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Abstract

A comprehensive introduction to exactly solvable quantum mechanics in one dimen-
sion and its difference equation versions is presented. This provides a unified theory
of classical orthogonal polynomials. An important recent progress of integrable defor-
mations of these exactly solvable quantum mechanical systems is also covered. New
types of infinitely many orthogonal polynomials are discovered as the main parts of the
eigenfunctions of the deformed integrable systems. These new polynomials are called
the ezceptional and/or multi-indexed and Krein-Adler orthogonal polynomials. These
new polynomials are rational deformations of the classical orthogonal polynomials gen-
erated by multiple Darboux transformations. The discrete symmetries of the original
solvable quantum mechanical systems provide the seed polynomials from the original

eigenpolynomials.
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1 Introduction

It is well known that the Hermite, Laguerre and Jacobi polynomials constitute the main parts
of the eigenfunctions of the exactly solvable Quantum Mechanics (QM) in one dimension [1,
2]. The eigenvalue problem of self-adjoint operators is the natural setting of the orthogonality
of these polynomials and their orthogonality weight are simply the square of the ground
state eigenfunctions. This has led to quantum mechanical reformulation of all the classical
orthogonal polynomials in the Askey scheme [3, 4, 5] for which the Schrédinger equations
are second order difference equations [6, 7, 8, 9].

The reformulation has turned out quite fruitful, providing universal expressions for var-
ious formulas, e.g. the Rodrigues formulas as well as the Heisenberg operator solutions,



the creation/annihilation operators and coherent states, etc. Many new properties and for-
mulas have been uncovered for the orthogonal polynomials of a discrete variable [10], e.g.
the (dual) (¢-)Hahn, (¢-)Racah polynomials etc. [6, 9]. For this group, the corresponding
quantum mechanical setting is simply the eigenvalue problem of tri-diagonal real symmetric
(Jacobi) matrices of finite or infinite dimensions [6, 9]. The duality [11, 12, 13] is recognised
as a universal property of the polynomials of this group and the dual polynomial [14] is
identified for each polynomial [6, 9] except for those having the Jackson integral measures.
All the polynomials belonging to this group are shown to provide ezactly solvable Birth
and Death processes [15], which are well-known stochastic (Markov) processes [16, 4]. An
even more interesting finding is that the Jackson integral measures arise naturally through
the self-adjoint extension processes of certain infinite matrix formulations, including the big
g-Jacobi (Laguerre), Al-Salam-Carlitz I, discrete g-Hermite polynomials, [6, 9].

The quantum mechanical formulation of orthogonal polynomials has provided not only
the unified theory classical orthogonal polynomials but also opened new dimensions for non-
classical orthogonal polynomials. They satisfy second order differential or difference equa-
tions but not three term recurrence relations. This means that there are ‘holes’ in their
degrees but they still form complete sets in proper Hilbert spaces. They are obtained from
the eigenfunctions (vectors) of the original systems through Darboux-Crum transformations
[17]-[20] by using certain seed solutions. Depending on the nature of the seed solutions, there
are two types of non-classical orthogonal polynomials. When a part of the eigenfunctions
(vectors) is used, the obtained polynomials are called Krein-Adler polynomials [21],[22]. By
applying certain discrete transformations of the original systems to the eigen functions (vec-
tors), seed solutions called virtual state solutions (vectors) are obtained. The non-classical or-
thogonal polynomials obtained by using virtual state solutions are called exceptional and/or
multi-indexed orthogonal polynomials [23]-[27]. Of course, using both eigenfunctions and vir-
tual state solutions as seed solutions for multiple Darboux-Crum transformations is possible
and it leads to mixed type non-classical orthogonal polynomials.

We emphasise the strategy and main results and omit details. The contents of this chap-
ter are as follows. In section 2, the new orthogonal polynomials satisfying second order
differential equations are surveyed. Starting from QM formulation of the Hermite, Laguerre
and Jacobi polynomials, their discrete symmetries and the virtual state solutions are explic-
itly presented. Based on the Darboux-Crum transformations, the multi-indexed Laguerre
and Jacobi polynomials are derived. The general forms of the Krein-Adler polynomials for
the Hermite, Laguerre and Jacobi are presented. Explicit examples of the multi-indexed
Laguerre and Jacobi polynomials are displayed. In the second part of the note, the non-
classical orthogonal polynomials satisfying second order difference equations with real shifts
are presented. The overview of the Simplest QM is presented in section 3. It is the eigenvalue
problems of certain tri-diagonal real symmetric matrices and the the Hamiltonians, eigen-
vectors, etc. for various explicit examples are explained. In section 4 the duality and dual
polynomials are explained. The fundamental structure of the solution spaces of the Simplest
QM is explored in 5. The shape invariance, a sufficient condition for exact solvability is
introduced in section 6. These exactly solvable QM are also solvable in the Heisenberg pic-
ture, which is explained in 7. The construction of the non-classical orthogonal polynomials
is explained by deforming the Racah and ¢-Racah systems. The hamiltonians, their discrete



symmetry transformations and the corresponding virtual state vectors are presented. The
discrete QM analogue of the Darboux transformation is introduced by using a virtual state
vector as one seed ‘solution’. General construction of multi-indexed (g-)Racah polynomials
through multiple Darboux transformations is presented. Explicit examples of multi-indexed
(¢-)Racah polynomials are exhibited. The final section is for a summary and comments.

2 New orthogonal polynomials in ordinary QM

For the construction of the non-classical orthogonal polynomials, the fundamental knowledge
of the corresponding classical counterparts is essential; the complete sets of the eigenvalues,
eigenfunctions, discrete symmetries and forms of Darboux transformations, etc. The pas-
sage from the classical to non-classical orthogonal polynomials is basically the same for the
ordinary and discrete QM. Here we show the derivation and some explicit examples of the
non-classical orthogonal polynomials for the familiar examples from the ordinary QM, i.e.
the Hermite, Laguerre and Jacobi.

2.1 Classical polynomials: the Hermite, Laguerre and Jacobi

We begin with the summary of fundamental properties of the classical orthogonal polyno-
mials in 1-d QM formulation. The eigenvalue problem is defined in a finite or (semi-)infinite
interval r1 < x < @9,

Hon(x) = En)u(z), (1€ Tno), (S bm) /m2¢;<x>¢m<x>dx=hn5nm, (2.1)

with the Hamiltonian or the Schrodinger operator

H= —dd—; +V(z), V(z)eR, V(z)eC™. (2.2)

Throughout this section we consider the real eigenfunctions and wavefunctions, ¢ (z) =
¢n(x). The properties of the Hermite (H), Laguerre (L) and Jacobi (J) systems are sum-
marised as follows. The first is the Hermite system:

H: V(iz)=2"—-1, —oco<z<o0, &Mn)=2n (n€ Zs), (2.3)
bu(x) = Go(2)Ha(2), dolw) = e/2,  Hy(z): Hermite poly.  (2.4)
The constant (—1) term in the potential is added to make the groundstate energy vanishing
£(0) = 0. The same convention is adopted for the L and J systems shown below. The square
of the ground state eigenfunction ¢3(z) = e~ provides the orthogonality weight function
for the Hermite polynomials:
e 2

(Hn, Hp)) = / e Hy(2)Hyp(2)dr = hpbpm, hn = 2"/ (2.5)

The Hamiltonian without the constant term H' % H + 1 has a discrete symmetry

r—ir=H ——H. (2.6)



By acting on the eigenfunctions, it generates square non-integrable seed solutions of negative
enerqgy

on(@) E i"Gu(iz), Heon(w) = Enpn(n), En=-2n+1), (n€Ls).  (27)
The second is the Laguerre system with g > 1/2:
L: V(z) =2+ g(g—gl) —(14+2¢9), 0 <z <00, En)=4n (n € Zx), (2.8)
x
On(w19) = d0(x:g) LYD(a%),  do(azg) = e 2a, (29)

in which L' (n) is the Laguerre polynomial and its weight function is given by ¢2(z; g) with
def

a=g-—1/2,
(L) L) = / e 229 L) (22) L) (22)dar = b, (2.10)
0
1 [ I 1/2
N _/ P LI )y, by =PI L) (2.11)
2 Jo 2n/!

The lower end point x = 0 is a regular singular point With the characteristic exponents g and

1 — g. The Hamiltonian without the constant term H 1+ 2g has the same discrete
symmetry as the Hermite system

L1: r—ixr=H — —-H,

called L1 symmetry transformation. By acting on the eigenfunctions it generates square
non-integrable seed solutions of negative energy, called type I virtual state solutions,

oL (@) (g (iz; g)| = e PeI LY (—a?), (2.12)
Hel (2) = ELpl(z), E = —4(n+g+1/2), (n€ Zs). (2.13)

It is obvious that ! () has no zero in 0 < x < co. It is easy to see that the Hamiltonian

%/ def

H + 1+ 2¢ is invariant under the exchange of the characteristic exponents at x = 0,
L2 gol—g=H <H, (2.14)

which is called L2 symmetry transformation. By acting on the lower lying eigenfunctions it
generates square non-integrable seed solutions of negative energy called type II virtual state
solutions,

(@) E g1 — g) = e P2 LY (@2), (2.15)
Heh(x) = ElG)l(x), & = —4(n—g—1/2), n=0,1,...,[g—1/2/.  (2.16)

For the above range of n, o (z) has no zero in 0 < x < oo, [32]. Here [a)’ denotes the greatest
integer less than a. By applying type I and II transformations on the eigenfunctions, type
III virtual state solutions are obtained:

P () S | lia; 1 — g)| = e Pat =9 L2902, (2.17)

n

Holl(z) = EMM(z), EM = —4(n+1), n € Zs,. (2.18)



The third is the Jacobi system with ¢ > 1/2, h > 1/2:

glg—1 h(h —1
J: V(z) = iin2x) + E:ost) —(g+h)? O<z<m/2
En)=4n(n+g+h) (n € Zxy),

(
(
def def (
(

On(x;9,h) = do(x; g, )PP (cos2z), a=g—1/2, BE h—1/2,
¢o(2; g, h) = (sinz)?(cosz)",

in which P{** )(n) is the Jacobi polynomial and its weight function is ®3(z;9,h),

/2
((Pn(a’ﬁ),Pmo‘”B))):/ (sinas)zg(cosa:)th,go"ﬁ)(cos2:1:)P7§f’5)(0082x)d93 (2.23)
0
1 1 N N N
::ﬁﬁﬁm/}l_m(1+mﬁ%ﬁVMR%mWMn (2.24)
r + 9 +h+ 3
bbby =3I 2) (2.25)

C2nl(2n+g+h)(n+g+h)

The two end points x = 7/2 and x = 0 are regular singular points with the characteristic
exponents {h,1—h} and {g,1—g}, respectively. The Hamiltonian without the constant term

W (g-+h)? has two discrete symmetry transformations, exchanging the characteristic
exponents at = /2 and x = 0, respectively:

J1: h < 1—h, J20ge1—-9g =—=H &H, (2.26)

which are called J1 and J2 symmetry transformations, respectively. By acting on the lower
lying eigenfunctions they generate square non-integrable seed solutions of negative energy
called type I and type II virtual state solutions, respectively:

oh (z) o dn(2;9,1 — h) = (sinz)?(cos z)! =" PU—Y/21/2=h) (cos 27), (2.27)
Hepy () = Eppn(x), €, = —4(n+g+1/2)(h —n—1/2),

n=0,1,...,[h—1/2, (2.28)

o (2) o bn(z;1 — g, h) = (sinz)79(cos )" P/2=91=1/2) (cos 21), (2.29)
Hon(x) = Elpll(x), & = —4(g —n—1/2)(n+ h +1/2),

n=0,1,...,[¢g—1/2]. (2.30)

These virtual state solutions have no nodes in 0 < x < 7/2 [26, 32]. By applying type I and
IT transformations on the eigenfunctions, type III virtual state solutions are obtained:

o () o dn(z;1 — g, 1 — h) = (sinz)'~9(cos ) =" P/2=91/2=h) (cos 21),
Hon' () = EWon'(z), EM = —A(n+1)(g+h—n—1).

n n

In the above three systems, H, L, and J, the constant parts of the potential function V'(z) are
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so chosen as to achieve the zero ground state energy £(0) = 0. That is, the Hamiltonians or
the Schrodinger operators H are positive semi-definite and they have a factorised expression,
remiscenct of the well-known theorem in Linear Algebra:

of d d
H=AA AY = =0 loglon(x)], A'=—— —0d;logléo(a)l, Ado(x) =0. (231)

This expression is valid for any one-dimensional ordinary QM system having zero ground
state energy £(0) = 0, as the ground state wavefunction ¢o(z) has no node. Thus we obtain
a non-singular expression of the potential function V' (x)

By similarity transforming # in terms of the ground state eigenfunction ¢g(x), we obtain

the second order differential operator H

e d? d
HE do(x) " o H o go(x) = ~gp2 ~ 20:loglgo()] - -, (2.33)
which governs the classical orthogonal polynomials H, L and J.
For H, it is
H: — H)!(x) +22H, (z) = 2nH,(x). (2.34)
For L. and J they read
L =ndaL{(n) — (@ +1 =), L (n) = n L (n), (2.35)
B = (=R — 5 — a+ (a+ 6+ 2)1]0,P0 ()
=n(n+a+ B+ 1)P(n), (2.36)

after the change of the independent variables n(z) = x? and n(z) = cos 2z, respectively.

