then

(Tu,v) =(u,T*v) o {((Tu,-u),(v,T*v))=0,
which shows that all the elements of the graph of T* are orthogonal to the elements of A.
"c". Take (w, T* w) € 4(T*) and let the sequence (uy, V)5, S A converge to a point (u, v) € A. Then

((w,v), (W, T"w)) = r%i_l};o((un, V), (w, T*w)) =0
and therefore (w, T* w) € A~+.
"2". Let (u, v) € AL, Then for all w € 2(T) we see that

0=(Tw,-w), (u,v)) ={Tw,u)y —(w, v).

So (Tw,u) = (w,v) for all w € 2(T) and thus |{Tw,u)| = |{w,v)| < [|w||lv|. This shows that the
mapping w — (Tw, u) is bounded and continuous on Z(T). Consequently u € 2(T*) and T*u = v,
thus (i, v) € 4(T*). Now the identity (2.4) has been proved. O

By (2.4) we see that the graph of the adjoint T* is an orthogonal complement and is therefore closed.
Consequently, T* is closed.

Now we can define symmetric and self-adjoint unbounded operators.

Definition 2.27. We call a densely defined operator T': 2(T) < A4 — / symmetric if
TcT".

This is equivalent to (Tu, vy = {u, Tv) for all u,v € 2(T).

Remark. If T is symmetric, then 2(T) c 2(T*) and so the domain of T* is dense in # as well. It

follows that T* has also an adjoint, T**. The operator T** is the minimal closed extension of T.
Indeed,

G(T**) = {(u, T w)lu€ D(T**)} = {(T* u,—w)lue DT} (2.5)

= {(w, Twlue (MY = {(u, Twlue 2(T} = 4(D), 2.6)

whereby we used the identity of (2.4). We see that the graph of T** is the closure of the graph of T
and thus T** is the minimal closed extension of T. This proves the second statement of Proposition
2.25.

10



To show that T** is symmetric we first notice that 2(T) < 2(T**) and so T** is densely defined.
Secondly
T** c T*,
because for ¢, : u— (Tu, v),
(T**) ={v e #| ¢, is continuous on Z(T*)} < {v € #| ¢, is continuous on 2(T)} = 2(T™).

So we can conclude that every symmetric operator has a closed symmetric extension. If there does
not exists a proper symmetric extension of T, then T is called maximal symmetric.

Definition 2.28. A densely defined operator T : 2(T) — # is called self-adjoint if T = T*. That is, if
(T cD(T*) and D(T*) <cD(T).

We have already seen that the adjoint operator is closed, so every self-adjoint operator is closed as
well. Every self-adjoint operator is maximal symmetric. A symmetric operator T is called essentially
self-adjoint if T is self-adjoint. So T < T** = T*. In general, a densely defined symmetric operator
does not have self-adjoint extensions. Next we will discuss deficiency indices, which will be used to
denote the difference between operators being maximal symmetric and being self-adjoint.

Definition 2.29. Define for z € C\R the eigenspace
N,:={vea(T*)| T*v=zv}.

Put ny = dim N; and n_ = dim N_;. The pair (n,, n_) are the deficiency indices for a densely defined
symmetric operator 7.

Remark. Because dim NN, is constant for $(z) > 0 and 3(z) < 0, we are sure that dim N, = dim N; and
so ny and n_ are constants too.

Note that

T*v=iv o Tv=iv o T'v=-i7,
and therefore v € N; iff v € N_;. So if T commutes with the complex conjugation, this implies that
ny = n_. Furthermore, if T is self-adjoint, the eigenvalues are real by Proposition 2.15 and it follows
that N; = N_; = ¢, implying that n, = n_ =0.
Proposition 2.30. Let (2(T), T) be a densely defined symmetric operator.

1. 9(T*)=2(T**)® N; ® N_;, as an orthogonal direct sum with respect to the graph norm of T*
from {u,vyp = (u,v) +(T*u, T*v). As a direct sum, D(T*) = D(T**) + N, + N; for general
z € C\R.

2. Let U be an isometric bijection U : N; — N_; and define (2(S), S) by
208) ={u+v+Uv|ue2(T*"),veN;}, Sw=T"w,
then (2(8),S) is a self-adjoint extension of (2(T), T) and every self-adjoint extension of T arises
in this way.

Proof. See for [2]. O

A way to characterize the domain of S is making use of the sesquilinear form
B(u,v) =(T"u,v) —(u, T*v), u,ve(T"). 2.7)
Then 2(S) ={u e 2(T*) | B(u,v) =0,Yv e 2(S)}.
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2.5. The spectral theorem for unbounded self-adjoint operators

In Theorem 2.19 the spectral theorem for bounded symmetric operators was given. Now we can
formulate the spectral theorem in the general case.

Theorem 2.31 (Spectral theorem). Let T be an unbounded self-adjoint operator. There exists a unique
resolution of the identity E such that T = [ptdE(t), i.e. {(Tu,v) = [ptdE, (1) forue 2(T),ve A.
Furthermore, for any bounded operator S that satisfies ST < TS we have E(A)S = SE(A), wit AcRa
Borel set. Moreover, inversion formula (2.3) remains valid.

Proof. See for [2]. O

We can now define f(T) for any measurable function f by

(f(Mu,v) I=fRf(t)dEu,u(l‘), ue2(f(1),veH,
where 2(f(T) ={ue | [p|f()>dEy,,, (1) < oo} is the domain of f(T). So f(T) is a densely defined
closed operator. If f € L™, then f(T) is a continuous operator, by the closed graph theorem. This in
particular can be applied to f(x) = (x— 271 ze p(T), which gives the resolvent operator. So

(R(2)u, U)=f(x—z)_1dEu,,,(t). (2.8)
R

We are going to use this way of writing the resolvent operator in section 3.2.
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Jacobi operators

3.1. Orthogonal polynomials

Consider again the Hilbert space L?(u) of square u-integral functions as in example 2.9. Assume that
all moments exists, which means that fR |x]" dp(x) < oo for all n. Then all polynomials are integrable.
By using the Gram Smith orthogonalisation process to the sequence {1, x, x*,x,...} we obtain pair-
wise orthogonal polynomials {pg, p1,...}. Two situations may occur: the polynomials are linearly
dependent or the polynomials are linearly independent in L?(u).

Assume the polynomials are linearly dependent, which means that there are finitely many nonzero
a; such that

dopo+ai1p1+azpa+...appn=0,

with n the greatest integer such that a, # 0. By
0=Apn,0) =(pn,ar1p1+azpz +agps +...anpn)
= an{pPn, Pn)
it follows that {p,, pn) =0, i.e.

fR |pn(2)1? du(x) =0,

while p;, # 0. This can only be true when p is a finite sum of Dirac measures at the zeros of p,,.

Remark. As areminder, a Dirac measure is a measure §, on a set X defined as

0, x¢gA.

EX(A)::{ 1, xe€A

for a measurable subset A < X.

In the dependent situation we only have finitely many orthogonal polynomials and so we can proof
the results with linear algebra. From now on we exclude the case that the polynomials are linearly
dependent.

Definition 3.1. A sequence of polynomials { pn};ozo with deg(p;) = n is a set of orthonormal polyno-
mials with respect to p if fR Pn(X)pm(x)du(x) =65 m-

13



Remark. The polynomials p, on R are real-valued, because the set {1, x, x2,.. } isreal-valued. There-
fore the coefficients of p,, are real. As a consequence of the Gram-Schmidt procedure, po(x) =1 and
the leading coefficient is positive. It follows that u is a probability measure.

The product p,(x)pm(x) is a polynomial of degree n + m, say Y.} dix* with coefficients dj. € R,
yielding

n+m n+m
fpn(x)pm(x)d/u(x)= > dkf Fdp =Y demy,
R k=0 R k=0

n+m

with moments my. This results in the identity }.;'* " dxmy = 6 ,,m. Apparently, the orthogonality re-

lation is totally determined by the moments mi.

As a very useful tool later in this section, we define the Stieltjes transform of the measure u by
w(z) :=f(x—z)_1dp(x) z € C\R.
R

By rewriting the Stieltjes transform we see that, formally,

-1 1 -1 & x\k X my
P d = — — d = - . 3.1
wa = /[Rl—x/z M) == ,Cz:;) R(z) H) =0 251 &b
If supp(u) < [-A, A], then
A A
Imk|=‘f x*dux) sf lekd,u(x):zf xFdu(x) <24, (3.2)
R -A 0

We can use this to imply that

00 my,
Z Zk+1

k=0

0 k ) k
Sz 2A :i (A) _ 2 ’
£ |zk+1 lz|— A

|zl =\ Izl

which proves that the series in (3.1) is absolutely convergent and thus convergent. Therefore the
Stieltjes transform is totally determined by the moments of p.

Proposition 3.2. Let u be a probability measure with finite moments, and let
w(z) = f (x-27'du(x) zeC\R
R

be its Stieltjes transform, then

b

1 b . B 1 1
LI—I»I(I)E ’ \s(w(x+ze))dx—u((a,b))+Zu({a})+2#({b}).

Let p be a polynomial with real coefficients. Then

1 b 1 1
lim — S(p(x+ ia)w(x+i£))dx:f px)du(x) + -pla)p({a}) + - p(b) u({b}). 3.3)
e=07 Ja (a,b) 2 2
Proof. See Koelink, [8]. O
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The proposition gives rise to the identity

1 b-6
p((a, b)) =limlim — S(w(x+ig)) dx, (3.4)
el0 6|0 T Ja+s

which is similar to the Stieltjes Perron formula (2.3). We need the extension of the inversion formula
(3.3) to find a spectral measure later in (3.21).

