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Abstract

We study one-dimensional Schrodinger operators defined as closed operators that are exactly
solvable in terms of the Gauss hypergeometric function. We allow the potentials to be complex.
These operators fall into three groups. The first group can be reduced to the Gegenbauer equation,
up to an affine transformation, a special case of the hypergeometric equation. The two other groups,
which we call hypergeometric of the first, resp. second kind, can be reduced to the general Gauss
hypergeometric equation. Each of the group is subdivided in three families, acting on the Hilbert
space L% — 1,1[, L*(Ry) resp. L*(R). Motivated by geometric applications of these families, we
call them spherical, hyperbolic, resp. deSitterian. All these families are known from applications in
Quantum Mechanics: e.g. spherical hypergeometric Schrédinger operators of the first kind are often
called trigonometric Péschl-Teller Hamiltonians. For operators belonging to each family we compute
their spectrum and determine their Green function (the integral kernel of their resolvent). We also
describe transmutation identities that relate these Green functions. These identities interchange
spectral parameters with coupling constants across different operator families. Finally, we describe
how these operators arise from separation of variables of (pseudo-)Laplacians on symmetric manifolds.
Our paper can be viewed as a sequel to [DL], where closed realizations of one-dimensional Schrédinger
operators solvable in terms Kummer’s confluent equation were studied.
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1 Introduction
One-dimensional Schrédinger operators are operators of the form
L:=-02+V(z), (1.1)

where V (z) is the potential, which in this paper is allowed to be complex-valued. Our paper is devoted to
several families of operators of the form (1.1), interpreted as closed operators on L*(]a, b]) for appropriate
—00 < a < b < 400, which can be reduced to the (Gauss) hypergeometric equation

(2(1 = 2)02 + (c— (a+b+1)2)0. — ab) f(2) = 0, (1.2)

and whose Green functions can be expressed in terms of the (Gauss) hypergeometric function.
We will also consider operators of the form (1.1) that can be reduced to the Gegenbauer equation.

(1= w82 =201 + )wdy + X2 — (a + 1)*) g(w) = 0. (1.3)

The Gegenbauer equation is up to an affine transformation a special case of the hypergeometric equation.
Its special property is the mirror symmetry.

Our paper can be viewed as the sequel to [DL], where one of the authors (JD) together with Jinyeop
Lee studied a similar problem for the confluent equation. We will mostly use the same terminology and
methods. We try to make the present paper reasonably self-contained, however the reader is encouraged
to consult [DL], especially concerning the general theory of closed realizations of operators of the form
(1.1).

In the remaining part of the introduction we give a summary of the results of our paper. In the later
section these results will be discussed in detail.

1.1 3x3 families of hypergeometric Hamiltonians

Abusing the terminology, for the sake of brevity, we will use the term Hamiltonian for one-dimensional
Schrédinger operators. We study three categories of Hamiltonians:

(1) Those reducible to the Gegenbauer equation; they will depend on a single complex parameter, and
can be viewed as a subclass of hypergeometric Hamiltonians, both of the first and second kind.

2) Those reducible to the hypergeometric equation by the substitution z = sin®Z (or similar); they
2

will be called hypergeometric of the first kind; they will depend on two complex parameters.

(3) Those reducible to the hypergergeometric equation by the substitution z = 1-&-% (or similar); they
will be called hypergeometric of the second kind; they will depend on two complex parameters.

Within each category we will consider 3 families, which differ by the choice of the interval ]a, b[. This
interval can be viewed as a subset of the complex plane. We will always assume that the endpoints are
singular points of the equation. For each of 3 x 3 = 9 cases, for a set of parameters with a nonempty
interior the operator L, defined originally on C2°]a, b], possesses a unique closed realization in the sense of
L?]a, b[. This realization depends holomorphically on parameters, and extends to a holomorphic family of



closed operators on a larger domain. We will call it the basic family of closed realizations of L. For some
special ranges of parameters there exist other closed realizations of L with mized boundary conditions—we
will not consider them in this paper.

For each operator L, from those families we will find its spectrum, denoted o(L,). In all cases with
real potentials, these operators will be self-adjoint (so that o(Ls) C R). More generally, the resolvent set
(the complement of the spectrum) of these operators will be nonempty. For z in the resolvent set we will
find the resolvent, that is (Le — z) ™!, which we will usually denote L.I_Z. The Green function of Le — z,
that is integral kernel of the resolvent ﬁ, will be denoted ﬁ(& y), with z,y €]a,b[. We will find
expressions of Green functions of Hamiltonians from all 3x3 families in terms of the Gamma function
and the Gauss hypergeometric function.

These 9 families were discovered in the early days of Quantum Mechanics by physicists trying to find
exactly solvable models for various quantum systems. In the literature they are usually named after the
researchers who discovered them. Instead of the traditional names, we will prefer to use different names:
spherical, hyperbolic and deSitterian. In the spherical case ]a,b[ is | — 1, 1], in the hyperbolic case it is
10, +o00[=: R4, and in the deSitterian case it is R.

Our names indicate a major geometric application of these families: spherical, hyperbolic, resp.
deSitterian Gegenbauer Hamiltonians appear when we separate variables for the (pseudo-)Laplacian on
the sphere, on the hyperbolic space, resp. on the deSitter space.

1.2 Review of 9 families

Let us briefly review the 9 families described in the paper, referring the reader to the main text for
precise statements. We will write Ay, for the domain of uniqueness, that is, the set of parameters (a
subset of C or C x C) for which there exists a unique closed realization of a given differential expression.
This realization in all cases depends holomorphically on its parameters, and extends to a larger domain,
denoted Apol. Asa will indicate the set of parameters for which the operator is self-adjoint. Note that
the operators are essentially self-adjoint on C°)a, b[ if and only if the parameter belongs to Ag, N Ayp.

Note that we always use the notion of an analytic family of closed operators in the sense of Kato
[Kato, DW1]. In Appendix A we give a concise explanation of this concept.

1. Gegenbauer Hamiltonians
(a) Spherical Gegenbauer Hamiltonian, L?]0, [:

1\ 1
L3 = 0% + <a2 - ) ,
4) sin®r (1.4)

Aun = {Rea > 1}7 Ahol = {Rea > _1}7 Asa :] - 17+OQ[

(b) Hyperbolic Gegenbauer Hamiltonian, L?(R):

1 1
Lh = —62 + (OZ2 - ) )
@ " 4 ) sinh?r (1.5)

.Aun = {Rea > 1}) -Ahol = {Rea > _1}7 Asa :] - 1’+OO[
(c) DeSitterian Gegenbauer Hamiltonian, L?(R):

1 1
L= 9% - (a2 - ) —,
4/ cosh”r (1.6)

-Aun = -Ahol = (C7 -Asa =R.



2. Hypergeometric Hamiltonians of the first kind:
(a) Spherical hypergeometric Hamiltonian of the first kind, L?]0, x[:
1
(1.7)

1 1 1

— 92 2 _ 1 2 _ 1
Pt (a 4) 4sin® L * (5 4) 4cos? §
Aholz{Rea7Reﬂ> _1}a

)

S .

a,B -

A = {Rea,Re 5 > 1}, Aga =] — 1, +00[x] — 1, +00].
(b) Hyperbolic hypergeometric Hamiltonian of the first kind, L?(]0, col)

1 1 1 1
S T P

’ 4/ 4sinh® § 4/ 4cosh” § (1.8)
Aun = {Reo{ Z 1} X (C, Ahol = {Rea > —1} X (C7 Asa :] — 1,+OO[ R.

(c) DeSitterian hypergeometric Hamiltonian of the first kind, L?(R),
(1 isinhr) </82 1) 1 (1 isinhr)
4) cosh?r \ 2 2 " (1.9)

R

1 1
LdS 32—62—( 2_)
P " ¢y cosh? r
Aun = -Ahol =C x (C, -Asa = {Oé = B}

3. Hypergeometric Hamiltonians of the second kind:
(a) Spherical hypergeometric Hamiltonian of the second kind, L?]0, 7[:

2

cosu o 1 1

K, =-02+7—+ (0 — =) ——
Tib quTSinqu<4 4>Sin2u’

A =C x{Rep>2}, Ani=Cx{Rep>-2}\{(0,-1)}, Asw =Rx]—2,+00].

(1.10)

(b) Hyperbolic hypergeometric Hamiltonian of the second kind, L?(]0, oc):

hu p?r o1 1
Kh =92 cos 2 _Z
ok ut Ksinhu 4 4 sinh2 u7
A =C x {Rep > 2}, Apag=Cx{Rep>-2}\{(0,-1)}, Agp =Rx]—2,+00].
(1.11)
(c) DeSitterian hypergeometric Hamiltonian of the second kind, L?(R),
KSS,U. = Zﬁsinhu)(uzl> 12 J
” coshw 4 4) cosh”w (1.12)

Aun:Aholz(CX(C, Asa:RXR.

(1.13)
(1.14)
(1.15)

Gegenbauer Hamiltonians are special cases of hypergeometric Hamiltonians of both the first and
second type. In fact, we have the following coincidencies:
Ly =15 0 = Ko 205
h h h
La :La,a = KO,ZOL;

dS _rdS __ g~dS
La _La,a - K0,2a'



Let us also list the following identities that we prove:
K, _=K;,, 7#0, (1.16)
Ky _ =K!. K#0. (1.17)

These identities imply that (0, —1) are singularities of the functions (7, ) — K2 , and (k, ) — K}

e
Going back to (1.13) and (1.14), note that
Ly = Ko (1.18)
Lg, = Kg 0 (1.19)

are the identities for holomorphic functions only for o # —%, because of the above mentioned singularity.
Thus the identities

should be used as definitions of K§ _; and K(})‘,_l.

1.3 Transmutations of Green functions

Green functions of distinct Hamiltonians from the above list are linked by identities, which we find quite
curious. We call them transmutation identities, since the spectral parameter undergoes a change into
a coupling constant and the other way around. They follow from various identities satisfied by the
hypergeometric function and are similar to the transmutation identities for Hamiltonians related to the
confluent equation described in [DL].

In the literature the name “transmutation” is sometimes used for identities of the form A = VBV 1,
e.g. in [Car, SS|. Note that our transmutation identities are not of this form, and in fact they seem to
represent a novel contribution.

Here is the list of transmutation identities considered in our paper. In each case, first we indicate the
change of variables involved in a given transmutation. Then we describe two versions of the identity for
Green functions.

Proposition 1.1. Gegenbauer spherical — Gegenbauer deSitterian:
10,7[>r—q€eR, cotr=sinhg; (1.22)
sin? TW (r,r')sin? ¢ = (LgS%)\Q) (¢,4"), (1.23)
M (r,r') = cosh? qm (q,4q") cosh? ¢ (1.24)
Proposition 1.2. 1st kind spherical — 1st kind hyperbolic:
10,7r[>r—qeRy, tang :sinhg; (1.25)

/

(cos g)_f 1) (r,7") (cos %>_§ = (Lh:_ﬂ:) (q,4"), (1.26)

a, i

Lh +B

a,p T4

1 ’ q\~2 1 / ¢\~ 3
——————~(r,7") = (cosh ———~ (¢,¢") (cosh = . (1.27)
) ( 2) ( ) ( 2)



Proposition 1.3. 2nd kind hyperbolic — 2nd kind deSitterian

Ry SurweR, e =1+e?; (1.28)
1 ' 1
(1—e 2%)"2 - (nu')(1— e )3 = ~ (w,w'),  (1.29)
(Kh e 52) <de oo tv— g)
V=51 v+5,
1 1 /
(') = (1+ S ~ (w,u) (14e? )7z, (1.30)
CPRES (0.0
v—5 1 v+t

Proposition 1.4. 1st kind spherical — 2nd kind deSitterian

10,73 r—u€eR, cosr=tanhuy; (1.31)
L1 1 L1 1
T ) T wE e (1)
BT T i
1 (r,r') = cosh? u; (u,u') cosh? o/ (1.33)
(Los+) (K& +0) - ’ '
2 B2 2 _ 52
Pl (1.34)

2 7 2

Proposition 1.5. 1st kind hyperbolic — 2nd kind hyperbolic

Ry s3r—ueRy, coshr=cothu; (1.35)
1 1
sinh? r —— (r,7’) sinh? 7' = ——— (u,u), (1.36)
2 h
(Lg’ﬁ + %) (Kn,u + 5)
- (r,') = sinh? ué (u,u/) sinh? o/ (1.37)
2 ) - h ) ) .
(Lgﬁ + IT) (Kn,u + 6)
2, 2 2 p2
5:0‘;6, k=2 2[3. (1.38)
Proposition 1.6. 1st kind deSitterian — 2nd kind spherical
R3r—u€l0,n[, sinhr=—cotu; (1.39)
1 1
coshzr ———(r,7') cosh?2r' = ———— (u,u), (1.40)
2 S
(£ds,+22) (K3, +9)
1 p L1 1 PR
—————~ (') =sin? u——— (u,u') sin? o/, (1.41)
(Lg’sﬁ + %) (K'r,;t + 5)
2 ;2 (a2 32
5:“";5, T:1<a25). (1.42)



1.4 Geometric applications

The main original application of hypergeometric Hamiltonians was Quantum Mechanics, as we describe
in Subsection 1.6. However, probably the most important context where hypergeometric Hamiltonians
appear is geometry, more precisely, the theory of symmetric spaces and Lie groups. In fact, when we
separate variables for invariant differential operators, e.g. (pseudo-)Laplacians, on symmetric (pseudo-
)Riemannian spaces we often obtain some forms of hypergeometric Hamiltonians.

This fact plays an important role in Quantum Field Theory on curved spacetimes, where Green
functions of the d’Alembertian on deSitter and anti-deSitter spaces appear naturally; see e.g. [DeGal.

This geometric interpretation is especially striking for Gegenbauer Hamiltonians. In the following list
we show how they arise after separation of variables of various d-dimensional (pseudo-)Laplacians and
restriction to d — 1-dimensional spherical harmonics of degree [. In all cases o = g -1+

1. A%, Laplacian on unit sphere S9, reduces to spherical Gegenbauer Hamiltonian L3:

d—1 d—1 9 (d;2)2 _1_As
(sinr) = (= AY)(sinr) == + (G2)" = 92 + 2 1= S

: . (1.43)
sin? r
2. Al Laplacian on hyperbolic space H¢, reduces to hyperbolic Gegenbauer Hamiltonian L%:
: d-1 hY (o d-1 d—1)2 2 (%)2 — % —Ai
(sinhr) 7 (= A})(sinhr)” 7 — ()" =-02+ (1.44)

sinh? r
3. DSS, d’Alembertian on de Sitter space dS¢, reduces to deSitterian Gegenbauer Hamiltonian L3S:

( h )%DdS( h )7% (d71)2 82 (%)2_%_A3—1
cosnr cosnr — == _ — _
d 2 " cosh? r

(1.45)

All three types of hypergeometric Hamiltonians of the 1st kind have natural geometric interpretations
as well. In the following list we show how they arise from separation of variables in a (pseudo-)Laplacian
on a (pseudo-)sphere in “double spherical coordinates”. In all three examples the coordinates in the
ambient pseudo-Euclidean space are partitioned into two groups.

In the first two cases, these groups are of dimension p and ¢, and then spherical coordinates are
considered within each group. After restriction to products of spherical harmonics of degree [ and j a
hypergeometric Hamiltonian arises, expressed in the relative variable. We have a = £ 141, f = 4 —1+3.

The third case is somewhat different: p = ¢ is the dimension of holomorphic and antiholomorphic
(complex) spherical coordinates. The spherical harmonics are not the usual ones: they are holomorphic
and antiholomorphic harmonics on the complex p — 1-dimensional sphere.