2.2 Darboux transformation

Darboux transformations are essential for the derivation of non-classical orthogonal polyno-
mials. In its original form, a Darboux transformation maps one solution ¢ (z) of a Schrodinger
operator H, to another ¢! () with the same energy £ of a deformed Schrédinger operator
HW in terms of a seed solution (). Explicitly the transformation reads

Ho(z) = Ev(z), Holz) =Epx), v(x),¢(2),EE €C, (2.37)
HOYW (@) = £V (a), (2.38)
pW(z) & w(m)w/@zp&;@/(”s)w), HO 3 902 log | (x)]. (2.39)

Exercise Verify by direct calculation. Let us prepare one solution (r) and M distinct
seed solutions {y;(z),&;} of H:

Hi(r) = E(x), Hepy(e) = Epy(x), £.6€C, j=1,..., M. (2.40)

Applying Darboux transformations to ¢ (x) successively by using {¢;(x)} in turn, we arrive
at:



Theorem 2.1 (Darboux [17]) An isospectral solution ™) (x) of a deformed Hamiltonian
HM)

def Wlet, - -, ou, ¥)(2)

HMD M) () = EMD(z), M) (g , 2.41
(@) = (@), §M(a) 2 JPe P (2.41)
qyon 44, o 1og [Wpw, ... ou (@) (2.49)
dx?
Here the Wronskian of n functions { fi(z),..., fu(z)} is defined by
aet o (7 fi(x)
W [fl, ey fn] (l’) = det(W) 1§j7k§n. (243)

The theorem applies to any Schrodinger equation even with a complex potential.
Exercise Verify the above Theorem by induction using the following identity of the Wron-
skians.

W[W[fh fosooos foy gl WISt fos ooy fos } (x)
= W[fh f2, Ceey fn](l’> W[fl, fg, ceey fn797 ]’L](l’) (n Z 0) (244)

2.3 Krein-Adler polynomials

The Krein-Adler polynomials [21, 22] are obtained as the main parts of the eigenfunctions
of the system obtained by deforming the complete set of eigenfunctions {¢,(z)} (H, L or
J) through Darboux transformations by choosing a part of the eigenfunctions as the seed
solutions. Let D be a set of distinct non-negative integers, D = {dy,ds,...,dy} which

specifies the set of seed eigenfunctions {¢g, (), ..., ¢4, (x)}. The deformed system reads:
Ho 4 H — 202 (log [W [64,, bz, Gy ) ()] ) (2.45)
Hpppin(2) = E(n)dpin (1), (2.46)

def W [¢d17 qbdza s 7¢dM? ¢n]($)

Ppm () = W on bn . b ](@) (n € Z>o\D). (2.47)
The norms of the deformed eigenfunctions are
M
(¢ dpem) = [ [(E(R) = €(d))) - (D dm)  (n,m € Zp\D). (2.48)
j=1

It is necessary and sufficient for the set D to satisfy the conditions

M
[[m—d;) >0, ¥meZs,, (2.49)

=1

for the positivity of the norms and non-singularity of the potential [22]. The Darboux-
Crum [18] transformation is the case when D consists of consecutive integers from zero,
D =1{0,1,...,M — 1}, then the above conditions (2.49) are simply satisfied.
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Let us denote the eigenfunctions of the (H, L, J) system generically as
Pn(x) = do(z)Po(n(z)), n(z) ==, 2° cos2x for H, L, J. (2.50)

By using the following properties of the Wronskian

Wlgf1,9f2, - gfal(x) = g(x)"W[f1, fa, .-, fu] (2), (2.51)
=y (@)"" VWA fo - £l (), (2.52)
we arrive at
QbD;n(x) = 9250('1;)77/(1:) W[Pdlvpdzv BRI Pd]\/!? Pn] (77),

W[Pd1>Pd27"'7Pd1v1](77)

which gives the explicit expressions of the Krein-Adler polynomials
WPy, Pi,, ..., Pi,, Pl(n), (n € Z>o\D), (2.53)

with the degree ¢, + n and the orthogonality weight function

.= 3 () ()™
lp = i ) 2" :
2 b M e Pl (254

This means that infinitely many families of complete set of orthogonal rational functions
having the same orthogonality weight functions with shifted parameters can be generated.
Let us consider a simple explicit example of H and D = {1,2} [29, 22]. The deformed
Hamiltonian
d? 3222 8

Hp=——— +22+3+

— —o00 < T < 2.55
dz? Q2 +12 22+1 0TS (255)

has an eigenpolynomial of degree n, W[Hy, Hy, H,|(z), n € Z>¢\{1,2}, with the orthogonal-
ity weight function e=*" /(222 + 1)2. Obviously three term recurrence relations do not hold
but they form a complete set. Essentially the same deformation is achieved by using the
seed solution o(x) = e’ /2H,(iz) obtained by the discrete symmetry transformation (2.6)
acting on ¢o(z). More generally, using an appropriate set of these seed solutions for H has
the same effects as certain Krein-Adler transformations [36]. A similar theorem holds for
L/J system when the type III virtual state solutions are used [36].

2.4 Multi-indexed Laguerre and Jacobi polynomials

The multi-indexed Laguerre/Jacobi polynomials are obtained by deforming the L/J system
by multiple Darboux transformations in terms of type I and II virtual state solutions. In
this subsection we assume that the couplings g and h are generic real numbers. Here we
emphasise the logical structure [27] rather than following the historical developments. Let

9



us denote, for simplicity of presentation, the type I/II virtual state polynomials as £l (n) and

E(n):

L: &(n) & LY (—p), () & LU0 (),
J: €l(n) & plv212=m gy ey & pO/2=gh=1/2) (1)

Let us prepare two sets of distinct positive integers which specify the degrees of type I and
IT virtual state solutions:

D=DUD", D —{d.d, . . d,) D'={ddl. . d (256

The multiple Darboux transformations using these seed solutions produce a deformed system:

Hp & H — 207 (log L R e s&f}N](:r)!>7 (2.57)

Hoopn(r;X) = E(M)dpn(T;A) (0 € Zx0\D), (2.58)
GW 7t y ) Ha"'a 7¢n

Ot A) = (P Py P2 Py Ol ), (2.59)

W[Spdla"w(pllegOgl""7SOdN]( )

in which A specify the coupling(s) dependence, A = g for L and A = {g,h} for J. The
nodeless property of each seed solution cpfj’jl conspires to achieve the nodelessness of the
denominator function of ¢p,(x; X). Similar to the corresponding expressions of the Krein-
Adler polynomials (2.48), we obtain the norms of the deformed eigenfunctions ¢p ,():

(¢ 6p.m) = ] [(€(m) = €5)) [T (£ ) - (6nym)  (n,m € L), (2.60)

Jj=1

This clearly shows the necessity of the negative virtual state energies {gé,jn < 0}.
The multi-indexed Laguerre/Jacobi polynomials are extracted by factorising the de-

formed eigenfunction ¢p,(z;A) into the ground state eigenfunction and the polynomial
part by using the Wronskian formulas (2.51), (2.52):

det do(; AM)

o n\T; = M+N¢ ;A Ppy, A, Up(r;N) = =———F———, 2.61
0 (:X) = e Vim0 X) P (@) 0. (s 3) & LR (261)
in which ¢ = 2 for L and ¢ = —4 for J. The coupling A is shifted to AN,

AMN — gy M~ N for L, AXMN ={g4 M —Nh—M+N} forJ. (2.62)

The general formulas for the multi-indexed polynomial Pp,(n(x); A) and the denominator
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polynomial Zp(n(x); A) are:

P'D,n(n;)‘) d:efW[:ulv"'7NMaV1>"'7VN7Pn](77)

{ e~ Mn p(Mtgt+3)N L 2.6
1\ (M+g+ 1N (1 \(N+h+ )M o .
() 7T
—_ def
:D(U’A> = W[:ulv'-‘7MM7V17"'7VN](77)
e~ Mn p(M+g—3)N L
?M+ -HN N+h-LyMm J (2.64)
(152) Y
def 67]6‘11]' (77) L def U%fgfg- (77) L 265
Hi = 1) 2Pl 7 Vi 11\ 39411 N (2.65)
(1) e, () (7212 el m)

in which P, in (2.63) denotes the original polynomial for L/J. The multi-indexed polynomial
Pp,, is of degree {p + n and the denominator polynomial Zp is of degree ¢p in 7, in which
(p is given by

M N
def 1 11 1 1
lp < ;dj + ;dj SM(M—1) = SN(N = 1)+ MN > 1. (2.66)
Here the label n specifies the energy eigenvalue £(n) of ¢p,, and it also counts the nodes due
to the oscillation theorem. Since the degrees 0,1,...,¢p — 1 are missing, the multi-indexed
polynomials { Pp,} do not satisfy three term recurrence relations but they form a complete
set in L? with the orthogonality relations:

W (n; XM
dn —————="Pp.,(0; N) Pp.,(1; A
N g P (175 X) Pp (1 A)
[[Lnt+g+d+3) T (n+g—dl—3) L
= hnbnn X 4 AM NI (4 g+di+ H(n+h—di - 1) . (2.67)

XH;.Vzl(nng—d?—%)(n—l—h—ird?—ir%) ]

The weight function of the original polynomials W(n; A)dn = ¢o(x; A)?dx reads explicitly,
see (2.11) and (2.24):

vy def %e‘”nff% L

W) { g (L= 2 (L4 )2 2T (265)
The very form of the deformed eigenfunctions (2.61) suggests that the system can be re-
garded as orthogonal rational functions system {Ppn,(n)/=Zp(n)}, n € Zso with the same
orthogonality weight function as the L/J system but parameter(s) are shifted W (, AMN),
It is important to note that the lowest degree polynomial Pp o(n; A) is related to the denom-
inator polynomial Zp(n; A) by the parameter shift A - X+ (6 =1 (L), d = {1,1} (J),
i.e. g— g+ 1for L and {g,h} — {g+ 1,h+ 1} for J):

Ppo(n; A) o< Ep(m; A+ 9). (2.69)
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The above formulas (2.63) and (2.64) are drastically simplified when type I (II) seed solutions
only are used.

By similarity transforming the deformed Hamiltonian Hp in terms of the ground state
eigenfunction p(z;A), we obtain the second order differential operator Hp governing the
multi-indexed polynomials:

7—N[D def Up(x; /\)_1 o Hp o p(x; N)

d? OnZp(n; A)\ d
= —a{ca) s + (en 0 N = 2y 2SNy 2L

Ui
2= . ) .
877“907’ A) n, )\[M,N} N (5) aﬁ“D(nv >‘>>

+c — —c — , 2.70
+(7) Ep(n; A) 3 Ep(m; ) (2.70)
HpPpn(m; A) = E(n)Ppy(n; A), (2.71)
in which
def | g+ % | L def | M L
Lot e YL e

The above differential equation (2.71) is Fuchsian for the J case, since the ¢p zeros of Zp(1n; A)
are all simple with the same characteristic exponents, 0 and 3. The L case is obtained as a
confluent limit.

The first examples of multi-indexed polynomials were the simplest ones with D = {1}
for L and J by Gomez-Ullate et al. [23] and Quesne [24] and they were called exceptional
orthogonal polynomials. In this case type I seed solutions define the same polynomials as
those of type II seed solutions by a shift of parameters. The general D = {{}, ¥/ > 1 cases
for type I and II were derived in [26], [33]. The present derivation of Pp,(n; A) is due to
[27].

2.4.1 Explicit examples of multi-indexed Laguerre polynomials
We present two explicit examples of multi-indexed Laguerre polynomials specified by (i)

D = {/M, (i) D = {¢M}.

(i) D = {/A} In this case &(n) = LY P (—n), n = 22 and the potential and the eigen-
functions of the deformed QM system are:

1
Vi) =+ 2900 (3.4 99) — 20210g el
1 I I I e~ /2ot
¢é,n(x) = Zwé(x)PE,n(n)> W(»’U) = Wa

P} (n) == (8,0(n) + &(n) LY~ (n) + &(n)0, LY ().
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The second order differential operator 7:[} governing P}m(n) is

HyP},(n) = nP},(n),

~ d? &) d
I_ LT 0y 9ISt —

H, [77 P +( 1 (n) —2n a7

(1)
25@( ) (9-1/2), On&i(n)
Tam T g ]

(ii) D = {(™} In this case £'(n) = L{"*?(n), n = 2? and the potential and the eigen-
functions of the deformed QM system are:

Vi) =a?+ U=DUZ2 0 gg) a2 iog (o).
6—352/21,9—1
o) = 2@ P ). ) = g,

Py () = (=n0,&" () + (g — 1/2)&" () LE () + n&g' (m) 0, L7 (n).
The second order differential operator HI governing P} (n) is

Hi P (n) = Py, (),

. P (e 0,1 n)Y d
HH - _ |: + (L(g 3/2) -9 77 4 )
¢ ndng 1 (77) n I ( ) d77

9261 (n) es2),  9n&lN(n)
T M ) ]

2.4.2 Explicit examples of multi-indexed Jacobi polynomials

We present two explicit examples of multi-indexed Jacobi polynomials,
(i) D = {¢'}, (ii) D = {¢"}. In this subsection we use the abbreviation P, (n) = PY/*"1/2 ).

(i) D = {A} 1In this case &(n) = PO **M (1), 5 = cos2x and the potential and the
eigenfunctions of the deformed QM system are:

Vi) = 29D DR om0 1) — (g + 1)

sin® x cos? x
(sinx)9"(cos z) !

Gpn() = —dy(2) Py (), Yil@) = &) 7
Py(n) = =121+ )3, () + (1 = 20)&(0)) Pu(n) + 5(1 + 0)& (1), P (n).-

13



The second order differential operator 7:[} governing P}m(n) is
HL Py, (n) = n(n +g+ h)P;,nm),

e oo a-ene im0 )
Er(n)
& |

Y (h—g—2—(g+h— 1=

(ii) D = {M} In this case £(n) = P> 9" 12 (1) ) = cos 2z and the potential and the
eigenfunctions of the deformed QM system are

g—1)(g—2 h(h+1
Vi = OB ML) e og el — (g + 1
(sinz)9~(cos z)"*?

en<5€) = —4, (J:)Pé,n(n)7 0 (1) = ?(77) )

Pr(n) = =% (201 =18, (n) 4+ (29 — 1)& () Puln) + 5(1 = 0)& (0)0, Pu(n).