Considering the Hilbert space I? (), it turns out that a set of orthonormal polynomials posseses a
very important property, which will lead to the definition of Jacobi operators in the next section.

Theorem 3.3 (Three-term recurrence relation). Let { pk}fzo be a set of orthonormal polynomials in
L2(u), then there exist sequences {axtiey bty with ag, by € R and ay > 0, such that

Xpi(x) = appr+1(X) + b pe(X) + ag_1pr-1(x), k=1 (3.5)
xXpo(x) = agp1(x) + bopo(x) (3.6)

Moreover, if 11 is compactly supported, then the coefficients ay and by are bounded.

Proof. First we notice that deg(xpy(x)) = k + 1, so there exist constants cf € R such that

k+1
xprx) =Y. cFpi(. 3.7)
i=0

Multiplying both sides by p; and integrating over R we obtain

k+1
[Rpj(x)xpk(x)du(x)=fRZ ckpix)p;(x) du(x)
i=0

=ch;cdu(x) = c}‘,

using the orthogonality property of p; and the fact that p is a probability measure.
In a similar way we can look at the same expression c;? = fR xp;j(x)pr(x)du(x) and observe that the

polynomial xp;(x) has degree j + 1 so we see that c}“ = 0 whenever j + 1 < k, by the orthogonality
property again. Therefore (3.7) can be written as

Xpr(x) = cf_y pre1 () + g pr(x) + €y Pisr (X).

So we can easily see that
by :=cf =fo(pk(x))2du(x). (3.8)

The other coefficients are
aj = CI]§+1 = folel(x)pk(x) du(x) 3.9)
Ag-1:= C,’j_l = for)k_l(x)pk(x) du(x).

To show that the coefficients are bounded if u is compactly supported we notice that

Sflpkn(x)llpk(x)ldu(x) sup |x|
R xesupp(u)

la| = ’ fR Pr+1(0) xpg(x) du(x)

= ” Pl ”LZ(“) ” pk”LZ(u) x(—:ssli’flg(#) = x(—:ssli’flipli)(#) 4l < e
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We used the triangle inequality, the Cauchy Schwarz inequality and the property that pj is nor-
malised. The fact that p is compactly supported leads to the last inequality. The same kind of ar-
gument leads to the boundedness of by:

|bil = f x(pe(x)? du(x)| < f (Pe(x)?dp(x)| sup |x|
xesupp(u)
_“pkHLZ(,u) sup |x|= sup |x|<oo.
xesupp () xesupp ()
This completes the proof. O

So with every set of orthonormal polynomials we can find sequences {a;} and {by} such that (3.5)
and (3.6) hold. But the converse is also true, given the sequences {ay} and {by}, and po(x) = 1, we can
determine the rest of the pj as a solution, by (3.5) and (3.6). This will be shown in theorem 3.9.

We can also just use initial conditions on pg and p; to obtain a solution of (3.5) only. Let {r¢}37 , be
defined as the solution of (3.5) with initial conditions ro(x) = 0 and r;(x) = ao1 By construction, the
polynomial r has degree k —1 and we call them the associated polynomials. Notice that (3.6) is not
valid. The associated polynomials can be written in terms of the polynomials py.

Lemma 3.4. Let {pi}32, be a set of orthonormal polynomials in L2(u). The associated polynomial ry,

can be written as
f pPr(x) = pr(y)
R X—Yy

re(x) = du(y). (3.10)

Proof. Let the right hand side of (3.10) be defined as gi(x). Now we have to show that g satisfies
(3.5) together with the initial conditions. Then, by definition, gy equals ry.
To show that (3.5) is satisfied, we see that

—_ —_ + —_
Xqi(x) = jl; xpk(xj)c _;pk(y) du(y) = jl; Xpr(x) ypk()’;_iﬁk(}’) xpr(y) du(y)
:f xpi(x) = ypr(y) du(y)—f xpi(y) = yPe(y) du(y)
R xX—=y R xX—=y

= akclkﬂ(X)+bkCIk(X)+ak—1€Ik—1(X)—fRPk(y) du(y)

using Theorem 3.3 for py in the last equality. Noticing that py(x) = 1 is orthogonal to all pg, k = 1, the
integral is zero for k = 1. Thus g satisfies (3.5). For the initial conditions we observe that

[ po(x)— po(y) _f 1-1 B
qo(x)—fR—x_y du(y) = R—x_ydu(y)—

and using (3.6) to get p; = a, L(x — by) we obtain
p1(x) — p1(y) fx—bo—JH'bo -1
(x)=f—d()= ——du(y) =aqa, .
qi . X—y By R ao(x—y) By 0
So all conditions are satisfied and g; equals ry. O

As we now have obtained two solutions of (3.5), we are able to find an expression of the k-th coeffi-
cient of the function (x — z) 1. Looking at the following simple equality for fixed z € C\R,

fpk(x)d () = fpk(x) pk(Z)+pk(Z)

dp(x)
(3.11)

- rk(z)+f p’“( )d,u(x) = 1e(2) + pr(@w(z),
RX—2Z

we can easily prove the following corollary.
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Corollary 3.5. Let z € C\R be fixed. The k-th coefficient with respect to the orthonormal set {p k}zo:() in
L2(u) of p;: x— (x—2)~ " is given by ri.(2) + pr(2) w(z). Hence,

Z |rk(z) +pk(z)w(z)|2 Slex—zl_zdp(x) < oo.
k=0

Proof. Let d; be the i-th coefficient such that (x—z)~! = 220 dipi(x). Now multiplying both sides by
pi and integrating over R gives

Pk [, _ _
R—x_zdu(x)— R;}dlp,(x)pk(x)du(x) fdedu(x) dy.

Using the equality obtained in (3.11), we see that
di =11(2) + pr (D w(z).

Using Bessels inequality, see Theorem 2.5, and realising that dy. = (p_, px), yields

(e8]

Y ldil < llpzl?
k=0

and the second assertion follows. O
As a consequence for {rk(z) + pr(2) w(z)}io:o to be in £2(N), the limit

lim ry(2) + pr(2)w(z) =0

k—o0

should hold. This yields a requirement for w(z),

w(z) =- lim rk(z), ze C\R,
k—oo pi(2)

assuming the limit exists.

The next lemma assures that the fraction ;’]‘C ((ZZ)) has no poles outside the real line. This means that the
limit indeed exists for z € C\R.

Lemma 3.6. The zeros of pi(z) in C are real and simple.

Proof. First notice that py(z) has degree k, so there are at most k real zeros. Let xi,...,X;, be the
distinct real zeros with odd multiplicity (m < k), i.e. where the polynomial changes sign. Then for
xeR,

Pr(x)(x = x1) (X = x2) - -+ (X = Xpn)

is even and so does not change sign. Therefore
prk(X)(x—xl)(x—Xz)---(x—xm)d/u(x) (3.12)

is not equal to zero.

Now assume m < k, then the polynomial (x — x;)(x — x2) - - - (x — X;,) can be written as linear combi-
nation of the orthogonal polynomials p;(x) of degree smaller than k. By orthogonality between p;
and py it follows that (3.12) equals zero if m < k which ends up with a contraduction. Thus m = k,
which means that there are k distinct real zeros of odd multiplicity and thus the multiplicity needs to
be 1. O
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3.2. Jacobi operators
For solving (3.5) and (3.6) we want to make use of Jacobi operators. These are tridiagonal infinite

matrices of the form
bo ap 0 0

ap b1 a1 0
Jj=|0 a b2 a
0 0 a bg as

o O O
oS O O O

with a;, b; € R and a; > 0. The reason why we exclude the case a; = 0 is that if there exists a unique
m such that a,, = 0, then the Jacobi matrix can be split into two matrices. The first matrix has only
nonzero entries on the first m x m block and analysis can be done using linear algebra. Therefore we
are only interested in this type.

We want to define Jacobi operators on the Hilbert space £%(N). When we define the Jacobi operators
first on the standard orthonormal basis {ex} rcp of £2(N), we will see the same structure as in Theorem
3.3:
Jey = { AiCl+1 + bkek + aj-1€k-1, k=1,
’ d0€1+b0€0, k=0.

This means that for every probability measure with finite moments we can obtain unique coefficients
{a,} and {b,}, which is similar to having a Jacobi operator J. Because the linear subspace Z(N) of
finite linear combinations of e is dense in £?(N), we would like to first extend J to 2(N) by defining
forv=3%"_;cje; inD(N),

n
Jv:=) cjlej,
j=0

justified by the linearity of J. To show that J is symmetric, we first want to observe thatfor [ = k-1=1,
(Jek, er) = (e, Jep). Indeed,

(Jer,er) = aler+1,er) + bilex, er) + ax—1{ex-1,er)
=aj_1{ex,e;-1) + b {Jex, e) + ajlex, e;+1) = {ex, Jep),

using the property (e;,e;) = 6;; for all i, j € N. With the same technique we can easily see that the
identity holds for I = kand I = k+1. For other relations between [ and k we get (Jex, e;) =0 = (ex, Je;).
For the special case when either of the k or [ is zero can also easily be seen that the relation holds.

As a consequence, symmetry holds for v = Z;‘:O cjejand w = Z;’i 0 die; in 2(N). Indeed,

Ju,wy=YY cjdi{Jej, e

j=0i=0
Z Z e Jen (3.13)
] :

=(v,Jw).