1. A} ,—1, Laplacian on unit sphere SPta—1 reduces to spherical hypergeometric Hamiltonian of 1st

kind L‘Zﬁ:
N r\ St N — B3t =45t )
2 2 2 2
(sing) * (eon5) T (Bhugma) (simg) 7 (eosg) T ()
_92,\2 1 S _93\2 1 .
i B —a-Ab () i - AL (1.46)
" 4 sin? 5 4cos? § ' :



2. A,_1,4, pseudo-Laplacian on the hyperboloid HP~14, reduces to hyperbolic hypergeometric Hamil-
tonian of 1st kind LE,B:

p—1 g=1 _p—1 _a-1
) = (o) ™ e o) () g
_92y2 . _93\2
e ) i A () AL (1.47)
" 4 cosh? 5 4 sinh? 5

3. Ap_1,p, pseudo-Laplacian on the hyperboloid HP~1P, reduces to deSitterian hypergeometric Hamil-
tonian of 1st kind Lgsﬂz

p—1

(coshr) 2 (Ap_1,p) (cosh r)J]T_1 —(p—1)*

-+ () 1) (A (2 - )
2(1 + isinhr) B 2(1 —isinhr)

—4 | -2 - ( (1.48)

Unfortunately, we have not found a direct geometric interpretation of hypergeometric Hamiltonians
of the second kind.

Remark 1.7. We use the geometric interpretation of Gegenbauer Hamiltonians as the main justification
for our names of types: spherical, hyperbolic and deSitterian. For coherence, we extend these names to
hypergeometric Hamiltonians of both kinds. The names “spherical” and “hyperbolic” seem quite non-
controversial, and are used in the literature in similar contexts. The name “deSitterian” is our invention.
Its justification is somewhat weaker and based on the geometric interpretation of the Gegenbauer Hamil-
tonian, see (1.45). The natural geometric interpretation of “deSitterian hypergeometric Hamiltonians of
the first kind”, which we described in (1.48) involves the hyperboloid HP~1P  which is a deSitter space
only for p = 2.

1.5 Boundary conditions

For some potentials the operator L initially defined on C®]a, b[ possesses many closed realizations. These
realizations L, differ only by the behavior of elements of their domain near the endpoints—in other words,
they differ by boundary conditions. The need for boundary conditions depends on the behavior of the
potential V' near these endpoints.

Let us consider e.g. the right endpoint b. There are two possibilities:

1. One does not need to impose boundary conditon at b. This will be denoted v;,(L) = 0.
2. There is a 1-parameter family of boundary conditions at b. This is denoted v (L) = 2.

Analogous definitions are valid for the other endpoint a.

The 9 families considered in this paper illustrate Hamiltonians with various kinds of behaviors of
the potential near endpoints. Let us list the behaviors encountered among these 9 families. We restrict
ourselves to the right endpoint b, an analogous list applies to the left endpoint a. Our description is
somewhat informal; for rigorous statements we refer to [DL].

1. Short range potential. b = +o0o and V(z) is integrable near 400 or constant plus integrable.
Then v,(L) = 0. Moreover, eigenfunctions in D(L,) with eigenvalue —k? + V(+00), Re(k) > 0
behave as e with Re(k) > 0.



2. Bessel type. b is finite and
1 1
V(@) ~ (m? = ) 1.49
@~ (m* = 1) oo (1.49)
Then v(L) = 2 iff [Rem| < 1, otherwise v(L) = 0. The behavior of elements of D(L,) near b is
|z — b|2t™ for Rem > 1, a linear combination of |z — b|2t™ and |z — b|2=™ for 0 < Rem < 1,
m # 0, and a linear combination of |z — b|z and |z — b|2 In |2 — b| for m = 0.
The families of operators considered in this paper will always have only “homogeneous” or “basic”
boundary conditions given by |z — b|%+m7 with Rem > —1. Thus in particular for |Rem| < 1,
m # 0, each differential expression will have two closed realizations. We will not consider mixed
boundary conditions, which are discussed e.g. in. [GTV, DeGe, DeRi.

Note that |z —b|2+™ for m = 1is |z —b|, and for m = —3 is |z —b|?. Therefore, m = 3 corresponds
to the Dirichlet b.c. and m = f% to the Neumann b.c. We discuss separately these cases in Sect.
6.

3. Whittaker type. b is finite and

e N1 B
Vix) < 4) =02 eob (1.50)

The conditions are essentially the same as in the Bessel type, with one difference. For % <Rem <1,
(B,m) # (0,3) the behavior of functions in the domain of closed realizations of L are linear

combinations of [ — b2t and |z — b[z =™ (1 - ?E;Z‘)

In the families of operators considered in this paper we will only consider “basic” boundary condi-
tions given by |z — b|z ™ (1 — @» with Rem > —1. See e.g. [DL, DeRj]

2m

Table 1: Boundary behavior of the potentials.

Potential Boundary type at a Boundary type at b
Spherical of first kind Bessel Bessel

Hyperbolic of first kind Bessel Short range potential
DeSitterian of first kind Short range potential Short range potential
Spherical of second type Whittaker Whittaker
Hyperbolic of second type Whittaker Short range potential
DeSitterian of second type  Short range potential Short range potential

1.6 Comparison with literature and historic remarks

One can roughly divide mathematical literature related to the topic of this paper into two parts: algebraic
and functional-analytic.

In algebraic papers one considers differential expressions without a Hilbert space setting and with-
out asking for self-adjointness or closedness. Functional analytic papers treat differential operators as
unbounded operators on a certain Hilbert space, usually self-adjoint, sometimes only closed.

Needless to say, the algebraic literature is vast. In fact, the hypergeometric equation is one of the most
classic subjects of mathematics, with history going back about three centuries. From this category one

10



should mention [CKS, DW] which contain an algebraic analysis of all 9 families of Schrédinger operators
solvable in terms of the hypergeometric function.

1-dimensional Schrédinger operators are naturally a special case of Sturm-Liouville operators, whose
history goes back to [Lio]. There exists large contemporary literature about self-adjoint or closed real-
izations of Sturm-Liouville operators, see e.g. [GeZin, GTV, DuSch, EE|. In our paper we use mostly
[DeGe], which is summarized in Section 2 of [DL].

Each Sturm-Liouville operator can appear in many equivalent forms, often with distinct names. By a
unitary transformation, called the Liouville transformation, essentially each of them can be transformed
into a Schrodinger operator, often called its Liouville form [Lio].

For instance, in the literature one often considers the Sturm-Liouville operator called the Jacobi

operator,
—(1—2)"*1 +2)7P0,(1 — )*T (1 + 2)%*1a,, (1.51)

which acts on the Hilbert space L?(] —1,1[, (1—z)*(1+z)”) see e.g. [GPLS, Koo]. Its eigenfunctions are
the famous Jacobi polynomials. By a simple transformation the Jacobi operator is unitarily equivalent
to the trigonometric Péschl-Teller Hamiltonian (which we call spherical hypergeometric Hamiltonian of
the first kind).

Another common differential operator is the Legendre operator

2

(1+2%)02 — 220, +p(p+1) — Tt

(1.52)

Acting on the Hilbert space L?(] — 1,1[,v/1 — #2), used in the study of spherical harmonics. It is also
equivalent to the trigonometric Poschl-Teller Hamiltonian with o« = . Needless to say, spherical har-
monics possess a very large literature.

The trigonometric Poschl-Teller Hamiltonian itself is also often studied, see e.g. [FS].

The Scarf Hamiltonian with o = 8 (which we call the deSitterian Gegenbauer Hamiltonian) has also
a large literature because of its special properties: for certain values of parameters it is reflectionless.

An interesting review of various exactly solvable Schrodinger operators is contained in [Eve]. It does
not, however, contain all 9 families that we consider.

To our knowledge, a complete analysis of all 9 families interpreted as closed operators, including the
formulas for the integral kernels of their resolvents and the computation of their spectra, seems to appear
for the first time in the literature. The transmutation formulas described in our paper are probably new.
They are analogous to the transmutation formulas for Hamiltonians related to the confluent equation
[DL]. Another novelty of our paper are the identities (1.16) and (1.17). They are analogous to an
identity for the Whittaker operators described in [DeRi].

Let us briefly outline the history of these Hamiltonians in physics. In the physics community, the study
of Schrédinger operators exactly solvable in terms of hypergeometric functions started in the 1930’s when
physicists studied biatomic and polyatomic molecules dynamics and the exact solution to the Schrodinger
equation. The main reason these physicists considered such Hamiltonians was often due to the limitations
of the perturbation method. Therefore, various kinds of exactly solvable Hamiltonians were suggested
which fit the experimental data. That was the primary motivation behind the Hamiltonians proposed by
Morse [Mor], Rosen-Morse [MoR], Eckart [Eck], and Manning-Rosen [MaR].

The second motivation for this line of research seems to be the search for exact solutions to the
Schrodinger equation. In the work of Eckart [Eck] and Rosen-Morse [MoR], it is clearly noted that these
potentials are new exactly solvable potentials, although their main motivation was still the study of
polyatomic molecules. It seems that for Pdschl and Teller [PT], the motivation leaned more towards the
fact that their proposed potential was exactly solvable—they even referred to it as exakt integrierbar
(exactly integrable).
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The case of the Scarf Hamiltonian (1.9) is a bit different. In the original paper, Scarf did not consider
the Hamiltonian in (4.43). We traced this naming to [CKS], where authors refered to it as the hyperbolic
Scarf, or Scarf II. However, the origin of this naming is unclear to us.

The uniform study of the Schrédinger equation of hypergeometric type was started by Bose [Bos] and
continued by Natanzon [Nat], Ginocchio [Gin], and Milson [Mil]. For a more systematic study and a
detailed history of the topic, we refer to [DW]. In a separate line of research, the study of these potentials
appeared in the factorization method of Infeld and Hull [HI], and later in the context of supersymmetric
quantum mechanics and the so-called shape invariance [CKS, Cot].

Table 2 presents a comparison of the various names used in the literature and our suggested termi-
nology.

Table 2: Names of hypergeometric Hamiltonians appearing in the literature.

Our suggestion Name in [DW] Name in [CKS] Alternative names
Spherical of 1st kind Trigonometric Poschl-  Scarf 1 Poschl-Teller of 1st kind,
Teller Trigonometric Scarf
Hyperbolic of 1st kind Hyperbolic Poschl-  Scarf 1T Poschl-Teller of 2nd kind
Teller
DeSitterian of 1st kind Scarf Generalized Poschl- Hyperbolic Scarf
Teller
Spherical of 2nd kind Rosen-Morse Rosen-Morse 1 Trigonometric ~ Rosen—
Morse
Hyperbolic of 2nd kind Eckart Eckart Generalized Morse,
Hulthén
DeSitterian of 2nd kind ~ Manning—Rosen Rosen—Morse 11 Hyperbolic Rosen—

Morse, Woods—Saxon

The geometric interpretation of hypergeometric Hamiltonians is closely related to the analysis of
hypergeometric equation based on Lie groups and Lie algebras, which possess large literature [M1, V,
Wa, D2]. The interpretation of the deSitterian hypergeometric Hamiltonian of the 1st kind in terms of
complex spheres in 1.48 seems to be new.

1.7 Plan of the paper

In Sect. 2 we recall the definitions of hypergeometric and Gegenbauer function (the latter, following the
conventions of [DGR]), and we sketch the Liouville method that allows us to transform a Sturm-Liouville
operator into a 1-dimensional Schrédinger operator.

The core of the paper are the sections 3, 4 and 5, where the 3 x 3 = 9 families of Hamiltonians are
introduced and studied. For each member of each family its spectrum and Green functions are computed.
We also prove various identities that we already listed in the introduction, including the transmutation
identities. These results are described in 9 theorems, which have similar proofs, based mostly on the
abstract theory described in Appendix D, and more fully in [DL, DeGe]. The proof of the first theorem,
Thm 3.1, is spelled out in more detail, the next ones are more concise.

Section 6 is devoted to 1-dimensional Laplacians with various boundary conditions. We explain why
they are special cases of hypergeometric Hamiltonians.

In Sect. 7 we describe how Gegenbauer Hamiltonians and hypergeometric Hamiltonians of the first
kind arise when we separate variables in (pseudo-)Laplacians on some symmetric spaces.

12



In Appendix A we recall the definition of an analytic family of closed operators following [Kato, DW1].

In Appendix B we give a concise introduction to differential equations in the complex domain and
to the Riemann equation (also called the Papperitz equation). It is very useful to view the Gauss
hypergeometric equation as a special case of the Riemann equation. We introduce the notation for the
Riemann operator, which is directly inspired by the classic notation due to Papperitz [WW].

In Appendix C we collect identities about hypergeometric and Gegenbauer functions that we use in
our paper.

In Appendix D we give a concise account of the theory of closed realizations of 1d Schrédinger
operators. This account is incomplete and not fully rigorous—the reader should consult Sect. 2 of [DL]
for a more detailed and rigorous exposition, or [DeGe|, where a complete theory with proofs is given. Of
course, the topic is classic and contained in other texts such as [DuSch, EE, DeGe].

In our paper we try to use notation and conventions that make our formulas, especially for Green
functions, as simple, elegant and symmetric as possible. This often motivates us to introduce our con-
ventions, different from the standard ones. In particular, we do not use the standard conventions for
associated Legendre functions, which could be used for Gegenbauer Hamiltonians. For readers used to
associated Legendre functions, in Appendix E we recall their definitions and compare them with the
special functions that we use.

2 Preliminaries

2.1 Hypergeometric equation

The hypergeometric equation is given by the hypergeometric operator
Fla,b;c;2,0,) := 2(1 — 2)0% + (¢ — (a + b+ 1)2)0, — ab, (2.1)

where a, b, ¢ are arbitrary complex parameters. One of solutions of the hypergeometric equation is the
famous hypergeometric function F'(a, b; ¢; z). It is usually convenient to apply to F'(a, b; ¢; z) the so-called
Olver’s normalization, which yields the function

F(a,b;c; 2 = a)i(b);
F(a,b;¢;2) = (F(c)) = Z()IMZ . (2.2)

Note that the symmetries of the hypergeometric equation are better visible if we replace a, b, c with
o, B, p:

a=c—1 fB=a+b—¢c, pu=a-2=;

2.
a= 71““3[”“, b= 71“*;57“, c=1+4aq; (2:3)
so that the hypergeometric equation has the form
1 —p+1
F (a+ﬂ;ru+ ’ a+52 L] oo 2, 82) F(z)=0. (2.4)

To understand the properties and importance of the hypergeometric equation it is useful to view it
as a special case of the Riemann equation—the most general equation on the Riemann sphere possessing
at most 3 singular points, all of them regular-singular. There are many books and survey articles that
comprehensively treat the Riemann and hypergeometric equations, including [WW, Ince, NU, NIST1].
Throughout this paper, we follow the notation established in [DW, D1, D2]. For the convenience of the
reader in Appendix B we explain how the hypergeometric equation arises from the Riemann equation.
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2.2 Gegenbauer equation

The Gegenbauer equation is essentially the special case of the hypergeometric equation with the symmetry
w — —w and the singular points put at —1,1, c0. It is given by the Gegenbauer operator

Gar(w,8y) = (1 —w?)02 — 2(1 + a)wdy, + A* — (a + %)2 (2.5)
Here is its relationship to the Riemann operator (defined in (B.64)):
-1 1 0
Gar(w,0,) =1 —wHP| 0 0 a+r+i w0, |. (2.6)

1

—a —a a—A+3

Following [DGR], we introduce two special solutions of the Gegenbauer equation

1 1 1 1—w
ax(w) Tat ) <2+a+>\,2+a Ao+ 1; 5 ), (2.7)
(wt1)—277A /1 1 2
Zo, - F(:z A=A+ 1 —— ). 2.
Aw) T+ 1) g Tat gAY (28)

2.3 Liouville transformation

An operator of the form
—02+V(r) (2.9)

will be called a (1-dimensional) Schrédinger operator.
Let us briefly describe how to transform a 2nd order equation

(p(2)02 + q(2)0: + 7(2)) u(z)=0, (2.10)
into an eigenvalue equation of a certain Schrédinger operator. Consider the operator
p(2)02 + q(2)9: +1(2), (2.11)

that defines the equation (2.10). We first multiply (2.11) from the left by a function f, from the right by
a function g, obtaining

F(2)(p(2)02 + q(2)0 +1(2)) g(2)- (2.12)
We choose f, g in such a way, that (2.12) has the form
—t(2)0? — %t’(z)@z +v(2), (2.13)

for some function z — t(z). Then we change the variable z into r, such that

<3i>2 = 1(2). (2.14)

02 +v(z(r)). (2.15)

We obtain

More details can be found in [DW].