The second order differential operator HI governing P} (n) is

HIPL () = n(n+ g+ h)PL(n),

H) = [(1— )d2 <h g+2—(g+h+1n—2(1—-n?

o)
n

“1_”2)6"?[(;7)7)‘(}‘ g+2—(g+h- ”a?og))]'

3 Overview of the simplest quantum mechanics

Let us introduce ‘Simplest Quantum Mechanics’ by following the similarity and parallelism
between the eigenvalue problems in Quantum Mechanics (QM) and those of hermitian ma-
trices;

OM: Hib(2) = E(a), (3.1)
H : self-adjoint H = H' (f,g) oof /f*(x)g(x)da:, (f,Hg) = (Hf,9), (3.2)
Matrix: Hv = Av, Z’Hi,jvj = v, (3.3)

H : hermitian H;; = H; (u,v) £ ZU;UJ', (f,Hg) = (Hf,9)- (3.4)

3

Their eigenvalues are real and eigenfunctions (vectors) belonging to distinct eigenvalues are
orthogonal:

AER, HYi(z) = Mhi(z), Hipa(z) = Aata(z), A1 # Ag, (Y1, 12) = 0. (3.5)

14



3.1 Problem Setting:1-d QM

QM is based upon a very special type of self-adjoint operators. For simplicity, let us focus
on the simplest case of one dimensional QM. The Hamiltonian is a second order differential
operator corresponding to Newtonian mechanics:

2
H= —%—%V(w), V(z) € R.

Many ezactly solvable potentials and their eigenvalues, eigenfunctions are known [1, 2]. The

three well-known examples of exactly solvable QM discussed in the previous section define the

classical orthogonal polynomials, the Hermite, Laguerre and Jacobi. For these polynomials

the square of the groundstate eigenfunction ¢3(z), having no zero, provides the orthogonality

weight function

(6ns Om) = (Pos P) = / & () Po(n(2)) P (n(2))dz = hyBym, oy >0.  (3.6)

At this point very naive and natural questions arise:

Q1: Is there a special class of hermitian matrices corresponding to the ordinary
one-dimensional QM (2.2)7

Q2: Are there many ezactly solvable ones whose eigenfunctions (vectors) define
orthogonal polynomials?

The answer to both questions is Yes. For Q1, it is called Jacobi matrices, which are tri-
diagonal and real symmetric matrices of finite or infinite dimensions. For Q2, they are
classical orthogonal polynomials of a discrete variable [10] whose orthogonality measures
consist of discrete point sets. They belong to the Askey scheme of hypergeometric orthogonal
polynomials [3, 5]. In the rest of this note we will explore the Simplest Quantum Mechanics,
which is also called discrete Quantum Mechanics with real shifts (rdQM).

3.2 Factorised Hamiltonian

In order to pursue the similarity with the one-dimensional QM, let us denote the indices of
the matrices by z,y = 0,1,... 2. and the vector component by v, or v(z). The matrix
eigenvalue equation (3.3) is rewritten as

Tmax Tmax

Z Hayvy = A0y, or Ho(z) = Av(x), Z Hayv(y) = Av(x),
y=0 y=0

in which z,., = N, a positive integer, for finite dimensional matrices and x,,x = oo for
infinite matrices. For finite matrices, there are N + 1 eigenvalues. For infinite matrices we
restrict to those matrices having discrete eigenvalues only and their spectrum is bounded
from below. In other words, there is a lowest eigenvalue. Thus we denote the eigenvalue
problem as

H¢n(l’) = g(n)¢n(x)7 ZHm,yqsn(y) = g(n)¢n(x)’ n=0,1,2,..., (37)

15



in which the eigenvalues are numbered in the increasing order. We can always make the lowest
eigenvalue to be vanishing by subtracting £(0)x Identity Matrix from the Hamiltonian H:

0=E(0) <E()<EQ) <

Now the Hamiltonian, an hermitian matrix, is positive semi-definite. A linear algebra theo-
rem tells that a positive semi-definite hermitian matrix can always be expressed in a factorised
form:

= A4, 0=det(A) = det(A") = det(H), (3.8)

in which matrix A can be multiplied by any unitary matrix U, A — A" = UA.
This is also the case for the positive semi-definite (£(0) = 0) Hamiltonian #H in the
ordinary QM in one dimension (2.2) as discussed in (2.31).

We expect that the Hamiltonian H (3.8) is a second order difference operator consisting of
a positive unit shift ¢(x) — ¥ (z + 1) and the negative unit shift ¢(x) — ¢ (z — 1) operators.
For a continuous function f(x), Taylor expansion reads

fla+a)= Zn, ;

This suggests the following simplified notation for the unit shift operators
e =0 (eFf) (2) = fla 1), ()T =e?, (3.9)

which will be abused for the present case of discrete variables x = 0,1,2, ...,

flatl)=(e2f) (@) => (*)oyf(y) = (€)ay = a1y

Y

As a matrix the positive (negative) unit shift operator e? (e=?) is a super (sub) diagonal
matrix.

The factorisation operators A, A" in the ordinary 1-d QM case are a function plus a first
order differential operator. This suggests that A, A" in matrix QM (3.8) be a function plus
a first order difference operator e, either positive e? or negative e~? shift operator, but not
both. Otherwise, the Hamiltonian would be a fourth order difference operator containing
et2? as well as eia

A simple guesswork would lead to the form

A=+/B(x) —e®/D(zx), A'=/B(z)—+/D(x)e® B(x),D(x)>0, (3.10)
v =V Bz 5x,y — D@+ 1) 6011y, (ANey = VB(@) 0oy — VD(2) 0p_1y, (3.11)

with two positive potential functions B(x) and D(z). Obviously a ‘function’ f(z) corresponds
to a diagonal matrix:

f(z) < diag(f(0), f(1),. .., f(Tma)), (3.12)
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which could be expressed by f(z)1. However, here and hereafter we suppress the identity
matrix 1 = (0,,), /B(z)1 — /B(x). The resulting Hamiltonian is

H = B(z) + D(z) — /B(x) ‘9\/D ) —/D(z) e ?/B(x) (3.13)
Hey = (B )+D ) —/B@)D(x + 1) 641y — VB@ —1)D(x) 6,1, (3.14)

In order that (Hw) (z) does not contain undefined quantities ¥)(—1) or ¢»(N + 1) for the
finite case, the positive potential functions must vanish at the boundary

B(z),D(z) >0, D(0)=0, B(N)=0. (3.15)

As seen clearly from the two types of equivalent expressions for the Hamiltonian #H (3.13),
(3.14) or A, A" (3.10), (3.11), one can treat them either as matrices (3.14), (3.11) or as
difference operators (3.13), (3.10) acting on functions. For actual calculations, however, the
difference operators are much easier to handle than explicit matrix forms.

Thus the Hamiltonian H is a tri-diagonal real symmetric matrix:

BO)  —/BODA) 0 0
—V/BOYD(1) B(1)+D() —/B1)D(2) 0
0 —V/BMD@) B(2)+ D) —/B@)D(3)

0

- B(N'—.2‘)D(N—1) B(N—l).—'&-.D(N—l) —B(N-1)D(N)
0 0 —/B(N—1)D(N) D(N)

This type of matrices are called Jacob: matrices. It is known that the first components of
its eigenvectors are non-vanishing and that all the eigenvalues are simple:

on(0) # 0, 0=E0)<&(1)<&(2)<---<E&EN) (<--+). (3.16)

Exercise Verify these simple facts.
This guarantees the orthogonality of all eigenvectors. The factorisation matrices A and Af
read explicitly

\/— m 0 0
0 B(1) —/D(2) 0 :
0 0 B(2) —+/D(3) :
a=| | e
0
0 0 B(N —1) —\/D(N)
0 0 0 0




B(0) 0 0 0

—v/D(1) /B(1) 0 0
0 —+v/D(2) /B(2) 0 :
Al = : 3 G BE)
0 —\/D(N \/ N—-1) 0
0 0 _\/W 0

From these it is obvious 0 = det(A) = det(A") = det(H) for the finite case. For the infinite
dimensional case, [[,-, B(z) = 0 is needed.

The groundstate eigenfunction (vector) ¢o(x), Heo(z) = 0, is easily obtained as the zero
mode of the operator A, A¢g(x) = 0, as in the ordinary QM (2.31):

Apo(z) = 0 = /B(@)o(z) — v/D(@ + Do(z + 1) = 0, (3.19)

= ¢o(x H y+1 r=1,2..., (3.20)

with the boundary condition
¢0(0) = 1. (3.21)

As in the ordinary QM, the groundstate wavefunction has no zero.
We look for the solution of the matrix eigenvalue problem (3.7) by assuming the factorised
form

Pn () = do(x) Pa(2), (3.22)

as in the exactly solvable examples in ordinary QM (2.4),(2.9),(2.21),(2.50). In the simplest
QM, one can interpret P,(x) either as a function or a vector with the z component P, (z).
In the latter interpretation, ¢o(x) in (3.22) is understood as a diagonal matrix. The matrix
eigenvalue problem Ho,(x) = E(n)dn(x) (3.7) is now rewritten as

(B(z) + D(z)) ¢o(2)Pu(z) — /B(z)D(z 4 1)do(x + 1) Py(x + 1)
— \/B (x—1)D )¢>0(a; — )P (x—1)= 5(n)¢0(x)]5n(x).

By using the zero mode equation for ¢o(z) (3.19) and dividing by ¢o(x), we arrive at a simple
difference equation for P, (z):

B(z) (Py(z) — By(z + 1)) + D(x) (Pu(z) — Po(z — 1)) = E(n) Pu(x), (3.23)
= HP,(z) = EMm)P,(x),  H1=0, (3.24)
H Y po(x) ™ H - do(x) = B(x)(1 — ) + D(z)(1 — e?). (3.25)

This result justifies the rather oddly looking /B(x) and y/D(zx) in the definitions of A
and A" (3.10). For the matrix interpretation of H (3.25), ¢o(z) is a diagonal matrix,
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¢o(z) = diag{do(0), (1), -, do(IN)}, instead of a groundstate eigenvector. For the dif-
ference operator interpretation of H (3.25), ¢o(z) is a function and it would be suitable to

rewrite (3.25)
77 def

H = ¢o(x) ™ o H o do(x), (3.26)
as in the ordinary QM (2.33).

A simple sufficient condition for the solvability of the similarity transformed Hamiltonian
‘H is the triangularity with respect to a special basis

L (@), n(@)?, ... on@)", ... (3.27)
spanned by a certain function n(z) which is called sinusoidal coordinate [6]:
Hn(z)" = E(n)n(z)" + lower degrees in 7(x). (3.28)

This property is preserved under the affine transformation of n(zx), n(x) — an(x) + b (a,b:
constants). We choose the boundary condition

n(0) = 0. (3.29)

The triangularity (3.28) implies that the eigenvectors can be obtained as polynomials in ()
(P.(z) = P.(n(x))) by finite linear algebra up to normalisation:

HP.(n(z)) = E(n)Pa(n(x)),

n=01,2....(N),.... (3.30)
Hon(x) = E(n)on(z),  dn(r) = do(x)Pa(n(z)),
We choose a simple universal normalisation of P,(n(z))
P(0)=1 < P,(0)=1, n=0,1,2,...,(N),..., (3.31)
which also means
Py=1. (3.32)

The above normalisation is always possible due to the property of the eigenvectors of the
Jacobi matrices ¢, (0) # 0, (3.16). Here are five known forms of the sinusoidal coordinates
in rdQM [6] (0 < ¢ < 1):

(i) n(z) =z, (i) n(z) =€zx(x+d), (¢=1ford> -1, ¢ =—1ford< —N)

(iii) n(z) =1 — 4", (iv) n(z) =q¢ " — 1, (3.33)

V) n@)=€(@*—1)(1—dg¢"), (€=1ford<q™', €=—1ford>q™).

3.2.1 Explicit Examples

Here are some examples of simplest QM [6], which are called by the name of the eigenpoly-
nomials [5]. One finite dimensional example is the Krawtchouk and two from infinite ones
are the Meixner and the Charlier.
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Krawtchouk The potential functions are
B(z)=p(N —z), D(@)=(1-pz, 0<p<l, nx)==z.
The triangularity reads
Ha" = p(N — z)(a" = (z+1)") + (1 - p)z(a" — (z — 1)")
= nz" + lower degrees, &(n) = n.

The eigenpolynomials are (see (A.3))

—n, —x | 1 N —x

Pn($SP>N):2F1< N ‘—>, By =1, Pl_ppN ,
p _ P’N(N—=1)+(2p(1 = N) — 1)z + ?

9 = pQN(N—l) S

The orthogonality weight function is the binomual distribution:

x—1 x x
oy 17T P N-y ([ p N (p M
%(gj)_yl_gl—py-l-l - (1—p> z!(N — xz)! o (1—p) 1"(.7:+1)F(N+1—:13)'

The trace formula is easy to verify:

N N
(N +1) Ze => (B

=0

Meixner The potential functions are
c x

B(z) = C(ﬂc—i—ﬁ), D(x) = — >0, 0<e<l1, nx)=ux

1—
The triangularity reads
(1—c)Ha" = clz + B)(z" — (z+1)") + z(z" — (z — 1)")

= (1 — ¢)nz" + lower degrees, &(n) = n.

1

The eigenpolynomials are

fc—(1—c)x
e
BB+ 1)+ (=1+c)(1+c+2Bc)z + (=14 c)a?

-n, — 1
Pn($;570)22F1< 3 ‘1—E>7 Ph=1 P =

Py =

The orthogonality weight function is square summable:

o Trey B (B T(B+a)et
%(m)_yno y+1 20 T(B)(z+1)
B)ac” B 1

Zcbo =2 (7)) - i

=0
in which (a), is the shifted factorial (Pochhammer symbol) (A.1).
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Charlier The potential functions are
B(z)=a, D(x)==z, 0<a, nx)==x. (3.41)
The triangularity is trivial
Ha" = a(z" = (z+1)") + z(2" — (z — 1)")
= na" + lower degrees, &(n) =n.