This shows that J is a densely defined symmetric operator. If J is bounded on 2(N), it is continuous
and therefore can be extended to a bounded operator on ¢2(N).

18



Lemma 3.7. There exists polynomials Py of degree k with real coefficients such that ey = Pr(J)ey. In
particular, e is a cyclic vector for the action of ], i.e. the linear subspace {J keo | ke N} is dense in £?(N).

Proof. Trivially, ey = Py(J)ep for polynomial Py(x) = 1. Using (3.6), we see that Jeyg = ape; + bpeo,

which can be rewritten as
Jeog— boey
eL=——————,
ap

with ap > 0. So e; = P;(J)ep for polynomial P (x) = aalx — by / ap of degree 1.
Using induction, assume e; = P;(J)eg for 0 < i < k. Then Jer = ayex+1 + brer + ax—1er—1 leads to

Jey —brex— ag_1ex_q
ay
_JPrU)eo — biPr(J)eo — ax—1Pr-1(J)eo
ay

€k+1 =

which is the sum of polynomials with degree up to k+ 1, and thus e, = Pi+1(J) €.
To see that the linear subspace is dense in £?(N) we remark that ey € { Jkey | k€ I\I} and the set {ek}f’:o
form an orthonormal basis of £2(N). O

Lemma 3.8. If the sequences {ay} and {by} are bounded, say sup, |ai| + supy |bx|l = M < oo, then ]
extends to a bounded symmetric operator with || J|| < 2M. On the other hand, if ] is bounded, then the
sequences {ay} and {by} are bounded.

For a proof, see [8].

Assume that J is continuous and thus bounded, on the domain 2(N). Because 2 (N) is dense in Z(N),
we can extend J, which, together with being symmetric, leads to self-adjointness of J on (N). Using
the spectral theorem, Theorem 2.19, there exists a unique spectral measure E such that

<]V:w>=ftdEv,w(t)r v, w € l(Zsp).
R

For v = w = ep we can define the positive Borel measure p1(A) := Eg, ¢,(A) = (E(A)ey, €p), as in Propo-
sition 2.18. Moreover, the spectral theorem claims that supp(u) < [—IlJI, I /1l]. By (3.2) we have an
upperbound |my| < 2||J I*. Therefore the moments of u are finite. This shows that every bounded
Jacobi operator J corresponds with its unique compactly supported probability measure u, which
will be needed in the next theorem. Using the fact that J is self-adjoint and E(A) commutes with J,
yields

(E(A)ey, e;) =(E(A)Pr(NN ey, Pi())ep)

(3.14)
=(Pi(J)Pr(NE(A)ey, ep) =[APk(x)Pl(x) dp(x).

The Py ’s are as in Lemma 3.7.

Theorem 3.9 (Favard’s theorem to bounded coefficients in the three-term recurrence relation). Let J
be a bounded Jacobi operator, then there exists a unique compactly supported probability measure y
such that for any polynomial P the map U : P(J)eg — P extends to a unitary operator £*>(N) — L?(u)

with U] = MU, where M : L?(u) — L?(u) is the multiplication operator (M f)(x) = x f (x). Moreover, let
pk = Ueg, then the set {p k}zozo is the set of orthonormal polynomials with respect to (;

fRPk(x)Pl(X) du(x) = 5k,l-
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Proof. The map U is defined on the linear subspace { Jk eglk € I\I}, which is dense in £2(N) by Lemma
3.7. For bounded J the measure p is compactly supported. Therefore the polynomials are dense in
2 (1). So U maps a dense subspace of Z(N) into a dense subspace of 2 (W).

To prove that U is unitary, we can take polynomials P and Q. Then, using the spectral theorem,

(Peo, QUen) = (QUIPU)eo, eo ) = fR QU)P()dpu(x)

= (B Q)2 =UPNeo, UQUeo) 12(y)»

(3.15)

which shows that (i, v) = (Uu, Uv). Because U is bounded it can uniquely be extended to a unitary
operator £2(N) — L? ().
Observe that for py := Ueg,

fRPk(X)Pl(X) du(x) = (i P1) 2 = (Uer, Uer) 2 = (ex, 1) = O 1, (3.16)

where we used unitarity of U. The fact that py, is a polynomial of degree k, together with (3.16), yields
a set of orthogonal polynomials { Pk}io:o with respect to (.

We want to prove that UJer = MUey for all k € N. Notice that MUey(x) = xpi(x), so it suffices to
show that

UJer=Ulageis1 + breg + ax_1ex-1) = axpi+1 + b i + k-1 Pk-1

corresponds with the three-term recurrence relation. Observe that ay = (Jey, ex+1) and by = (Jeg, ex).
Then using the functional calculus and (3.14) yields

ak=<]€k,€k+1>=Axd5ek,ek+l(x)=fRXPk(X)Pk+1(x)du(X),
by = <]ek,ek>=fodEek,ek(x):fo(pk(x))2 du(x).

In the proof of Theorem 3.3 we have obtained (3.9) and (3.8), the expressions for a; and by, which
coincide with the previous obtained expressions. O

The importance of Theorem 3.9 lies in the fact that it is the reverse of Theorem 3.3. It namely implies
that given ay and by, the polynomials generated by (3.5) and (3.6) form an orthonormal set with
respect to some unique probability measure . As we now have for a given J a unique probability
measure y, we can express the moment generating function in terms of the resolvent operator.

Remark. The moment generating function w for measure p can be written in terms of the resolvent
operator R(z) for the Jacobi operator J:

w(z)=f ) _ (7= 2 en e0) = (R@eyer),  z€CIR.
R X—2

It turns out that Z%O:O ka(z)l2 does not exist for z € C\R, as will be shown in Proposition 3.11. In
developing an expression for the resolvent operator we want to find a solution of J f = zf in P2(N).

Definition 3.10. The element f(z) = { fk(z)}f:0 is called an asymptotically free solution to Jf(z) =
zf(z) with z € C\R if it satisfies
1. Jf@)=zfr(2), fork=1

2. X2 fk(@)I? <oo.
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Notice that the second requirement can only be fullfilled if limy_., fx(z) = 0 with z € C\R, see also
page 17. On the other hand, an asymptotically free solution does not need to satisfy (3.6) of the
three-term recurrence relation.

Proposition 3.11. Let ] be a bounded Jacobi operator. Take z € C\R fixed. Then f(z) = (J— z) ley is
an asymptotically free solution for the Jacobi operator J. There exists a unique w(z) € C\R such that
fx(2) = w(2) pr(2) + 1 (2), with py, rx the polynomials as in Theorem (3.3) and Lemma (3.4). Moreover,
w is the Stieltjes transform of the measure L.

Proof. Consider w as the Stieltjes transform w(z) = fR(x —z)71 dp(x). The relation

fi(@={(f(2),er)={U-2)"eo, pr(x)e0) = (prJ—2) e, ) (3.17)
= [ 29 4100 = w2 pe(2) + 1@ (3.18)
R X—2

is justified by Corollary 3.5. Also, by the same corollary, we know that {w(z) pr(2) + rk(z)}iozo € P2(N),
so the second requirement of Definition 3.10 is fullfiled. The first requirement is satisfied due to

2 fi(2) = w(2)zpi(2) + zri(2)
= w(2) (akpr+1(2) + brpi(2) + ag-1 pr-1(2)) + (A Tk+1(2) + biri(2) + ag—17k-1 (2))
= a (w(2) pr+1(2) + T41(2)) + b (wW(2) pr(2) + 11(2)) + ag—1 (W(2) pr-1(2) + Tr-1(2))
= g freer + bicfe + ak-1fi-1 = (Jf(2); -

So we have found a w that does the job. Now we have to be sure this w is unique. So assume w is
not unique, i.e. there is a w linearly independent of w, such that fi.(z) = (z) px(2) + rr(z) is another
solution to Jf(z) = zf(z). But then is f(z) — f(z) a solution as well and so

Y lw@) - w@PlprF =Y If(2) - f(@)* <oo
k=0 k=0

implies that Z%"ZO ka(z)l2 < oo for z € C\R. Therefore p(z) = {pk(z)}zozo, z € C\R, is another asymp-
totically free solution and Jp(z) = zp(z) shows that z is a non-real eigenvalue of J, contradicting the
fact that J is symmetric. O

To find the spectral measure for the Jacobi operator J, we need the concept of the following Green
kernel for solution p of the three-term recurrence relation and f an asymptotically free solution of J,
with z € C\R,

Gri(0) = —— {f’(zmk(z)' k=t (3.19)

If,pl | fi@pi(2), k>1,

using the Wronskian. It is worth mentioning that the Green kernel can be stated easier if we choose
the asymptotically free solution f from Proposition 3.11. Then [f, p] = [wp + 1, p] = [r, p] = 1. Never-
theless, due to the lack of decomposition of the asymptotically free solution in the next chapter, we
are forced to define the Green kernel in this way. We consider

0o 0o 1 0o
f,p1* Y |Gk,l(z)|2~z|Gk,z(z>|2=(|fl(z)|22 Ipe@° +1pi2 7 Y |fk(Z)|2)
=0 1=0 k=0 k=1+1

k oo
'(|fk(Z)|ZZ|Pl(Z)|2+|Pk(Z)|2 Y |ﬁ(z)|2).
1=0 )

=k+1
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All terms on the right hand side are finite, in particular because Z%O:O | fx(2) 1?2 <00 by definition of an
asymptotically free solution. Therefore {Gy, l}zo:o* {Gy, l}‘l’go € £?(N). We use the Green kernel to define
for v € £2(N) the map

G@:v—G@Y,  G@VE=) 1GLE=(nG ). (3.20)
=0

It is clear that this is a well-defined mapping. Notice that the second requirement of Definition 3.10
is needed for this mapping to be well-defined.