Operators of the form (2.11) are often called Sturm-Liouville operators and the transformation that
leads from (2.11) to (2.15)—a Liouwville transformation.

For brevity, we will usually use the term Hamiltonian instead of (one-dimesional) Schriodinger oper-
ator. Thus e.g. the hypergeometric operator means the operator (2.1), whereas hypergeometric Hamilto-
nians will be various Schrédinger operators obtained by transforming the hypergeometric equation.
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3 Gegenbauer Hamiltonians

Let us transform the Gegenbauer operator (2.5) as follows:

Il

|
—
—
I
g

[\
N
]
[N]I8)
L
VR
+ =
ol

1

—(1 —w?)02 4+ wdy, + (a2 - ) ! 2

5 —

4

1—w
Thus if we set

1 1
Lo = —(1—w?)®? + wdy + (a® — 1) —
( w>w+w —|—<O{ 41— w2

and G(w) solves the Gegenbauer equation, then

(Lo = 22)(1 — w?)ET1G(w) = 0.

(3.3)

We have interpreted the Gegenbauer equation as the eigenequation of the operator L, with the
eigenvalue A\? acting on functions on the complex plane. We would like to reinterpret it as an operator
on functions of the real variable r €]a,b[ for some —co < a < b < 400. To this end we need to insert
the intervals ]a, b[ into the complex plane. We will consider three intervals; in each case their endpoints
are among the singular points of the Gegenbauer equation (that is, 1, —1,00). For each of these intervals
we perform the Liouville transformation, which yields a 1-dimensional Hamiltonian on C°]a,b[. As we
will see below, in each of these cases we will obtain a natural holomorphic family of closed realizations

possessing elegant formulas for the Green functions.
Here are the three cases that we consider:

1. w €] — 1,1[. This leads to an operator on L?]0, [, which we call the spherical Gegenbauer Hamil-

tonian.

2. w €]1,00[. This leads to an operator on L?(R, ), which we call the hyperbolic Gegenbauer Hamilto-

nian.

3. w € iR. This leads to an operator on L?(R), which we call the deSitterian Gegenbauer Hamiltonian.

ioco
E DeSitterian
' Hyperbolic
1 : 1 00
Spherical
—IOO 1
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Figure 1: Gegenbauer equation on the w plane.
The spherical Hamiltonian acts on the interval marked with a thick line, the hyperbolic
Hamiltonian—with a dotted line, and the deSitterian Hamiltonian—with a dashed line.

3.1 Spherical case
For r €]0, 7], in (3.1) set
w = cosr, which solves w' = —(1 — w?)2. (3.4)

This leads to the Schrédinger equation

(L5, — A2) (r) = 0, (3.5)
where
L3 = -0 + (a2 - 1) % (3.6)

4 ) sin®r’
It has the mirror symmetry » — m —r. It is obtained when we separate variables of the Laplacian on the
sphere in any dimensions, see e.g. Subsect. 7.1. Hence our name “spherical”.
Let us define the function on |0, 7]

sinr

) = (2 )" Sun(cosr). (3.7)

It has the following asymptotic behaviour near 0:

(1) ~ ﬁ (g) %+a~ (3.8)

The following four functions solve the eigenequation (3.5):
o), PLoa(r), Poslm—r), Ply(m—r). (3.9)
The following symmetries hold
Z,A(r) = PZ,—A(T)a PZ,A(W —r)= Pz,—,\(ﬂ —7). (3.10)
The following theorem describes the basic family of closed realizations of LS, on L?]0,7].

Theorem 3.1. For Rea > 1 there exists a unique closed operator LS, in the sense of L*|0, 7|, which
on C)0, x| is given by (3.6). The family o — L%, is holomorphic and possesses a unique holomorphic
extension to Rea > —1. It has only discrete spectrum:

a(L;):ad(L;)z{(k+a)2 : keNoJr;}. (3.11)

Outside of the spectrum its resolvent is

(Lz%m(x,y) :F(a—)\—&-;)F(a—&-)\-&-;)

« PZ,A(z)PZ,A(”*y)v if 0<z<y<m,
PSP (m—2x), if O<y<z<m.

) )

(3.12)

16



Proof. Treating P;, ,(r) and P° , \(r) as a basis of solutions of (3.5), we obtain a connection formula
found using (C.22):

COS T 7r 1
: —r)=— S S . 1
Pa’)‘(ﬂ ) sin To %/\(r) * sin ra P(% +a+ )\)I‘(% +a—2A) 77_%/\(7") (3.13)
From
1 3@
s ~ z .14
7a7)\(r) F(l o Oé) (2) ’ (3 )
and (3.8) we obtain .
s s sin T
W( —a, A\ a,)\) = . . (315)
This yields the Wronskians
S 1
( a,/\(ﬂ— 'r) ,A(T)) F(Oé—/\-i-%)F(Oé—l-)\—i-%) ( )
S < cos(mA
W (P2 s =), P 0 (1) = 202, (3.17)

Thus (3.12) is an integral kernel of the form (D.7). Let us denote it by RS (—\2;z,y).

Let us fix temporarily A\. For Rea > —1 the integral kernel RS (—\?;x,y) is square integrable, and
hence it defines a Hilbert-Schmidt operator, which we denote RS,(—A?). By Appendix D.2 there exists an
operator L%, which is a closed realization of the left hand side of (3.6) such that RS (—\?) = (L5, +A?)~L.

The Hilbert-Schmidt norm of R%(—\?) is uniformly bounded for o € K with K C {Rea > —1}
compact. Besides, RS (—A?;z,y) for any z,y depends analytically on a.. Hence for any f, g € C.(]0,7|)

aw/ﬂ@@evmeMMy (3.18)

is analytic. Using Thm A.1 we obtain that {Rea > 0} > a — R5,(—A?) € B(L?]0,x[) is an analytic
family of bounded operators. Hence, by Thm A.2, {Rea > 0} > a — LS € C(LQ]O, 7r[) is an analytic
family of closed operators.

For Rea > 1, 72 is not L?-integrable, and only r2Te is. Hence for such o the right hand side of
(3.6) possesses a unique closed realization, which has to coincide with the operator L that we have just
constructed. In particular, L?, does not depend on A. By the uniqueness of analytic continuation, L3,
does not depend on the choice of A for all Rea > —1.

The singularities of the Gamma function yield the discrete spectrum of LJ,. O

3.2 Hyperbolic case

In (3.1), for r € Ry we set

Nl=

w = coshr, which solves w’ = (w? —1)2. (3.19)

This leads to the Schrodinger equation

(Lt + %) o(r) =0, (3.20)
where
1 1
Lh .= —82+ ( 2—) _ 3.21
« " “ 4 ) sinh?r ( )
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It is obtained when we separate variables of the Laplacian on the hyperbolic space of any dimensions,
see e.g. Subsect. 7.2. Hence our name “hyperbolic”.
Let us define functions on R

sinhr\ots

Palr) = ( 5 ) Sa(coshr), (3.22)
sinh 7)o+

Qg,,\(r) = % Z \(coshr). (3.23)

They have the following asymptotic behavior:

h 1 r 3t .

Ph () T a) (2) .~ 0 (3.24)
h 1 —Ar

Qan(r) 71_‘(1 n )\)e , 1 — +o0. (3.25)

The following four functions solve the eigenequation (3.20):
Pan(r), PLoa(r), Qo). Qa (). (3.26)
The following symmetries are obvious:
Paalr) =Pa A(r),  Qax(r)=Q% \(r). (3.27)
The following theorem describes the basic family of closed realizations of L% on L2[0, ool.

Theorem 3.2. For Rea > 1 there erists a unique closed operator LY in the sense of L?(Ry), which
on CX(Ry) is given by (3.21). The family a — LY is holomorphic and possesses a unique holomorphic
extension to Rea > —1. Here is its discrete spectrum and spectrum:

ad(Lg):{— <%+a)2}, 71<Rea<f%; (3.28)
oa(Lh) =0, —%SRea; (3.29)
a(L) = [0, +oc[Uoqa(LY). (3.30)

Outside of the spectrum, for Re A > 0, its resolvent is
1 @ )_F(%+a+)\)
(Lh +a) Y T

" {PS,A(@QE,A@) if 0<z<y<oo;

31
QN \(@)Ph\(y) if 0<y<az<oc. (3.31)

Proof. Consider PS,A(’I“) and fPan)\(T) as a basis of solutions of (3.20). The connection formula is

Y . Y .

h
= — . 3.32
Qaalr) sinTta T (3 —a+A) P sinta T (5 +a+A) Praalr) (3:32)

(r) +

Similarly as in the spherical case, we obtain

sin «

W(PE A Pay) = (3.33)

™
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This yields the Wronskians

T
W (o). Pan(r) = F(ZH\/;JFA)
For Rear > —1 and Re A > 0 the functions P2 , (r) resp. Qp, ,(r), are square integrable at the endpoints.
Using the Schur test we check that under these conditions the integral kernel 3.31 defines a bounded
operator, depending analytically on «.

For Rea > 1, 727 is not square integrable near 0. Therefore, for such « (3.21) possesses a unique
closed realization.
Looking for singularities of the Gamma function we find the discrete spectrum:

2
1 1
ad(Lg):{_<n+2+a> n € N, Re(n+2+a><0}. (3.34)
It is easy to see that this coincides with (3.29) |
3.3 DeSitterian case
For r € R, in (3.1) we set
w = —isinhr, which solves w’ = (w®—1)2. (3.35)
This leads to the Schrédinger equation
(L2% 4+ X%) ¢(r) =0, (3.36)
where
LIS .= 9% - ( - 1) 1 (3.37)
« " 4 ) cosh?r

It has the mirror symmetry » — —r. It is obtained when we separate variables in the d’Alembertian on
the deSitter space of any dimension, see Subsect. 7.3. Hence our name “deSitterian”.

The following theorem describes all closed realizations of LS on L2(R).

For r > 0 we introduce the following function which solves the eigenequation

(cosh r)>t2

OB (r) := e 15 (3HatN) >

Z, )(—isinhr). (3.38)
We extend it to » < 0 by analytic continuation. Here is its asymptotics:

1
ds —Ar
Qan(r) 7110‘ f 1)e , T — +o0o0. (3.39)

Thus the following functions solve the eigenequation (3.36):
Qcolfx(r)a Qgi\(*r)a Qg?—x(””), QSE—A(*”")- (3.40)

Let us describe closed realizations of LIS on L2(R):
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Theorem 3.3. For any o € C there exists a unique closed operator L3S in the sense of L*>(R) that on
C>(R) is given by (3.37). The function C > o +— LIS is holomorphic. It satisfies L35 = LIS . Outside
of the spectrum, for Re X\ > 0, its resolvent is

1

P(z-a+ NI (3+a+) [0 (2)QB(-y) —oo<az<y<oo;
- o o, (3.41)
2 Q%5 (1) Q5 (—x) —0<y<z<oo.

To describe the discrete spectrum and spectrum of LIS, without loss of generality we can assume that
Rea > 0. Then

1
Ud(LiS):{—(oz—kz)2 ’ k€N0+§, k<Rea} (3.42)
o (L) =[0, 00[ U g (LI5). (3.43)
Proof. We can use the proof of the theorem 4.3. Note that
ds ( A qa [(142))
Qa,)\(r) f Qa o 2)\( ) Wga a, 2)\( ) (344)
Hence, the Wronskians are
2
W (QE%\ (=), Qa3 (r)) = 3.45
( ,/\( 7’) ,A(T)) F( +a+ )\) (7 —a+ )\) ( )
2
W(QI (), Q5 () = 2T (3.46)

Using the Schur test we check that the integral kernel (3.41) defines a bounded operator.

The singularities of the Gamma function are at A = —% +a—nand A = —% —a—mn, n € Nyg. This
gives the following discrete spectrum:
1 ? 1
ad(LiS){<2+a+n> ‘ n € Ny, Re(2+a+n> <O} (3.47)
1 ? 1
U{(2a+n> ‘ n € Ny, Re<2a+n)<0}. (3.48)
For Rear > 0 the right hand side of (3.47) is empty. This yields (3.42). ad
Proof of Prop. 1.1. The transformation cot r = sinh ¢ implies
cosr = tanhq, tanr = sinhg, (3.49)
dq 1
T wn s coshg. (3.50)

The Whipple transformation (C.25), (C.26) on the interval w €] — 1,1[ has two versions: above this
interval and below, that is

Z,(wEi0) = (£iv1—w?)" 2" (3.51)

; a_)\s)\ (’LU) )
A\ VT — w2
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This yields

2 \z
ds _ s
950 = (=) "Pra); (3.52)
ds ( \ _ 2 3 s o
95\ (=) = (=) "Pralm — ). (3.53)
This yields
(sinr)%¥ (r,r') (sinr’)? = ! (¢,¢") (3.54)
0 —an) " T e 1)
which proves Prop. 1.1. |
Remark 3.4. Using (3.50), (3.52) and (3.53) we obtain
W<Qg§)\(_Q)’ Qg,s)\(q)) = QW(,Pia(ﬂ- - T)>,P§\,a(r))7 (355)
W(ng)\(_q)a ngf)\(q)) = 2W(,Pf\,a(7r - T)a,Pi)\,aO‘))' (356)

Therefore, (3.16) and (3.17) imply (3.45) and (3.46). This can be used in an alternative proof of Thm
3.3.

4 Hypergeometric Hamiltonians of the first kind

Let us transform the hypergeometric operator as follows:

[N]e)

NG

a B — _a_ 1 —
—5TaE(1 - z)fJF%]:(a*"@;'“H, a+52“+1; 1 +a;z,8z> 27 5TE(1 - 2)

0 1 00
= —2(1-z)P| ¢+1 L4119,
1 1
~$+1 —5+1 %
1 1
—2(1=2) (0 + [ — — 0.
-2 2+ (5~ 7))
1\ 1 1 1 w2
2 ) = 2 - _ = 4.1
+<O‘ 4>4z+(ﬁ 4)4(1—2) 4 (4.1)

Logi= —2(1—2) (af + (212 - 2(11_Z)> az> + <a2 - D i + (ﬁ2 - i) ﬁ (4.2)

and F'(z) solves the hypergeometric equation (2.4), then

1

2 1
(LM - %)Z%Jri(l —2)FHiF(z) = 0. (4.3)

The hypergeometric equation has been interpreted as the eigenequation of the operator L, g with
the eigenvalue “72 acting on functions on the complex plane. Let us reinterpret this operator as acting
on functions on three intervals whose endpoints are singularities of the hypergeometric equations. We
will see again that these choices lead to simple formulas for Green functions. In each of these cases we
perform the Liouville transformation, which yields a 1-dimensional Hamiltonian. We will consider three
cases:
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1. z €]0, 1], which leads to an operator on L?]0, 7, which we call the spherical hypergeometric Hamil-

tonian of the 1st kind,

2. z €] — 00,0], which leads to an operator on L?(R), which we call the hyperbolic hypergeometric

Hamiltonian of the 1st kind,

3. z € % + iR, which leads to an operator on L?(R), which we call the deSitterian hypergeometric

Hamiltonian of the 1st kind.

