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Crum’s theorem in one-dimensional quantum mechanics asserts the existence of an asso-
ciated Hamiltonian system for any given Hamiltonian with the complete set of eigenvalues
and eigenfunctions. The associated system is iso-spectral to the original one except for the
lowest energy state, which is deleted. A modification due to Krein-Adler provides algebraic
construction of a new complete Hamiltonian system by deleting a finite number of energy
levels. Here we present a discrete version of the modification based on Crum’s theorem for
the ‘discrete’ quantum mechanics developed by two of the present authors.

Subject Index: 010, 012, 064
§1. Introduction

Crum’s seminal paper of 19551 has played an essential role in elucidating the
structure of one-dimensional quantum mechanical systems in general and exactly
solvable ones, in particular. Throughout this paper, we mean ‘exact solvability’
in the Schrédinger picture, namely a quantum system is exactly solved when the
complete set of eigenvalues and eigenfunctions are known. Many exactly solvable
quantum mechanical Hamiltonians were constructed and investigated by combining
shape invariance? and Crum’s theorem,":3) or the factorisation method® or the
method of the so-called supersymmetric quantum mechanics.? It is interesting to
note that most of these shape invariant systems are also solvable in the Heisenberg
picture.®) Exactly solvable quantum mechanical systems of one and many degrees
of freedom are not only important in their own right but also have fundamental
applications in various disciplines of physics/mathematics, e.g. the Fokker-Planck
equations” and their discretised version, birth and death processes,®) to name a few.

Shape invariance is a sufficient condition for exactly solvable quantum mechan-
ical systems. The number of shape invariant systems, however, was quite limited;
only about a dozen until the recent discovery?) 1) of the several types of infinitely
many shape invariant Hamiltonians!'?16) which led to the infinitely many excep-
tional Laguerre, Jacobi, Wilson and Askey-Wilson polynomials. Many methods were
proposed to derive exactly solvable but non-shape invariant quantum mechanical sys-
tems from known shape invariant ones.'”21) (We apologise to those whose work
we have missed.) Among them Krein-Adler’s modification'® of Crum’s theorem is
the most comprehensive way to generate infinitely many variants of exactly solvable
Hamiltonians and their eigenfunctions, starting from an exactly solvable one. The
derived system is iso-spectral with the original one except that a finite number of
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energy levels are deleted. If the original system has polynomial eigenfunctions, as
is usually the case, the derived systems have also polynomial eigenfunctions. By
construction, these polynomials constitute a complete set of orthogonal functions.
But they do not qualify to be called ezceptional orthogonal polynomials*?16) since
some members of certain degrees are missing due to the deletion.

The discrete quantum mechanics is a deformation of the ordinary quantum me-
chanics in the sense that the Schrédinger equation is a second order difference equa-
tion instead of differential. In the formulation of Odake and Sasaki,??)2%) the al-
gebraic and analytical structure of quantum mechanics as well as shape invariance
and exact solvability are retained in the discrete version. The eigenfunctions of the
exactly solvable one-dimensional discrete quantum mechanics are the Askey-scheme
of hypergeometric orthogonal polynomials and their g-versions,26)2% e.g. the con-
tinuous Hahn, the Wilson and the Askey-Wilson polynomials. These examples are
all shape invariant and they are also solvable in the Heisenberg picture.9:22) The
dynamical symmetry algebra of these systems are the Askey-Wilson algebras3?):31)
and degenerations, which contain the g-oscillator algebra.?) The discrete version of
Crum’s theorem was also established recently.?3)34)

In this paper we present the discrete quantum mechanics version of Adler’s mod-
ification'® of Crum’s theorem. It allows to generate an infinite variety of exactly
solvable discrete quantum Hamiltonian systems. The insight obtained from Crum’s
theorems and their modification, in the ordinary and the discrete quantum mechan-
ics, is essential for the recent derivation of the infinite numbers of shape invariant
systems and the new exceptional orthogonal polynomials.'?)13):15) We will discuss
the main results, the specialisation to the cases of polynomial eigenfunctions and
simplest example for various exactly solvable cases; first for the ordinary quantum
mechanics and then for the discrete versions. The reason is two-fold; firstly to intro-
duce appropriate notion and notation in the familiar cases of the ordinary quantum
mechanics. Secondly we choose to reveal the underlying logical processes which are
not easy to fathom in Adler’s paper'® or in Crum’s original article.) As seen in
the subsequent sections, the logical structures of the associated Hamiltonian systems
and their modification by deletion of energy levels are shared by the ordinary and
the discrete quantum mechanics.

This paper is organised as follows. In §2, Adler’s modification of Crum’s theorem
is recapitulated in appropriate notation for our purposes. The specialisation to the
cases of polynomial eigenfunctions is discussed in some detail. Section 3 provides the
discrete quantum mechanics version of the modification of Crum’s theorem. Again
the specialisation to the cases of polynomial eigenfunctions is mentioned. Appendix
gives the simplest examples of the modified Hamiltonian systems obtained by deleting
the lowest lying ¢ excited states for various exactly solvable Hamiltonians. Appendix
A provides three examples from the ordinary quantum mechanics, the harmonic
oscillator, the radial oscillator, the Darboux-Poschl-Teller potential. Appendix B
is for the four examples from the discrete quantum mechanics, the Hamiltonians
of the Meixner-Pollaczek, the continuous Hahn, the Wilson and the Askey-Wilson
polynomials,m)’%) which are known to reduce to the Hermite, the Laguerre and the
Jacobi polynomials in certain limits, respectively.
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§2. Ordinary quantum mechanics

2.1. Adler’s modification of Crum’s theorem

Let us start with a generic one-dimensional quantum mechanical (QM) system
having discrete semi-infinite energy levels only:

0=& <& <E <. (2'1)

Here we have chosen the constant part of the Hamiltonian so that the groundstate
energy is zero. Then the Hamiltonian is positive semi-definite and can be factorised,

x 2 x
H=p2+U<x>=P2+(_dV;:E ‘>)2+%§)’ p:‘i%’ 22)
def d  dW(z) A4 W(z) (2:3)

— gt =2
AlA, A dx de ’ dx dx

Here a real and smooth function W(z) € C* is called a prepotential and it
parametrises the groundstate wavefunction ¢o(z), which has no node and can be
chosen real and positive:
do(z) = V@), (2-4)
It is trivial to verify
Adpo(z) =0 = Heo(z) = 0. (25)

In one dimension all the energy levels are non-degenerate. By construction all the
eigenfunctions are square-integrable and orthogonal with each other and form a
complete basis of the Hilbert space:

Hon(x) = Endn(2), n e Ly, (2-6)

B
/ On () P (v)dr = hpdpm, 0<hy, <oo, n,m € Zy, (2:7)
1

where Z, is the set of non-negative integers {0,1,2,...}. It is well-known that
the n-th excited wavefunction ¢, (z) has n nodes in the interior. For simplicity we
choose all the eigenfunctions to be real. A few exactly solvable examples are given
in Appendix.