Proposition 3.12. The resolvent of ] is given by (J — 2)71=G(2) for ze C\R.

Proof. For z € C\R we know that the inverse (J — z) ™! exists and is bounded, because J is symmetric
and so C\R < p(J). So if we can show that (J — 2)G(z) = 1 on the dense subspace 2 (N) of £?(N), then
by continuity we have proven the proposition.

(U-2G@ )k =) vi(ar-1Gk-1,1(2) + (b — 2) Gy, 1(2) + axGr+1,1(2))
=0
1 k-1
= —( Y. vip1(2) (k-1 fe-1(2) + (b — 2) f(2) + ak fie+1(2)
[f, P] 1=0
+ Y v1fi1(2) (ak-1pr-1(2) + (b — 2) pi(2) + ax pr+1(2))
I=k+1

+ U (k-1 fi(DPe-1 () + (b= 2) fi(DPe(2) + Ak fisn (DIPr(2)) |

= ﬁ (k-1 £ (D) Pr1(2) + (i — 2) fie (D pr(@) + Ak fis1 (D) pil2)

v
= [f’—];]ak (fer1 (@ Pe(@) - fi(2) prs1 (2)

= V.

Here we have used that for k = 1 both f; and py are solutions of Jf = zf, and thus satisfy the three-
term recurrence relation. O

Proposition 3.12 tells us that G(z) is bounded. Indeed, z € C\R is contained in the resolvent set and so
by definition (J — z)~! is bounded. Notice that in the proof we didn’t use the fact that the Wronskian
equals 1.

Theorem 2.20 gives the inversion formula with respect to the resolvent operator R. By Proposition
3.12 we know that for Jacobi operator J the resolvent is equal to the Green kernel. Therefore, the
spectral measure of J is:

1 b-06
E,v»((a, b)) =limlim — (G(x+ie)u, vy —{(G(x—ie)u,v)dx. (3.21)
610 €10 2711 Ja+s
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To find orthogonality relations we need to express E;, , in terms of py. Notice that,

(G(2)u,v) = Z (G(2) W) Vg = Z Z G 1(2)u Uk (3.22)
k=01=0
fl(Z)Pk(Z) _ fi@pi(2)
Ui (3.23)
LIl TR e
1 _ _
=——| > filpc@uvc+ ) il pr(2) ucv; (3.24)
[f pl = k<1
Zfl(Z)Pk(Z)(quk+ukvl)(1——5k D, (3.25)
[f Pl k=i

by switching letters k and [ in the third equality, and using the Dirac delta function to avoid dubbling
when k = [. Because py and ry are polynomials, py(x +ie) = pi(x) and ri(x + ig) = ri(x) for small €.
The same results holds for p(x —i€) and ri(x — i€). Then, for small ¢,

1
(Gx+ig)u,v)—(G(x—ie)u,v) = [—p Y [filx+ie) = filx—ie)] prlx—ie) (wVg + v (1 - —6k,z)
’ k<l

L wlbr+ie) —w(x - ie)] Z P10 pr () (u v + urv) (1 — —5k D-

[f,P] k=i

where we have used the expression for f;(x) stated in Proposition 2.11. Using the fact that

wkx+ie)—wkx—ie)=wkx+ie)—wkx+ie)=wx+ie)—wlx+ie) =2iS(w(x+ig)),

and combining the previous results into (3.21) yields

1 b-6
Ey,v((a, b)) —llnollgﬁ)l% -, ZZJ(w(x+18))]§lpl(x)pk(x)(ulyk+ukvl)(l__5k dx.
1 b6
=limlim — S(w(x+ig)) X)) pr) (uvE +u v)(l——6 Ydx.
510 €10 T Javs > k2<:lp1 Pk 1V 124 k1
1 b6 ]
=) limlim— S(w(x +i€) p;(X) pr(x)) dx - (T + u ) (1 — =8 1).
k=1 010 €l0 T Ja+s 2

_ _ 1
(v +urv)(1 - —5k,z)

=y ( p1(x) pic(x) dp(x)

k=1
” Y P pr(x) - (W Tk + ukv) (A - —5k D du(x)
k=l
f Z U pi(x) Z vip1(x)du(x),
(@) k=0 1=0

where Fubini’s theorem justifies the interchange of integral and sum. This becomes

E, ,((a,b)) =f (Uw) (x)(Uv)(x)du(x),

(a,b)

where U : £2(N) — L?(u) is the unitary operator defined in Favard’s Theorem, i.e. (Uu)(x) = ¥ uzpx(x)
and (Uv)(x) =Y v;p;(x).

In this section we have worked on the next theorem, which can be seen as a summary of the work we
have done so far.
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Theorem 3.13. There is one-to-one correspondence between bounded Jacobi operators and probability
measures on R with compact support.

Proof. Let u be the probability measure with compact support. Then by (3.2) we see that the mo-
ments are finite. Now we are able to construct the corresponding set of orthonormal polynomials by
Gram-Schmidt. Theorem 3.3 gives us the coefficients a; and b which results in the Jacobi operator
J. Therefore we have the map ¢ : u— J. Assume that { is not injective. Then there exist different mea-
sures U1, 42 such that they generate the same Jacobi operator /. But that means that they generate
the same orthogonal polynomials and thus the same moment generating function w. But then

b-6
ui((a, b)) zlimf Sw(x+ie)dx =puz((a,b)).
610 Ja+o
Therefore, { is injective. O

3.3. Unbounded Jacobi operators

Up until now we have only spoken about bounded Jacobi operators. The advantage of having a
bounded Jacobi operator is that we were able to extend the operator to a symmetric operator on
¢%2(N). In Theorem 3.3 we have seen that if u is compactly supported, then the coefficients a; and by,
are bounded. Lemma 3.8 showed that the coefficients are bounded if and only if J is bounded. The
following lemma occurs as an example in which the Jacobi operator J is unbounded.

Lemma 3.14. Let u be a probability measure with finite moments. Consider the three-term recurrence
relation and its corresponding densely defined Jacobi operator J. If supp(u) is unbounded, then J is
unbounded.

Proof. See for [8]. O

We would like to be able to work with the adjoint of an unbounded Jacobi operator J. In (3.13) it
was shown that J is a densely defined symmetric operator and for / bounded we could extend the
operator to ¢?(N). For unbounded J we still need to verify for which elements in £?(N) the adjoint
exists. This can be done by using symmetry of J, so Jv = J*v, on 2(N). The question becomes for
which v =¥  viex in £2(N) holds

oo
J*v="(agvy + byvo)eg + Z (AxVis1 + bV + g1 Vg—1)er € €2(I\I). (3.26)
k=1

Proposition 3.15. Let J be a Jacobi operator on 2(N). The adjoint J* is given by (3.26) with domain

2* ={ve P(N)| J*ve L2(N)}.

So we see by Proposition 3.15 that J* is the extension of J with maximal domain 2*. If J is essentially
self-adjoint, then there exists a unique self-adjoint extension. This can only be J*.

Proof. By Definition 2.24, the domain 2(J*) of the adjoint J* consists of all v € £%(N) such that the
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linear operator ¢, (1) = (Ju, vy, u € Z(N), is continuous and bounded. So let v € 2", then

|¢v(u)| =

Y uk@rUi1 Vi + Uk Uk + Qg—1 Uk—1 U
3

> uk (Ar-1Vk—1 + biVk + Ak Vks1)
%

=(w, 7 v)| < lullJ*vl,

which shows that ¢, is bounded and thus continous, and so 2* € 2(J*).

To prove that 2(J*) < 2*,let ve 2(J*). Then

Yk (p-1Vk-1 + b Uk + akVks1) | = o (@) < Cllull (3.27)
k

for a constant C, justified by the boundedness of ¢p,,. Now let, for N >0

{ ') 0<k<N;
U =

0 k> N.
Then
N N
Y up (@x-1Vk-1 + bV + axVk+1)| = |D_(Ak—1Vk—1 + b Uk + Qg Vgs1) (Ag—1 Vie—1 + by Uk + Qg Vgr1)
3 3

N
— — — 2 2 2
= |ak-1Vk-1+ DUk + akVp11” = Y lugel® = llull®,
k k

which, combined with (3.27), shows that ||u||? < C|lu|| and so ||u| < C. By letting N — co we see that
| J* v|| < C, which proves that J*v € £?(N) or v € 2*. Therefore 2(J*) < 2*. O

Observe that, with the convention v_; =0,

oo oo
J* U= (axVks1 + biVk + r—1Vk-1) ek = Y (AkVks1 + bV + ax—1 vi—1)ex = J* v,
k=0 k=1

were we used that the coefficients ay and by, are real. Therefore, J* commutes with complex conjuga-
tion and by the remark on page 11 the deficiency indices are equal: 7, = n_. The solutionof J* f =z f
is completely determined by fy = (f, e9). If no such f exists on C\R, then N, = @. Now assume f is
a solution of J* f = zf on C\R. Let g be another solution, then gy = (g, e9) and for A € C such that
8o = A fo we find that g = 1 f. Therefore N, is either zero or one dimensional.