It will be natural to introduce the parameters

§:=—(a?+ 5%,
K= 1(042—52) T :i(aQ—BQ):m
2 ’ 2
1 .
3 =+ 100 :
E DeSitterian
Hyperbolic '
—00 0 ' 1 00
i Spherical
% —ioco :

Figure 2: Hypergeometric Hamiltonians of the first kind on the z-plane.

The spherical Hamiltonian acts on the interval marked with a thick line, the hyperbolic

Hamiltonian—with a dotted line, and deSitterian Hamiltonian—with a dashed line.

4.1 Spherical case
For r €]0, [, set in (4.2)

1—
z = sin? g = %, which solves 2’ = z%(l —z)2.

This leads to the Schrédinger equation

W=

where

22
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In [DW] Lg, 5 is called the trigonometric Péschl-Teller Hamiltonian
The case a = (3 is especially important and coincides with the spherical Gegenbauer Hamiltonian:
(4.9)

S ._ TS
L =Ly,

For r €]0, [, define the function

. ats B+3 1 — 1
o pu(T) = <sing) ’ (cos%) °F (OH_B;—M—F ,OH_B 5 nE i1+ a;sin® (;))
a+i —a—p—1i 1 — 1
= (sing) ’ (cosg) F (Oﬁ_ﬁ;'u—'— - B—;M+ i1+ a; — tan® (;)) . (4.10)
Note that
oi(T) = Po g u(r) = P55 (1) (4.11)
Asymptotically our function behaves like
1 ry\ots
P ~ 7(7> Cr~0. 412
a,ﬁ,,u(r) F(l + a) 9 r 0 ( )
Now the following functions solve the eigenvalue problem (4.7):
(4.13)

osz,ﬂ,,u(r)v ia,B,u(T)’ Pg,a,u(ﬂ - 7"), Piﬂ,oz“u(ﬂ— - T)'

The following theorem describes the basic holomorphic family of closed realizations of L7, 5 on L2)0, 7.
Theorem 4.1. For Rea,Ref > 1 there exists a unique closed operator L7, 5 in the sense of L?)0, 7],
which on C®l0, [ is given by (4.8). The family o, B — L, 5 is holomorphic and possesses a unique

holomorphic extension to Rea,Re 8 > —1. It has only discrete spectrum:

+ 8\2 1
(L) =outtis) = { (k4 25 2) s ketot g (114)
Outside of the spectrum its resolvent is
1 1 1 _
gy =T +oa+B+pu r +a+p—p
(Ls _ L) 2 2
«a,B 4
if 0<z<y<m, (4.15)

% P;,,B,y(x) Pg,a”u.(ﬂ- - y)
if 0<y<z<m.

sz,ﬁ,u(y) Pﬁs,a,u(w - )
Proof. Considering P, 5 (r), and P, 5 (r) as a basis of solutions of (4.7), we can rewrite the connec-
tion formula (C.9) as
m P T
“oplr) (4.16)

m P, (r)
Ps _ — B, + .
/3,047#(7 7") sin(fﬂa)F(l_a;[H“)F(1_0‘-’2_5_”) sin(my)r(1+“'55+“)F(1+“'55_”)

Using (4.12) and arguing as in the proof of (3.15), we obtain
sin ra (4.17)

w ( ia,,@,u(r)a P;,B,u(r)) = p
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From the connection formula and (4.17) we obtain the Wronskian

1
r (1+a42rﬁ+u> r <1+a;f8*u) '

w (Pg,a,u(ﬂ- - T)’ P;,ﬁ,u(r)) = (4.18)

The L? integrability conditions at the endpoints are Rea > —1,Re 8 > —1, for Py s, (r) and P§7a7lt(7r—r)

respectively. With these conditions, we can write the candidate for the resolvent (4.15). The L? norm
of this integral kernel is finite. Hence it defines a bounded (even Hilbert-Schmidt) operator. For Rea >
1,Re 8 > 1 it is a unique candidate for the resolvent. O

4.2 Hyperbolic case

For r € Ry, in (4.2) we set

1 —coshr

z = —sinh? g = which solves 2/ = —(—2)%(1 — 2)2. (4.19)
This leads to the Schrédinger equation
h 1
(Laﬂ + 4> ¢(r) =0, (4.20)
where
1 1 1 1
o, = _a2+(a2_>—(2—) 421
of " 4) 4sinh? 5 P 4 ) 4cosh? 5 (4.21)
1 1 coshr
= 0%+ (6 - ) +K .
" 4 ) sinh?r sinh? r
In [DW] Lgﬁ is called the hyperbolic Pdschl-Teller Hamiltonian.
The case o = 5 is especially important and coincides with the hyperbolic Gegenbauer operator:
L =1L, (4.22)
For r € R, let us define
ats B+3 1 — 1
Po}j’g,u(r) = (sinh%) ’ (cosh%) °F (a—i—ﬁ;—u-ﬁ- ) ath 5 nE ;14 o; —sinh? ;)
aty —a—p—3 1 a— 1
= (sinhi) ’ (coshi) °F atfrpnt ) a-frpt ; 1+ a; tanh® . , (4.23)
2 2 2 2 2
—;L—,B—l ﬁ+l 1 — 1
2,5,p(7“) = (sinh g) ’ (cosh i) F (a +B;M+ ) = +ﬂ2+,u—|— ;14 p; —sinh ™2 ;)
a+i —a—p—1 1 — 1
= (Sinhi) ’ (coshf) °F (a+ﬁ+u+ ) a-btpt i1+ p1; cosh™? r) . (4.24)
2 2 2
Note that
PY s (r)=Ph 5 (r)=Phs (r), (4.25)
}ci,[ﬂ“u(r) - Qg,—ﬁﬂu(r) - Q}ia,ﬁ,p(r)ﬂ (426)
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Asymptotically,

1 T\t
h .
oo™~ Ty ay (5) 0 (4.27)
2# _n
Qg,ﬂ,u(r) ~ T+ p) Jrﬂ)e 2" r— 4oo. (4.28)

Now the following functions solve the eigenvalue problem (4.42):

chlﬂ,u(”’ PBa,B,u(T)’ 3,5,”(7”)7 Qg,ﬁﬁu(r)' <4'29)

The following theorem describes the basic holomorphic family of closed realizations of Lg, 5 on the
Hilbert space L?(Ry).

Theorem 4.2. For Rea > 1 there exists a unique closed operator Lg’ﬁ in the sense of L*>(R4.), which on

CP(Ry) is given by (4.21). The family a, § — Lgﬁ s holomorphic and possesses a unique holomorphic
extension to Rea > —1. Its discrete spectrum and spectrum are

oy _(ath 2 1 _pe&tAP
Ud(L%ﬂ)—{ ( : +k> | keNo+3, k<—ReZ=t,
a—p 2 1 a—p
u{—( > +k) | keNo+Z, k<—Re } (4.30)
o(Lh 5) =[0,00[Uoa(L] 5). (4.31)

Outside of the spectrum, for Repu > 0, its resolvent is

1 (o) F<1+a+ﬂ+u>r(l+aﬁ+u)
(Lhs+ %) 2 2

(4.32)

P (y) QR 45 (%) if 0<y<ux<oo.

y {P;ﬂ#(x) Q" s.y) i 0<z<y<oo
a,B,p

CNENT

Proof. Considering Pilaﬂ’u(r), and PEa_ﬂ’#(r) as a basis of solutions of (4.42), we can rewrite connection
formula (C.13) as

n Ph r T P" r
Qapu(r) == ") + " 1) . (4.33)
sinta T ( 1_0‘gﬂ+“) r ( 1_’”2'5"'”) sin(am)T (Ha;ﬁﬂ‘) r ( 1+0‘;ﬁ+“)
Using (4.27) and again arguing as in the proof of (3.15), we obtain we obtain
sin T
W (PR (1), Pl 1) = T2 430
This yields the Wronskian
1

W (Qep (), Po g () = (4.35)

1tatB+u da—f+u)
r (g T (St

The L? integrability conditions at the endpoints are Rea > —1 and Re p > 0 for P;"ﬁ_#(r) and ngﬁyﬂ (r),
respectively. Using the Schur Test we check that integral kernel (4.32) defines a bounded operator. We

also see that for Rea > —1, Re > 0 it is a unique candidate for the resolvent. O
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Proof of Prop. 1.2. The transformation
(4.36)

tan g = sinh g
implies
T q dqg 1 q
sin — = tanh 2 I cos = cosh 2 (4.37)
< 1
&,B,u(r) - 1 (il,p,,ﬂ(q)7 (438)
( cosh g) 2
1
Py opu(m—1) = ————Q0 . 5(a). (4.39)
( cosh %) 2
We obtain the transmutation relation
1 _1 1 /. 1
() = (coshg) ’ pE (q,q) (cosh %) ° (4.40)
(25 + %) (b +5)
O
4.3 DeSitterian case
For r € R, in (4.2) we set
1 —isinh
2= —icosh—sinh - = ﬂ, which solves 2’ = (—z)%(l - z)%. (4.41)
2 2 2 2
This leads to the Schrédinger equation
ds #2
where
1 1 1 isinhr 1 1 1 isinhr
= (o) b () (o) s 14 o
P " 4 ) cosh?r \ 2 2 b 4 ) cosh?r \ 2 2 ( )
(4.44)

1 1 sinh r
= -9 <5 - ) -7 .
4) cosh?®r cosh? r
This Hamiltonian was proposed and solved by F. Scarf [Sca] and in [DW] it is called the Scarf Hamiltonian.
The case a = f3 is especially important and coincides with the deSitterian Gegenbauer Hamiltonian:
(4.45)

LS .= 135 |
Define for r > 0
s (i+sinhr)—§—a—%(fi+sinhr>§+i
r)=(——— —_—
a,B,p 9 9
a+fB+pu+1l —a+B+p+1 2
F i1 e 4.46
( 2 ’ 2 R (4.46)
_(i+sinhr>%+%(—H—sinhr)*%*%*z
L2 2
a+B+pu+1 a—B+pu+1 2
F ;1 e |- 4.47
( 2 ’ 2 T (4.47)
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We extend r — QS B (1) to r < 0 by analyticity. It satisfies

T
e ()~ % r— fo0. (4.48)
Note that
03 (r) = Qa5 (r) = Q%% 5. (). (4.49)
Now the following functions solve the eigenvalue problem (4.42):
?fﬁyu(r)’ Qg%,_u(r), QB @ u( 7), Q;a a,—u( r). (4.50)

The following theorem describes all closed realizations of Lg% on L%(R).

Theorem 4.3. For any o, 3 € C there exists a unique closed operator L3> in the sense of L*(R) that

on C(R) is given by (4.43). The function C 3 (a, ) — L3 is holomorphic. We have L3 = L5, 5 =
LdS

-
"Outside of the spectrum, for Re p > 0, its resolvent is
1 T (1—agﬁ+u) T (1+a;[3+u> T (1—(1-;-13—1-#) T (1+a;/3+u>

(Ldsﬁ—‘r 2)(x,y): o

5. () g)sa#(—y) if —oco<zx<y< oo
QB o/,,u( ) i?ﬁ,u(‘r> Zf — <y <z <.

(4.51)

To describe the discrete spectrum of Ldsﬁ assume without loss of generality that Re(a + §) > 0. We also
assume that Re(a — B) > 0 (the case Re(aw — B) < 0 is analogous). Then

ad<Lz%>:{—(o‘§5—k)2

1
keN0+§, k<Rea;ﬁ}

2
_ 1 _
U{—(a2ﬁ—kz> keNo+ 3, k<Rea26}, (4.52)
U(Li?ﬁ) :[Ovoo[UUd(Lgfﬁ)- (4.53)
ﬁ+l . ﬁ+l
Proof. In the connection formula (C.15) we insert z = 1 5 and multiply it by (1 15) e (#) : 47
obtaining
a1 i1 Slca—gou
1715241152415 2
(1—13)%+%(1+is)§+%F (1—13) _”(T) ( 5 ) ( 21) uBa(?is)
2 2 B\ ) T sin(—rp)T (1+a+a #)F(1+Oé B— u)
VB e B )
+W(1T) (1+ ) ( 1) Foppolts w)
sin(mp)T (1+a+ﬁ+,u) r <1+a 5+u)
(4.54)
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We transform separately (4.54) above and below the real line: obtaining resp.

iZ(—a—i-8)(s+i) 2 * 2 (s—i §+iF 2
me =5 = wha(5)

iZ(—a—3+%5) ( sti Toaty s—i §+%F 2
me: 2\ 2 —nBa(155)

+ , §>0 (4.55)
sin(mp)T (1+a+ﬁ+") r (HO‘*BJ”‘)
3d-g N EH
Te iZ(at+3+4 )(752 1) (%ﬂ) Fmﬂ 04(1 15)
sin(—mp)T (1+O‘J2FB ‘“) (Ho‘;B*“)
B _ 14p E+l
i 1w i) Z2TATZ/_ i\ 2T4
mels(ats ( 3 ) ( =&t ) F_u6.a(:25)
+ s <0 (4.56)
sin(mp)T (1+a+ﬁ+u) (1+a 5+,L>
Inserting s = sinh(—r) = —sinhr into (4.56), and using uniqueness of analytic continuation we get
a1 L41
9 () 1 —isinhr\ 277 /1 +isinhr 2+‘1‘F 1 —isinhr
rT)i=\ ——— - a
pa,ﬁ,p 2 p) B 9
ettt ) Q. (1)
= Brou,
; 1+a+,6’ 1ta—B—
s () (55)
Te 2 (a §+%)
o I+a+B+p l+a—B+u Q%’Sa’f“(_r)' (4:57)
sin(mp)T ( 5 ) r ( 5 )
By replacing a to —a we obtain the second identity
re's(-atb+3)
pds B N( ) 1—a+B—u 1l—c— ,B m gsayﬂf(—r)
sin(—mp)T ( : ) r ( )
Te 2 (_a %""%
4 . 4.58
Sin(ﬂ-'u (1 a+ﬂ+#>1“(1 a— ,3+;1.)Q6a7 ( ) ( )
We can rewrite them via
ds _ oF(orh+3) SE(e-5+3)
Papu(r) | __ ™ (e “)F(”"‘f’“) (HRegit)r(Hegie)
Prasn(n)] “sin(rp) | FCeried) )
F(l (x+[3 “)F(l a2ﬁ—u) F(l—a;—[3+u)l—‘(l—a;[ﬂ+u)
s (_
x {st( 7')}. (4.59)
Qﬂ,m—u(_r)
We evaluate
sl 5ot () sintr)
F( 1+a;/ﬂ—;1,)r(l+a;[3—;L) F(1+a-;/3+;1,)F(1+a;[1+;1,) _sin(mp) sin(ma
2 2 =—j— - 7 4.
det JF(arhid) JF(-a-k+d) - (4.60)

- F( 1*(!35*#)1“( 17&;&#) F( 1—a;6+u)1~< 1—u;6+u>
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Therefore we have

N _ JE(et+d) L ()
{Q a#( r)} _—im [ EECEEEI Y gEE ) [y Q=SS yy gESEEEaTy)
QB ( )| sin(ra) JF(—orb+d) _ T (atb+3)
[ EECEEEy Ty gEEEny Y EETETEy Y QeI R
x [p%%w(r)} (4.61)
p—a B, u(r)

n (4.59), we exchange a and 3, and replace r with —r, and we obtain

JE(sr5+3) JF(e-5+3)

12{5 o # ) _ ™ _F(Ha;ﬁw)r(ka;ﬂ—u) F( 1+a§'/3+u)r(17a;5+u)
Bran(=r)] ~sin(rp) JE(-h+§+Y) TER Y

s _F 1+(X;B*;L)F(lfot;/3*/l) F(1+a;5+u)r(1fa;/3+u)

s’ (r):| (4.62)