The eigenpolynomials are

—n. — 1 —
Pn($§a):2Fo< " x\__)) Pp=1, =22
- a a
3.42
a® — (14 2a)z + 22 (342)
P, = 5 e
a
The orthogonality weight function is Poisson distribution, which is square summable:
z—1 z T 00 0o 4
9 a a a 9 a u

_ - - = = — =e” 3.43

In all these examples ¢2(z) is a meromorphic function of x and it vanishes on the integer
points outside of the domain:

pi(z) =0, x€Z\{0,1,...,N}, or =€ Z. (3.44)

3.2.2 Other Examples

Here are some other examples [5] without specifying the parameter ranges. The triangularity
of the polynomial equations (3.28) is purely algebraic and independent of the parameter
ranges. As shown in the examples, B(z), D(z) are rational functions of z or ¢*® and the
polynomial solutions are well defined in the whole complex plane x € C. The parameter
ranges are restricted by the positivity of the potential B(x), D(z), the sinusoidal coordinate
n(x) and the eigenvalues £(n). The positivity of the orthogonality weight function ¢2(z) is
not guaranteed for the parameters outside of the ranges.

Finite dimensional examples are followed by infinite dimensional ones. Within each
group, the most generic one is followed by simpler examples. The g-polynomials come after
non g-polynomials. We use the naming of the orthogonal polynomials used in [5]. The
parametrisation of some polynomials (Racah, (dual) Hahn and their g-versions) are different
from the conventional ones. We advocate using the present parametrisations for their obvious
symmetries. For the shifted g-factorials (a;q)n, (a1,...,a:;q)n, etc., see Appendix A (A.2).

Finite dimensional examples. The most generic ones, the Racah and ¢g-Racah are skipped
here, as they are discussed in detail in section 8 in the corse of non-classical polynomials.

Hahn
B(z)=(x+a)(N—-2), D()=z(b+N—x), nx) =uz,
N! (a)y (D) N—s (3.45)
! (N—x)! | '

En)=nn+a+b—1), gbg(m) =
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dual Hahn
(x+a)(x+a+b—1)(N —x) D(x) = z(x+b—1)(z+a+b+ N —1)
2z —1+a+b)(2x+a+b)’ 2r—2+a+b)(2x—1+a+b)’
n(z)=z(r+a+b—1), E(n) =n, (3.46)
() = N! (a): 2x4+a+b—1)(a+b)n

0 ! (N —z)! b)e(x+a+b—1)y1

B(x) =

g-Hahn
B(z)=(1—-a¢")(¢" N =1), D(x)=aq'(1-¢")(¢" " -b),
n@)=q¢ -1, &mn)=(¢"-1)1

9 N (450N (a;q)
Polw) = (¢:0) (q;0)n— (b

’ (3.47)

dual ¢-Hahn
("N = 1)(1 = ag”)(1 — abg"™")
(1 —abg>=*)(1 —abg*) ~
eonvo1 (1= ¢")(1 = abg™ N H(1 = bg" )
(1 —abg®>=2)(1 — abg®*—1) ~’ (3.48)
n(z) = (¢ = 1)1 —abg"™"), En)=q" -1,
B (z) = — LD (a,abg”";q)a 1 —abg -
(¢;0)x (@;0) 82 (abg™,b;q)za® 1 —abg™!

B(x) =

D(z) = aq

2x—1

quantum ¢-Krawtchouk

B(xz)=p'¢"(¢" M =1), D(x)=Q1—-q¢")(1—-p g™ "),
—agr-1-N)  (3.49)

WD =01 g =1 ) = (P

g-Krawtchouk
B(z)=¢"" -1, D(x)=p(l-q"), nlx)=q¢" -1,

n) = (¢~ — n 20.) — (¢59)n —z la(z—1)-zN (3.50)
E(n) = (q D(1+pq"), ¢y(z) ol :
dual ¢-Krawtchouk
(N =11+ pg*) 2y — pgze-n-1 (L= a)(L+pg™™)
Ble) = (14 pg®) (1 + pge+1)’ D) =ra (1+ pg?*=1)(1 + pg**)’
n(@) = ("= +pg"), En)=q¢" -1, (3.51)
R (z) = (g59)n (=39 1+ pg*

(4 Q)2(G ON—2 (—pgN+1: q), prq2®@t)  14p
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affine ¢-Krawtchouk

B(z) = ("N =11 —p¢"™"), D(x)=pg" V(1 —-q"),
e o) = o 203 (¢;0)N (Pq:9)z (3.52)
)=t Em =t L) = ) e, G

Infinite dimensional examples.

little ¢g-Jacobi

B(z)=a(¢g" —=bq), D(zx)=q¢ "1, n(x)=1-47",

= D= abg ™), ) = DD gy 359

little g-Laguerre This is obtained by setting b = 0 of the little g-Jacobi (3.53).

=
=
I

—x —x T -n aq i
B(x)=aq", D(x)=q¢*—1, nx)=1-q¢°, En)=q¢" -1, gb(z)(x) = (gq))
(3.54)
Al-Salam-Carlitz I1
B(x) =a(q* —bg), D(z)=(¢"—-1)(1—-aq”), nlx)=q¢ -1,
g (3.55)
En)=1—-¢q", ¢z)=—"-.
() () (¢,0q;9)z
alternative g-Charlier
B(z)=a, D(z)=q¢*—1, n(x)=1-4q",
axqz(x—l-l)/Z (356)

En)=(¢" -1 +aq"), ¢y(z)= @0

The absence of the g-Meixner and ¢-Charlier
¢-Meixner; B(z) = c¢*(1 —bg*™), D(z) = (1 — ¢")(1 + beg®),

nx)=q¢*—1, En)=1-¢", (3.57)
¢-Charlier; B(z) =aq¢®, D(z)=1—-¢% nlx)=¢*—-1, &En)=1-¢", (3.58)
in the above list must be stressed, although their orthogonality weight functions in references

do not contain Jackson integrals. This is because the set of eigenvectors of the difference
Schrodinger equation (3.7) is not complete for these two polynomials [9)].
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3.2.3 Exercise

1. Verify the triangularity, £(n) and ¢2(z) for the other examples in §3.2.2.

2. Calculate the lower members of the eigenpolynomials P; and P, explicitly for some
examples.

3. Verify the trace formula (3.37) for the finite dimensional examples.

4. Derive the meromorphic expressions of ¢3(x) and confirm that they vanish outside of
the domain (3.44). For g-polynomials use the formula (a;q), = (a;¢)e/(aq™;q) oo
(A.2).

4 Dual Polynomials

The orthogonality of the eigenvectors of the Jacobi matrix H (3.13), (3.14) implies

S ) Puln() Pan(2) = 5 e (1.1

in which we choose the normalisation constants {d, > 0} to be in the denominator. In terms
of the normalised eigenvectors

~

do(x) = doto(x), () = dndro() Pa(n()) = o(x) =" Pu(n(),
the orthonormality relation reads

> duto(@) Pa(n(x)) - dino () Pon(1()) = G

For the complete set of eigenvectors this means

D dudo(@)Pu(n()) - dudo(y) Pa(n(y)) = ays

which states the simplest duality that the row eigenvectors are also orthogonal. When written

slightly differently X
> dP(n(@) Pa(n(y)) = 5= Ou (4.2)
- ¢o(z)

it displays the duality with (4.1) explicitly.
As P,(n) is an orthogonal polynomial, it satisfies three term recurrence relations (see
Appendix B)

nP.(n) = AnPoy1(n) + BuPo(n) + CPo1(n), n=0,1,..., (4.3)
with real coefficients A,,, B,, and C,, (Cy = 0). With the relation
B,=—-(A,+C,), (4.4)
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which is a consequence of the universal normalisation (boundary) condition P,(0) =1 (3.31),
the above three term recurrence relation takes the same form as the H equation (3.23) in
the n-variable:

- An(Pn(n) - Pn+1(77)) - On(Pn(n> - Pn—l(n» =nP.(n),

A1 = ¢) = Co(1 — )] Poli) = P (), (49)

in which 7 is the eigenvalue.

The dual polynomial is an important concept in the theory of orthogonal polynomials of
a discrete variable [3, 4, 5, 10, 11, 12]. They arise naturally as the solution of the original
eigenvalue problem (3.7) or (3.23) obtained in a different way. Let us rewrite the similarity

transformed eigenvalue problem H ¢ (x) = £ (x) (3.24) into an explicit matrix form with
the change of the notation ¥ (z) = *(Qo, Q1, ..., Qqz,--.)

Zﬁw,yQyngx7 xuy:0717"'7(N)7"" (46>
Yy

Because of the tri-diagonality of ﬁ, it is in fact a three term recurrence relation for ), as a
polynomial in &:

r=0,1,...,(N),.... (4.7)

Starting with the boundary (initial) condition
Qo =1, (4.8)

we determine @, (&) as a degree x polynomial in €. It is easy to see that @, (&) also satisfies
the universal normalisation condition (3.31),

Q.(0)=1, z=0,1,...,(N),.... (4.9)

Replacing € by the actual value of the n-th eigenvalue £(n) (3.28) in Q.(£), we obtain the
explicit form of the eigenfunction (vector)

> Hey@Qy(E(n) = EM)Qu(E(n)), z=0,1,....(N),.... (4.10)

In the finite dimensional case, {Qo(E), ..., Q.(E),...,Qn(E)} as degree x polynomials in €
are determined by (4.7) for x =0,..., N — 1. The last equation

EQN(E) = D(N)(Qn(E) — Qn-1(E)), (4.11)

is a degree N + 1 algebraic equation (characteristic equation) of £ for the determination of
all the eigenvalues {€(n)}.
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Here are five known forms of the eigenvalues in rd@QM, which are essentially of the same
forms as the sinusoidal coordinates (3.33) (0 < ¢ < 1):

(i): &(n)=mn, (ii): &(n) =en(n+ ), (e=1for a>—1,—1for a < —N)
(iii) : E(n)=1—-4¢", (iv): En)=q¢ " —1, (4.12)
(v): En)=elg"—1)(1 —ag"), (e=1for a<q?, —1for a>qg?P).

Convince yourself that all the eigenvalues of the examples in §3.2.1, §3.2.2 are of these forms.
In subsequent sections we will provide further two independent algebraic methods of the
determination of the eigenvalues {€(n)} based on the shape-invariance (in §6) and the exact
Heisenberg operator solution in §7.
We now have two expressions (polynomials) for the eigenvectors of the problem (3.23)
belonging to the eigenvalue £(n); P,(n(z)) and Q.(E(n)). Due to the simplicity of the
spectrum of the Jacobi matrix (3.16), they must be equal up to a multiplicative factor a,,,

P,(n(z)) = 0,Q.(E(n)), x==0,1,...,(N),..., (4.13)

which turns out to be unity because of the boundary (initial) condition at x = 0 (3.29),
(3.31), (4.8) (or at n =0 (3.21), (3.32), (4.9));

P.(1(0)) = P,(0) Qu(E(n)), n=0,1,...(N)..., (4.14)
Po(n(z)) = 1 = Qu(0) = Qu.(£(0)), z=0,1,...,(N),.... (4.15)

We have established that the two polynomials, { P, (n)} and its dual polynomial {Q.(E)},
coincide at the integer lattice points:

Pun(@)) = Qu(E(n), n=0,1,...,(N),..., a=0,1,...,(N),.... (4.16)

The completeness relation (4.2)
Y Pa(n(2)Pa(n(y) = Y drQu(E(n)Qy(E(n)) = peTp) 0 (4.17)

is now the orthogonality relation of the dual polynomial @,(E(n)), and the previous normal-
isation constant d2 is now the orthogonality weight function.

The real symmetric (hermitian) matrix #,, (3.14) can be expressed in terms of the
complete set of the eigenvalues and the corresponding normalised eigenvectors (spectral
representation)

Hay =Y EM)on(2)0n(y), (4.18)
n(r) = dndho(2) Pa(n(x)) = dutro(2)Qu(E(n)). (4.19)

The very fact that it is tri-diagonal can be easily verified by using the difference equation
for the polynomial P,(n(x)) (3.23) or the three term recurrence relation for Q,(E(n)) (4.7).
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Here is a list of the dual correspondence:

r<n, n) < E&Mn), n0)=0<+ £0)=0,
do(x) o n (4.20)

do(0)  do

In the last expression, we have inserted ¢o(0) = 1 (3.20) for symmetry. It should be remarked
that B(x) and D(x) govern the difference equation for the polynomial P,(n), the solution
of which requires the knowledge of the sinusoidal coordinate n(z). The same quantities
B(z) and D(z) specify the three term recurrence of the dual polynomial Q,(€) without
the knowledge of the spectrum £(n). The explicit forms of n(z) and £(n) are required for
the polynomials P,(n) and Q.(€) to be the eigenvectors of the eigenvalue problem (3.7).
Likewise, A, and C,, in (4.3) specify the polynomial P,(n) without the knowledge of the
sinusoidal coordinate. As for the dual polynomial Q.(E(n)), A, and C,, provide the difference
equation (in n) (4.5), the solution of which needs the explicit form of £(n). Let us stress
that it is the eigenvalue problem (3.7) with the specific Hamiltonian (3.13) that determines
the polynomial P,(n) and its dual Q. (&), the spectrum £(n), the sinusoidal coordinate n(x)
and the orthogonality measures ¢Z(z) and d2.

The three explicit examples in §3.2.1, the Krawtchouk (3.34), Meixner (3.38) and Char-

%) (3.35),

—%) (3.42) are invariant under the exchange

B(z) <» —A,, D(x) <+ —C,,

—n, —x

lier (3.41) are self-dual, as the explicit forms of the polynomials 2F1< Y

(5 [1-2) 60,
T <> n.