Let us choose a set of £ distinct non-negative integers D def {dy,da,...,d¢} CZy,
satisfying the condition

4
[[(m—-dj) =0, vmez,. (2-8)
j=1

This condition means that the set D consists of several clusters, each containing an
even number of contiguous integers

dk17dk1+17"' 7dk2 ) dk37dk3+17"' 7dk4; dk57dk5+17”' 7dk67 PR (29)
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where dy, +1 < dj,, dp, +1 < dp,, ---. If di; = 0 for the lowest lying cluster, it
could contain an even or odd number of contiguous integers. The set D specifies the
energy levels to be deleted. This simply reflects the fact that no singularity arises
when two neighbouring levels are deleted. In the ordinary QM, the zeros of the
two neighbouring eigenfunctions ¢; and ¢; 1 interlace with each other. This fact is
essential for the non-singularity of the potential after deletion. See Adler’s paper'®)
for a proof. The situation is essentially the same in the discrete QM. However,
in the dQM to be discussed in the subsequent section, due to the lack of general
theorem, the interlacing of the zeros of the two neighbouring eigenfunctions ¢; and
¢;+1 must be verified for each specific Hamiltonian. Deleting an arbitrary number
of contiguous energy levels starting from the groundstate (di, = 0) is achieved by
the original Crum’s theorem.")

Next we will construct Hamiltonian systems corresponding to the successive
deletions Hg, .. (and Ag, ., -’4:[114..7 etc.) step by step, algebraically. It should be
noted that some quantities in the intermediate steps could be singular. For given d;
the first Hamiltonian H can be expressed in two different ways:

H=AlA= Al A, + €1, Agda, =0, (2-10)
det d AW (2) todet d dWg (x) def
.Adl T dx dz ’ Adl  dx dx ’ Wdl ($) = log ¢d1 (x)v (2 11)
_(WV(@)\2 | dPW(z)  dWa, (2)\2 | W (2)
Ulw) = ( dx ) + de? ( dx ) + dx? + & (2:12)

Unless di = 0, Wy, (x) is singular due to the zeros of ¢4, (z). It is very important to
note that .AIZI in (2:11) is a ‘formal adjoint’ of Ag4,. We stick to this notation, since
the algebraic structure of various expressions appearing in the deletion processes,
from (2:10) to (2-34), are best described by using the ‘formal adjoint’. These define
a new Hamiltonian system

ef
Hay € Ag AL+ Egy = p* + Uy, (), (2:13)
def del (x) 2 d2Wd1 ($)
Uy, (z) % ( L ) U (2-14)
with the ‘eigenfunctions’
def
Hdld)dl n(x) = gn¢d1 n(x)v ¢d1 n(ﬂj‘) = Ad1¢n($), n e Z+\{d1} (215)

Note that the energy level d; is now deleted, ¢q4, 4,(x) = 0, from the set of ‘eigen-
functions’ {¢g, n(z)} of the new Hamiltonian Hy;, .

Suppose we have determined Hgy, . 4. and @g, . 4.n(z) with s deletions. They
have the following properties:

def def
My ods = Ady oAl g+ €00 S 92+ Usy a(2), (216)
def
W, ...d,(x) = log ¢, ...q,(T), (2-17)
def A dWy, .. a,(x) t def d AWy, .. q,(2)
Adyds = dx dx o Ana, = dz dx ’ (218)
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2
Uay .., () < (deld;Cds (x))Q . Wdc}g'cédS(x) + &4, (2-19)
by (@) = Ay 4,00y, n(®) (0 € Ze\{dy,...,ds}), (2:20)
Hay ..dyPdy ...don(T) = Enday ..a,n(x) (0 € Zi\{d1, ... ds}). (2:21)
We have also
Al a
Pdy ...dy_1n(T) = ﬁ(ﬁdl wden() (0 €Zi\{d, ... ds}). (2:22)

S

Next we will define a new Hamiltonian system with one more deletion of the level
dsy+1. We can show

Hdl ds = ALI _“ds Adl ...ds ds+1 + 5ds+1, Adl ds ds+1 del ...ds d5+1 = 07 (223)

ds1

A def A AWVa..didos(B) 4 def d AW .didy (7)
dy...dsds+1 — @ - dz ’ di..dsdsi1 — _% - dx s
(2-24)
def
Wdl cedsdsy1 (l’) = log ¢d1 wdsdsy (.%'), (2'25)
AW, .. didepy @)\ PWay d,dy (7)
Udy ...a.(7) = ( I ) + e + Edyyr- (2-26)
These determine a new Hamiltonian system with s + 1 deletions:
def def
Hay ...doyr = Ady ...ds+1Ale deyy TEd = P+ Uy doir (2), (2-27)
def (Wi, doy (N2 PWay gy (@)
Ud, ...dosr () = ( 1d$ + ) - 1dm2 s s (2-28)
def
Bdy ...dsrin(T) = Ady o de1 Py don(T) (0 € Zy\{dy, ..., dsi1}), (2-29)

Hay ..desr Py ... dosrn(T) = Enday . dyin(x) (0 € Zi\{dy,. .. dss1}). (2-30)

After deleting all the D = {dy, - -, dy} energy levels, the resulting Hamiltonian
system Hp = Hq, ...4,, Ap = A4, ... 4,, etc has the following form:
Hp © Ap AL + €4, © p? + Up(2), (2-31)
def (AWp(z)\2  d*Wp(x) def
Up(@)® (F5=) — 5 +Ean Wole) Elogdy,a, (@), (2:32)
def
¢pn(r) = ADPdy . dy_1n(x) (n € Z1\D), (2-33)
Hpdpn(x) =Endpn(z) (n € Zi\D). (2-34)

Now that Hp has the lowest energy level u:
1 min{n |n € Z,\D}, (2-35)

with the groundstate wavefunction ¢, ()

def

Ou(2) = 0D u(®) = by o dy u(). (2-36)
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As usual the Hamiltonian system can be expressed simply in terms of the groundstate
wavefunction ¢, (x), which we will denote by new symbols H, A, etc:

H=Hp & ATA+E, € p?+U(w), (2:37)

T g de d V(@) e A dWV(x) .

A:AD”_dx dr AN =Ap, = dx dr '’ (2:38)

= _ def dW(x) 2 d2V_V(x) _ _ def -

U() = Upula) ¥ (S22 ) + =5 + & Wla) = Wou(a)  log ¢, (),
(2-39)

ﬂén(x) = 5n(5n(x)v (En(x) = ¢pn(2) (n € Z4\D). (2-40)

As shown by Krein-Adler,'®) the results can be expressed succinctly:
an(-f) _ W[¢d17¢d25"'>¢d57¢n](x) (n € Z+\D), (241)

W[‘bdu(bdzv s ,¢d4]<$)

2
U(z) = Us,....,(x) = Ulz) — 2% (108 W (¢, 645, 00 )(@)) (€2 0), (2:42)

in which the Wronskian determinant is defined by

def (dj_lfk(fﬁ) (2:43)

W f1, ..., fal(x) = det dzi—1 >1§j,k§n'

For n = 0, we set W[-](z) = 1. In deriving the determinant formulas (2-41) and
(2-42) use is made of the properties of the Wronskian

Wlgfi,gfes- -, 9fal(x) = g(x)"WIf1, fo, ..., ful(2), (2:44)

W[W[f17f2>'"7fnvg]aw[flaf27" 7fnah]](x)

:W[f17f277fn](x)w[flaf27afnvg?h’](x) (7120) (245)
Let us note that Uy, .. 4,(x) and ¢q, . 4,»(2) are symmetric with respect to d, ..., dy,

and thus H = Hyg, .4, is independent of the order of {d,}.