Using (C.12), we know that

1 1
|: Izlisasﬁdt(r) :| _ ™ _F(1+a;[ﬁ—/t )IF( 1+&;/3+N) F( 1+0-¢2—[3—lt )1F( 1+<—‘<-§/3+lt)
p_avﬁ>l"(’r) Sln(’ﬂ-ﬂ) _F(I*(Ygﬂfﬂ)r(lfu;lpru) F(lfagﬂ*u)l—\(l—u;r,@ﬁ»u)

{’fﬁa ” 2)} . (4.63)

ﬁau

Thus we obtained the connection formula

(o ged) i (- 4+3)
ds i3 T—aipT T—a—pBTF — —TratiT Tfa—B¥n
%g,aﬂu(_r) — —m F( 2 “)F( 2 u) F( 2. M)F( 2 : )

Q5% —u(=7) sin(ma) sin(wB) sin(mwp) o F(orbri) JF(arb+3)
T 1—agﬁ—u)r(l—a;ﬁ7u) _F(1+o¢+ﬁ )F( 1+o¢2[17p,)

[— F( 1+0<§/3fu )IF( 1+0¢;/3+u) F( 1+a4£/3fu )IF( 1+a4513+u ) ]

__ F( l—ocfﬁfu)r( 1—a—[3+u) F( 1fo¢;ﬁ7u)r( 1—@«5[3+M)

B S (srh+3) iz(p-4+3) W
JEE==E H)F(l a;ﬁ—u) F(1+044.r5+u)1-\(170~2rﬁ+u) [ A (r)}
CE(r+4+h) ATEa

__F(1+(x B— )F(l a2[€—;1.) F(1+(x;ﬁ+;1, T 1—a;[€+u)

(4.64)

The result of multiplication after simplification with the reflection formula for the gamma functions is

imp imp
e 2 cos(ra)te 2 cos(mf)

2
- T r(itetBtu 1ta—B+u 1—a+tB+tu 1—a—B+p
(e T (T (e
—2m e 2 cos(mfB)+e 2 cos(ma)
F(1+(x+[:f+p,)l—\(1+a;[i+;1,)r(1—a-;[f+p.)l—‘(1—a;ﬁ+n) p
_ ds _
l:QaBu()] B :{Qs,a,u( ”)} (4.65)
Q. —p(r)] sin(mp) — [QF% —(-7)
Using ‘
sin
W(Q5T5,u(r), Qg (1) = — (4.66)
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we obtain

W(QES, . (~1),QIS, () = el

1—a—p+ 1+a—f+ 1—o+f8+ 1+a+B+p
e L G e A e L G )

s itk
ez cosTfB +e T2 cosTa

(4.67)

W(QF = (1), QaSs,u(r) = (4.68)

™

The L? integrable condition at both endpoints is Re(u) > 0 for both Q¢ ﬁ (1), and Qﬁ w,u(— 7). There-
fore, for Re u > 0, it is a unique candidate for the resolvent. Using the Schur Test we see that the integral
kernel (4.51) defines a bounded operator.

From the singularities of the Gamma function we obtain

2
oq(LY) = {— <n + W) n €Np, Re (4.69)

2

(rrt5) <

u{—<n+1+0‘2_6>2 n € No, Re(n+1+°‘_ )<0} (4.70)
(e =5) <o
) <o}

2
U{— (n—i—l_Oé—i_B) n € Ng, Re (4.71)

1—a—-p8\> l-—a-p
U{—(n+2> ’I’LENO, Re(n <0

If Re(a + 8) > 0 and Re(a — 8) > 0, then (4.69) and (4.70) are empty and we obtain (4.52). O

(4.72)

5 Hypergeometric Hamiltonians of the second kind

We transform the hypergeometric equation in a different way:

N[®

—4z1F5 (1 - Z)1+gf(a+5;“+l, a+ﬁ;“+1 14 0;2,0,)272(1—2)"

0 1 00
= 42E-DP| g 5 b+3 20
—a _B _pyl
2 2 272
= —42%(1-2)? 32—0—(1—#)8 +a?(1—2)+ %2 — (u* — 1)z(1 — 2). (5.1)
z z 1-2/)7"

We rearrange the terms in (5.1) containing « and S as follows:

?(1—2)+ %2 =6+ k(1 —22) (5.2)
=0+ T1i(22 — 1), (5.3)

where §, k, 7 are defined in (4.5). Thus if we set

K= —42%(1 = 2)? (83 + (1 1 12)82) + k(1 —22) — (1% —1)2(1 — 2) (5.4)

z
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and if F(2) solves the hypergeometric equation (2.4), then
(K,W + 5)z% (1-2)3F(z) =0. (5.5)

We have interpreted (5.1) as the eigenequation of the operator K, , with eigenvalue —4. Again, we
will reinterpret this operator as acting on functions on an interval whose endpoints are singularities of the
hypergeometric equations. In each of these cases we perform the Liouville transformation, which yields
a 1-dimensional Hamiltonian. We will consider three cases:

1. z € % + iR, which leads to an operator on L2]0, 7|, which we call the spherical hypergeometric
Hamiltonian of the 2nd kind;

2. z €] — 00,0], which leads to an operator on L?]0, 00[ which we call the hyperbolic hypergeometric
Hamiltonian of the 2nd kind;

3. z €]0, 1[, which leads to an operator on L?(R), which we call the deSitterian hypergeometric Hamil-
tonian of the 2nd kind.

1 .
5 =+ 100
Spherical
Hyperbolic
|=—————— @
—00 0 1 o0
Desitterian
1o

2

Figure 3: Hypergeometric Hamiltonian of the second kind on the z-plane.
The spherical Hamiltonian acts on the interval marked with a thick line, the hyperbolic—with a dotted
line, and the DeSitterian—with a dashed line.

5.1 Spherical case
For u €]0, x|, in (5.1) and (5.3) we set

7= T which solves 2" = 2iz(1 — 2). (5.6)
This leads to the Schréodinger equation
(K7, = 0) ¢(u) =0, (5.7)
where )
cos U 7 1 1
K = —0? —_— —_— - . .
mu() a“+Tsinu + ( 1 4> i a (5.8)
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This Hamiltonian is known as the Rosen-Morse Hamiltonian (see [DW]).
In the case 7 = 0 we have the coincidence:

L, = K§ o (5.9)
We define for u €]0, 7]
QZ,@;A(“)
i\ ¢ i \® Btu+1l —atf+ptl
1 —1 a+ o - 2
= — ) F 151 — P
<l—e2‘“> (1—e—21"> ( 2 ! 2 it lit—e >
a —l-a—pu
i 2 —i 2 a+B8+pu+1l a—F+u+1 o
—_— —_ F ; 1;1— Bl I 1
(1_621u) <1_e_21u> ( 2 b 2 ,,LL+ ) € (5 0)
For u € [§,7[ it is continued analytically. It has the asymptotics
S )~ ()5, w0 (5.11)
TSy S |
Note that
Qi,ﬁ,p(u) = Qia,ﬁ,u(u) = Qz,fﬁ,p‘(u)’ (512)
%,a,u(ﬂ- - u) = Q%,—a,u(ﬁ - u) = Qs—ﬁ,a,;t(ﬂ - U), (513)
2 \3
(=) Q85 () = Qs (), (5.14)
2 \3 . :
(m) Q%?a’“(—r) = Q%’a,u(w —u), sinhr = —cotu. (5.15)

Now the following functions solve the eigenvalue problem (5.7):

QSOC,,B,;L(“)? Qz,ﬁ,—;t(u)7 Qsﬁ,a,u(ﬂ- - U), Qsﬁ,a,—u(ﬂ- - ’U) (516)
The following theorem describes the basic closed realization of K7 :

Theorem 5.1. For Reu > 2, 7 € C, there exists a unique closed operator K3, in the sense of L?]0, 7|,
which on C0,7[ is given by (5.8). The family 7,pn — K3, is holomorphic and possesses a unique
holomorphic extension to Rep > —2, except for a singularity at (7,p1) = (0,—1). It has only discrete
spectrum:

7_2

2 1
Set
a:=vVd—ir, B:=+Vd+ir. (5.18)

(It does not matter which sign of the square root is taken). Outside of the spectrum the resolvent of K3 ,
18

1 T (1—@;,6’4—#) r (1—&-04;,8—}-;/,) T (1—(1—56-&-;4) T (1+a-{2-,6’+u)
) (z,y) = .

X Qzﬂau(x)(@sﬁ,a,u(w —y), if 0<z<y<m,
Qzﬁ,#(y)(@%,a,#(ﬂ - l‘), Zf O<y<z<m.

(5.19)
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Proof. The relation sinhr = — cot u implies

2 ” 2 .
_ iu -1 iu 92
1 —isinhr ¢ 1+isinhr ¢ (5-20)
du . 1
5 =Sl = (5.21)
Therefore, using (4.67) and (4.68), we obtain
w (@;aw(ﬂ - u), QZ,B,M(“» =2W ( g,sa’#(_r% g?ﬁ,u(r))
4
T T (1=aB+ l+a—B+ . l—a+B+ I+atBtp)’ (5:22)
) L G L G e Rl G )
W(Q%,m—u(ﬂ' —u), Qzﬁ,u(u)) =2 ( (ﬁl,sa,—u(_r)7 gfﬁ,u(T))
) irk + —ink
_ (e zcosTfh +e T2 cosmy). (5.23)

The L? integrability condition for Q3 5, (w) at 0 and Q3 , (7

™

—u) at 7 is Rep > —2. The L? norm of

this kernel 5.19 is finite. For Re(u) > 2 it is a unique candidate for the resolvent.
As a byproduct we obtain a proof of Prop. 1.4 about the transmutation identity L5 — K*.
The singularities of the Gamma functions in (5.19) are at

l+eaa+elf+upu=—2n,

where €1, € € {1, —1}. This implies

o =2n+1+p)? + 268020+ 1+ p) + %

Hence,

- €K
S 2+ 1+p
€K

B

:_2n+1+u

This shows

Replacing x? with —72 we obtain (5.17).

2n+ 14 p)?

n € No, (5.24)
(5.25)
noo1
1

— e (n + g + 5). (5.27)

1 2
+ (n +5+ %) . (5.28)
O

For p € Z we have an additional identity for the Q° function, which follows directly from (C.17):

2 2

(a+57u+1)#(a—67u+1) s ) =

B o8, —p (W) (5.29)

Using this with u = 1 we obtain the following unexpected identity:

Theorem 5.2. For any 7 # 0, we have K3, = K7 _;.

Proof. Setting =1 in (5.56) we obtain

OzQ—ﬁQ

TQZ’BJ (u) = Q(Sx,ﬁ,fl (u).

(5.30)
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Setting =1 and p = —1 in the prefactor of the right hand side of (5.19) we obtain

Pi-=2)r(1+ 22 r(1-=32)r(1+242) (02 — B)r
47 " 16sin T (a + f)sin 2 (a — §) (5.31)
(o) () o (o) w
ar @it Hsnia—p O
We thus obtain 1 1
(B, +0)  (Ks  +0) (5.33)
O

Note that (5.19) is ill defined for (7, 1) = (0,—1). Moreover, we know that {2 < Repu} 3 p Ly is

analytic, and for p # —1.
We have K¢, = L% . Therefore, it is natural to set
’ 2

Kj =1y (5.34)

We know that L® ; # L5. Therefore, Thm 5.2 implies that the point (7,u) = (0,—1) is a singularity

2 2
of the function (7,u) — K3 ,. See [DeRi], where a similar phenomenon is described for the Whittaker
operator.

5.2 Hyperbolic case
For u € Ry, in (5.1) and (5.2) we set

z= ﬁ, which solves 2’ = 2z(z —1). (5.35)
This leads to the Schrodinger equation
(KR, +0) ¢(u) =0, (5.36)
where coshu p? o1 1
Ky, =—02+ R <4 - 4) I (5.37)

This Hamiltonian in [DW] is called the Eckart Hamiltonian.
In the case K = 0 we have the coincidence

L = Ko, (5.38)
We define
_a PN a+fB+pu+1l a+p—p+1 1
h o 2u 2u . .
Populu) = (€ = 1) % (1—e™) F( A R g
_a lta 1 a— 1
— (e —1)TF (12 +2+MF<Q+6;H+ & 5;’” ;a+1;62“>, (5.39)
gt o f(atBtpu+l —a+B8+pu+l
h . 2u 2u . . 2u
QB ) = (20 = 1) 5 (1 o) Hp (SEARIEL ZOEPRIEL g
_a ) 1+a+tp 1 _ 1
:(e2“—1) 2(1_6—2u)2¢F<a+3-21-M+ 7CM ﬁ;‘/i-f- ;M+151_e_2u)' (5.40)
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Note that

1
h —au .
Paﬁﬁﬂ(u) ~ me 5 u ~ +OO, (541)
1 22 1
h Byl
~ (2 ~ 0. 5.42
@a,,@p(u) F(1+M)( u)z 2, u ( )
We have
Ph =Pph =Pt 5.43
(W) =Po g () =Pg 5, (u), (5.43)
g,ﬂ,p(u) = Q}iaﬁ,p(u) = Qg,—ﬁ,p(u); (544)
2 % h h
(Gor) Phon(r) = Bhs,(w), (5.45)
2\ 4
(sinhr) laﬁ,u(r) = Q;ﬁ,u(u), coshr = cothu. (5.46)

Now the following functions solve the eigenvalue problem (5.36):
Pg,67u(u)’ P}ia7ﬁ7u(u)7 Qgﬁ,u(u)? Qg,ﬁ,—u(u)' (547)
Let us describe the basic closed realization of K , on L?(R).

Theorem 5.3. For k € C,Rep > 2 there exists a unique closed operator K,};’# in the sense of L?(R),

which on C(Ry) is given by (5.37). The family K, pu — K,}Q‘# is holomorphic and possesses a unique
holomorphic extension to Rep > —2, (k,u) # (0,1). Its discrete spectrum and spectrum are

(K" ) v (k+“)2 keNo+ =, Re +E+2) <o (5.48)
o = - — = = L .
A (2k + p)? 2 0Ty 2k + pu 2 ’
o(K! ) =[0,+00[Uoq(K} ). (5.49)
Set
a:=vVd+k, Rea>0, [B:=vi—k (5.50)
(The choice of the square root for B does not matter). Outside of its spectrum the resolvent of K,i"” 18
14« 1+a—
) - F(+;5+M)F(+2ﬁ+ﬂ)
— (z,y) =
(Ko, +06) Y 2
h h ;
% ]P)g7ﬂ,u(‘r) @}?7ﬂ7u(y) Zf 0< Yy <z < 00, (551)
]P’aﬁw(y) @a7ﬁ7u(x) if 0<z<y<oo.
Proof. The relation coshr = cothu implies
. .27 1 2T 1 .
sinh® = = T cosh 3= (5.52)
du 1
dr  snhr o0 (5.53)
Therefore,
h h h h
w (Qa,ﬂ,wPa,B,u) =2W (Qa,ﬁ,w Pa,ﬁ,u)
2
(5.54)

- 1+atB4u 4a—fB+p)
() ()
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The L? integrability conditions at endpoints are Rea > 0, and Rep > —2 for }Pﬂ;’ﬁ,#(r) and (@gﬁyﬂ(r),

respectively. For such parameters the integral kernel (5.51) defines a bounded operator. For Rea > 0,
and Re p > 2, it is the unique candidate for the resolvent.

As a byproduct we obtain a proof of Prop. 1.5 about the transmutation identity LP — K.

The determination of the discrete spectrum follows by similar arguments as for Thm 5.2. |

For ;1 € 7 we have an additional identity for the Q" function, which follows directly from (C.17):

<a +5 ; = 1>,t(a £ ; - 1)H oo (1) = Qa5 (w). (5.55)

Using this with g = 1 we obtain
Theorem 5.4. For any x # 0, we have K,];l = K,]Lj’fl.