5 Fundamental Structure of Solution Space

Let us explore the structure of the solution space of the eigenvalue problem for the positive
semi-definite Jacobi matrices:

Hon(x) =EM)pn(x), n=0,1,2,..., (5.1)
H=HT=ATA  HO(x) =0, Apo(x) =0, E(0)=0. (5.2)

By changing the order of A" and A, a new hermitian matrix H! is defined:
HU LAt HO = ATA 2) = ¢u(z), n=0,1,...,. (5.3)

It is again a tri-diagonal symmetric matrix. If the original Hamiltonian H% is an (N +1) x
(N +1) matrix, the new one H!! is an N x N matrix, as seen clearly from the explicit forms
of A (3.17) and A" (3.18). This is due to the boundary condition B(N) = 0. The new one
HW is called the partner or the associated Hamiltonian.

These two Hamiltonians are connected by the following intertwining relations:

AHO = AATA = HI A, AU = ATAAT = 1O AT, (54)
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The iso-spectrality of the Hamiltonians H® and H!Y except for the groundstate gzﬁ([)o](x),

1oL (z) = Em)e(z) (n=0,1,...), Apy (x) =0,
HUe () = Em)pll(z) (n=1,2,...),

oW(z) L Al (z), ¢l(z) = %@ﬁ(:ﬂ) (n=1,2,...), (5.7)
(e, oy = E(n) (8, ¢l%)  (n,m =1,2,...). (5.8)

is a simple consequence of the intertwining relations. The groundstate energy of the partner
Hamiltonian H[ is £(1) as the original ¢g(x) is deleted, Ady(z) =

By subtracting the groundstate energy £(1) from the diagonal part of H[ another
positive semi-definite Hamiltonian H[!) — £(1) is obtained, which is again factorised

U = AN AN 4 g(1), BM( ),DU(z) >0, DUO)=0, BUN-1)=0, (5.9

AV = /Bl (z) — €24/ D (x AWt — \/B U(x \/Dm(ﬂf) e

in the same manner as the original Hamiltonian

Al (z) = 0. (5.10)

By changing the order of AT and AW a new tri-diagonal Hamiltonian H? is defined:
2 A 41T g (1), (5.11)
The two Hamiltonians H — £(1) and H? — £(1) are intertwined by AM and AM:

A[ll( 5(1)) = AN AR gl — (H[2} _ 5(1))A[1},
A[I]T(HD _ 5(1)) — AT Al A0 — (H[ll _ 5(1)).,4[1”.

The iso-spectrality of H[Y and #[? and the relations of their eigenvectors are obtained as
before:

HEAGP) (x) = E(n)g) (x) (n=2,3,...),
R A, ) = 5P o) (=25
(05, 01) = (E(n) — E(1) (8}, &1)) (n,m=2,3,...),

HE = APHAPR 4 £(2),  APGP(2) =0

By the transformation HM — [ the groundstate corresponding to £(1) is deleted,
Ay () = 0
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This process of deleting the lowest energy state goes successively:

I & gl gl 1T 4 g5 — 1) = AETAL 4 g(s), (5.12)
HEG () = Em)eld(x) (n=s,5+1,...), Al (z) =0, (5.13)
[s—1]t
(5] def qlsm1] g[s1] sy A ]
op(x) = Ao (x),  ¢p(x) £ — 205 = 1)¢n (z)
(n=s,s+1,...), (5.14)

(ol plshy = (E(n) —E(s — 1))(¢£f_1], PN (nym=s,5+1,...). (5.15)

A Al Al Al
< —(< —(< ——""-—-"°
At At Al ABIT
A Al A2
s T
AL o AT o AR g
A Al
AN & T>‘1 [11: 2
AT gt AT g
A -
E(l) ¢ ge——=
AT [
£(0) o
o
H H 1 H2I HBI

Figure 1: Fundamental structure of the solution space of 1-d QM.

Summarising these results we arrive at the following

Theorem 5.1 (Crum [18]) For a given Hamiltonian system {HI) E(n), o (x)} there ex-
ist as many associated Hamiltonian systems {HW E(n), i (z)}, {HE, E(n), s ()}, ...,
as the number of discrete eigenvalues. They share the eigenvalues {E(n)} of the original
Hamiltonian and the eigenvectors of HU and HVHY are related by AU and AU,

It should be stressed that Crum’s theorem is the consequence of the factorisation of
positive semi-definite Hamiltonians. It holds equally well in ordinary 1-d QM and in simplest

QM.
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6 Shape Invariance: Sufficient Condition of Exact Solv-
ability

The structure of the solution space gives a key to understand the solvability. That is shape
invariance, which is a sufficient condition for exact solvability. In most cases Hamiltonians
depend on several parameters, A = (Aq, A, ...). Let us symbolically express the parameter
dependence of various quantities as H(X), A(X), E(n; ), dn(z;N), n(x; A), Po(n(z; X); A)
etc.

The system is exactly solvable if the matrix AM of the partner Hamiltonian H™ has the
same form as A = Al with a certain parameter shift:

AU oc AN+ 8),
in which 9§ is the shift of the parameters. This can be rephrased as
A()\)A()\)T = rAX+ 5)TA()\ +0)+E(L;AN), (6.1)

in which k > 0 is a parameter corresponding to the overall scale change of the Hamiltonians.
From Fig. 1, we find that the eigenvalues and the corresponding eigenvectors are expressed
by the first excited energy £(1;A), A(X), A(X)T and the groundstate vector ¢o(z;A) at
variously shifted values of X [6]:

n—1

Em) =Y wELAY), A E X 458, (6.2)
s=0

(3 A) o AN TAAM)TANE)T - A=) g (23 AT). (6.3)

As we will see shortly, the eigenvector formula (6.3) is the generalised Rodrigues formula. In
terms of the potential functions the shape invariance condition (6.1) is rewritten as

Bz +1;\)D(z + 1;A) = k2 B(z; A+ 8)D(z + 1; A + §), (6.4)
B(z;A\)+D(z + 1;X) = k(B(z; A+ 8)+D(z; A+ 8)) +E(L; A). (6.5)

The size of the matrix N is also a part of A and the corresponding shift is —1.

6.1 Shape Invariance Data

Here are the shape invariance data of various polynomials [6].
1. Krawtchouk (3.34); A= (p,N),0 = (0,—1), k =1, E(LA) =1=E(n; A) =n.
2. Meixner (3.38); A= (5,¢), 6 =(1,0), k =1, E(L;A) =1 = E(n; A) =n.
3. Charlier (3.41); A=1(a), d =(0), k=1, E(L;A) =1=E(n; A) =n.

4. Racah (8.3), (84); A= (a,b,c,d),d=(1,1,1,1), k =1, E(1;A) = 1+d = E(n; A) =
n(n+d).
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5. Hahn (3.45); A = (a,b,N), 6 = (1,1,-1), k =1, E(L;A) =a+b= EMA) =
n(n+a+b—1).

6. dual Hahn (3.46); A = (a,b,N), 0 = (1,0,—-1), k =1, E(L;A) =1 = E(n; A) = n.

7. g-Racah (8.3), (8. )7 *=(a,b,c,d), 6 =(1,1,1,1),k =q ", E(1;A) = (¢"'=1)(1—dq)
= E(m;A) = (q (1~ dg").

8. ¢-Hahn (3.47); ¢* = (a, b,qN) 0= (L,1,-1),x=q¢ " EL;AN) = (¢ —1)(1 — ab)
= E(n; A) = (q — 1)(1 —abg"™").

9. dual ¢-Hahn (3.48); ¢* = (a,b,¢"), 6 = (1,0,-1), Kk = ¢}, E(1;A) = ¢t -1

=EMm;A)=q¢"—1

10. quantum g-Krawtchouk (3.49); ¢* = (p,¢"), 6 = (1,-1), k = ¢, E(1;A) =1 —¢q
=EMn;A)=1—q¢"

11. g-Krawtchouk (3.50); ¢* = (p,q"), 6 = (2,—1), k = ¢ ", E(1;A) = (¢7' = 1)(1 + pq)
= En;A) = (¢ — 1)(1+pg").

12. dual g-Krawtchouk (3.51); ¢* = (p,¢"), § = (1,=1), k = ¢ L, E(1;A) = ¢t =1
==E&n;\)=q¢"—1

13. affine g-Krawtchouk (3.52); ¢* = (p,¢"), d = (1,-1), k = ¢}, E(1;A) = ¢t -1
=E&Mm;A)=q¢"— 1

14. little g-Jacobi (3.53); ¢* = (a,b), 6 = (1,1), k = ¢4, E(1; ) = (¢71 — 1)(1 — abg?)
— E(miA) = (g — (L abgt),

15. little g-Laguerre (3.54); ¢* = a, 6 = 1, k = ¢ L E(L;N) = ¢ 1 —-1=EMn;A) =¢"—1.
16. Al-Salam Carlitz IT (3.55); ¢* =a, 6 =0, k = ¢, E(1;A) =1 —qg = E(n;A) =1 —¢™.

17. alternative g-Charlier (3.56); ¢* = a, § = 2, k = ¢ 1, E(1; ) = (¢! — 1)(1 + aq)
= En;A) = (¢ — (1 +ag").

For various g-polynomials, e.g. (dual) ¢-Hahn, g-Racah, etc. the shifts of the parameters
a, b, ¢, etc, are multiplicative. For example, in the ¢-Hahn case a — aq, b — bg. It should
be noted that some dual pairs, e.g. the ¢-Hahn and dual ¢-Hahn, ¢-Krawtchouk and dual
g-Krawtchouk, etc, have the identical parameter set A but the shifts § are different.

6.1.1 Exercise

Verify the above shape invariance (6.1) and the universal eigenvalue formula (6.2) for the
examples in §3.2.1, §3.2.2 with the data given above.
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6.2 Auxiliary Function ¢(z)

In the potential functions B(xz;X), D(z; A) the parameter shift A — X + 4 is closely related
with the coordinate shift x — x + 1. But they are not the same for systems having the
sinusoidal coordinate n(x) # x. Let us introduce an auziliary function ¢(x; X) by

def (T + 1 A) = n(z; A)
(15 A) ’

which connects potential functions B(x; XA 4+ 8), D(x; A + ) with B(z + 1; X), D(z; A) in
systems with n(x) # x:

o(z; N) ©(0;A) =1, (6.6)

r+1;A)

Bla:A+ ) =t 7L B(x+1:\), 6.7
(3 +6) = B ST B 1) (67)
— 1)
D(a: A+ 8) = i1 PEZ LN oy, 6.8
(x+8) = w EE D) (63)
Likewise the groundstate eigenvector ¢g(z) with A and A + § are related
VB(0; M) o(2; A +0) = p(z; M)/ Blz; N)do(; A), (6.9)

VB(O0;XN)po(z; A+ 0) = p(z;A) VD + 1;X)po(z+ 15 N). (6.10)

Crum’s theorem tells that the eigenvectors ¢, (z; A) and ¢,,_1(z; A+ 9) are related by A(A)
and A(X)T:

AN (23 X) = EM)(A)p_1 (z; X + 8) //B(0; A) (6.11)
AN 1 (23 X+ 8) = dula;A) x /B(0; N), (6.12)

in which the factor \/B(0; A) is introduced for convenience.

6.2.1 Exercise

1. Verify the relations among potential functions (6.7), (6.8) for various systems listed in
§3.2.1, §3.2.2.

2. Show that the relations satisfied by the groundstate vector ¢o(z) (6.9), (6.10) are the
consequences of (6.7), (6.8) and (3.20).
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6.3 Universal Rodrigues Formula

Let us introduce the forward and backward shift operators F(A) and B(X) acting on the
polynomial eigenfunctions {F,(z;A)}:

def

F(A) = golzs X+ 8)"" - A(X) - go(x; X) x /B(0; )
= B(0; A)p(z; A) (1 — €?), (6.13)

BN = go(z: X) 7 AN - do(a3 A + 8) x

V/B(0; )
1 _
= BN (B(z; A) = D(z; X)e ) p(z; N), (6.14)
H=BAFA) = Blz;A) (1 — )+ D(x: A)(1—e?), (6.15)
FN)Bo(x;A) = E(n; NP1 (z; X+ 8), (6.16)
BN)P,_1(x;X+8) = By(x;N). (6.17)
By taking the hermitian conjugate of the forward shift operator F(A) (6.13), we obtain
AN o< do(; X) 71 D(X) - gola; A+ 9), (6.18)
D) Y (1= e p(z; A) (6.19)

By applying the above formula to the shape invariance formula (6.3) and imposing the
universal normalisation (3.31), we obtain universal Rodrigues formula for all the orthogonal
polynomials of a discrete variable in the Askey scheme:

n—1
Pa(n(w; A); A) = do(2: A) 2 - [[ DO+ j8) - 05 (w; X + ). (6.20)
=0
This is especially simple for the systems with n(z) = z, P,(z;\) = ¢o(z;X) 72+ (1 — e ).
¢o(x; A + nd)?, which holds e.g. for the Krawtchouk (3.34), Meixner (3.38) and Charlier
(3.41). It is easy to convince that the universal normalisation P, (0) = 1 is satisfied. In (6.20),
the term involving e™™? (1 < m < n) all vanish at © = 0 because of ¢2(—m; X+ nd) =0
due to (3.44). The rest is simply ¢o(0; A)2¢2(0; A +nd) = 1 due to the boundary condition
of ¢o(x) at x =0, (3.21).