Let us state Adler’s theorem again; If the set of deleted energy levels dy, ..., dy
satisfy the condition (2-8), the Hamiltonian H = Ha, a4, = p* + U(z) with (2-42) is
well-defined and hermitian, and its complete set of eigenfunctions (2-40) are given by
(2-41). Crum'’s theorem corresponds to the choice {di,...,d;} = {0,1,...,0— 1},
and the resulting lowest energy level is u = ¢ and there is no deleted energy levels
above the new groundstate.

2.2.  Polynomial eigenfunctions

In this subsection we consider the typical case of shape invariant systems in
which the eigenfunctions consist of the orthogonal polynomials { P, }:

() = do(x) Pa(n(@)), dolx) = V), (2-46)

in which n(x) is called the sinusoidal coordinate. As shown in detail in the examples
in Appendix A, n(z) = z for the harmonic oscillator (the Hermite polynomials),
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n(z) = 2% for the radial oscillator (the Laguerre polynomials) and 7(z) = cos2x

for the Darboux-Poschl-Teller potential (the Jacobi polynomials). The groundstate
wavefunction ¢g(z) provides the orthogonality weight function

/ mqbo(a:)Q Po(n(x)) P (n(x))dz = hpdpm, n, m € Z,. (2-47)

~In this case, the modification of Crum’s theorem produces the eigenfunctions
{¢n(z)} which again consist of polynomials in n(z). By using (2-44) and

5@ < fm@), Wi v Fal(@) = (S OOWE fo L f(n(2)),

(2-48)
we obtain a simple expression of the eigenfunctions
- gWPd,Pd,...,Pd,P nmx
3alw) = do(a) (e 2 s D, Lol O1(2) (249)

W[Pdn Paysoovs sz](ﬁ(ﬂﬁ))
This simply means that the resulting eigenfunctions are again polynomials in n(x):

n(2) = () Pa(n(@)), (2-50)

P(z) do () (42)° Poln) & WIE, . Py Py P, (250
WPy, Py, ..., PyJ(n(x))” " o Payy .o, Pay, Po)(0),

satisfying the orthogonality relation

/I2 D(2)2 P (0(2) P (n(x))dx = hppm, n, m € Z,\D. (2-52)

Let us emphasise that n is not the degree in n and by construction, ¢ members are
missing: Py, = Pg, = -+ = Pg, = 0. Therefore these polynomials cannot be called
exceptional orthogonal polynomials.®)»12):15)

§3. ‘Discrete’ quantum mechanics

Let us begin with a few general remarks on the one-dimensional discrete QM with
pure imaginary shifts. See 25) for the general introduction to the discrete quantum
mechanics with pure imaginary shifts and 34) for Crum’s theorem in the discrete
QM. In the discrete QM, the dynamical variables are, as in the ordinary QM, the
coordinate x, which takes value in an infinite or a semi-infinite or a finite range of the
real axis and the canonical momentum p, which is realised as a differential operator
p = —i0,. Since the momentum operator appears in exponentiated forms e,
v € R, in a Hamiltonian, it causes finite pure imaginary shifts in the wavefunction
et Py)(z) = 4(x F iy). This requires the wavefunction as well as other functions
appearing in the Hamiltonian to be analytic in x within a certain complex domain
including the physical region of the coordinate. Let us introduce the *-operation on

an analytic function, * : f — f*. If f(z) = > ana”, a, € C, then f*(x) e doaka™,
n n
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in which a}, is the complex conjugation of a,,. Obviously f**(z) = f(x) and f(x)* =
f*(z*). If a function satisfies f* = f, we call it a ‘real’ function, for it takes real
values on the real line.

The starting point is again a generic one dimensional discrete quantum mechani-
cal Hamiltonian with discrete semi-infinite energy levels only (2-1). Again we assume
that the groundstate energy is chosen to be zero & = 0, so that the Hamiltonian is
positive semi-definite. The generic factorised Hamiltonian reads?2)2%)

H =AU = /V(z) V(@) +/V*(z) e P/ V(a) = V(z) - V*(2), (31)
A d:efi(e%p\/v*(x) — e 3P /V(x) ) At L —i(v/V(z) e2? — \/V*(x) e_%p). (3-2)
Since the s-operation for Af, A'f and Hf satisfies
(Af)"(x) = Af*(z),  (AT)*(2) = AT (2),  (Hf)*(z) = Hf(2), (3-3)
they map a ‘real’ function to a ‘real’ function
FF=f = (AN =Af (Af) =AY, (Hf)"=Hf. (3-4)

By specifying the function V(x), various explicit examples are obtained.6)-22):25) A
few exactly solvable examples are given in Appendix. The corresponding Schrédinger
equation Hi(x) = EY(x) is a difference equation

V@)WV —iy) p( —iv) + V@)V (e + i7) $(a + iv)
— (V(2) + V*(2))p(x) = E¢(a), (3:5)

instead of differential in the ordinary QM. Although this equation looks rather com-
plicated, the equation for the polynomial eigenfunctions (3:47) has a familiar form
of difference equations. Again the groundstate wavefunction ¢g(z) is determined as
a zero mode of A, A¢o(xz) =0 (= Heo(xz) = 0), namely,

Vi — i1)po(x — i) — \/V(z +i3)do(z + i) = 0. (3-6)

This dictates how the ‘phase’ of the potential function V is related to that of the
groundstate wavefunction ¢g. Here we also assume that the groundstate wavefunc-
tion ¢o(x) has no node and chosen to be real and positive for real z.

Due to the lack of generic theorems in the theory of difference equations, let us
assume that all the energy levels are non-degenerate and that all the eigenfunctions
are square-integrable and orthogonal with each other and form a complete basis of
the Hilbert space:

/12¢n(x)*¢m($)dx = hnénmv 0< hn <00, n,MmE Z+. (38)

In most explicit examples these statements can be verified straightforwardly. For
simplicity we choose all the eigenfunctions to be real on the real axis ¢}, = ¢,,, which
is made possible by (3-4).
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3.1. Modification of Crum’s theorem

The formulation of the modified Crum’s theorem in the discrete quantum me-
chanics goes almost parallel to that in the ordinary quantum mechanics. Again the
presentation is purely algebraic. Let us note that various quantities in intermediate
steps might have singularities and Hamiltonians might not be hermitian. We choose
a set of distinct non-negative integers D def {di,da,...,ds} C Z4, satisfying the
condition (2-8) as before. First let us note that the Hamiltonian H can be rewritten
by incorporating the level d; as:

=AY Ag, +Eay, Ag ¢a, =0, (39)
(B @ - V@ ), Al i (Va) e — V@ e B,
(3-10)

def Ga, (x — i)
V. V()V*(x — iy) ——————. 311
d1 \/ 7) éf)dl(ﬂf) ( )

These define a new Hamiltonian system
Ha, < Ag Al + &y, (3-12)

ef

Hay by n(2) = Enty (@), bayn(@) S Ag on(x), neZ\{dr}.  (313)

Note that the energy level d; is now deleted, ¢g4, 4,(x) = 0, from the set of ‘eigen-
functions’ {¢q, n(z)} of the new Hamiltonian Hg, .