In the case that N is zero-dimensional, J is essentially self-adjoint by Proposition 2.30. For deficiency
indices (0,0) we have a corollary.
Corollary 3.16. Consider the unbounded Jacobi operator (J,2(N)). Then the following statements are
equivalent:

1. (J,2(N)) is essentially self-adjoint.

2. Y2, Ipk(2)|* = oo forall z € C\R.

3. X2, Ipk(2)|? = oo for some z € C\R.
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Proof. Note that the only possible elementin N, = {v € 2*|J*v = zv} is {pk}fzo.

(1) & (2). (J,2(N)) is essentially self-adjoint if and only if by Proposition 3.15 N, = & for all z € C\R if
and only if p(z) ¢ 2* for all ze C\Rif and only if p(z) ¢ ?%(N) for all z€ C\R.

(2) > (3). Trivial.

(3) = (2). Let z € C\R be such that Z%O:o ka(z)l2 = oo, then p(z) ¢ 2* and thus p(z) ¢ N,. It follows
that dim N, = 0 and by the remark on page 11 dim N, = 0 for all z € C\R. This, in return, implies that
p(z) & £2(N). O

If J has deficiency indices (1, 1), then the self-adjoint extensions, say (J;, D;), satisfy
(J,2(N\) € Uy, D) C U, D).
Notice that by Proposition 3.15 every self-adjoint extension is a restriction of (J*, D*) on the smaller

domain D;. The collection of self-adjoint extensions form a one-parameter family.

In order to say more about the domains of the self-adjoint extensions in the next lemma, we need an
expression for the sesquilinear form B described in (2.7). Using the convention u_; = 0 = v_; again
yields

N N
Bu,v)=(J"u,v) = (u,J*v) = lim (Z T Wik — Y uxJ* V)k)
T \k=0 k=0

N
= lim (Z (@rUpsr + b+ g1 Ug-1)V — (A U1 + b Dk + ag—1 Dk—l))

N—oo k=0
N
= lim |ao(u1do— vruo) + Y_ [u, Dl — [u, D1 | = lim [u, 0],
N—o0 k=1 N—o0

by cancellation of the by and the cancellation due to the telescoping series. By Cauchy-Schwarz,
u,ve* implies | (J*u,v)| < |J*ullllv| < oco. It follows that |B(u, v)| < oo and so the limit exist. Ex-
pressing B in terms of the Wronskian has the benefit that the Wronskian is much easier to calculate
than B(u, v).

With the previous result we can describe the domains of all self-adjoint extensions of J.

Lemma 3.17. Assume that ] has deficiency indices (1,1), then the self-adjoint extensions are in one-
to-one correspondence with (J*,%2y), 0 € [0,21), where

@9:{v€@* IAliim [v,ei9€i+e_i9~f—i]1v=0}
where J*¢1i=+iéy;, &)k =Dk and &4l = 1.

Proof. Because N_; and N; are one-dimensional, we can consider the basis elements {_; € N_; and
¢i € Nj, such that ¢€.; € N.; for all c € C. Let U be an isometric bijection as described in Proposition
2.30. It follows that U will rotate the element cé_; with a phase factor, say Uy (¢{;) = ce?0¢_;. Again
by Proposition 2.30 we then see that the domains of the self-adjoint extensions are of the form

D(Sp) = {u+ cEi+ X0 ) uea( ) ce c:}.

Note that B(&;,&;) = 2i, B(é_;,é—;) = —2i and B(&;,&_;) = 0. Then for v = u+ c(&; + e29¢_;) € D(Sp)
andueo(J*"),

B(r,e¢;+e 8 ) = Bu+ci+e ¢ ), e+ e i) = B(u,e¢+ e ). (3.28)
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For v = ¢é; € N; we notice that

Bu,v)={J u,v)—{u,J*v)=(J u,c&;y—{(u,J"c&;)
=(J*u,—icJ* &y — (uicy =i {J u, J* (c&;)) + i (u, c&;)
= i(u,cfi)]* =ilu, U)]*

using the graph norm stated in Proposition 2.30. This proposition also tells us that for u € 2(J**) and
v € N; yields B(u, v) = i{u,v);» = 0. In a similar way, B(u,v) = —i{u, v)j- = 0 for v € N_;. Thus, by
linearity of B,

B (u, el + e‘iefi) =e®Bw, & +e B, &) =0,

which results in B(v, eigfi + e_igé_i) =0 due to (3.28). O

Some previous results will change in the unbounded case. Lemma 3.8 now implies that J is un-
bounded if at least one sequence {a;} or {by} is unbounded. Favard’s theorem, Theorem 3.9, remains
valid for a self-adjoint extension of J, although p is not compactly supported. Still, u has finite mo-
ments, because fR xk du(x) = (]keo, eO> < 0o. Theorem 3.13 can not be extended in the unbounded
case. However, the spectral theorem tells us that for every unbounded self-adjoint operator T there
is a unique spectral measure E. Related is the moment problem, explained in the next section.

3.4. Jacobi operators and the moment problem

Consider the Hilbert space L?(u) of square u-integral functions. We define the moments of u by
my := fR x"*du(x) for all nonnegative integers n. The sequence (1) ,en is called the moment se-
quence of p.

Moments can be found in many fields of mathematics and physics. Having a measure immediately
gives back the corresponding moments. But of more interest is the following Hamburger moment
problem.

The Hamburger moment problem consists of two questions:

1. Given a real sequence (sy)sen, does there exist a positive Borel measure p such that (sy) zen is
the associated moment sequence?

2. If there exist a positive measure, is this measure uniquely determined?

If there exist such a positive Borel measure p and it is unique, then the moment problem is called
determinate. If not, the moment problem is called indeterminate. Without loss of generality we can
assume that so = 1. The first question is answered in Hamburger’s theorem [10, Theorem 3.8], which
involves positive definite sequences. The second question of the Hamburger moment problem will
be discussed here.

The moments are uniquely determined by the Jacobi operator, because [ x" du(x) = (J"eg, ep). Ja-
cobi operators are very useful in finding solutions to the Hamburger moment problem, i.e. finding
corresponding measures to the moment sequence. The next theorem is a powerful tool in answering
the second question of the Hamburger moment problem [10, 6.10].

Theorem 3.18. The moment problem for a sequence s is indeterminate if and only if the corresponding
Jacobi operator ] is not essentially self-adjoint if and only if p(z) € £%(N) for some z € C\R.

Note that the last implication follows directly from Corollary 3.16.
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The g-Meixner polynomials

In this chapter we study a difference operator that is an extension of the Jacobi operator for so-called
g-Meixner polynomials. We end up with an orthogonality relation for g-Meixner polynomials.

4.1. g-Meixner polynomials

Now it is time to use the developed theory to find the spectral measure considering g-meixner poly-
nomials. This measure turns out to be the key to an orthogonality relation regarding these polyno-
mials. To define these polynomials we need some basic definitions first. Let g € (0,1) be fixed. Then
for x € C and n € NU {oo} we define the g-shifted factorials by

(X)o:=1
n—1
(X)) := H 1- qu) for n=1, including co
k=0
k

(xl,er---rxk)n = H (x])n
j=1

Furthermore we define the basic hypergeometric series ;¢ for z € C by

X1, X2...,X O (x1,X2...,Xp) _ T+s—r
N r ;Z)_: 1, X2 rk ((_l)qu(k 1)/2) 2
Vi, Y2r-0r Vs o (@ yuye. ),

where we assume that y; # g~V. Many identities of basic hypergeometric series are given by Gasper
and Rahman in [4]. Let’s define M,,(y) by

-n _ 4n+1
a7 ;q—), (4.1)

M, (y;a,b) I=2<P1( aq b

which in many literature is called the g-Meixner polynomials. For convenience we rather define the
g-Meixner polynomials as
1

(4),

myu(y;a,b) = M, (y;a,b), 4.2)

witha# g™, b#0andyeC.
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Remark. To have proper conditions on the Jacobi operator and to have a positive spectral measure
we need some conditions on a and b:

1. a<0
2. g¢><b<]l.

Consider the g-interval
I:={-q""'/b|neN}u{-g"""/a| neN}. (4.3)

The space of complex-valued functions f: I — C is denoted by %,. For the restriction on -gN*Ya

and —g"V*1/b we denote the space by F4 and Fff,’ respectively.

Definition 4.1. Let f € &,. Then, for x # —q/b,—q/ a, the difference operator L is defined by
Lf(x):= AX) [f(gx)— f(X)] +BW) [f(x/q) - f0)],

with
A(x):= (a+ l) (b+ l)
X

X

B(x) := ﬂ(“_l)_
X X

To define the endpoints of L on the g-interval I we set B(—q/b) := 0 and B(—g/a) := 0. Later we will
see that m, is an eigenfunction of the operator L. We define the weight function for x € I,

—qx) %l
(—ax,—bx)so
The weight function is positive on the g-interval I, assuming the conditions on a and b in the remark
on page 30. Also notice that w is symmetric in a and b. We will deduce the weight function in
section 4.2. Now we define the Hilbert spaces in the weighted LR, w) space, using the notation

x%=-q""/aand x2 = -q"*/b,

S, = {fef/?; Y 1P w(xd <00};
n=0

H)p = {feg,? Y e Pwxh <00},
n=0

with inner products (f,g), = X502, w(xf) f(x3) g(x) and (f,g), == X0, w(xb) f(xD)g(xD) respec-
tively. This gives rise to the Hilbert space # = #, & ), with inner product (f,g) = (fa,8a), +

(for8p)p for f:FL@FL —C, [ = fa+t fo.