Proof. Setting =1 in (5.56) we obtain

2 _ 32
= 4ﬁ np1(W) = Qo g 1 (u). (5.56)

r<1—a;ﬂ>r<1+o‘2ﬂ) - (0‘24ﬂ2)r<0‘;5)r(0‘2ﬂ), (5.57)

We thus obtain

Moreover,

LI (5.58)
(Kb,l +4) - (KB,—l +4) '

O

Similarly as in the spherical case, (5.51) is ill defined for (x,u) = (0,—1). Moreover, we know that
{2 < Reu} > p+ LY is analytic, and for u # —1 we have K(})]# = LY. Therefore, it is natural to set
2 ’ 2

K§ = L}l%. (5.59)

We know that L', # L4. Therefore, Thm 5.4 implies that the point (k, ) = (0, —1) is a singularity
2 2
of the function (k, u) — KL‘,M.

5.3 DeSitterian case

For uw € R, in (5.1) and (5.2) we set

1
2= T which solves 2’ =2z(z —1). (5.60)

This leads to the Schrédinger equation

(K5 +6) é(u) =0, (5.61)
where L )
5 1 1
K9S — g2 Ot (A 2 . 5.62
ol “ Kcoshu 4 4/ cosh®u ( )
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In [DW] it is called the Manning-Rosen Hamiltonian.
In the case kK = 0 we have the coincidence:

Lg% = K§3a- (5.63)

We define

oy — S o2 at+B+p+1l at+B—p+1 1
dsS L 2u 2u . .
Poos (u) := (1+e*) 2 (1+e72Y) 2F< 5 ; 5 7a+1’m
_a ltatp 1 — 1
:(1—|—e2“) 2(14—672“) 2 F<a+ﬁ-2|-M+ 70[ B—;M—’_ ;a—l—l;—ez“)‘ (5.64)
We have the asymptotics
1
dsS —au

Pog () ~ me » U~ 00, (5.65)

Note that
Pgi@,u(u) = Pi?ﬁ@’u(u) = ngﬁfu(u)’ (5.66)

2 % S ds

(sinr) Py 5. (r) =P ,(u), cosr=tanhu. (5.67)

Now the following functions solve the eigenvalue problem (5.61):

Pg?ﬂ,u(u)’ PiSa,B,HW)’ Pcﬂi,somu(_u)’ Pisﬁﬂ,u(_u)' (5'68)

We will find all closed realization of KS)SM in the sense of L?(R).

Theorem 5.5. For any k,u € C there exists a unique closed operator K,isﬂ in the sense of L*(R) that

on CZ(R) is given by (5.62). The function C* 3 (k,n) — K, is holomorphic. The discrete spectrum
and spectrum of Kfji are

2 2 1 K i
KSy=4-_" __(p4+£& keNo+ =, k<-—|R Sy
a(K) { (2k + p)2 ( +2> oty RelRegral T 2
K2 1 2 1 K I
U —7—(]@‘—* keNg+ =, k<-—|R =5 5.69
{ (2k — p)? 2> ‘ Sty ES ’ er—u’+2} (56
o(KJ5) = [k, +00o[U[—k, +o0[Uaa (KL5,) . (5.70)
Here, for z € C we use the notation [z,+oo[:={z+t | t€[0,+o0[}.
Set
a:=+vVd+k, Rea>0; B:=vi—k, Ref>0. (5.71)
Outside of its spectrum, the resolvent of Kfisu is
g
(2, y) =
(K35 +9) 2
" P%?a,“(x) IP’g%M(y), if —oco<z<y<oo; (5.72)
P%ysa#(y) Pg%,#(x), if —oco<y<z<oo.

We have K98 = K498

Ko Ky—p
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Proof. The relation cosr = tanh v implies

22’ # 27 _ #
Sin® o = T 8 5 = T (5.73)
du 1
—_— = — = ‘h . 5.74
dr sinr cosiu ( )

This yields (5.67). Using (5.74) and (5.67), and then (4.18), we obtain

w (Pg%,u(u)’ ]P)g,sa,u(_u)) =2W ( ;,B,M(T)’ Pﬁs,a,u(ﬂ - T))
2

T (Ltatst I+at+B—p)’
(e r(tege)

(5.75)

The L? integrability condition at +00 of Py 5, (u) is Re(a) > 0, and at —oo of Pg 4, ,(—u) is Re(3) > 0.
For such parameters, the integral kernel (5.72) defines a bounded operator and is a unique candidate for
the resolvent.

As a byproduct we obtain a proof of Prop. 1.4 about the transmutation identity L® — L95.

The determination of the discrete spectrum is similar as in the hyperbolic case. O

Proof of Prop. 1.3. The change of variables

1+ e* = e (5.76)
implies
—e?W =1 ¥, e = 1 : (5.77)
1— 2
‘;—Z = ﬁ =1+e 2, (5.78)
P, (w) = (1 e ) T Bh, 4(u), (5.79)
PGS, (—w) = (1 - e—“'“)’% ICOR (5.80)
We redefine parameters
§ = %(a2 — %), K = %(oz2 + p?). (5.81)
We obtain the transmutation identity
(1- e_zu)_ém(u,u’)(l - e_gul)_% = W(w,w’). (5.82)

6 The Laplacian on an interval, halfline and line

The Laplacians on ]0,7[, R and R with the Dirichlet or Neumann boundary conditions at endpoints
belong to the most widely used operators. Their Green functions can be easily computed in terms of
elementary functions, without using hypergeometric functions. In this section we will check that they
are special cases of hypergeometric Hamiltonians. We will see that this coincidence is related to various
identities for hypergeometric functions from Appendix C.6.
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6.1 Laplacian on an interval

Consider the Laplacian —d2 on the interval |0, w[. The Dirichlet and Neumann boundary condition will
be denoted D and N resp. Putting them at both 0 and 7 leads to 4 operators on L?]0,7[. They are
special cases of the spherical hypergeometric Hamiltonian of the first kind:

Lpp =13, = L1, (6.1)
272 2
Lnp = Ls_%é, (6.2)
LDN = Lb% 7%, (63)
LNN = Ls_l 1= Ls_l (64)
2:7 2 2

Resolvents of these operators can be computed in terms of elementary functions. Indeed, the following
functions solve

(=02 +k*)p(z) =0 (6.5)

and satisfy the Dirichlet/Neumann boundary conditions at 0, resp. at 7:

Dirichlet: sinhkz, sinhk(m — x); (6.6)
Neumann: coshkz, coshk(m —x). (6.7)
They have the Wronskians:
W(sinh k(m — ), sinh kz) = ksinh 7k, (6.8)
W( coshk(m — x),sinh kx) = k cosh mk, (6.9)
W (sinhk(r — z), cosh kz) = k coshrk, (6.10)
W(coshk(m — z), cosh kz) = ksinh k. (6.11)

By the usual methods, we compute the spectra of operators (6.1)—(6.4), and for k2 outside of the spectra
their Green functions :

o(Lpp) = {n? | n € Ny},

1 (z.7) 1 sinhkz sinhk(r —y), if 0<z<y<m, (6.12)
T \&Y) = o) . . . .
Lpp + k2 Y) 7= ksinhrk | sinh ky sinhk(m —z), if O<y<z<m

o(Lxp) = {(n+ 3)* | n € N},

1 1 coshkz sinhk(r —y), if O<zx<y<m,
—s@y) = . ( ) . _ (6.13)
Lnp + K kcoshmk |coshky sinhk(mr —z), if 0<y<z<m;

O'(LDN) = {(Tl + %)2 | n e No},

1 1 sinh kx coshk(m —y), if O0<z<y<m,

@y = ] ( ) . _ (6.14)
Lpn + &k kcoshmk |sinhky coshk(r —z), if 0<y<azx<m;
o(Lnn) = {n” | n € N},

1 1 coshkzx coshk(mr—y), if O<z<y<m,

(1Y) = ( ) , (6.15)
Lay + k ksinh7k |coshky coshk(r —z), if 0<y<ax<m.
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Let us check that (6.12)—(6.15) agree with the more general formula (4.15) involving the hypergeo-

metric function and the Gamma function. We identify k = %. By (C.31) and (C.32) we obtain

2

< _ sinhkz
%’i%#(x) = W?

cosh kx

Finally, we use

. . km

1 . 1 . B T

I <2+1k) r (2 lk> ~ coshrk’
T

LGe)I (—ik) = ————.

(ik) T (=ik) ksinh k7

6.2 Laplacian on the halfline

(6.16)

(6.17)

(6.18)
(6.19)

(6.20)

Consider the Laplacian —9? on the half-line R, . Setting the Dirichlet and Neumann boundary conditions
at 0 we obtain 2 operators on L?(R, ), which are special cases of the hyperbolic Gegenbauer Hamiltonian:

h h h
LD —Lll:Ll_l:Ll7
272 2 2 2
h h h
LN:*L,ll:L,l,l:L,l'
272 27 2 2

Let us compute their resolvents. The following functions solve
(—0% + k) g(x) =0
and satisfy the Dirichlet/Neumann boundary conditions at 0 and decay at +oo:

Dirichlet: sinh kx;
Neumann: cosh kx;

decaying at +00: e % Rek > 0.
They have the Wronskians:
W(e_m, sinh km) =k,
W(e " coshkz) = k.
Now for Rek > 0,

. 1 |sinhkz e=®v, if 0
(LD+k2) 1(:E,y): {Sm T e , 1 <z <y,

k sinhky e #*, if 0<y<ua;

coshkz e™®, if 0<z<y,

-1 1
Ly + k2 Y) = —
(I ) @) k‘{coshkye_’“”7 if 0<y<ua.
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(6.21)
(6.22)

(6.23)

(6.24)
(6.25)
(6.26)

(6.29)

(6.30)



To check that (6.29) and (6.30) agree with (4.32), identify £ = 5. By (C.33), (C.34) and (C.35), we
have

h __ sinhkz
Pl (@)= RV (6.31)
h cosh kx
Pf%,i%,iu(‘r) = ﬁ ’ (6'32)
h 2% —k
:I:%,:I:%“u( ) = 1—\(1 +2]€)e . (633)
Finally, use
1\ 272
I'(k)I (k + 2) = kﬁf(2k +1), (6.34)
1
r <k + 2) U (k+1)=2"2/a(2k +1). (6.35)

6.3 Laplacian on the line

Consider the Laplacian —92 on the line R, denoted L. It is a special case of the deSitterian hypergeometric
Hamiltonian of the first kind:
._ 7dS _ 7dS _ 7ds
L'*Lié,i%*Lié,xéfLi%' (6.36)

It is well known how to compute its resolvent: The following functions solve

(=02 + k*)p(z) =0 (6.37)
decaying at +00: e ¥ Re(k) > 0, (6.38)
decaying at —oo: e**,  Re(k) > 0. (6.39)
They have the Wronskian:
W(e ", M) = 2k. (6.40)

Now for Rek > 0,

-1 1 |efze kv if z<y
L+k? Y) = — ’ ’ 6.41
( ) (z,9) 2k {ekye_’“, if y<ua. ( )
To see that (6.41) agrees with (4.51), we identify k = 4, use
ds ds 2%k —k
i%,i%,u(x) - i%FF%,u(x) - T(2k + 1)6 ’ (6.42)
which follows from (C.35), and
1\* 2~
(k)T <k + 2) I'k+1)= I'(2k 4 1) (6.43)
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7 Geometric applications

In this section we show major applications of hypergeometric Hamiltonians in geometry. We will obtain
these Hamiltonians as the results of separation of variables of (pseudo-)Laplacians on various (pseudo-

)spheres.
Recall that every (pseudo-)Riemannian manifold is equipped with a certain natural differential op-
erator called the (pseudo-)Laplacian. Suppose we fix coordinates = x1,..., 24, the (pseudo-)metric is

given by the field of symmetric invertible matrices [g;;], so that the the “line element” is

d82: Z gijdxidxj. (71)

1<i,j<d

Then the pseudo-Laplacian is given by

1 -
A = ———=0,,9"+/| det 9|0, (7.2)

| det g

where [¢%] is the inverse of [g;;]. In the case of the Riemannian signature, A is called the Laplacian (or
the Laplace-Beltrami operator). For the Lorentzian signature the usual name is the d’Alembertian.

(Pseudo-)spheres in a (pseudo-)Euclidean space RP? inherit a (pseudo-)Riemannian structure from
the ambient space. If the ambient space is Euclidean, they are called spheres. Otherwise, they are various
kinds of hyperboloids.

Below we describe a few examples of separation of variables for a (pseudo-)Laplacian on a (pseudo-
)sphere in appropriate coordinate systems. We will see that after an appropriate gauging, subtraction
of a constant and restriction to an invariant subspace one obtains various hypergeometric Hamiltonians.
These computations motivate the names “spherical”, “hyperbolic” and “deSitterian” that we use in our
paper for various types of hypergeometric Hamiltonians.

The best known among these Laplacians is A%, the Laplacian on the d-dimensional sphere Se. As it
is well-known, it has the spectrum

o(A%) = {=I(l+d—1) |l € Ng}. (7.3)

(This is, incidentally, a consequence of computations in Subsection 7.1 and the properties of the spherical
Gegenbauer Hamiltonian). Eigenfunctions of A% with eigenvalue —I(I+d—1) will be called d-dimensional
spherical harmonics of order .

7.1 Sphere

The unit d-dimensional sphere is defined as
St={X e R | X2+ X7+ + X3 =1}. (7.4)

We will denote elements of S%1 by X and the corresponding element of length by dX2. On $% we will
use the coordinates (r, X)

Xo=cosr, X;=sinrX;, i=1,...,d, X eSS (7.5)
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or (w,X) with cos7 = w, sinr = vI —w?: In these coordinates we first write the line element, then
the Laplacian:

ds? = dr? + sin? rd X2 (7.6)
dw? .
= _“’w2 +(1—w?)dX? (7.7)
s 2 A(Si—l

g =05+ (d—1)cotrd, + —5 (7.8)

sin®r

2\ 92 AG,
= (1 —w*)0;, — dwdy, + T w? (7.9)

Finally, we perform an appropriate gauging:
_ _ d—2\2 _ 1 _ AS

(sinr) 7 (= AY)(sinr) ™7 + (52) = -2 + () Sm;T a1 (7.10)

Thus the Laplacian on S? on (d — 1)-dimensional spherical harmonics of order [ (7.10) reduces to the
spherical Gegenbauer Hamiltonian L%, with a = (4 — 1+1).

7.2 Hyperbolic space

The d-dimensional hyperbolic space is defined as
HY:={X eRM | - X2+ X7+ +X3=-1, X,>0}. (7.11)
On H? we will use the following cordinates: (r, X), where X € §%-1:
Xo=coshr, i=1,...,d, X,;=sinhrX;, (7.12)

or (w, X ) with coshr = w, sinhr = v/w? — 1. In these coordinates we first write the line element, then
the Laplacian:

ds? =dr? + sinh? rd X (7.13)
dw? 2 o2
AS
Al =92 4 (d — 1) cothrd, + sin(;;lr (7.15)
AS
(2 2 d—1
=(w* —1)9y, + dwdy, + IR (7.16)

Finally, we perform an appropriate gauging:

(‘)" — i - A4

sinh? r

(Sinhr)d%l( - Ag)(sinhr)_% - (@)2 =-02+

- (7.17)

Thus the Laplacian on H? on d — 1-dimensional spherical harmonics of order [ reduces to the hyperbolic
Gegenbauer Hamiltonian LY with a = ¢ —1+1.
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7.3 DeSitter space
The deSitter space is defined as
s = {X e R | - X2+ XZ+---+X2=1}. (7.18)
On dS?¢ we will use the following coordinates: (t, X), where X € S¢-1,
Xo =sinht, X;=coshtX;,, i=1,...,d, (7.19)

or (w, X) with sinht = w, cosht = v/1 +w?. In these coordinates we first write the line element, then
the d’Alembertian:

ds? = —dt? + cosh? td X2

dw? %
= - g W DAk 720
AS
098 = —92 4 (d — 1) tanh t9;, + —9
cosh”t
AS
(w4 1) — dwdy + de;ll. (7.21)

Finally, we perform an appropriate gauging:

_92\2
42 -3 - g,

cosh? ¢

d—

(cosht)TlD‘éS(cosht)_% - (%)2 =02~ (5 (7.22)

Thus the d’Alembertian on dS? on d — 1-dimensional spherical harmonics of order I reduces to the
deSitterian Gegenbauer Hamiltonian L3S with o= 4 —1+1.