Suppose we have determined Hgy, . 4. and @q, . 4.n(z) with s deletions. They
have the following properties

Ha, ... d. d—ef.Adl d‘Adl ds + &, (3-14)

Ag 0, L3\ Vi @) - B Ve @),
A:ril...ds = —i(me%p - me_%p), (3-15)

I R e ] fusl0) (52,
Va, ..a,(T) = Lo s
Lo da . Gay (T — 1) _
VV(2)V*(x — i) ~oa @) (s=1),
(3-16)
bay . aon(®) E Ady _a.0a, o1 n(@)s Gdyd,n(®) = iy 4 n(@), (3:17)
dyds@dy .. dsn(T) = Enda, ... dyn(T), (3-18)
where n € Z\{dy,...,ds}. We have also
Al 4
bd; ...ds_1n(x) = 5175%1 wdsn(z) (€ Zi\{dy,...,ds}). (3:19)

n_gd

E]
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Next we will define a new Hamiltonian system with one more deletion of the level
ds+1. We can show the following;:

Ha, ..d, = «421 dydysrAdy o dydoy T €Ay Adydodes P e ey (T) = 0, (3:20)

def ./ 2 _x
P * p V
Adl...ds dep1 = Z<€2 [/d1~--dsds+l (1') e 2 dl...dsds+1($)>a

def . 2 N _a
Ay vt = —z(\/vdl...dstH(x)ezp— Vs odudon @) €737, (3:21)

) def : T Pdy - dydyys (T — 1Y)
V. % — i)V r—id) et 3-22
b e dridisr (7 \/ 4 2)Vi,...a.( ) Py ... ds dasr (T) (3:22)
These determine a new Hamiltonian system with s 4+ 1 deletions:
def t
Hdl wedsp1 — Ad ds+lAd1 oodsy1 + gds+1’ (3'23)
def
¢d1 cdsy1 n( ) Ad1 dst1 ¢d1 .dsn ($)7 ¢d1 dsy1 n( ) ¢d1 dst1 n(x) (3'24)
Hd 5+1¢d1 dst1 n( ) = n¢d1 dsy1 n(x) (3'25)
where n € Zy\{d1,...,dst1}-
After deleting all the D = {dy, --- , dy} energy levels, the resulting Hamiltonian
system Hp = Hq, ...4,, Ap = A4, ... 4,, etc. has the following form:
Hp < Ap AL + &, (3-26)
Ap Ei(e3r JVp(@) - e 73 Vo(@) ), Ab T —i(VVp(@) ed? - [Vp(z) e i),
(3-27)
z) <\ /v G-V o @i 2= D) (3-28)
- dy...dp_1 2/7dy...dy_q 2 QSD(:E) )
def *
¢pn(r) = Apday ...dp_yn(2),  ¢Dn(T) = dp,(7), (n € ZL\D), (3-29)
Hp¢pn(zr) = Endpn(z) (n € Zi\D). (3-30)
Now that Hp has the lowest energy level u:
1 min{n |n € Z,\D}, (3-31)
with the groundstate wavefunction ¢, ()
- def
Pu(z) = dppu(z) = day - dy p(@). (3-32)

Then the Hamiltonian system can be expressed simply in terms of the groundstate
wavefunction ¢, (z), which we will denote by new symbols H, A, etc.:

H=Hp L AA+E,  Apu(z) =0, (3-33)

A=Ap, d—Efz(e2p\/V*(x) — e_%p,/V(x)>,
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Al = ATDM & fi(\/‘_/(x) e2? — \/V*(x) e_%p) (3-34)
e * ol ¢ (li *27)

V(z) = Vp (o df\/v (¢ — i)V (33712)%, (3-35)

Hou(x) = Endn(@),  on(z) = ¢pa(2) (n € Z+\D). (3-36)

The discrete counterpart of the determinant formulas (2-41)—(2-42) requires a
deformation of the Wronskian, the Casorati determinant, which has a good limiting

property:

Wolf1s s ful () 370D et (fk(x n z‘%y)) b (3-37)
tim 3O OW, [y for o fil(@) = WAL o @), (3:38)

(for n =0, we set W, [](z) = 1.). It satisfies

Wv[f17-~-7fn]*(90)ZWw[fik?---,f;](x)a (3-39)

Walgf1,0fon - gfal = ng+z"“ ) Wolfi, fon o fa)(@), (3:40)
7=1

W’Y[W’Y[flaf%"'afnag]vw’y[flvf%'"7fn7h]](x)

:W'y[fhf%7fn](x)w’y[fl7f2,7fn7gah](x) (TLZO) (341)

By using the Casorati determinant we obtain (¢ > 0)

(gn(‘r)fﬁbch den \IHle d $+Z +1 j/Y) \X:[Q[:;dl?;;idﬁfd(jl)y
19 7] 2

(3-42)
V(z) = Vg, dpp(T) = \/V(w — i%’y)V*( 1“2_2’)/)
W’Y [¢d17"'7¢d2]($+i§) 7[¢d17"'7¢dz7¢#]($_i7). <343)
W’Y [¢d17...,¢d£]($—i%) W’y [(bdlv"'a(bdg?(bu](x)
We also have (¢ > 0)
Hle d x—l—ze—H ]'y)
[gbd ,"'7¢d ](Iizl)
Va:+z£ UV (z — iS5 ! £ 22, 3-44
JH S R [ R TR
Therefore Vg, . 4,(z) and ¢q, . 4,n(z) are symmetric with respect to di, ..., dy, and

Ha, ...q4, is independent of the order of {d;}.
Let us state the discrete QM analogue of Adler’s theorem; If the set of deleted
energy levels D = {dy,...,ds} satisfy the condition (2-8), the modified Hamiltonian



12 L. Garcia-Gutiérrez, S. Odake and R. Sasaki

is given by H = Hgq, .4, = ATA+ &, with the potential function given by (3-43) and
its eigenfunctions are given by (3-42). The discrete QM version of Crum’s theorem??%
corresponds to the choice {dy,...,d;} ={0,1,...,¢—1} and the new groundstate is
at the level u = £ and there is no vacant energy level above that. Due to the lack of
generic theorems in the theory of difference equations, the hermiticity of the resulting
Hamiltonian H and the non-singularity of the eigenfunctions ¢, (x) cannot be proved
categorically for the discrete QM, even when the condition (2-8) is satisfied by the
deleted levels. See Appendix A of 25) for a detailed discussion of the self-adjointness
of the Hamiltonians in discrete QM. It should be stressed that in most practical
cases, in particular, in the cases of polynomial eigenfunctions, the hermiticity of the
Hamiltonian 7 and non-singularity of the eigenfunctions {¢,(x)} are satisfied.