Remark. The operator L|gq is a three-term operator which is equivalent to the Jacobi operator for
the g-Meixner polynomials, as can be seen in section 4.2. So L can be considered as a generalization
of a Jacobi operator, where L is a sum of two Jacobi operators.

For the proper conditions on . for L to be self-adjoint, we define

f(0+) =limy oo fa(xn), f07) =limy—co fp(xn),
J1O) = im0 @ Gl f1(07) = im0 bR,

provided the limits exist.

In section 4.3 we are going to prove the next theorem about self-adjointness of L.
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Theorem 4.2. Consider the difference operator L with domain
@:={feA|Lf €7, f(0") = f(07), f(0") = f'(07)}.
Then (L, 9) is self-adjoint. Moreover, the spectrum of L consists of the point spectrum
opL)={-ab(l+y) |ye—-g "}
and there is no continuous spectrum.

The next corollary will be decuded from the theorem, which indirectly gives an orthogonality relation
for certain eigenfunctions of L.

Corollary 4.3. Define the function

(—ax/q",—bx)_,
(~a%)o

n+l ,—n n+2
Yn(X)=vn(x;a,b;q):= alq" ', q . q ),

then forn,meN

(albbgla)(q7"), 9" ja\n
LUy (W =0 — e e (7)

The prove will be given at the end of this chapter. We also give some other related orthogonality
relations for both the g-Meixner and the big g-Laguerre polynomials.

4.2. Jacobi operator and its unitary equivalent
An important three-term recurrence relation for M,,, stated in [7, 9.10], is

" L=-IMy () =b(1-aq" ) Mp1 () = [b(1-ag" )+ q(1-g") (b+g")]| My (y)
+q(1-q")(b+q") Mu-1(y).

This three-term recurrence relation changes for m;, into

1 n
qZ”HE(l —Pma)=(1-¢"")1-ag" ) mp ) - |(1-aq") +q(1-q") (1 + % ] M (Y)
qn
tq|l+ 7) Mp-1(y), (4.4)
by dividing by b(g), and using the identity (¢),., = (1-¢"*')(q),. Let ¢, be a solution to the

eigenvalue equation
LHX =py fx), xe€l,

with eigenvalue u, = —ab(1 +y), y € C. Then
1
—ab(+7y)py(x) = F(l +ax)(1+ bx) (py(gx) — py(0) + xiz(l +x) (py (x] g) — Py (X))
and after rewriting we get
—abx*(1+ Ny (x) = 1+ ax)(1+ bx)py(gx) - [(1+ax)(1+bx)+q(1+x)] ¢y (x) + g1+ x)py (x/ q).
Adding (abx? - axz)(py(x) to both sides yields

—ax*(1+ by)py(x) = (1 +ax)(1 + bx)py(gx) — [(1+Dbx)+q(1+ax/q)(1+x)] by () + g(1 + x)py (x/ q).
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Now consider x4 = -1 4"*!. Then

_ﬂ 2n+1 ay _ (1 _ 4n+l _2 n+l a _ _E n+l _ n-1 _qn+1 a
—d (1 +bpP)gy (xH = (1-g") |1 Zd" by — | (1= —a +q(1-4"")[1 — || ()
qn+1
rali- T oy,

Finally, we are able to compare this with the three-term recurrence relation (4.4). If we consider
m,([; A, B), then it follows that A = ZE’, B= —g and I' = —by, and so m, (-by; %’, —g) satisfy the same
three-term recurrence relation as ¢y (x,). Consequently, m, is a solution to the same eigenvalue
equation.

After a transformation by g, (y) := v, ¢, (x,,) we are able to obtain the three-term recurrence relation

(1_qn+1)([l—bqn+l) Vi, (1_qn+1)((l_bqn+1) q(qn+1_a) bq2n+2
Y8n(Y) =~ bg?"+2 Vil 8n+1(1) + bg?n+2 B bg?"+2 B bg?"+2 8n(Y)
qq""' —a) v,
g0, (4.5)

To fullfill the requirements of the three-term recurrence relation for a, it needs to hold that

_(l_qn+1)((1_bqn+l) Vi, _ q(qn+2_a) Vsl
bqg?n+2 Vpsl - bg?n+4 Vi

With these identity we can form the recurrence

V31+] _ 6](1 _ qn+1)(a_bqn+1)

V% (a_ qn+2)

)

which yields
2 _ (q.bqla),q" ,

Together with (4.5) this yields the three-term reccurence relation for g:
_(-aq™)(A-bg") (1-g™"h

abg®" q(1—-aq™(1-bg™)
_ Vg -g""H(-aq" (1 -bg"

ap =

abq2n+1
and
b= 1-aq"-bq"-q(q"-1) 1+qg—(a+b+q)q"
n abg?n abg?" :
Without loss of generality we take v(z) =- % %, which yields
(=d%n) o0 Xn

gn('}/) = 'Vn(,by(xn)) Vn = m

for x;, = —éq"“. Doing the same calculations for x,, = —%q"“ will lead to the same v,,. Therefore in

general the weight function of section 4.2 is defined by w(x,) = v%, i.e.

(—gx) %]

—  Vxel.
(—ax,—bx)s

w(x):=
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Now define the Jacobi operator J on 22 (N) by

L aneéns1+bpe,+ap_1ep-1, n=1,
Jen:=
ape; + byey, n=0.

Also define M : #, — ¢*(N) by Mf(x}) :=v,f(x%). Then M is unitary,

(£ )= Y IfxDPwxd) (4.6)
n=0

=Y Waf DI =(Mf, Mf),, 4.7)
n=0

and MLM~! = ] as can be seen from (4.5). Therefore spectral analysis of L on .%#, is equivalent to
spectral analysis of J on £2(N).

4.3. A suitable domain for L

In this section we are going to prove the first part of Theorem 4.2. If we restrict the domain of L to
FCy, then L is not essentially self-adjoint as will be shown in Proposition 4.6. The disandvantage of
this situation is that it turns out to be hard to find an explicit description of the spectral measure of a
self-adjoint extension of L.

We define the g-Meixner function by

) i -1/x,-1ly
Oy (x;a,b) ;=22 ab ;abyx x,y € C\{0}.

Then ¢y is an eigenfunction of L. The next two lemma’s can be found in [5, 3.7 and 3.8].

Lemma 4.4. Let ¢, be the q-Meixner function. Then ¢y satisfies Ly (x) = pypy (x) for x e R\{0}, y € C
and piy = —ab(1 +7y).

Using the Jackson’s transformation, [4, Appendix III], we get the »¢; relation

(—ax)oo -1/x,-by ax
(Do 291 b ; .

¢y(x;a,b) :=

To obtain the spectral measure for L we need an asymptotically free solution, as been discussed in
the previous chapter. The proof of the previous and next lemma can be found in [5].

Lemma 4.5. Let ¢, be the q-Meixner function. Then

. L 1 —by
,}ggO(py(xn)—}g(l)(py(x)—@npl( b ,a) (4.8)

The lemma will be used to show that the operator L restricted on %, would have not been essentially
self-adjoint.

Proposition 4.6. The unbounded operator L restricted to A, is not essentially self-adjoint.

This proposition implies that the Jacobi operator J is not essentially self-adjoint and so the moment
problem for the g-Meixner polynomials is indeterminate.
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Proof. The proposition has been proven if we find an eigenfunction of L such that a corresponding
eigenvalue is contained in C\R. So let y € C such that eigenvalue , of eigenfunction ¢, is contained
in C\R. Due to Lemma 4.5,
. a — . _
Jim ¢y () = lim ¢y (x) = Cy,

with constant C, defined by the r.h.s of (4.8). Notice that w(x%) =0 (g™ so we have shown that

o0 o0
Y ady(xDP =Y 1y (xD P w(xg) < oo. (4.9)
n=0 n=0

By Corollary 3.16 the claim follows. O

We also know that L restricted on #, has deficiency indices (1,1) and so the eigenspace N, is one
dimensional. It coincide with the statement in proposition 2.30 that N, # @ with z € C\R. From now
on we consider L = J% + J? with J? and J? the Jacobi operators on /¢, and #, respectively.

Let’s define the truncated inner product for f, g € &, by
& PSPy l by o vby 15 (+b
(£,8)= 2 Fapgapwx) + 3 fx)gepwixy).
n=0 n=0

Notice that limy, ;. (f, &), = (f, &) for f, g € #. The Wronskian is defined by

W(f,8)x):= A w ) [f(x)g(gx) — f(gx)g(x)]

_ (-9%) o

= (—aqx _qu) Ix] [f(X)g(q.X)—f(qx)g(x)]
) (—ax), 2(g) g

" (-agx,-bgx), fx) Q- (1_q)|x|g(x) .

Lemma 4.7. For f,g € %4 and k,l € N we have
(Lf,8) 1~ ([ L&), =-W(,B)(~=q"" " 1a) - W(f,3)(—q""" D).

Proof. Observe that

k

<Lf»g>k,1_<f’]~g>k,l = Z

n=0

Lf(x)g(xh) - FxD Lg(xh) | w(xb).