7.4 Sphere in double spherical coordinates
Consider the unit sphere of dimension p + ¢ — 1 with coordinates partitioned in two groups:
SPHTh = {(X,Y) eRPTY | X7 -+ X)+ Y2+ -+ Y2 =1} (7.23)
We consider also two spheres of dimension p — 1 and ¢ — 1:
SPTP={XERP : X{4--+X2=1}, ST ={YeER!: Y+ -4V =1} (7.24)
SPta=1 is parametrized by (7, X,Y), with 0 < 7 < . X espl yesit
X; =sint X;, 1=1,...,p; YjZCOSTf/j, i=1,...,q. (7.25)
Alternatively, one can use coordinates (w, X ) where
sin? 7 =w, cos’T=1-—w. (7.26)

We compute the line element and the Laplacian:

ds* = _dw? +wdX? + (1 —w)dy?
 4w(l —w)
= dr? + sin® 7d X2 + cos? 7dY? (7.27)
S 2 Ap1 B
AS 1 =4w(l —w)d;, +2(p(1 — w) — qw) Dy + +—
w 1-w
A3 A
=07+ ((p—1)cotT — (¢ — 1) tanT)0d; + p72—1 +—L (7.28)

sin7  cos?T’
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We perform an appropriate gauging:
. _p1 _g=1 p+qg—21\2
(cosT) 7 + (BH=2)

(sin 7')1%1 (cos 7)% (=A%, 1)(sinT)
p=2)2 _ 1 _ As a=2)2 _ 1 _ As
:_az+(2) 24 p*1+(2) ;1 q—1 (729)
sin® T cos? T
Finally, we make a substitution 7 = 3:
p=2)? 1 _As (52)" -1 - A3
29) =4 — 2 ( 2 4 p—1 2 4 qg—1 . )
(7.29) ( Ot 4sin® 5 * 4cos? § (7.30)

Thus on products of a spherical harmonic of order j and [ we obtain the spherical hypergeometric

Hamiltonian of the first kind LZ’ 3 with
(7.31)

a:g—l—i-]’

q
=L 940
2 f=gy -1t

7.5 Hyperboloid in double spherical coordinates
Consider the hyperboloid of signature p — 1, ¢ embedded in the pseudoEuclidean space of signature (p, q):
. (7.32)

HP~L9 .= {(X,Y) e RPTY | — X2 ... _X§+y12+...+yq2 =1}
Let SP~" and S9! be as in (7.24). HP~1? is parametrized by (,X,Y), with 0 < 7 < 00, X € SP~1,
Y €S9
X;=cosh7X;, i=1,...,p; Y}:SinhTffj, i=1,...,q (7.33)
Alternatively, one can use coordinates (w, X,Y) where
cosh?r =w, sinh®r=w — 1. (7.34)
The line element and the pseudo-Laplacian in these coordinates:
dw? . N
ds? =———— — wdX? —1)dy?
§ dw(w —1) v -1
=dr? — cosh? 7dX? 4 sinh? 7dY 2 (7.35)
Asi 87
Ap_1,q =4w(w —1)02 +2(p(w — 1) + qw) 0y — —eoly el
w w—1
A3 AS
=02 + ((p— 1) tanh 7 + (¢ — 1) coth 7) 9, — —2=1 ol 7.36
((p ) (4 ) ) cosh®’7  sinh®7 ( )
We perform an appropriate gauging:
(cosh 7')1%1 (sinh T)%( —Ap_1,4)(cosh7)” "7 (sinh7)” 2 — (W)2
—92\2 1 § —2\2 1 s
g (557) —1-480 () —1-4 (7.37)
’ cosh? 7 sinh? 7
Finally, we substitute 7 = £:
p=2)2 _ 1 _ As 94=2)2 _ 1 _ As
(7.37) =4 —83—( 7) 1 pl () . — (7.38)
4 cosh” 5 4sinh” 5
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Thus on the product of a spherical harmonic of order j and [ we obtain the hyperbolic hypergeometric
Hamiltonian of the first kind Lg’ 5 with
_9_

p .
= 141 ==—-1 . .
a=J-1+l B=1-1+4] (7.39)

7.6 Complex manifolds

All the manifolds that we used so far were real. In the next subsection we will need a complex (analytic)
manifold. They have essentially the same formalism as real manifolds. Let us briefly sketch its elements.
For more details, see [LeB].
Suppose that a complex manifold is equipped with local complex coordinates z = (z1, ..., z4) and the
holomorphic line element
1<i,j<d

where g;; is a complex symmetric invertible matrix. The corresponding complex Laplacian is defined by
essentially the same formula as in the real case:

1 g
A=—=0,9"\detgo,,. 7.41
Tdag 9V det 9o, (7.41)
Note that there is no absolute value, and det g is always non-zero. The definition of A does not depend
on the choice of the branch of the (double-valued) square root.
Suppose that the manifold is equipped with a conjugation, in the coordinates given by z; — Z;. We
then also have the anti-holomorphic line element

> g,dzidz;. (7.42)
1<i,j<d
and the corresponding conjugate Laplacian
— 1 —
K- Lo g7 /deigo-,. (7.43)

Vdetg
As our first example consider the space C?*! equipped with the line element
dZ? =dZ§ +dZ; + -+ dZ}. (7.44)
The corresponding Laplacian is obviously
A=087 +---+07. (7.45)

Note that our standard identification of C41 with R2(4+1) will be
1

Z;
V2

(X; +1iY5) (7.46)

(and not Z; = X; + iY;. Therefore,
1
0z, = —(0x, — 10y, ), 7.47
z; \/5( ¥, — i0y;) (7.47)
(and not, as usual, 0z, = 1 (dx, —idy,).) Clearly, with this definition (dZ;|0z,) = ;.
Another example of a complex manifold is the unit sphere [HIU]

St ={ZeC"ZZ+Z] + -+ Z]=1}. (7.48)
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Introducing the complex polar coordinanes

. Z;
R:=\/Z3+ -+ 23 Zi:=7, (7.49)

where we arbitrarily select the branch of the square root, we have the direct analog of the formula from
the real case: X
dZ* = dR? + R*dZ?, (7.50)

where dZ?2 is the complex line element on Sg:. The corresponding complex Laplacian is given by the same
expressions as in the real case:

se= Y, (Zi0z, — Z;04,)

0<i<j<d
= R*Agy1c — R?0% — dROR. (7.51)

7.7 Hyperboloid H’~!”? in complex coordinates

Consider the hyperboloid HP~!? embedded in R??, defined as in Subsection 7.5, with the coordinates
X;,Y; €R,i=1,...,p. We identify R?” with C? as in (7.46), so that we obtain two representations of
HP~1?, a real and a complex one:

HP~ P = {(X,Y) € R? | —Y12—-~~—Yp2+X12+~-~+X§:—1}
—(ZeC | 224 4224 T+ + T =1} (7.52)

The (real) line element on R? = CP can be written as

—dY? — - —dY) +dXT + -+ dX]
—dZ 4 +dZ2+dZ; + -+ d7,
N . _9 —=2
=dR* + R*dZ2 + dR + R°dZ (7.53)
Now on HP~'P we have R2 + R = 1. Therefore R? = LHismbr for a4 unique r € R. Thus we can

parametrize HP~ 1P with r € R, Z € Sk~

1+ isihr -
7, — / +1;1n TZi» (7.54)

where we take the principal branch of square root. The (real) line element and the pseudo-Laplacian are

1—|—isinh7"dZ2 1 —isinhr 22

1
ds? = jdﬁ + 5 5 , (7.55)
2 2 —C
— 2 _ _ s,C s,C
Ap-tp = —40; = dlp— 1) tanhrd, + 1+ iSinhrAp*1 * 1— isinhrApfl' (7.56)
We perform an appropriate gauging:
(coshr)p%1 (Ap_Lp)(coshr)_prl —(p— 1)2
s,C -1 s,C —1
—4 _82_(_AP—1+(;DT)2_%)_(_Ap—l—’_(pT)?_i) (7.57)
" 2(1 +isinhr) 2(1 —isinhr) ’ '
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Thus on joint eigenvectors of A;ﬂcl and A;’g of degree [, resp. j we obtain the deSitterian hypergeometric
Hamiltonian of the first kind Lg% with

a:§—1+z, ﬂ:§—1+j. (7.58)

Acknowledgement. J.D. was supported by National Science Center (Poland) under the grant
UMO-2019/35/B/ST1/01651. P.K supported by the OPUS grant no. 2022/47/B/ST2/03313 “Quantum
geometry and BPS states” funded by the National Science Centre (Poland).

A Holomorphic families of operators

The concept of a holomorphic family of bounded operators is well-known. Less known is the concept of
a holomorphic family of closed operators, which we use throughout our paper. Both are described in the
monograph of Kato [Kato], Chap. 7, and also in [DW1]. For the convenience of the reader, we give a
concise account of these concepts in this appendix.

In the following, © is an open subset of C, H;,Ho are Hilbert spaces, B(H1,H2) denotes the space
of bounded operators from H; to Hs and C(Hy,Hs) the set of closed operators from H; to Hs. D(H)
will denote the domain of an operator H and p(H) := C\o(H) its resolvent set.

There exist several equivalent definitions of a holomorphic family of bounded operators. Here is one
of them: Consider a function © > z — H(z) € B(H1,H2) We say that this is a holomorphic family of
bounded operators if for any f € Ha, g € H; the function © 3 z — (f|H(z)g) € C is holomorphic.

We have the following practical criterion:

Theorem A.1l. Suppose that © 3 z — H(z) € B(H1,Hz) is a function uniformly bounded on compact
subsets of ©. Suppose in addition that there exist dense subspaces X1 C Hi, Xo C Ho such that for
any [ € X1, g € Xa, the function © 3 z — (f|H(z)g) € C is holomorphic. Then © > z — H(z) is a
holomorphic family of bounded operators.

There exists also a natural concept of a holomorphic family of closed operators, due to Kato, it is
however more subtle and less known. Let us describe its definition.

Consider a function © 3 z — H(z) € C(H1,Hz2). We say that it is a holomorphic family of closed
operators if for each zy € © there exists a neighborhood O of 2y, a Hilbert space K and a holomorphic
family of bounded operators ©g 3 z — A(z) € B(K,H1) that map bijectively K onto D(H(z)) and

©p 22+ H(2)A(z) € B(K,H)

is a holomorphic family of bounded operators.
We have the following practical criterion, which works for operators having non-empty resolvent sets:

Theorem A.2. Consider a function © > z — H(z) € C(H). Suppose in addition that for any z € ©
the resolvent set of H(z) is nonempty. If for any zo € © there exists A € C and a neighborhood © of z
such that X € p(H(2)) for z € ©¢ and z — (H(z) — \)~t € B(H) is holomorphic on Oq, then z — H(z)
is a holomorphic family of closed operators.

Proof. We set K := H and A(z) := (H(z) — X\)71, so that H(2)A(z) = 1 + \A(z). O

48



B Riemann equation

B.1 Regular-singular points

Consider an ordinary 2nd order differential equation with meromorphic coefficients:

(b(2)0% 4 ¢(2)9. + d(2)) u(z) = 0. (B.59)

If ZEZ or % are singular at zg € C, then we say that zy is a singular point of (B.59). Following [WW],
we distinguish a special class of singular points:

Definition B.1. We say that (B.59) has a regular-singular point at zg, if % has a pole of at most 1st
order at zg, and % has a pole of at most 2nd order at z.
We can rewrite (B.59) as
(p(2)(2 — 20)°02 + q(2)(z — 20)0> + 7(2)) u(z) = 0. (B.60)
If p(zo) # 0, then zq is regular-singular iff p, ¢, r are analytic at 0. Define the indicial polynomial of zo

P.,(A) := AMA = 1)p(20) + Aq(20) + (20)- (B.61)

The roots of P,, are called indices of the regular-singular point z.
The importance of regular-singular points and their indices stems from the Frobenius Method, de-
scribed in the following theorem [WW, Ince]:

Theorem B.2. Assume that p(zo) # 0 and p, q,r are holomorphic in an open connected simply connected
set Q C C containing zo. Let p € C satisfy

P, (p)=0, P,(p+n)#0, n=12.... (B.62)
Then there exists a unique function @(z) holomorphic in S, such that u(z) := (z — zo)Pu(z) solves (B.60)

and (zp) = 1.

B.2 Riemann equation

Equation with 3 singular points on the Riemann sphere CU{oc}, all of them regular-singular, is classified
by the positions of its singularities and the values of indices. It is called the Riemann, or sometimes the
Papperitz equation, and is described in the following well-known theorem [WW, Ince]. For the Riemann
operator we use the notation introduced in [DW], which is inspired by the notation due to Papperitz used
in [WW].

Theorem B.3. (1) Suppose that we are given a 2nd order differential equation on the Riemann sphere
having at most 8 singular points z1, z2, 23, all of them regular-singular, with the following indices

Z11 pL,p1; 22t P22 230 P35 P3-
Then the following condition is satisfied:

p1+p1+p2+p2+ps+p3=1 (B.63)
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Such an equation, normalized to have coefficient 1 at the 2nd derivative, is for finite z1, z2, 23 given
by the operator

Z1 z9 z3 ~ ~ ~
tp—1  patpa—1  ps+ps—1
Pl o p2 ps 20. | :=07- (p1 2 + 2T P 4 TP ) 0.
~ ~ ~ zZ— 2z zZ — Z9 Z — Z3
pPL P2 P3
p1p1(21 — 22)(21 — 23) p2p2(z2 — 23) (22 — 21) p3p3(z3 — 21)(z3 — 22)

(z—21)2(z —22)(z — 23)  (2—22)2(z —23)(z —21) (2—23)%(2 — 21)(2 — 22)’

and for zz = oo by the operator

Z1 z9 0.} ~ ~
+p—1 +pa—1
P pi ps ps 2,0, — 83 . <P1 P1 n P2 T P2 ) 0.
~ - . zZ—21 Z — Z9
P11 P2 P3
p1p1(z1 — 22) p2p2(z2 — 21) P303

(z—21)2(z—2)  (z—2)2(z—21) (z—2)(z—2) (B.64)

(2) With the help of homographies (called also Mébius transformations) we can move around singulari-

ties. More precisely, if z — w(z) = ‘C‘zzis, where we can assume that ad — bc = 1, then
w(z1) w(z2) w(zs) zZ1 Z2 Z3
Pl m p2 ps  w, 0w | =(cz+d)*P| p1 p2 ps 20.
P1 P2 P3 P P2 P3

(3) By gauging with powers we can shift the indices:

zZ1 22 Z3
(z—2)Mz—22)P | p1 p2 p3 2,0. | (z—21)Mz—22)?
PL P2 P3 (B.65)
Z1 Z9 z3
=Pl pp—A p2tA p3 20, |,
,51 - A ﬁQ + A p~3
z1 zZ9 0
(z—21)*P| p1 p2 p3 20. |(z—21)
P P2 p3 (B.66)
Z1 zZ9 z3

=Pl pr—X p2 p3s+A 20,
pr—A p2 pst+A

B.3 From Riemann equation to hypergeometric equation

The Riemann equation can be simplified. First, by Thm B.3 (2), we can assume that the points z1, 29, 23
are any triplet of distinct points on the Riemann sphere. We choose them to be 0,1, c0. Then, by Thm
B.3 (3), we can assume that p1, po are arbitrary numbers. We choose them to be both 0. The sum of
remaining indices must be 1. Hence we can assume that 0 has indices 0, 1 — ¢; 1 has indices 0, ¢ — a — b;
and oo has indices a, b. The hypergeometric operator is

0 1 00

Fla,b;c;2,0,) = z(1—2)P 0 0 a 2,0, (B.67)
l—¢c c—a—-b b

= 2(1-2)0*+(c— (a+b+1)2)d, — ab. (B.68)
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The hypergeometric function F(a,b;c; z) is the unique solution of
Fla,b;c;2,0.)F(z) =0, F(0)=1. (B.69)

Thus it is the solution of the hypergeometric equation given by the Frobenius method (Thm B.2) for the
singularity z = 0 and index 0.