3.2. Polynomial eigenfunctions

In this subsection we consider the typical case of shape invariant systems in
which the eigenfunctions consist of the orthogonal polynomials { P, }:

Pn(x) = ¢o(x) Pu(n(x)), Ago(x) =0, (3-45)

in which n(x) is called the sinusoidal coordinate [see (B-9)]. The groundstate wave-
function ¢o(x) provides the orthogonality weight function

/ " b0 (2)2 P (0()) P (0(2))d = hBms 10, 11 € 7. (3-46)

The difference equation for {P,} looks much simpler than the Schrédinger equation
(3-5):

V(@) (Pu(n(z = iv)) = Pa(n(2))) + V*(2) (Pa(n(@ + 7)) = Pa(n(x))) = 5nPn(7g:(3$4);~)

For the explicit forms of V(z) [see for example (B-10)], these are the equations that
determine the hypergeometric orthogonal polynomials, e.g. the Meixner-Pollaczek
(MP), the continuous Hahn (cH), the Wilson (W) and the Askey-Wilson (AW) poly-
nomials. In fact, the above form of the difference equation (3-47) is independent of
the fact that P, is a polynomial or not. It is obtained simply by the similarity
transformation of the Hamiltonian (3-1) in terms of the groundstate wavefunction

oo(x):
HE go(x) Lo Hogo(z) = Vi(a) P + V*(x)e P — V(z) - V¥(z).  (348)
In the case of polynomial eigenfunctions, the modification of Crum’s theorem

produces the eigenfunctions {¢,(z)} which again consist of polynomials in n(x). By
using the property (3-40) we have

W, (o1, ..., ¢l (z H¢o (@ +i%52y) - W, [Py, P (), (3-49)
7=1
/41 5 L
Wolo1, ..o b0, 0nl (@) = [ [ do(z +i%520q) - W, [Py, ... Py Po](z),  (3:50)

j=1
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where P, () o P,(n(z)). Corresponding to the formula (2-48) in the ordinary QM,
we have

b def . .

fi(x) = fij(n(z)), fj(n): polynomial in 7,

Wv[fl, fo, ..., fn](x) = pp(x) X (polynomial in n(w)), (3-51)

in which ¢, () is defined in (B-39) (and ¢(z) is defined in (B-20)).
These simply mean that the resulting eigenfunctions {¢,(z)} (3-42) are again
polynomials in n(z):

) Pl (352)
Jﬁl“’l o itefln) B Sor(z?;g;))
J:H:”m Ve G

x kr_[om ik V(e — i) g;;ﬁﬂ;) , (353)

in which P, (n(x)) and Q(n(x)) are certain polynomials in 7(x) defined by

Wo[Pays s Payy Pl = @i (2) X Pa(n(2)), Wo[Pay, ..., Pa,) = pe(a) x Q((x)).

(3-54)
The polynomials {P,} form a complete basis of the Hilbert space and satisfy the
orthogonality relations

/ ()2 P (1)) P (1)) = Frnbm, 1, m € Z\D. (355)

Let us emphasise that n is the level of the original eigenfunction and not the degree in
1. The degree of P, (n) depends on the set D, and it can be calculated explicitly from
(3-54). By construction £ members are missing: Py, = Py, = --- = Py, = 0. There-
fore these polynomials cannot be called exzceptional orthogonal polynomials.)>12):15)

§4. Summary and comments

Theory of exactly solvable discrete QM is less developed than that of the ordinary
QM. Up to date, the known exactly solvable discrete quantum systems are all shape
invariant?¥-2%) and in one to one correspondence with the known (q)-hypergeometric
orthogonal polynomials.29)~29) Small progress was made in this direction®") by in-
troducing several new sinusoidal coordinates for the construction of new types of
exactly solvable Hamiltonians. Roughly speaking, this approach attempts to create
the discrete analogues of various Morse type potentials and the soliton potentials. In
this paper we pursue another direction; to construct infinitely many exactly solvable
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quantum systems by deforming the known exactly solvable one. In the ordinary
QM, the modification of Crum’s theorem® due to Krein-Adler!®) allows to produce
an essentially iso-spectral Hamiltonian by deleting a finite number of energy levels
from the original system. The set of deleted levels must satisfy certain condition
(2-8), but there are infinitely many possible deletions leading to infinitely many ex-
actly solvable systems starting from a known one. The discrete analogue of Adler’s
modification is presented in this paper in parallel with the original version, since the
algebraic structure is common. We also comment on the practical cases when the
eigenfunctions consist of orthogonal polynomials. The eigenfunctions of the result-
ing system also consist of orthogonal polynomials. But certain members of these
polynomials are missing due to the deletion.

Very special and simple examples, in which all the excited states from the first to
the ¢-th are deleted (see Fig. 2), are presented explicitly in Appendix. As will be com-
mented shortly, these examples were instrumental for the discovery of the infinitely
many shape invariant systems and the corresponding infinitely many exceptional
orthogonal polynomials.'?-13) In the ordinary QM, the corresponding prepotential
has a very simple form (A-18):

1
we(x; A) = W(x; A+ £8) + log ———————,
Ee(n(z); A)
to be compared with the prepotential for the Hamiltonian of the ¢-th exceptional
orthogonal polynomial (14) and (28) of 12):

Eo(n(z); A+ 6)
Ee(n(x); A)

In the discrete QM, the corresponding formula is (B-35)

oSz +i3); A)
Se(n(z —i%); A)

to be compared with the corresponding formula for the Hamiltonian of the ¢-th
exceptional orthogonal polynomial (30) of 13):

So(n(x —iv); X+ 8) &e(n(x 413 ); A)
Eon(@); A +0)  &(n(z —id) )

The addition (multiplication) of the deforming polynomial with the shifted parame-
ters &(n(z); A+0) would achieve the shape invariance. Since the harmonic oscillator
has no shiftable parameter, we have £(n(z); A) = &(n(z); A+9). This also ‘explains’
non-existence of exceptional Hermite polynomials. In contrast to the Hermite poly-
nomial, the continuous Hahn polynomial has four real parameters. We can construct
the corresponding exceptional continuous Hahn polynomials with three real parame-
ters, which will be reported elsewhere.

The actual function forms of the deforming polynomial &, in Appendix are not
the same as those for the exceptional orthogonal polynomials. For the ordinary QM

wy(z; X) = W(x; A+ £0) + log (4-1)

Vi(z;A) = K

V(z; A+ £9),

Vi(x; A) =

V(s A+ 05). (4-2)
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examples, see (A-23) vs (13) and (27) in 12) and for the discrete QM examples, see
(B-41) vs (64) and (78) in 13). But they share some interesting features.

Before closing this section, let us remark that the present modification of Crum’s
theorem is applicable to the Hamiltonian systems of various species of the infinite
family of exceptional orthogonal polynomials,'2)13):15) ag well as to those of the
classical orthogonal polynomials including the Wilson and the Askey-Wilson poly-
nomials.
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Appendix

In Appendix we present very special and simple examples of an application of Adler’s
theorem, in which the eigenstates ¢1, ¢o,..., ¢, are deleted. In other words, D =
{di,da,...,d¢}={1,2,...,¢}, that is, the modified groundstate level is the same as
that of the original theory u = 0. The situation is illustrated in Fig. 2, which should
be compared with Fig. 1, depicting the generic case discussed in §§2.1 and 3.1.