6.3.1 Exercise

Calculate explicitly P, and P of the Krawtchouk (3.34), Meixner (3.38) and Charlier (3.41)
by using the universal Rodrigues formula (6.20).
7 Solvability in Heisenberg Picture

In QM the Schrodinger picture and the Heisenberg picture are known. So far we have
discussed exactly solvable simplest QM in the Schrodinger picture. In this section we show
that the same systems are solvable in the Heisenberg picture, too.
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In the Heisenberg picture, the observables depend on time and the states are fixed.
Heisenberg equation for the observable A(t) read

a . o
A =i [HA) (7.1)

By picking up an arbitrary normalised orthogonal functions {¢,(x)}, one can rewrite the
above equation in matrix form:

2Anm(t) = ZZ (anAkm(t> — Ank(t)Hkm> )

Apn(t) / bul2) A (2)dw,  Ho / () Hm ()
The formal solution of the Heisenberg equation (7.1)

A (i)

A(t) = ™A0)e "™ =) w (ad H)"A(0),
n=0
is expressed concisely in terms of adjoint operator (ad H)X dof [H, X]. As seen from the

Heisenberg equation (7.1) (ad H)"A(0) corresponds to the n-th time derivative of A(t) at
t = 0. For explicit closed form result one has to calculate multiple commutators

and evaluate the infinite sum. This is why the Heisenberg equations are considered in-
tractable for most of the observables.
Here we show that the Heisenberg operator solution for the sinusoidal coordinate 7(x)

ezt’H e—zt"H

n(x)
can be obtained explicitly in a closed form for all the exactly solvable simplest QM [6]. The
sinusoidal coordinate n(z) is the argument of the eigenpolynomial P,(n(z)) in the factorised
form of the eigenvector ¢, (z) (3.22). As shown in the preceding sections, for the matrix
interpretation of the Hamiltonian H, n(z) is a diagonal matrix. For the difference operator
interpretation, it is just a function.

7.1 Closure Relation

It is easy to see that the following closure relation is a sufficient condition for the exact
solvability of the Heisenberg equation for the sinusoidal coordinate,

[H, [H,n(2)]]
(ad H)*n(x) = n(x) R

() Ro(H) + [H,n(x)] B1(H) + B+ (H),

J(H) + (ad H () Ry () + Ros(H), (72
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in which R;(y), (i = 0,£1) is a polynomial in y. By similarity transformation in terms of
do(z;A) (3.20), (7.2) reads

(7 [ n(a))) = n(e) Ro() + (o) Ra(H) + By (), -
(ad H)*n(x) = n(x) Ro(H) + (ad ”H) () Ri(H) + R-1(H),
The Lh.s. consists of the operators e??, €2, 1, e~ 9 and H contains e*®. Thus R; can be

parametrised as
Ri(z) = r%l)z + r§0), Ry(z) = 7“(()2)22 + r(()l)z + 7“(()0), R_1(z) = r(_22z2 + r(_lfz + r(_o). (7.4)

The coefficients 7" depend on the overall normalisation of the Hamiltonian and the sinu-
soidal coordinate: 7 oc B(0)1=7, ¥ o B(0)277, rY) o n(1)B(0)>.

Based on the closure relation (7.2), the triple commutator [H, [H, [H, n(z)]]] = (ad H)3n(z)
is expressed as a linear combination of n(x) and [H, n(z)] with polynomial coefficients in H,

(ad H)*n(x) = [H, n(x)]Ro(H) + [H, [H,n(2)] Ri(H)

= n(z) Ro(H)R1(H) + (ad H)n(@) (Ri(H)* + Ro(H)) + R_1(H)Ra(H).
The closure relation (7.2) can be understood as the Cayley-Hamilton theorem for the operator
adH acting on n(x). The fact that the closure occurs at the second order reflects that the
Schrodinger equation is second order. Thus the higher order commutator (ad H)"n(z) is also

expressed as a linear combination of n(z) and [H,n(x)] with polynomial coefficients in H.
We arrive at the desired result

eitHn(x)e—itH Z(Zt) (ad H)"n(z)

n!
_ iy eiorz:.(g-[)t _ 6ia_(7—t)t R VR .
- [ 777(‘1:)] ()é+(7'[) _ Oé_(H) - *1( ) 0( )

%)eia+(H)t + oy (H)eia_(H)t
ar(H) —a-(H)

This simply means that n(z) undergoes a sinusoidal motion with two frequencies oy (H)

depending on the energy:

as(H) € ] HRi(H) £V Ri(H)? + 4Ro(H) ), (7.6)
ay(H) +a-(H) = Ri(H), ar(H)a_(H)=—Ro(H). (7.7)

() + Roa(H) Ro(H) ) 2=

(7.5)

The explanation is simple. The general solution of a three term recurrence relation with
constant coefficients

aan+2+/8an+1+’7an:()a TLZO,]_,..., @,67’76((:,

is given by the roots of the corresponding quadratic equation,

def 6 + \/ 62 40é

ar’ +Br+v=0, z4+=
a, = A(xy)" +B(z_)", A+B=ay, Ary+ Br_=a.

35



The closure relation (7.2) becomes a three term recurrence relation by shifting n(x),

(ad H)%ii(x) — (ad H)ij(z) Ri(H) — 7i(x) Ro(H) = 0,
i(z) € n(z) + Ry (H)Ro(H) ™,

giving rise to the solution

(adH)"1)(z) = Ay (H)" + Ba_(H)",

o a_(H) 1

A= _n<x> a+(H> — a_(H) + [H7 77(1’)] a+(7-[) _ Oé_<H)7
o as(H) :

B =1j(z) as (1) — a_(H) N [H’U(I)]a+(7-[) —a_(H)

Summing them up produces e+ in the solution (7.5).
The energy spectrum (eigenvalues) are determined by the overdetermined equations
(£(0) =0)
Em+1;A) —EMm;A) =ar(E(n; A)) = E(L; A+ nd), (7.8)
EMm—1A)—Em;A) =a_(E(m;A) = =E(L; A+ (n—1)9). (7.9)
It is interesting to verify that the quantity R;(£(n))? + 4Ry(E(n)) inside of the square root
in aL(H) (7.6) is a complete square for exactly solvable systems.

7.2 Creation and Annihilation Operators

By combining the three term recurrence relation for P,(n) (4.3) and the factorised form of
the eigenvectors (3.22), we obtain

n(x)pn(x) = Apdnsi(z) + Bron(x) + Crop_1(z) (n>0). (7.10)
When the Heisenberg operator solution (7.5) is applied to the eigenvector ¢, (), we obtain

eitHn(:E)e_ithbn (ZL“)

= HECDEN 4,5 (2) + Buga(w) + €ECDEDI G, ()

_ 6ito¢+(5(n))An¢n+1($) + Bn¢n(x) + €ita_(8(n))cn¢nfl($) (711)

We find out creation a(*) and the annihilation a(~) operators as the coefficients of e+t
eitﬂn(x)e—it?'-[

= el (0t () eloe-(0t _ R (H)Ro(H) ™, (7.12)

-1

0 £ ([Hn(@)] = il@)ar (H) ) (- (H) — a—(H)

= (0 (1) = a- (1) (M n(@)] + ax (i) ) (7.13)
aPt = g (7.14)
(P6,(1) = Anbnia(1), 0 60(x) = Cadn (2), (7.15)

B, =—R_1(EM))Ro(E(n)) !t = —(A, + C). (7.16)
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The above B,, formula (7.16) is quite interesting. It is independent of the normalisation
of the polynomials. The coefficients Ry, R_; are independent of the eigenpolynomial, as
they are determined by the Hamiltonian and the sinusoidal coordinate. But they are related
with the eigenpolynomial through the spectrum &(n). The eigenvectors of the excited states
{¢n(x)} are obtained by multiple application of the creation operators on the groundstate
eigenvector ¢o(x), ¢n(z) o (aF))"¢o(x). This is the exact solvability in the Heisenberg
picture.

The eigenvector of the annihilation operator is the coherent state. It is interesting to
calculate the coherent states explicitly for various systems.

7.3 Determination of A, and C,

The starting point is the three term recurrence relations of the polynomial P,(n) and its

dual Q.(&):
(@) Pa(n()) = An(Pasa(n(2)) = Pu(n(2))) + Co(Par(n(2)) — Pa(n(2))), (7.17)
E(n)Qx(E(n)) = B(x)(Qx(E(n)) — Qus1(E(n))) + D(2)(Qx(E(n)) — Qu-1(E(n))). (7.18)
By putting z = 0 in (7.18) and using Qo = 1, D(0) = 0, we obtain

Po(1)) = Quen)) = S0, (7.19)

in which the first equality is due to the duality (4.16). Next, by putting z = 1 in (7.17) and
using (7.19), we obtain

n(1)(E(n) — B(0)) = A, (En+1) —E(n)) + Cp(E(n— 1) — E(n)). (7.20)
The two equations (7.16) and (7.20) for n > 1 give

BEM) (e(n) — E(n — 1)) +n(1)(E(n) — B(0))
_ Ro(E(n)
A - R T T =€ =T , (7.21)

BAE) ((n) — E(n+ 1)) +n(1)(E(n) — B(0))

_ Ro(E(n))
Cn = En—1)—&Mn+1) ’ (7.22)
and for n = 0 we obtain from (7.16)
Ay =R_1(0)Ry(0)"", Cy=0. (7.23)
They are simplified (n > 1) in terms of a4
_ R(E(n) + (1) (E(n) — B(0)) oy (E(n))
b T E) (0 E) —a(E) e
_ RL(EM) + (D) (Ew) = BO)a_(E(M))
T T @) (- (E ) — o (E) 72



Note that (7.20) for n = 0 gives another important relation
Ao€(1) + B(0)n(1) = 0. (7.26)

This relation ensures that the expression for C,, (7.25) vanishes for n = 0. Written differently,
the above relation (7.26) means another dual relation

BO) _ 4
) n(1)’

between the two intensive quantities. That is they are independent of the overall normali-
sation of the Hamiltonian H of the polynomial system.

(7.27)

7.4 Closure Relation Data and A,, C,

It is straightforward to calculate the closure relation (7.2), (7.3) for simpler systems. For
the Krawtchouk (3.34), Meixner (3.38) and Charlier (3.41), R =0 and Ry = 1, Ry # 0,
meaning ay = £1. This leads to the linear spectrum £(n) = n (7.8), (7.9) and simple
expressions of the creation/annihilation operators (7.13), the coefficients of the three term
recurrence relation A,,, C, (7.24), (7.25).

1. Krawtchouk (3.34); Ry =0, Ry =1, R_1(2) = 2p— 1)z = pN = A, = —p(N —n),
C,, = —(1 — p)n. This polynomial is self-dual. That is, —A,,, —C,, are obtained from
B(z), D(x) by the replacement x — n. The dual Krawtchouk polynomial is exactly
the same as the Krawtchouk polynomial.

2. Meixner (3.38); R = 0, Ry = 1, Ry(z) = -3¢z — 22 = 4, = —=(n+ p),

C, = —7=. The Meixner is also self-dual.

3. Charlier (341); Ry =0, Ry=1, R 1(2) = —z—a = A, = —a, C,, = —n. The Charlier
is self-dual, too.

It is interesting to calculate the closure relation (7.2) and derive the coefficients of the three
term recurrence A,, C,, explicitly (7.24), (7.25).

4. Hahn (3.45); Ry =2, Ro(z) =4z+ (a+b—2)(a+ ),
R4(z2)=—@2N —-a+b)z—ala+b—2)N,

(n+a)(n+a+b—1)(N—n) nn+b—1)(n+a+b+ N —1)

A = O, = ,
~ " 2n—14+a+b)2n+a+b)’ Cn 2n—2+a+b)(2n—1+a+0)

These are the same as B(x), D(z) of the dual Hahn (3.46) with x replaced by n.
5. dual Hahn (3.46); Ry =0, Ry =1, R_1(2) = 22> — (2N —a+b)z — aN,
= —A,=n+a)(N-n), —-C,=-nb+N—n).

These are the same as B(x), D(x) of the Hahn (3.45) with x replaced by n.
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; def

6. ¢g-Hahn (3.47); —q2)2, 2 E 24 (1+abgh),

R,
Ro( ) (q
R.y(2)=(q>— @15)2(2’2 —(al+bg™ ")+ (1 +ag ")g )2

+a(l+q ) ((a=1)bg "+ (1+bg g ™)),

(" =11 — ag")(1 — abg"™")
(1—abg>")(1 —abg*) °
nono1 (1=¢")(1 —abg" ™) (1 — bg" ")
(1 — abg®=2)(1 — abg®>—1)

These are the same as B(x), D(z) of the dual ¢-Hahn (3.48) with x replaced by n.

=

=—A, =

_Cn:aq

7. dual ¢-Hahn (3.48); Ri(2) = (7% — ¢2)%%, 2 241, Ry(z) = (=2 — q3)22'2,
Roy(2) = (¢ — ¢2)? ((1 +abg )2 — (a(1+bg7") + (1 +aqg ")g V)2
+a(l+ q’l)q*N>,
= —A,=(1—ag")(¢" " =1), —Co=0aqg " (1—¢")(¢"" —b).

These are the same as B(x), D(x) of the ¢-Hahn (3.47) with x replaced by n.

8. Quantum q—Krawtchouk (3. 49) Ri(2)=(q2 —q2)%2', 2 o,

Ro(2) = (g2 — ¢2)?"2
R(2)=(q7% — ¢ )2(2’2+p "A+p+g ¥ H +p (1+47),

=—A,=p ¢V 1-¢"T"), -C.=("-1)A-p ¢ ™.

Rfl(Z) = (g =)+ (p—a M) +p(l+q )1 —qg)),
an_]_ 1 n 1 — g™ (1 n+N
IR : ) Jrz;qr)1 o, = pgN1 q2)E1+pq 2) '
(1 +pg*)(1 + pg*t) (1 +pg* =) (1 + pg*)

10. affine ¢-Krawtchouk (3.52); Ry(z) = (qﬁ _ q%)QZI’ EC 1,

2
(22 = (pg+ (L +p)g ™2 +p(l+q)g™),
(1 —pg"™), —Cn=pg" V(1 —q").

11. little g-Jacobi (3.53); Ri(2) = (¢~ 3 — q2)2 o d:efz+ 1+ abg,
Ro(2) = (72 —q2)*(¢'* — ab(1 + ¢)?),
Roy(z)=(q72 —q2)* (=2 + (1 +a)2’ — a(l + q)(1 — bg)),
(1 —bg"™)(1 — abg" ™) (=g —ag")

o A — 2n+1 _ .
n = a4 (1 — abg?t1)(1 — abg?n+2)’ Cn (1 — abg®™)(1 — abg? +1)
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12. little g-Laguerre (3.54); Ry(z) = (¢~ 2 — q2)2%' 241, Ro(z) = (g2 —q2)%22

R,l(z):(q’ﬁ—ql)(—z —|—(1+az—a1+q)
:>—An:aq?"+17 —Cp=1-=¢")(1—-aq").