C Identities for the hypergeometric function

In this section, we review identities for the hypergeometric and Gegenbauer functions with the emphasis on
the connection formulas and Kummer’s table. There are many reviews available including [WW, NIST1].
Our presentation is close to [D1, D2].

C.1 Kummer’s table

Recall that the hypergeometric equation is given by the operator F(a,b; ¢; z, 0,) defined in (2.1), and the
hypergeometric function with Olver’s normalization F(a,b;c; z) is defined in (2.2). In this section, for
brevity and transparency, we change the notation following [D1, D2], writing

1 1 -
Faﬁyu(z)::F< +a;ﬂ+u’ +a;ﬂ “;1+a;z>. (1)

It is obvious from the definition that we have the following identity

Fop,u(2) = Fap,—u(2). (C2)

The following 6 functions form a set of standard solutions of the hypergeometric equation. Each of the
solutions can be expressed in 4 ways (actually, 4 x 2 ways if we include the trivial identity (C.2)). This
yields 6 x 4 = 24 expressions usually called Kummer’s table:

—l—a—B+p z
Fopu(2) = (=275 "Fau ("7
=(1-2) " T Fapus(—) (C.3)
z—1
= (1= 2)"Fa, 5 u(2).
a P —14+a—B—pn zZ
(~2) Fapu(z) = (=2)°(1 = 2) T P p()

(—2)" (1 —2) " T P () (C4)

z—1
(—=2)*(1 = 2) P F 0, .u(2)-

_ —l-a—ftp 1
Popoale ™) = (L= 7 F 0 ()

—l—a—B+p
2

—lta—B—p

=(=2)""(1=2)" 7 " F oy ap

1 ) (C.5)

1—=z2
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—l—a—B—p

(—2) Fupalz) =127 7 "Fu 0 g (1 . )
—(—2) (=2 Fuap <1 . Z) (G.6)
= (-2 T (1= 2) P F 0 (57Y).
Foau(l—2) = (-2 "5 By a(1-7)
= ()T F el - ) (€7
= (~2)Fp 0 (1~ 2).
(1= 2) PP pall = 2) = (~2) T By a1 1)
— (=) Fa(1- 3) (©8)

= (=2)""Fp,—a,—u(l - 2).

C.2 Connection formulas

Here are connection formulas. For z ¢] — oo, 0] U [1, 00]:

Fgau(l—2)

= ™ Fap5u(2) N T2 F g u(2) o)
sin(—ma)T (1’a;5*#> T (1*0442#”#) sin(ma)T (1+aJ2rﬁ+;L) r (1+a42»5—,u>

(1- Z)_ﬂF*B,aﬁu(l —z)

- T Fopu(2) n T2 F_oop—u(2) ©10)
sin(—ma)l (lia;ﬁiu) r (170267#) sin(mra)T (1+°‘;ﬂ*“) T (Hagﬁﬂt)

Fopu(z)

_ " Pl —2) L 09T (2 o
o (s (7)o ()

2 "F_apu(2)

- s Tl Ponanll oo (C.12)

)
sin(—7B)I' (1_a;ﬂ_“) r (1_a56+”> B sin(w3)T (1_a'55_ﬂ> r (1—a-5ﬂ+u> '

For z ¢ [0, o0[:
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—l-—a—B—p

()R 0 (7))
_ 7 Fo 5 u(2) + 7 (—2)"F_qp,u(2) ; (13)
sin(—ma)l (A 1 (B2 ) - inrap (Hepte ) ¢ (L)
—l-a—piu
(~) T 0 (7Y)
F —2z)" F_
= T Fopsl2) + (72" Foapul) . (C.14)
sin(—7a)l (1 a2ﬁ ”) r (170‘;67“) sin(ra)T’ (1+a;ﬁ*l‘) r (H'lgﬁ*u)
Fagu(?)
Zloa—fop — Zloo—Bdp _
— m(=z) "7  Fupalz”h + m(—2)" 2 F_,pa(z7!) (C.15)
sin(—mu)T (1+“J2rf‘—ﬂ) T (1+a§5—u) sin(mp)T <1+a42rﬂ+u) r (1+a;5+u>
(=2)""Fapu(2)
—loa—fop — %
_ o mea) T g  w(=2) Foupalz) (C.16)
sin(—m )l (1‘“55‘“) r (1‘“55—“) sin ()T (1 a;ﬁw) r (1 a2,8+u)
C.3 Degenerate case
Let p € Z. Then we have the identity
(erfqul) (amfputy pet il o bl )
M o
:z—uF<Of—|—ﬂ2M+ ,04 52,U+ ;1—u;z>. (C.17)

C.4 Gegenbauer functions

In the remaining part of this section we review some of the relations for Gegenbauer function, following
mostly [DGR].

Recall that the Gegenbauer equation is defined by the operator G, x(w, dy,) defined in (2.5), and the
two Gegenbauer functions that we use were defined in (3.1) and (2.8). Let us rewrite their definitions
using the notation introduced in (C.1).

The following function satisfies the Gegenbauer equation and has value 1 at 1:

1—
Sa,i)\(w) - Fa,a,/\ (QU)) . (018)

It can be easily seen from (C.3) that the solution behaving as (“F1)~* at 1 is

1+w\ 1—w
S—a,ik(w) = <7> F—a,a,2)\ I — (019)
2 2
Solution behaving as w™ 3729 gt 400 is
1o 2
Zoz,k(w) = (’LU + 1)_é AFQ)\,a,a (:[:l:’ll)) (020)
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It is useful to introduce Olver’s normalization

Sa),\(w)
rl+a)’

Zop(w) = Zop(w) (C.21)

Sax(w) = T(1+\)

We can read their connection formula from the connection formulas of hypergeometric functions (C.13)
(C.9), for Im(w) < 0:

VT2 3 VT3 (w? — 1)
sin(—ma) T (—a+ A+ 3 sinmta T (a+ A+ 3)
CoSTTA 7 (1—w?)~@

Saa(-w) = ——=8a -
Al=w) sin(—ma) ’)‘(w)+sm7ral“(%+oz+)\)lj(%+af)\)

Za)\(w) =

) Sa,,\(w) + S,m,\(w), (0.22)

S_aa(w). (C.23)

Note that the first connection formula is valid when w ¢] — 0o, 1], and the second connection formula is
valid when w ¢] — 0o, —1] U [1, 0o[. Here we borrow a notation from [DGR] where

(w? = 1) = (w—1)%w + 1)*. (C.24)

The functions (w? — 1)® and (w? — 1)¢ coincide only if Re(w) > 0. In general the function (w? —1)¢ is

holomorphic on C\| — oo, 1] while (w? .— 1)® is holomorphic on C\ {[—1,1] UiR}.
C.5 Whipple transformation

Gegenbauer equation has an extra symmetry compared to hypergeoemetric symmetry called Whipple
transformation. On the level of its standard solutions it has the following form:

Za,/\(w) - (UJQ - 1):i7%7%8)\,a <u}1> 5 (025)
(w? —1)¢

San(w) = (w? — 171 8737, , <“’> . Re(w) > 0. (C.26)
(w? —1)2

(C.26) is obtain by inverting (C.25) and using the fact that w — —%— is an involution if and only if
(w2-1)¢
Re(w) > 0.

C.6 Half integer case

Gegenbauer functions with o = i% have simple expressions in terms of elementary functions. To see this
we change variables in Gegenbauer operators. For w €] — 1, 1], we substitute w = cos ¢:
Gy (w,0,) = 3+ 2% (C.27)

3 (85 + A?) sin ¢. (C.28)

1
sin

g%,)\ (w,0u) =

For w €]1, +o0[, we substitute w = cosh 6:

G_1x (w,8y) = =05 + A% (C.29)
G (w,8y) = ﬁ( — 95 + A\?) sinh 6. (C.30)
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(C.27)—(C.30) easily imply the first column of the following identities for Gegenbauer functions. (The
second column simply follows from the definitions of Gegenbauer functions).

1
cos A¢ =S_1 y(cos @) = F()\, —X; 5 sin? g), (C.31)
sin\¢p . 3 .50
e o 75%7)\((:0341))fF<1+)\,1f)\,§,sm 5), (C.32)
]. . 2 0
cosh A0 =5_, , (cosh ) = F(A, —X; 5;sinh 5), (C.33)
sinh \@ 3 . .50
s =S \(coshi6) = F<1 + A, 1= X 5;sinh 5), (C.34)
_ . 0\ —> 1 1
e~ =Z_1 x(cosh®) = (2 sinh? 5) F()\, A+ 5 142X —m), (C.35)
2
IAa—A0

A 1
— — 3 2 _ —_ . -
=Z1 »(coshf) = (251nh 2) F()\—l— 2,)\—1—1,1—1—2)\, (C.36)

sinh 60 sinh2 g)

The above formulas can be found e.g. in equations (4.25)—(4.28) of [DGR] (in a slightly different
form). They are straightforward generalizations of well-known formulas for Chebyshev polynomials. In
fact, for n € Ny the usual Chebyshev polynomials are special cases of Gegenbauer functions with o = :&:%:

To(w) =S5_1 ,(w), Un(w)=(n+1)S1 4 (w). (C.37)

D Closed realizations of 1d Schrodinger operators

D.1 Minimal and maximal realization

The theory of self-adjoint realizations of 1d Schrodinger operators with real potentials is well-known
and discussed in various sources [GeZin, GTV]. Somewhat less known is the theory of their closed
realizations, which allows for complex potentials—however it is also a classic subject covered in various
texts [DuSch, EE, DeGe]. We will treat [DeGe] as the basic source for this topic. It is concisely repeated
in Sect. 2 of [DL].

For the convenience of the reader let us summarize some points from [DeGe, DL].

We consider an interval ]a, b and an operator L acting on f € C2°]a, b given by (1.1), that is

Lf:=(-024+V(2))f (D.1)

A closed realization of L is a closed operator L, in the sense of L?]a, b] that restricted to C°]a, b| coincides
with L.

There always exists the maximal closed realization, denoted L™#* and the minimal closed realization,
denoted L™, LMaX yestricted to D(L™M) coincides with L™,

In many cases D(L™") = D(L™*), and then there exists a unique closed realization of L.

Sometimes D(L™2¥) is larger than D(L™™), and then there exist also closed realizations of L, denote
them L, , which satisfy

D(L™™) C D(L,) C D(L™™) (D.2)

and L, = L™ .
D(Ls)
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D.2 Resolvent

Let Lo be a realization of L with separated boundary conditions. Following [DL, DeGe| we will now
sketch how to find the spectrum of L, denoted o(L,), and how to compute the integral kernel of ﬁ
for z € C outside of o(L,).

First let us recall the definition of the Wronskian of two complex functions @1, ®5 on ]a, b[:

W(Pq, Do) (x) := 1 (x)Ph(z) — ) (2)Pa(z). (D.3)

It is easily checked that if both ®; and ®, are eigenfunctions of —92 + V(x) with the same eigenvalue,
then W(®1, ®2)(z) does not depend on z, so that we can write W(®y, ®3).

Consider a closed realization of L, denoted Lo. Let D(L,) C L?]a, b] denote the domain of L,. Suppose
z € C and let U,(z,-), Uy(z,-) be functions in AC!]a, b] solving the eigenvalue equation

( - 6% + V(LL‘) - Z)\Ija(z7x) =0, (D4)
(=821 V() 2)Wy(e) = 0, D5)

U,(z,-) is in D(Ls) near a and ¥y(z,-) is in D(L,) near b. Set
W(z) =W (¥y(z,-), Ualz,")). (D.6)

Define the integral kernel

1 v v if b
Re(z;2,y) = lHE)Tolzy) Ha<w<y<h, (D.7)

W(z) | U,.(2,9)Vp(z,2) ifa<y<ax<b.

Note that (D.7) does not depend on the choice of ¥,(z,-) and ¥p(z,-).
Suppose that (D.7) defines a bounded operator, which we denote Rq(z). Then
1
L, d = Re(2). D.

z¢o(Le) an T. > Re(2) (D.8)

Conversely, if z & o(L,), then the functions ¥,, ¥, with the above properties exist and the operator
R, (z) is bounded.

Above we described the path from L, to Re(z). In our constructions we will use the reverse direction,
from Re(z) to Le, which is described in the following theorem.

Theorem D.1. Suppose that = € C and let W,(z,-),¥y(2,-) be functions in ACa,b| solving the
eigenvalue equations (D.4), resp. (D.5), such that W,(z,-) is in L? near a and Wy(z,-) is in L* near
b. Define W(z) by (D.6) and Re(z;x,y) by (D.7). Suppose that (D.7) defines a bounded operator on
L?)a,b[, which we denote Re(z). Then there exists a unique operator closed Lo that satisfies (D.8).

E Associated Legendre functions vs. Gegenbauer functions

In the literature, many authors use a Legendre function instead of Gegenbauer functions. Here, we briefly
discuss the relations between these functions and Gegenbauer functions. For Legendre function we use
[NIST2] as our reference and [D1] as our reference for Gegenbauer function.

The Legendre differential operator is

2

1—22°

a ., __ 2\ 92
Ly = (1+27)0; =220, + p(p+1) —
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It is equivalent to the Gegenbauer operator, in fact
(1-— wz)jF%Eﬁ(l —whH)*2
=(1 —w?d? —2(a+Dwdy, + (pFa)(pta+1)= Gta iyl (E.2)

Certain distinguished funnctions annihilated by this operator are called associated Legendre functions.
There various choices for these functions, which we quote following [NIST?2]:
The associated Legendre function of the first kind is

z+1 2 1—2z
P~ = F 1 -1 .
“(Z) (z— 1) (M T & 2 )

_ ﬁs_w 1 (2) (E.3)

The Ferrers function of the first kind is

o 2+1\? 1—-2
7’”(2)=<1_Z) F<u+1,—u;1—a; 5 )

= %S—a,w%(z) (E.4)

And the associated Legendre function of the second kind is

o+ p a+p 13 9
F 1 S0
( p LTy taigtms

@ iwaﬂér(a—‘r/’('—i_l) (22_1)%
u(z) =e ou+1 ya+p+1

1 o
a2+ p+1) (22 —1)2
—e o Zois () (E.5)

Note that Legendre functions are represented with upper and lower indices. One should not confuse
them with other, quite analogous functions defined in the text, whose parameters are lower indices.

The Legendre functions are closely related to the functions P, P®, and Q" that we introduced in the
section on Gegenbauer Hamiltonians, which you can see on the right of the following comparison:

2 \2,
P2 (cosr) = (Sm) P s (1), (E.6)
2 \%
P} (coshr) = (sinh?“) PEQ’NJF%(T), (E.7)
1 .
Qji(coshr) = melmﬁr(a +p+ 1)Q}la,#+% (r). (E.8)
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