The black circles denote the energy levels, whereas the white circles denote
deleted energy levels. We write H = Hia. ¢, ¢n = G12..0m, A = An._ o, V =
Via.. ¢ etc. as Hy, ¢rn, Ae, Vi etc. This Hamiltonian H, = AE.A[ is non-singular
for even ¢ but may be singular for odd ¢. Since algebraic formulas such as the

At Al
de
d
° AT A Ay
A —
—_—
l
dy A 0—1
ds
da
dy 2
1
0 0 0 0
original modified original modified
system system system system

Fig. 1. Generic case. Fig. 2. Special case.
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Wronskians and Casoratians are valid for even and odd ¢, we present various formulas
without restricting to the even ¢. The original systems are shape invariant but
the (¢1,...,¢¢)-deleted systems Hy are not. The rightmost vertical line in Fig.2
corresponds to the Hamiltonian system H), = .Ag.AZ, which is shape invariant and it
is obtained from H; by one more step of Crum’s method. This study helped us to
find the new shape invariant systems and exceptional orthogonal polynomials.!2)-13)

Appendix A
—— The Ordinary QM ——

Here we apply Adler’s theorem to the harmonic oscillator, the radial oscillator
and the Darboux-Pd&schl-Teller potential, whose eigenfunctions are described by the
classical orthogonal polynomials. That is, the Hermite, Laguerre and Jacobi poly-
nomials, to be abbreviated as H, L and J, respectively. These original systems are
shape invariant, meaning a very special form of parameter dependence, (A-8), (A-9).
Here we display the parameter dependence explicitly by A, which represents the set
of the parameters.

A.1. The original systems

Here we summarise various properties of the original Hamiltonian systems to be
compared with the specially modified systems to be presented in A.2. Let us start
with the Hamiltonians, Schrodinger equations and eigenfunctions (z; < x < x2):

HO)EANTAR), Ay 2L DVEN g L VA )
H(A)%(l’,)\) = gn(A)¢n($a)‘) (n = 071727"‘)7 (AQ)
Sn(w; X) = do(@; N Paln(@); X),  do(a; A) = V., (A-3)

Here n(x) is the sinusoidal coordinate, W(z; A) is the prepotential and &, () is the
n-th energy eigenvalue:

x, r1=—00, x9=00, :H none :H
U(x)dZEf 2, r1 =0, r9 =00, :L A2 g, g>0 L,
cos2zx, w1 =0, ry=7%, :J (g,h), g,h>0 :J
(A1)
_%1‘2 :H 2n :H
W(z; X) dof —12% 4+ glogx L, E(A) L L
glogsinz + hlogcosz :J dn(n+g+h) :J
(A-5)

The eigenfunction consists of an orthogonal polynomial P,(n;A), a polynomial of
degree n in 7, (P,(n; A) = 0 for n < 0):

def monic
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Hn(nl) :H n :H
PumA) L LY () L, e S L, @A
_1l, 1 n hn
P'rgg 27h 2)(77) :J % :J

in which (a),, is the Pochhammer symbol. Shape invariance means

none H
ANANT = AAX+ TAAN+ ) + &N, ¥ 1 L, (A-8)
(1,1) :J
or equivalently,
<dW(m; /\)>2 B EW(z; X)) (dW(x; A+9) )2 N d*W(z; A + 8)
dx dz? dx da?
The action of A(X) and A(X)T on the eigenfunction is:

AN $n (3 X) = fa(N) -1 (s A+ 68), AN o1 (25X +8) = bp—1(X)gn (a3 N).

+E&N). (A9)

(A-10)
Here the coefficients f,(A) and b,—_1(A) are the factors of &,(\):
2n - H
e e 1 :H
L Losam =L, @
—2(n+g+h) :J Y
En(X) = fa(M)bn-1(N).
The forward and backward shift operators, F(X) and B(A), are defined by:
d_ef X —1 . _ (l)o(x? A) i .
B & go(2;0) 7 0 AN 0 do(; A + 8)
_ Go(@A+d)d , : ,
= (dx + 0, (W A) + Wi A+ 5))), (A-13)
and their action on the polynomial is:
FA)Pu(n(z); A) = fr(A) Pao1(n(z); X + 6), (A-14)
B P 1(n(z); A+ 8) = bp_1(A) Pa(n(); N). (A-15)

Note that F(A) and B(\) can also be expressed in terms of 7 only.'®) The orthogo-
nality reads

x2
/ (@3 X)? Pu(n(2); X) P (1(2); N)dx = T (X)8rum, (A-16)
x1
2"nly/m :H
ha(A) Y wal(n+g+3) L (A17)
D(nt+g+)M(n+h+3) ]

2n1(2ntg+h) 1 (ntg+h)
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A2, The (¢1,...,¢r)-deleted systems

The prepotential of the modified system is obtained from (2-51) up to an additive
constant:

we(w; N) ' log dro(x) = Wias A+ £8) — log &(n(x); A). (A18)

It is a polynomial (§,(n(z); X)) deformation of the shape invariant one W(xz; A+ £9).
Note that the normalization of & does not affect the Hamiltonian. The explicit
forms of the deforming polynomial £,(n; A) will be given in (A-23). For even /¢, the
polynomial &(n(x); A) has no zero in the range of x and the modified Hamiltonian
system is hermitian, which reads:

AL BdE) g L dun) (A-19)
He(A) & AN AN, (A-20)
He(N)pon(2;X) = En(N)pen(xsA) (n=0,0+1,0+2,...). (A-21)

This system is not shape invariant. As mentioned in §4, the above form of the
deformed prepotential (A-18) is closely related to that of the exceptional Laguerre
and Jacobi polynomials.

A degree ¢ polynomial in 7, £(n; A) is defined by

WP, ..., P A) & H Klew(N) - &(n N, (A-22)

and the explicit forms are:

24@14 HZ(“?) ‘H
(—9—t-=3)
gmA) =< L 7 2(( ) 1 L (A-23)
—9)¢ —g—{—5,—h—{—3
(g(+h+)m L ’ )
The eigenfunctions are
ef wole: A+ 40
bro(r: ) v = CUIALD) (0 3) = 0w M) P (n(a)s ), (A24)
&( (2); A)
WIPL,..., P, P defHkvck D Prn(mN) (= Pro(nA) =1). (A-25)

Note that P, (n; A) is a polynomial of degree n in n and Py, (1n; A) = Pp(n; X) and
Ppp(m;A)=0for 1 <n < £ We set Ppp(mA) =0 for n < 0. For even ¢, the
eigenpolynomial Py, (n(x); A) (n > £+ 1) has n — £ zeros in the range of x. The
operators Ay (A) and Ag(A)T connect the modified system Hy(A) = Ag(A)T Ay (A) to
the shape invariant system H}(A) = Ay(X)A»(X)T with the parameters X + (£ +1)4,
which is denoted by the rightmost vertical line in Fig.2. The n-th level (n > ¢ + 1)
of the modified system Hy is iso-spectral with the n — ¢ — 1-th level of the new shape
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invariant system H):

AiN)Gen (@A) = fon(XN)dn—r—1(z; X + (£ +1)8), (A-26)
AN b1 (23X + (€ +1)8) = bpn—1(N) (i N). (A-27)
Here fy,,(A) and by ,—1(X) are defined by
def (—2)(n —¢) ‘H
fenN) (;ffn(A) x4, A=< 1 g L, (A28)
ben-1(A) = bp1(X) x A7, (=2)f(n+g+h+1), :J

and they factorise £, (), En(A) = frn(A)ben—1(A). The forward and backward shift
operators Fy(A) and B;(\), which act on the polynomial eigenfunctions, are defined
by:

FoA) E o (w; A+ (£ +1)8) " 0 Ae(A) 0 drola; N)

do(x; X+ £6) 1 d

" Golm A+ (L 1)) E(n(x) A da (4-29)

BoA) X ppo(z: X) " 0 Ad(A)F 0 do (23 A+ (€ +1)8)

 do(z; A+ (L4 1)6) .