1
LEGe g0 - FO L] wixg)+ Y-
n=0

For x € I combining

|LF080) - FOILg® | w = AWw() | f(g80) - g0 f(0)]-Bow() | f(x)g(q %) - g f (g )]

together with
AX)w(x) = B(gx)w(gx)

and B(xg) = B(xé’) = 0 gives the identity

W8 (g ) -W(f,® ), xel\xd xb

L0~ feoTed e ={ Tl x€ (xf, )

Substitution into the first expression yields the final identity by the telescoping sum. O
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Lemma 4.8. For domain 9 as described in Theorem 4.2 we have that (L,9) is a symmetric operator.

Proof. Let f,g € 2. We use Lemma 4.7 where we let k, [ — oco. For the first limit we have

W(f,g)(07)= hm

(1-q) (-qxp) bgx) b,y (D)
o (—aqx),—bqxy)_ 1-q)gkt (1—q)qk+1
= (1- ) [f07)g'07) - f'(07)g(07)].

fx) (

Likewise, for the other limit we obtain

1-q)(-qx [f ag(ka) _mafxy)
( aqx qu k q)qk+1 (1- q)qk+1
=-(1-q)[f0)g' (0" —f(o*)g(o )]

W(f,g) 0" = h gl k)]

Because we required for f € 2 that f(07) = f(0%) and f'(07) = f'(07), we get
W(f,8)(07)=-W(f,g)(0")

and so by Lemma 4.7 it follows that L is symmetric on 2. O

The next proposition now proofs the first claim of Theorem 4.2 and will be in line with the proof given
in [9, section 2].

Proposition 4.9. The operator (L,9) is self-adjoint.

Proof. By Lemma 4.8 we know that (L,2) is symmetric, so 2 ¢ 2*. Therefore the other inclusion
remains to show, 2* c 9. So consider g € 2* c Fq.

Our first claim is that (L* g)(x) = (Lg)(x). For f, h € %, with f finitely supported, Lemma 4.7 shows
that (Lf, h) = (f,Lh). Therefore, using h = g, we obtain

(f,Lg)=(Lf.g)=(fL"g).
In particular, this holds for function f that is only supported on one x € I and so the claim follows.

For all f € 2, by Lemma 4.7, we get

0=(Lf.8)—(f,L"g)=(Lf,8)~(f.Lg)=-W(f,8)(0") - W(f,)(0).

As can be seen in the proof of Lemma 4.8 this can only hold when g(0*) = g(07) and g'(0%) = g'(07).
This shows that g € 2 and so the proposition has been proven. O
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4.4. Orthogonality relation

It will turn out that finding the spectral measure almost immediately results in the desired orthogo-
nality relation of Corollary 4.3. To get the spectral measure we need the Green kernel first. For this
we have to find proper eigenvectors of L that satisfies the right boundary conditions.

4.4.1. Eigenvectors
To define the Green kernel we use the following eigenfunctions of L with eigenvalue py.

Lemma 4.10. Define the functionyy by

(qalb,aqyx,—bx)_ —ay,—ax q*
(Cax—arby), -7 ")

Yy (x) =y, (x;a,b;q) = aqyx,qalb’ " b

then vy, satisfies Ly, = uyyy on I defined in (4.3).

In [5, 3.10] a proof can be found for the function (- qy);ol ¥y (x). Notice that ¥, is not symmetric in a
and b. The function w;(x) := Yy (x; b, a; q) is therefore another solution to the eigenvalue equation of
L. Furthermore, we can see that lim,_.o v, (x) and lim,_ w;r,(x) exist. Equivalent lim;,—.., ¥y (x;;) and
lim;,_.o w;r,(x,l;) exist. This provides the asymptotically free solutions wy(xz)v(xg) and 1//;5 (xZ)v(xZ).

The next lemma provides the poles of vy (x).

Lemma4.11. Let n€N. The mappingy — yy(—<q"*') has simple polesy = — g™, m € N. Likewise,

the mappingy — w;(—%q”“) has simple polesy = —1 q™.

a

Proof. Because (aqyx)oo 22(—ay,—ax; aqyx, qalb) is analytic in y, by definition of v, the poles of
Wy are the zeros of (-q/ by)oo. The same reasoning can be applied for 1//;,. O

With a transformation formula for g-hypergeometric functions, [4, (I11.4)], we obtain

(aqy=x, —bx) ~ay,~qy q
X) = —F—7> ’ et k. (4.10)
Yy (%) 21 agyx 1 by
which will be helpfull in the analysis.
Now we have to calculate the Green kernel, using v, and 1//;. We need an expansion, say
Py (x) = ayy (x) + pyh (x). (4.11)

To obtain @ and  we will use the symmetric expression of ¢, and the three-term transformation
formula, [4, I11.32], with the condition that |y| > 1:
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(abyx,-11y),, ( —ay,~by 1)
———2¢1

by(x;a,b) = (@ D)oy abyx ,q,—;
_(abyx,-11y) [ (=by,~bx,a,qla),, ( —ay,=qlbx ).
B (arb)oo (abyx)b/ay_l/Y)_qY)ooz ' aq/b e
(-ay,—ax,b,qlb)_, ( ~by,—qlax x)
(abyx,alb,~1/y,—qy) " bgia P71
_ (-by,-bx,qla) ( —ay,-qlbx x)+
bbia—-qy). "'\ aqp P71
(—ay,-ax,qlb)_, ( ~by,~qlax x)
(a,a/b,—qy)oo 201 bq/(l y Y, q
_ (_bY,_bxrq/a)oo . (_q/bY’anx)ooz 1( —ay,—qy iq _q/b,),)_’_
(b,bla,-qy),,  (aq/b,—qx)_ agyx 7
(car.—axqib), (~alay.bayd), ( “by.—ar _q,ay)
(a,alb,-qy),,  (bgla,—qx) bgyx 7

(=by,q/a,~qlby),, (~ay,q/b,~qlay)_,

_ t
(b,b/a,aqlb, —qy)oo%(x) " (a,alb,bqla, —qy)w%(X)
with
_ (=br.qla,-qlby), _ (-ar.alb-qlay),,
(b,bla,aqlb,—qy),,’ (a,alb,bqla,-qy),,’

To get the Wronskian [y, 1//}] in Proposition 4.13 we need to find the Wronskian between ¢, and v,

first. To obtain this we use the fact that we know that mZ’b(y) = my(y; a,b) on Isq is a solution to the
eigenvalue problem. It can be easily seen that mZ’“(y) :=my(y; b, a) is a solution as well on I.

Proposition 4.12. mZ’“(y) can be written as

m2e(y) = cyry (xp),

(aq/b,q) o

1 _n+l1

with ¢ = and xp =—34q

Proof. Recall that

1 -n _ n+2
b,a _ _ . _ _ q ,—ay .q
my, (Y)—mn( ﬂ%d/b» b/q)_(q)n2q)l( 616]/b b )’
and ( n+2 n+1)
_aq Y/b’q fo'o) —-ay,—
Yy () = — 1( T, ;q,—i).
(¢1b)., ~aq™2y1b ' by
ine’ i 1 y [T &y
By Heine’s transformations of »¢; series, [4, II1.2], we obtain the relation
0 q", —ay .qn+2 _ (—q/b)f,—aqn+2)f/b)oo ( —ay,—qy 'q _i)
2P aglb b (aq/b,q™*21b) . °7'\ —aq"?yib " by
So b
-ql
b,a q o)
' = ———Y,(xp).
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We can use this to show that

b,a (aq/b,q)
my’ =1 = Xp) = =
o b—q?—aq? vyt (_qzlfg)w 2y/b-aqlb (aq!b,q)
ba, _ b-q’—aq’y-aq _ 1-g*/b-aq*y/b-aqlb (aq/b,q).,
m M= "ag0-ap  — YY) ="agaam oy

To find the Wronskian we need the contiguous relation [4, Ex. 1.10 (iii)]
g1l —AIC)p(Alq)+(1—A)(1-ABZIC)p(Aq) =1+ q— A—AqIC+ A>Z(1 - B/ A)/Clp(A),
where ¢(A) := 21 (A, B;C; q, Z). Now using B = —y~!, C = b, Z = —ay yields the identity
g - q/b)p) + (1 - q) (1-aqlb)p(g*) = [1- g*/b— aq*y/b- aqlb] ¢(q).

Multiplying by (_(ZQW and realising that ¢(1) = 1 gives us the equality, for x’ = -7q"1,
(_“Y)oo _ 2 2 b b
q(1-q/b) e - [1-g°/b—aq”yIb—aqlb] ¢y(x5) — (1—q) (1 - aq/b) Pp(x)).
After some straightforward calculations the Wronskian turns out to be
(qz/b)oo b b
I Gl ql—q/b)  (-ay.aq/b,q)
(aq?/b,q?) q/b A-q)(A-aqlb) (a,—qlby),
~ b(q!b,—ay)_,
(a,—qlby,q),,

Now we are able to calculate the Wronskian between vy, and w;.

Proposition 4.13.

—b(alb,bq!a, —qy)oo
(—q/ay,—qlby.q),,

1 1
] = g NI g
[Wy’wy]— re 2’ 7 '

Proof. Substitution of w;r,(x) = % (¢y () — ayy (x)) yields

1 (a,alb,bgla,-qy)_ b(q/b,-ay)
tun == oy, ] = e e 4.12
[WY 1//}’] ,B [(Py 1//}’] (—a%q/b,—q/a)f)oo (a,—q/by, q)oo ( )
Then by [U/y:‘l’H =- [w;,wy] the claim has been proved. O

We are now in the position to define the Green kernel as in (3.19) by

"
Gy(X,y) = ;{ wY(x)Wy(y); X<y

wywll | vy, x>y,

with x, y € I. Then the resolvent operator (L — z)~! = G(z), as in Propositon 3.12, where

(G(2) f)(x) := <f, G.(x, -)>, ZeC\R.
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Lemma 4.14. Denote

— -N-1
Ssing.— _q .