These are the same as B(x), D(z) of the Al-Salam Carlitz II (3.55) with x replaced by
n.

13. Al-Salam Carlitz IT (3.55); Ry (2) = (q_%—q%)Qz’, 2, Ro(z) = (g2 —q2)%2'2,

27+ (1+a)?),
=—A,=aq ", —C,=(qg"—-1).

L
—~
N
~—
|
—
Q\
[NIES
Q
(NI
~—
[\e}
—~

These are the same as B(z), D(x) of the little g-Laguerre (3.54) with x replaced by n.

14. alternative g-Charlier (3.56); R;(2) = (q*% —q
Ro(2) = (¢7% — q2)(2'* ’ alg™? +4q
R.i(z)=(q% —q2)° (=27 +2 —a(l+

341 1+ aq" o 1—-q"
(1+ag®>)(1+ ag®*1)’ " (14 a2 )1+ ag?)’

def
22, Z=z41—a,
2

_An:aq

7.4.1 Exercise

Based on the above data of R;(z), j = 0, %1, determine the eigenvalues {£(n)} as solutions
of the overdetermined equations (7.8), (7. ) for various systems.

8 New orthogonal polynomials in Simplest QM (rdQM)

In this section we will present new orthogonal polynomials obtained by deforming those
polynomials constituting the eigenpolynomials of the Simplest QM. As the the most generic
members in this group we choose the Racah and ¢-Racah polynomials [35]. For the others,
e.g. the multi-indexed Meixner or little g-Jacobi, etc., see [37].

8.1 Classical polynomials: the Racah and ¢-Racah

The Racah (R) and ¢-Racah (¢gR) systems contain four real parameters a, b, ¢, d and ¢ for
qR, which are symbolically denoted by A:

R: X =(abecd), 6d=(1,1,1,1), r=1,
qR: ¢ =(a,b,c,d), 6=(1,1,1,1), w=q' 0<gqg<l, (8.2)
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where ¢* stands for ¢*t22) = (g™ ¢*2,...). The potential functions B(x) and D(x) are:

( (+a)(@+b)(z+)(z+d) R
L (22 4+ d)(2z + 1+ d) '
BEN=V 0 - ar)0 = b) (= e)—dg) 53
k (1= dg) (1~ dg?*+1) !
([ (z+d—a)z+d-Db)(z+d—c)x R
N (2r —1+d)(2z+d) ‘
D(ilj‘, )‘) _dN (1 _ a‘ldqﬂc)(l _ b—ldqm)(l _ C_ldqm)(l _ qx) . JR (84)
\ (1 _ dq2x71)(1 _ dqu) AS
in which a new parameter d is defined by
sdef | a+b+c—d—-1 R
d= { abed™'q™! tqR (8:5)
We adopt the following choice of the parameter ranges:
R: a=—-N, 0<d<a+b 0<c<l1+d, (8.6)

gR: a=q¢ ", O<ab<d<l1, gd<c<l.

The eigenvalue problem and its factorised eigenvectors are:
HAN)pn(z; ) = E(n; N)dn(x;A) (x=0,1,...,N;n=0,1,...,N),
On (3 X) = o(w; A) Po(; N),

| n(n+4a) 'R | x(x+4d) 'R
Hma) = { (-1 - dg) < qR "N = { (-1 -dg) :qg &1

4F3(—n, n+d,b—x, x+d ‘ 1) R
» . — A\ = . a,0,¢C &.11
Pal@i A) = P52 ) p (q‘”, dq", ¢~%, dg* q,q) 4R (510
4%3 a, b, c ) :
(a,b,c,d), 20 +d R
e ) +d—al+d-bl+d—cl), d '
Pol@i A)” = (a,b,c,d;q), 1 —dg* R (8.12)
(a=dg,b~dg,cdg,q; ), d* 1 —d 1
( (a,b,c, cZ)n on+d
(1+d—al+d—bl+d—c1), d
X(—l)N(1+d—a,1+d—b,1+d—c)N R
> (d+1)n(d + 1oy '
_ ~ - 8.13
dn(A) (a‘vb7 Cud;q)n 1-— dq2n ( )
(a='dq,b~'dg,c'dq, q;q)nd® 1—d
ot 1
(EDM(a g b7 Mg, e dg; g dg MY o
| (dq;q)n(dg;q)an
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Here (a), ((a;q),) is the (g-)shifted factorial ((g-)Pochhammer symbol), see (A.1), (A.2).

The (¢-)Racah polynomials are expressed by truncated (basic)-hypergeometric series
(8.11) and they are polynomials in the sinusoidal coordinates n(z;X) (8.10). In fact, if
a (Laurent) polynomial f in z (¢*) is invariant under the involution Z

Z(z) =—x—d :R, (") =q*d' :qR, I*=id, (8.14)
I(f(x)) = f(x) & f(2)= f(n(z; X)), (8.15)

it is a polynomial in the sinusoidal coordinate n(z; X). The parameter dependence of n(x; A)
is important, since parameters are shifted by the multi-indexed deformation.
By similarity transforming H in terms of the ground state eigenfunction qbo( ), we obtain

the second order difference operator H governing the classical polynomial P, (x ):

H % o) o H 0 gol) = B(x)(1 — ) + Da)(1 — ),
B(z)(Py(z) = Po(z + 1)) + D(z)(Pu(z) — Po(z — 1)) = E(n) Py (x).

8.2 Discrete symmetry and virtual state vectors

Here we introduce discrete symmetry and virtual state vectors of the (¢-)Racah system. In or-
dinary QM, the virtual state solutions are square non-integrable solutions of the Schrodinger
equation. In the (¢-)Racah case, the Hamiltonians are finite-dimensional real symmetric tri-
diagonal matrices. The eigenvalue equation for a given Hamiltonian matrix cannot have any
extra solution other than the genuine eigenvectors. Thus we will use the term wvirtual state
vectors. As will be shown shortly, virtual state vectors are the ‘solutions’ of the eigenvalue
problem for a virtual Hamiltonian H’, except for one of the boundaries, © = x,.x (8.30). For
the polynomials corresponding to infinite dimensional matrix eigenvalue problems, another
type of virtual state vectors is possible [37].
By the twist operation t of the parameters:

) E =ML A=A+ 1A, A, £=id, (8.16)

we introduce two functions B’(z) and D'(z) by

B'(z; \) oo B(z;t(X)), D'(z;X) &of D(z;t(X)), (8.17)
namely,
( (@+d—at+)(z+d-—b+1)(z+c)(z+d) R
Y 2z +d)(2z+1+4d) '
B (iL‘, A) B (1 _ a—ldqx—i-l)(l _ b—ldq:c+1)<1 _ qu)(l _ dqx) . qR ) (818)
L (1 _ dqu)(l _ dq2x+1) ’
( @+a-1l+b-1)(z+d—c R
1oaY 2z — 14 d)(2z +d) '
PENZN ey (1= ar H0 b )0 =)0 =) | (519
[ ab (1 —dg*~1)(1 - dg*) '
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We restrict the parameter range to
R: d+ M <a+h, qR: ab< dg", (8.20)

in which M is a positive integer and later it will be identified with the possible maximal
number of repeated Darboux transformations. It is easy to verify

B(z;A\)D(x + 1; ) = a(A)?B'(2; A) D' (x + 1; X, (8.21)
B(ri) + Dl = N (B'(2:3) + D' (X)) + &/ (N), (8.22)
B'(z;A\) >0 (x=0,1,...,&Zmax + M — 1), (8.23)
D'(z;A) >0 (r=1,2,...,Zmax); D'(0;A) = D'(zmax + 1;A) = 0. (8.24)

Here the constant () is positive and /() is negative:

1 'R p —cla+b—d—1) 'R
0<aly) = { abd ¢! :¢R, 0>a/(A)= { —(1=¢)(1 —abd™tq7t) :qR. (8.25)

The above relations (8.21)—(8.24) imply a linear relation between the original Hamiltonian
H and virtual Hamiltonian '

HA) = aNH +a'(N), H LU ({N), (8.26)

which is defined by the twisted parameters (the A dependence is suppressed for simplicity):

H(t(X)) = —/B'(z) e’/ D'(z) — /D'(x) e °\/B'(z) + B'(z) + D' (). (8.27)

This means that H(t(\)) is positive definite and it has no zero-mode. In other words, the
two term recurrence relation determining the ‘zero-mode’ of H(t(\))

A(t(N) = V/B'(z;X) — €7/ D' (x; A),

AtN)do(z;0) =0 (2 =10,1,..., Tpax — 1), (8.28)

can be ‘solved’ from x = 0 to £ = x,.« — 1 to determine all the components

H D/ y_|_1 A (.T = Ovla"'7$max)- (829)

But at the end point & = xp,y, the ‘zero-mode’ equation (8.28) is not satisfied. The eigen-
value problem for the virtual Hamiltonian

H(A)@e(x; X) = EL(A)@u(m; A), (8.30)

can be solved except for the end point x = xya by the factorisation ansatz
. def 7
Po(; X) = dola; N)&y (5 X),
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as in the original (¢-)Racah system. By using the explicit form of ¢o(z; A) (8.29), the new
Schrodinger equation for £ =0, ..., Tyax — 1 is rewritten as

B'(2; ) (G A) = &+ 1 0)) + D' (w3 A) (&5 A) = Eo(x — 1 X)) = ELA)E (23 A). (8.31)

This is the same form of equation as that for the (¢-)Racah polynomials. So its solution for
x € C is given by the (¢-)Racah polynomial (8.11) with the twisted parameters:

N = PotN). &) = &(N). (8.32)

Among such ‘solutions’ of (8.30), those with the negative energy and having definite sign

E;A) >0 (2=0,1,..., Zomax, Trmax + 13V E V), (8.33)

N <0 (veV) (8.34)

are called the virtual state vectors: {py(x)}, v € V. The index set of the virtual state vectors
is

V= {1, 2, ce ,VmaX}, Vmax — mln{[)\l + )\2 - )\4 - 1]/, [%()\1 + )\2 - )\3 - )\4)]}, (835)

where [z] denotes the greatest integer not exceeding = and [z]|" denotes the greatest integer
not equal or exceeding x. The negative virtual state energy conditions (8.34) is met by
Vmax < [A1 + A2 — Ay — 1] For the positivity of gv(x;)\) (8.33), we write them down
explicitly:

( _ _ _ 1 _
4F3< v,v—a—b+c+d+1, :c,:c—ird‘l) R
: d—a+1,d—b+1,c
&(aA) = —~ -1p-1 g v+l o g (8.36)
¢<q7abcdq ,q ", dg ) R
\4 3 a,_ldq7b_1dq,c q7q q
2 zv:(—V,v—a—b—i—c—i—d—i—l,—:lj,x—i—d)ki R
(d—a+1,d—b+1,c) Kl
=4 . (8.37)
3 (¢, a'b edg™ g, dg"; q)r  ¢F R
= (a=tdq,b'dg, c; q)x (e

Each k-th term in the sum is non-negative for 2v ., < A1 + A3 — A3 — A\4. As shown shortly

(8.47), it is the virtual state polynomial &, (z) rather than the full virtual state vector @, ()
that plays an important role in the Darboux transformations.
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For later use, we summarise the properties of the virtual state vectors:

Go(z: N) & go(2:t(N), @l > ( SHA)) = dola NE(2; N), (8.38)
(5 0) © P (234(N) = Py (n(z; t(N), (8.39)
HN)Pe (23 X) = E(N)@u(23 A) (as = o, 1. ey — 1),
H()‘)@v(mmax; )‘) 7£ gv<)‘)¢v<xmax§ )‘>7 5\//()‘) =&, (t()‘))a (84())
5 B , iy | —(c+v)(a+b—-—d—-1-v) :R
&) —aE W) o) = { TSI R (5.41)
P(l-a)l(z+bP(d—at+ )P(b—d—z) o

gy def @@ X)) Tl —a—2)P(O)(z+d-a+1)I(0—d)

( 7)‘) - éo(ﬂj; )\) - (aflqlfx’ b, afldqachl7 bdil; q>oo : qR (8'42>

(a=1q,bq®, a=tdq, bd=1q™"; ¢)

Note that o/(A) = &(A) < 0. The function v(z;A) can be analytically continued into a
meromorphic function of x or ¢* through the functional relations:

B(z; A)
aB’'(x; )

D(z; X\)

mu(x; A). (8.43)

vix+ ;) = v(iz;A), v(z—1,A)=

By B(Zmax; A) = 0, it vanishes for integer Tpax + 1 < 2 < Zpax + M, v(z;X) = 0, and at
negative integer points it takes nonzero finite values in general.

8.3 Darboux transformations

Darboux transformations for the simplest QM have been introduced in [20], in which Wron-
skian’s roles are played by Casoratians. The Casorati determinant of a set of n functions
{f;(x)} is defined by

Welfis o ful@) Eaet(fie+j-1) (8.44)

1<j,k<n

(for n = 0, we set W[-|](z) = 1), which satisfies identities

Wolgf,gfa - 9fal(@ Hg v+ k) Welfi, o, ful (@), (8.45)

WC[WC’[flmea"'afna ]7WC[fl7f2a-'-7fn7 ]}( )
:Wc[fl,fg,,fn]($+1)WC[f1,f2,,fn,g,h](l') (nZO) (846)

For simplicity of presentation the parameter (A) dependence of various quantities is sup-
pressed in this subsection. Let us deform the (¢g-)Racah system by a Darboux transformation
with a seed ‘solution’ which is one of the virtual state vectors ¢4, (z) (1 < d; € V) (8.38).
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We rewrite the original Hamiltonian in such a factorisation in which the virtual state
vectors @g, (z) are almost annihilated except for the upper end point:

H = Al Ay, + Ea,,

Adl d:ef \V Bdl (x) - 68 \/ Dd1 (l’), A:ril Y/ Bdl (I) - \/ ﬁd1 (l’) 6_87
fldlgédl (iL‘) =0 (Qf = 0, 1, ooy Tmax — 1), fldlgbdl ($max) 7& 0.