e LN
(Lo e . 40N

(dx + 0, (W(@; A+ £8) + W(a; A+ (£ + 1)8)) ) )
(A-30)
Their action on the polynomials is (n > ¢+ 1):

Fe(N) Pon(n(@); ) = fen(N) Poe—1(n(2); X + (€ +1)9), (A-31)
B Pt (@) A+ (04 1)8) = b a N Pon(n()i N, (A32)

Note that F¢(X) and B¢(\) can be expressed in terms of 7.'®) For n > £41, the above
relation (A-32) provides a simple formula of the modified eigenpolynomial Py, (n; )
in terms of £(n; A) and the original eigenpolynomial P, (n; A):

bf,nfl(A)fan(A + 55)Pz,n(77§ >‘)
= Ent(AN+L8)Ee(n; A) Pr—g(0; A + £8) + 4ca (1) 0y&e(n; A) On P (15 X + £6),

(A-33)
in which the coefficient c2(n) is given by
1 -H
def 4 )
c2(n) =13 n L. (A-34)
1—n% :J

The orthogonality relation for even / is:

/ %@,o(ﬂf; X)? Py (n(2); X) Poyn (0(2); N)dar = i (N)Snm, (A-35)
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2¢ H
honA) (0= 0y ha(N) x {1 ‘L, (n=0,n>0+1).
4~ n+g+h+1), :J
(A-36)

A few historical remarks are in order. Dubov et al.!”) derived in 1992 an exactly

solvable Hamiltonian system of a deformed harmonic oscillator, which corresponds
to the £ = 2 case of this appendix. Their paper, written about two years before
Adler’s, relied on rather heuristic arguments. Recently Quesne'?) derived exactly
solvable and non-shape invariant systems of deformed radial oscillator and deformed
DPT potential, both are called type III. These results again correspond to the £ = 2
cases of the radial oscillator and the DPT potential of this appendix.

Appendix B
——— The Discrete QM ——

Here we apply Adler’s theorem to the shape invariant, therefore solvable, systems
whose eigenfunctions are described by the orthogonal polynomials; the Meixner-
Pollaczek (we set the parameter ¢ = 7), continuous Hahn, Wilson and Askey-Wilson
polynomials,?®) to be abbreviated as MP, cH, W and AW, respectively. See 22) and
25) for the discrete QM treatment of these polynomials.

B.1. The original systems

Here we summarise various properties of the original Hamiltonian systems to be
compared with the specially modified systems to be presented in B.2. Let us start
with the Hamiltonians, Schrodinger equations and eigenfunctions (z; < x < x2):

AN €2 /VH (s A) — e 2PV (53 N)),

AN i (VV (@ N) e3P — V(w5 N) e 37), (B-1)
HA) AN AN, (B-2)
HA) b (;A) = Ea(N)dn(z3A)  (n=0,1,2,...), (B-3)
(23 A) = ¢o(x; X) Pa(n(x); A). (B-4)

The set of parameters A\ are

MP: A¥e a>o, (B-5)
cH: A% (a1,a2), Rea; >0 (i=1,2), (B-6)
W: AL (a1,a2,a3,a4), Rea; >0 (i=1,...,4),

{a],a3,a3,a3} = {a1,a9,a3,a4} (as a set), (B-7)

AW : q>‘ def (a1,a2,as3,a4), la;| <1, (1=1,...,4), 0<qg<l,
{al 03,3, 3} = {ar,a2,a3, a1} (as a set), (B3)
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where g(*1:A2:) def (g™, ¢*2,...). The the sinusoidal coordinate 7(z) is,
ot z, 1 =—00, Tg=00, y=1 : MP, cH
n(z) = z2, x1 =0, To =00, Y=1 : W . (B-9)

cosz, x1 =0, ro=m, v=logqg :AW

The potential function V(z; X) and energy eigenvalue &, () are

a+ix : MP
aof | (a1 +iz)(az +ix) :cH
V@A) =\ @is(2iz+1) " T (0 + i) W (B-10)
. . —1 .
(1= €)1 — ge2) " T1 (1 - qgei®) : AW
2n : MP
def
aof | nn+0b1—1), by = a1 +az+aj+a; :cH
gn(A) = def . (Bll)
n(n+b —1), by =a1+as+a3+ays W
(qin — 1)(1 — b4q"*1), by d:ef a1a2a30a4 AW

The eigenfunction is described by the orthogonal polynomial P, (n; A), a polynomial
of degree n in n:

def

P,(n; ) = cn()\)PflnoniC(n; A), (B-12)
P (n: 5) : MP 2" $MP
* % 1
\y def ) pp(m;a1,ag2,a],as) :cH def =(n+b —1), :cH
Pn ’A - ) n A - " 9
(m:2) Wh(n; a1, a2,a3,as4) : W en() (=D)™(n+b; —1), : W
pn(m; a1, a2, as, as|q) : AW 2"(bag" 5 q)n : AW
(B-13)

in which (a;q)y, is the g-Pochhammer symbol. We set P,(n; A) = 0 for n < 0. The
shape invariance relations involve one more parameter x:

AN AN = kA 4+ 8)TAN+8) + E1(N), (B-14)
; - MP 1 :MP,cH,W
5 (%,%) :cH , /-idZEf{ -1 :AVV’C B (B-15)
(%, %, %, %) : W, AW
or equivalently,
Viz—iZ; V(@ — i) = &2 V(2 A+ )V (x — iy; A+ 5), (B-16)

V(e +i3;0) + Vi@ —i3;A) = c(V(e; A+ 8) + V(@ A+ 6)) — &1(A). (B17)

The groundstate wavefunction ¢g(z; A) is determined by

V(@ —id; X) go(x —i3;X) = /V(z +id;X) oz + 33 N), (B-18)
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and its explicit forms are:

VI (a+iz)l(a—iz) : MP
o def VI (a1 + i) (ag + iz) [ (a] —iz) [ (a} — i) :cH
Po(w; A) = \/(F(Qix)F(—2iz))_l H;l 1 I(aj +iz)I(aj —ix) : W
V(00627 0)e TTo (a0 )= (age 7 sq) 5 AW
(B-19)
We introduce an auxiliary function ¢(z) with the properties:
1 . MP, cH
olz) L 2 LW , (B-20)
2sinz  : AW
bo(@s A+ ) = (@) [V (@ + % N) dola + % N), (B21)
V(z; A+ 0) :/@-1%1/(;1:—1%;)\). (B-22)

The sinusoidal coordinate n(z) has the following properties:

n(z — @k’v) n(x + 1%7) = —ip(x) x { flnh XI\;’ cH,W 7 (B-23)
2n(z) : MP, cH
n(x — i 5 )+ n(x + it 2) =< 2n(z) — k* W ) (B-24)
2n(z) cosh %7 AW
n(z)? + Tk? : MP, cH
n(z — zkv)n(x + zkv) =< (n(z) 1l<:2 W . (B-25)

n(z)? + smh2 %7 AW

These mean that for a polynomial P(n) in n, ip(z) (P (n(z —2%7)) — P(??(J/‘Jrlk%)))
is another polynomial in n(x). The action of A(X) and A(X)T on the eigenfunctions
is
AN D (@5 0) = fuN)dn1 (@ A+ 8), AN g1 (25 X+ 8) = bu1(N)n(a; A).
(B-26)
The factors of the energy eigenvalue, f,,(A) and b,—1(A), En(A) = fr(A)bp—1(N), are
given by