For x,y € I, the Green kernel’y — Gy (x, y) has simple poles at Ssing and is analytic on C\ Sging.

Proof. The zeros —g~N"! of the Wronskian are poles of y — Gy(x,y), because they are not zeros of
Y— Wy ory— w; The poles of v, satisfy (—q/b)/)<>O =0 by Lemma 4.11 and from Proposition 4.13

we see that these will be canceled by the poles of the Wronskian [1//;',,1//},]. Therefore the poles of the
Green kernel is the set Sging. O

If y € Sging, then [w;, ¥yl = 0 and therefore 1,(/; and v are linearly dependent solutions of the eigen-

value equation Lf =y f, which means that y, = Cyw; for some constant C,. To find C, we use the
lineair combination (4.11). Then

(=)o &y () = dyry () + Py} (),

with & = (-qy)_ a and f = (—qy),, B. Now for (—qy),, = 0 we obtain dy, (x) + ﬁw;(x) =0 and so for
¥n=—q "' we obtain

vy, (x) = Cyp,yl (%), (4.13)

with

b

™"~ "(a,qla alb,bqla,biq",q"*2Ib)_

(b,q!b,bla,aqlb,al ", q"*?*/a) (a)n

4.4.2. Spectral measure
The resolvent is given as in (3.20) by

(G(u)f)(x)=<f,GY#(x,~)>, fes, xel, ue C\R

with y, € C such that u=—ab(1+y).
To find the spectral measure we need to integrate over p,

p2—06

1
E ,142)) = limlim — i€)f,g) — —ief, , 4.14
1.g (11, p2)) mlim io (Gu+ie)f,g —(Glu—ie)f, g du (4.14)

with uy < up and f, g € #. Note that if (u1, u2) Np(Ssing) = @, thenlimg o G(u+ie) f =limg o G(u—ie) f
for w€ (11, o). So then Ef ¢ ((u1, p2)) = 0. Take py < pp such that (1, u2) N p(Ssing) = {—ab(1 +yy)}. To
be able to evaluate (4.14) we first notice that

Gwfe =Y (£,6,6))g@wm =Y Y. fy)G(xg@ww(y)

xel xel yel

1 - - 1
=) T u/y(x)u/;(y) (f(x)g(y) +f(y)g(x)) wxw(y) - (1-==6xy)
=y [y, vy 2

39



Due to the singular points Sging, we need to calculate the residue of . So by definition

[y, wyl

1
Res ( - ): lim (y+q™" )—Jr
r==a" " \lyy,yyl ) ymma Wy, ¥yl
i1y (calar—aiby,q),,
y—-—q’”_l b(a/b, bq/ar_qY)oo

- —b(a/(Z,)lZoq/a)oo Yﬁl—izn"‘ (alay.=albr)e,
(qn+2/b’ qn+2/a’ q)oo 1
~b(alb,bgla),, q"'(q7"), ()
(qn+2/b, qn+2/a)oo

-bg"*1(alb,bgla)_(q7"),

n

y+q"
(- qy)oo

We used the fact that

lim Y+ q lim Y+ q—n—l ‘ qn+1
y=—a ' (= UIY) =g A+ g A+ A+ g A+ gy gt
1
lim
y——g 1 g A+ qy) -1+ gy A+ g"+2y)---
1 1

= qn+1(1_q_”)---(l—q_l)(l_ql)"' = qn+] (q—n)n(q)oo.

Now we can evaluate the spectral measure, assuming that the interval (i1, 2) contains only one point
ty with y € Sging.

<

i€

251 Ho

—1e

”~

Figure 4.1: Closed curve I'¢.

Using the rectangled closed curve I'c around the pole, we first observe that

1 _
1131_1»1(1)§ {G(9+zy)f g)dy= hmmymax (GO +iy)f,g)|=0
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for 6 € {1, u2}. Thus now we calculate the spectral measure for y; € Sging by
H2—0

| : .
Ef,g((ul,uz))—lgglg%l% io (Gu+ie)f,g) —(Glu—ie)f,gdu

=lim | (Gwf g)du=abx Res ((Glynf§))
€lo Jr, Yn=—q "'

—a qn+2/b’qn+2/aoo ~ _ _ 1
= 2 (alb bala) | q)_n) 2 Vn G, 0) (fI80I+ F(IE1) - (1= 50y)
_ (qn+2/b, qn+2/a)oo p"

B (a/b,bqla) (q~"),a" g (Frwy.) Wy, &)

where we changed parameter yt— —ab(1 +7) such that the minus sign is canceled by the minus sign
of the residue of the clockwise oriented contour I';. The last equality comes from substitution of
1//;5" (x)= C;nl ¥y, (x). Now let f = g =, , then we obtain

Wy, ¥y,) = (E(u1, k) ¥y, ¥y,)

_ (qn+2/b, qn+2/a)oo bn

= 2
= (a/b,bCI/Cl)OO(q—n)nan—lqu-] Yy ¥y,)"

Because v, are orthogonal eigenfunctions for distinct values of y we end up with our main result,
the orthogonality relation

(a/b,bgia), (~ayn), 4"

) m :6 4
<1//yn WY > nmayn(—q/byn;_q/ayn)oo b

(4.15)

The next corollary proves the last part of Theorem 4.2 about the spectrum of L.

Corollary 4.15. Let L be the difference operator and Ssing the singular points as in Lemma 4.14, then
opL)=—ab(l-q N,

Proof. Notice that u(Ssing) = —ab(1- g~N71). By Lemma 4.10 the operator Wy € A withy € Sgjng, is an

eigenfunction for eigenvalue piy. So u(Ssing) < 0 (L). By definition, the spectral measure is supported

on the spectrum. The only contribution to the spectral measure comes from the poles of the Green
kernel y — G, (x, y), which is precisely p(Ssing). Therefore o, (L) S p(Ssing)- O
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4.4.3. More orthogonality relations
Finally, we get an orthogonality relation for the g-Meixner polynomials.

Corollary 4.16. Let mZ’b and mZ'“ be the q-Meixner polynomials defined on 1.y and I respectively.
Then fory,,Ym € Ssing,

2
S ba ba (aq/b,q), b
m " (yn)m;" (Ym) w(x;)
kzzo e Y by —albym) K
x (bgla,q): aym+n (alb,bgla), (-qyn), [ayn
+ ma,b( )ma,b( ) 00 w w(xu =6 , 00 n e
kgo kY Y m (—q/ayn,—q/aym)oo(b) k "man(—q/bm—q/ayn)oo(b)

Proof. Combining Corollary 4.3, Proposition 4.12 and (4.13) yields the desired orthogonality relation.

O

A nice consequence from Corollary 4.3 is that we can deduce an orthogonality relation for the big
g-Laguerre polynomials. By Heine’s transformation formula, see [4, (II1.2)], we obtain

a/qnﬂ'q—n ‘ qn+2 ~ (_ax,qZ/b)oo _q/bx,q—n .
2(,01 _ax/qn )qy b — (_dxq—n’ql’l-FZ/b)oo.z(pl( qz/b yq;_ax).
The big g-Laguerre polynomials are defined by [7]
1 g " aqx! x)
Pp(x;a,b;q) = ————~— 4~ |-
n(x;a,b;q) (b‘lq‘”)nzq)l( aq q b
With change of parameters we get
: e 1 a",~q/bx
Pn(—qx,q/b,q/a,q)—ngol( 21b ,q,—ax)
1 —axq™",q"**/b)_, —qx
B N ) N R
(ag—1), (-ax,q*/b),  (-ax/q",-bx)

_ (qzlb)n(_qx)oo
(ag="1), (—ax,—bx)s

Ypn(X).

So the orthogonality relation for ¥, (x) provides an orthogonality relation for the big g-Laguerre poly-
nomials.

For the last orthogonality we use duality. We write (4.15) by

<u/7/n’ u/?/m> = 6n,mhn-

Then {y,, : n €N} is an orthogonal basis for /. Define 6, € #, with x € I, by 6(y) = ffT‘;). Then
Oy = Z‘,’IO:O an(X)Py, for certain a,(x). Notice that
(6x,Wy,) =D 0:(NWy, Nwy) =y, (x). (4.16)

yel
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Also, by substitution, we can write

(62, Wy,) = Zoam(x) Wy Vy,)

= Z am(X)0xhy

m=0

This, together with (4.16), shows that v, (x) = a,(x) hy, or equivalently a, (x) = vy, (x) h;l. It follows
that

Y Wy, Yy, Nhy =6, w(y)
n=0

which gives an orthogonality relation for the g-Meixner polynomials in x and y.

Theorem 4.17. Let x,y € Ig. The following orthogonality relation for the q-Meixner polynomials

ba . 1 _k+1 _ 1 1+1
m holds,wrltmgx——zq cmdy_—zq ,

qyn(aqlb, q)io(—q/ayn)oo (a)l—n _ (aqk+1/bqu+l)oo

—k
— Ok
b (a*21b)_ q Okl

b,a b,a
my (yp)m;" (yn)
1;) k " ! " (d/b,bCI/d)oo(_an)n

As we have seen om page 14, the orthogonality relation is totally determined by the moments. The
corresponding measure now yields a solution to the moment problem of the g-Meixner polynomials.
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