2 : MP
a0 def ) m+0by—1 :cH ba1(A) def 711 \hz/\IfP,cH
n B —n(n+b —1) w0 Ol - _n
3 — (1 —big"l) : AW @ AW
(B-27)

The forward and backward shift operators F(A) and B(A) are defined by

def

FN) = do(; A +8)"" 0 AN) 0 do(a; A) = ip(x) ! (e2P — e 2P), (B-28)
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BA) ¥ go(; )7 0 AN 0 go(m; A+ 8) = —i (V(w; A)e2? — V* (a3 A)e™ 2P) (),
(B-29)
and their action on the polynomials is
FN)Pu(n(x); A) = fa(X) Pooi(n(z); X+ 5), (B-30)
B(X) Po—1(n(2); A+ 8) = bp—1(X) Pa(n(z); A). (B-31)
The orthogonality relation is
/ " 00(2: N2 Pa(1(2); A) Pon (0(2); Nl = b (NS (B-32)
2 I'(n + 2a) (n! 220) . MP

def | 2m H?,j:l I'(n+a;+aj)- (n!(2n+b1 — 1)'(n+ by — 1))_1 :cH

2! (n+b; — 1), H1§i<j§4 I'(n+a;+a;)- T'(2n+by)~? : W

27 (baq™ ™Y Dn (040" Q)0 (" O [hicicjea(@iajd™ @) - AW
(B-33)

B.2. The (¢1,...,¢p)-deleted systems

The potential function, the Hamiltonian and the Schrédinger equation of the
modified system are:

Vilas n) £ ;iﬁmﬂig—) ial Zgzg - ig) i) Vie—inA)  (B34)
= ! Zgzgfgiiwxxwa) (B-35)

AdN) Ei(e37/Vy (23 0) — e 3Vl X)),

AT i (Vi@ N) e3P — Vi (@3 A) e737), (B-36)

He(A) < AN AN, (B-37)

He(N)bpn (@A) = Ex(Nbpn(zsA) (n=0,0+1,0+2,...). (B-38)

The explicit forms of the deforming polynomial &(n; A) will be given in (B-41). For
even ¢, &(n(z); X) has no zero in the rectangular domain in the complex x plane,
z1 <Rex < 29, [Imz| < 1|y|. Note that the normalization of & does not affect H,.
This system is not shape invariant. The second line of the expression for Vj(z; A),
(B-35), is obtained from the first line (B-34) by repeated use of the formula (B-22)
of the auxiliary function ¢. As mentioned in §4, this form of the deformed potential
function (B-35) is closely related to that of the exceptional Wilson and Askey-Wilson
polynomials.
It is convenient to introduce an auxiliary function ¢, (z):

-2 —k

I (pla - iEy)p(e + iky) 7, (B-39)
k=1
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where [z] denotes the greatest integer not exceeding z. Note that [§]+2 Z [Tk] =
20(¢ — 1). The deforming polynomial &(n; A) is defined by

def

Wv[l‘:ﬁ, o P(z ) (pn($, A) = P,(n(x); )\))
= 1 k! : MP, cH, W
def kl;[l k() - pe(@)&e(n(z); A) % { ngi H;?:l il %ﬂ AW . (B-40)

As in the ordinary QM cases (A-23), it is expressed in terms of the polynomial Py of
the original system with shifted parameters:

Py(n; —X* — (£ —1)9) (en-t : MP, cH, W
5@(773 )‘) = iz(_)\* — (E — 1)5) X { (H?:l sinh %"\/)_1 AW . (B'41)

Note that P,(n; A*) = P,(n; A) and ¢, (AX*) = cp(A) for the MP, W and AW cases.
The eigenfunctions are

(= 1) k19D g (23 X + £5)
V&(@ —i3): Nen(e +i3); A)

dro(; A) & , ben(i A) = ool ) Prp(n(x); A),

(B-42)
def ‘
WalProes P Pal (@i 0) = [ L en) - oo () (=1) Pen(n(@): )
k=1
Hi:l k! : MP,cH, W
g inh = = Pro(m; A) =1). (B-43)
{ Hi:l H?Zl sinh % - AW ( )

For even ¢, Py, (n(z);A) (n > £+ 1) has n — £ zeros in the range of z. Note that
Py, (n; A) is a polynomial of degree n in n and Py, (17; X) = Pa(n; A) and Py, (n; A) =
0 for 1 <n < ¢ Weset Pyp,(n;A) = 0 for n < 0. The operators Ap(A) and Ay (AT
connect the modified system Hy(A) = Ay (A)TAx(A) to the shape invariant system
Hy(A) = Ap(X)A(A)T with the parameters A + (¢ + 1)§, which is denoted by the
rightmost vertical line in Fig.2. The n-th level (n > ¢+ 1) of the modified system
Hy is iso-spectral with the n — ¢ — 1-th level of the new shape invariant system H:

AE()‘)QSé,n(x; )‘) = ff,n()‘)qsn—é—l (333 A+ (E + 1)5)> (B'44)
AN bne1 (w A+ (L4 1)8) = brn—1(N)rn(a; A). (B-45)

Here, fy,(A) and by ,—1 () are the factors of the energy eigenvalue, £,(X) = fr,(A) X
ben—1(A), and are defined by

iy 2! - MP
on()\):ef()\)XA A (1—|—n) :cH
= . (B-46)
brn1(A) € b, 1 (A) x A1 (=D = Oe(br +n)e W
ot A a2 (" Q)e(bag™ @) AW
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The forward and backward shift operators F;(X) and By(A) which act on the poly-
nomial eigenfunctions, are defined by:

FoN) < o (23X + (04 1)8) " 0 A(A) 0 dro(a; A) =

B( )def

Ge0(x; X) 7" o Ag(AN)T o go (s A+ (£+1)8)
= (—1) n_ZW_g’)(—i)(V(:c; A+ £8)&(n(x +i3); N)e??
— V(@ A+ )& (1w — 13 Ve )plx),  (B4S)

and their action on the polynomials is

Fo N Pra(@):N) = frn(N) Pzt ((2): A+ (¢ + 1)8), (B-49)
BeN)Puciot (n(@): A+ (€4 1)8) = by s (N Pea(n@)i N, (B50)

For n > ¢+ 1, the above formula (B-50) provides a simple formula of the modi-
fied eigenpolynomial P, (n; A) in terms of &(n; A) and the original eigenpolynomial
Po(n; A):

(—1) kT Dy, 1 (A) Prs(m; )
= —i(V(@ A+ 0)&n(w +13); (@ — i3) Paer (n(e — i) A+ (£ 4 1)9)

V(@ A+ 8)6n(w — i3); Mol + i3) Pcea (1 +i3); A+ (E+1)8) ).

(B-51)
The orthogonality relation for even £ is:
2
/ ¢0,0(2; X)? Pon (1(2); X) P (n(2); A)d = hyn(X) S, (B-52)
1
. (n — £),2¢ : MP
hon(A) L h(A) x  (n— 0)g(by + 1)y CcHW , (n=0, n>(+1).
M5 q)e(bad s @) AW
(B-53)
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