This is achieved by introducing potential functions By, (x) and Dy, (z) determined by the
virtual state polynomial &4, (2):

gdl (x + 1) A~ def €d1 ('T — 1)

By () € aB' ()22~ Dy (z) € aD (z)2" (8.47)
€ay (2) €y (7)
We have By, (z) > 0 (z = 0,1,..., Zmax), Da,(0) = Dy, (Tmax +1) = 0, Dy, (z) > 0 (z =
1,2,..., Tmax) and

B(z)D(x + 1) = By, (z)Dg,(x + 1), B(z) + D(z) = By, (2) + Dy, (z) + Eq,,

where use is made of (8.31) in the second equation.
A new deformed Hamiltonian system with Ha,, ¢a,n(2), Pa,v(2), is obtained by changing

~

the order of the two matrices AL cand Ay,

Ha, def AdlALI + éd1’ (8.48)
Gayn () def ./Zldlqbn(x) (x=0,1,...,Zmax;n =0, 1, ..., Npyax ) (8.49)
Sﬁdw(x) ) Ad1 (,5\,<I) + Oz wmax Pdrv (I =0,1,...,Zpax; V € V\{dl})a (8'50)

VOB ) 0(Tmn) g g (8:51)

Pdiv = —
\/ €y (Tma) &y (Tmax + 1)
Ha, barn(®) = EM)ban(x) (2 =0,1,. ., Tmax; 7 = 0,1, ..., ), (8.52)
Ha, Pare(@) = EBap(®) (=0,1,... Tmax — L;v e V{d1}),
My Pare (Tmax) # EPare (Tmas), (8.53)

Gaun () = —\v/ozB'Ex) $o() We [gdvypn] (), (8.54)
Ve (@) (@ + 1)

() = — aBIEI) Pol) Wela, &](). (8.55)
Ve (@) (@ + 1)

The pg,v term is necessary for the Casoratian expression for @g,v(x) in (8.55) to hold at

de1v

T = Tmax-
The non-classical orthogonal polynomial is extracted from the above Casoratian W¢ [fdl, l/pn} (x)

by separating certain kinematical factors as will be shown in the next subsection, see (8.65).

As in ordinary QM, the positivity of each virtual state vector is inherited by the next gen-

eration @gq,y.
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8.4 Multi-indexed (¢-)Racah polynomials

Let us prepare a set of distinct positive integers which specify the degrees of virtual state
vectors:

D={di,dy,...,dy}CV. (8.56)

After M-step Darboux transformations, we arrive at the deformed Hamiltonian Hp, ATD,
Ap, and its eigenvectors {¢p ()}

Hp = AL Ap, Hpdpn(x) = E(n)dpn(z), (8.57)

P ¢Hj1va'<x +I D) Wolkao Bl
VWelbars o a)(@) Weléa, a2+ 1)

Ap & \/Bp(z) — €?\/Dp(z), Al =/Bp(x)—/Dp(x)e?, (8.59)

with
AD¢D0(ZU) =0 (:E = 0, 1, c. ,xmax).

The potential functions Bp(z) and Dp(z) are:

Welbays .o €ayl@)  Welay, ..., Eayynv](z 4 1)
Welbays . &a,l@+1) Weléa, ...y, v](2)
Welbays .o &ay )@ +1) Welka,, ..., &y, V(@ — 1)
Wellays - €ay]() Welbays oo &ayo V()

In order to extract the multi-indexed (g-)Racah polynomials, we need some auxiliary
functions ¢(x; A) and ppr(z;X), M € Zso:

Bp(z) ¥ aB'(z + M)

, (8.60)

def

Dp(z) = aD'(z) (8.61)

def n(x +1;X) —n(a; A)

: 62
o(r; A) Y , (8.62)
def ne+k—1A) —nlx+j—1A)
om(T;A) = H -
\<ichen n(k —j; )
= ] el@+i-Lx+k—5-1)9), (8.63)
1<j<k<M

and @o(7;A) = @i(x;A) = 1. Two polynomials Zp(x;A) and Pp,(2; ), to be called the
denominator polynomial and the multi-indexed orthogonal polynomial, respectively, are ex-
tracted from the Casoratians as follows:

WC’[gdn cee ,ng](ff; A) = CD<>‘)90M(:E3 A)ED($§ A)? (8-64)
Welays - €anys VB (5 X) = Con(N)@nri1 (23 X) Pp (23 Nv(; X + M6), (8.65)
§9(0,0,1,1), t(A)+B88=t(A+B8) (VBER). (8.66)
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The constants Cp(A) and Cp,, () are specified later. The eigenvector (8.58) is rewritten as
(8.67)

w €l T (0B (03 + (- 1)3)

(z;A) = (=1)M 1Ml e II

gen
Dn
X+ M .
bol; A+ M9) Pp (3 A).
\/HD ._D T+ 1; )\)
The multi-indexed orthogonal polynomial Pp,(x; A) (8.65) has an expression
PD,n(aj; A) = Cpn(N)onria(z; A
{dl (x1) - éidM (z1) Tl(xl)f:’n(ﬂfl)
(x . (@ ro(z2) Py (x
€ ( 2) &51\,.( 2) 2 2)' (z2) | (8.68)
Ea (Tar41) Ean(@arn) Parir (Tari1) Po(@ari1)
where z; = x +j — 1 and rj(z) = r;(z; A\, M) (1 < j < M + 1) are given by
rj(:zc—I—j — 1;)\,M)
($+ax+b>j—1(m+d_a+j7x+d_b+]>M+1—J ‘R
def (d—a+1,d=b+ 1)y ' (8.69)
(aq”, bq"; q)j—1(a”"'dg"7, b~ dq™; q) prs1— R |
(abd=tq=1)7=1qM*(a""dg, b~ dq; ) !
One can show that Zp (8.64) and Pp,, (8.68) are indeed polynomials in 7
Ep(2;0) € Ep(n(ms A+ (M = 1D3);A),  Pon(m;A) € Pp,(n(z: A+ M) \),  (8.70)
and their degrees are generically ¢p and ¢p + n, respectively, with (see (2.66))
dof
(p =) dj— IM(M —1). (8.71)
j=1
The involution properties (8.15) of these polynomials are the consequence of those of the
basic polynomials P,(x) and {4, (z). We adopt the standard normalisation for Zp and Pp,,
=p(0;A) = 1, Pp,,(0; A) = 1, which determine the constants Cp(X) and Cp (),
of 1 Eq;(A) = Eq (A
Cp(A) = o (0:N) H oz(d;\()B)’( : _dk1<. )‘)); (8.72)
Pam\Y; 1<j<k<M J )
M
def ;) ; (A
<pM+10)\ pieke) B’j—l)\)

E(—1)MCp(N)dp (N, dp(X)? &

Con(N)
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The expression for CZQDn shows the necessity of the negative virtual state energies {édj < 0}.
The lowest degree multi-indexed orthogonal polynomial Ppg(z; A) is related to Zp(x; A) by
(8.74)

the parameter shift A — X + 4:
Ppo(z;X) = Ep(z; X + 8).

The potential functions Bp and Dp (8.60)—(8.61) can be expressed neatly in terms of the
(8.75)

denominator polynomial:
% = A = A+ 6
Bp(z:\) = Bla: A+ M3) ——2@N)_Ep@+ LA+9)
Ep(z+ LX) Ep(z;A+9)
- ép(l‘—l—l,)\) ED(:L’— LA+ 96) &76)
Zp(ei A+ 0) -

The groundstate eigenvector ¢pg is expressed by ¢o(z) and Zp(2; X):

z—1
Bp(y)
Ty =
¢pol ) J}_I()Dp(y-i—l)
< Ep(1;A) .
= A+ M)y = Dv( ’ Ep(z;A+4
tolz )\/Ep(a:; NEn(e + TA) DA
= ¢p(x; /\)pp,o(ﬂf; A) o< ¢hp(w; A), (8.77)
e ~ X, A + MS
UoleA) o) —2EAE M) a1 (87)
\/ED(SC;A) Ep(z+ 1;A)
We arrive at the normalised eigenvector ¢p,(z; A) with the orthogonality relation,
Opn (23 A) © p (@A) Ppa(m A) o 652 (13 A),  dpn(0;A) =1, (8.79)
y . 0
Pp . (x; N)Pp (2, N) = o n,m=2~0,..., Mmax)- 8.80
(5 N P N) = st . (880

—_
—
—

xzax Up (x5 A)? 5
= So(L;A)
The similarity transformed Hamiltonian is
Vp(x;X) " o Hp(A) o p(z; A
Ep(r+LA+8) €8>

Hp(A) &
— Blas A+ M§) — 2N (Epl
Ep(x+ LA\ Zp(z;A+6)
© D(w: A+ M) :ﬂx—i—l;A) (:ﬁx—l;)ﬁ—é) B a)’ (8.81)
Ep(z; A) Ep(z; A +9)
(8.82)

and the multi-indexed orthogonal polynomials ppm(l'; A) are its eigenpolynomials:
Hp(AN) Ppo(2:A) = E(n: N) Pp (2 N).
It should be stressed that these multi-indexed orthogonal polynomials in simple QM

provide infinitely many examples of exactly solvable birth and death processes [4, 16, 15].
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8.4.1 Explicit examples of multi-indexed (¢-)Racah polynomials

We present a simple and explicit example of multi-indexed orthogonal polynomials of the
Racah and g-Racah systems corresponding to D = {/}, ({ > 1, M = 1). In this case
Ee(z; X)) = &(x; A) (8.36). The 1-indexed (¢g-)Racah polynomials are obtained by evaluating
(8.68) at M = 1. They are a degree ¢ + n polynomial in n = z(z +d + 1) (R) and
n={(¢"-1)(1—dg"") (qR):

c
(224 d+1)(E(n; X) — EN)

x (@(:g; A)(z + a)(@ + b)Ba(z + 1; \)

R: pg,n(ﬂf; )\) =

G+ N @ rd—a+ D)@ +d—b+ 1)15”(:@»\)),
1—c
(1= dg2 ) (E(n; ) — E(N))

X (&(x; A)(ag”,bq"; q) Pu(z + 1; )

— &z + 1, X)abd g (o dg™ b7 g™ ) Pa(a; A))-

qR: Pg’n(ZE; A) =

They satisfy a second order difference equation:

He(X) Prn(2;X) = E(n3 X) Pra(; N),

Colz; A) | (fé(iﬁ +LA+9) ea)

Ho(A) = B(z; A+ 6) =

Eo(x+ 1A &z A+ 6)
. < Gz 4+ 1;0) (&(z—l;)\—i-é) B —a)
n(n+CZ), R7

E(n; A) = {(q—n —1)(1 —dg"), qR.

8.5 Krein-Adler polynomials

The Krein-Adler polynomials for the systems in simplest QM or discrete QM with real
shifts have been presented in [8]. Most formulas look quite similar to those of the multi-
indexed polynomials in §8.4, (8.56)—(8.61), (8.67)—(8.82). Now D (8.56) denotes the degrees
of eigenpolynomials to be used as seed solutions and it has to satisfy the same conditions as
(2.49). The virtual state polynomial fdj (x) is replaced by the eigenpolynomial de ().

9 Summary and comments

Amongst many achievements of the quantum mechanical reformulation of the theory of
classical orthogonal polynomials, we have reported on the subject of non-classical orthogonal
polynomials, which satisfy second order differential or difference equations. They form a
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complete set of orthogonal vectors in a certain Hilbert space in spite of a ‘hole’ in their
degrees. For more details of the multi-indexed Laguerre and Jacobi polynomials, see [27]
and [35] for (¢-) Racah systems.

A Symbols, Definitions & Formulas

o shifted factorial (Pochhammer symbol) (a), :

n

(@) [+ k-1 =ala+1)---(atn—1)= F(I‘f(;”) (A1)
k=1
o g-shifted factorial (¢-Pochhammer symbol) (a;q),
. d_efn _ak:—l — —a —agq)--- _an—l _ (a7Q)oo
(a5q)n = ;H(l ¢ )=0-a)(l—aq) - (1—-ag""") o (A.2)

o hypergeometric function ,. F :

n

al)”'aaT defoo (aly"'7ar>nz
r‘Fs< Z) = 1 1N A3
blv"'7b8 ;(blu‘..abs)nn! ( )
where (a1, -, )0 € TT)_y ()0 = (@) (@),
o g-hypergeometric series (the basic hypergeometric series) ,¢; :
ay, -+ ,Qp def = (ah crr A Q)TL (1+s—r)n, (14+s—r)n(n—1)/2 2"
rgzﬁs( q;z) = -1 q —, (A4
by, -+, bs ;(bl,---,bs;q)n( ) (¢;9)n (A4)
ef r
where (a1, -+ ,a,5¢)n = TT)_1(a;: @) = (@15Q)n - (a1 Q).
o differential equations
H, Hermite : 02H,(z) — 220, H,(x) + 2nH,(z) = 0, (A.5)
L, Laguerre :  29?L (2) 4+ (a + 1 — 2)0, L (x) + nL{™(z) = 0, 6
J, Jacobi: (1 —2)2P*(2) + (B — a — (a + B+ 2)7) 0, PP (x)
+n(n+a+p+1)PP () =0. (A7)
o Rodrigues formulas
H: Hy(z) = (—1)"e” <i)ne‘”2 (A.8)
. H,(x) = o : .
1 1 d\n
e = L L (Y g N
L n (@) n!e*z> \dx (e o )’ (A.9)
—1)" 1 d\"
i ey = (=) (L =2y a) ). A10
) S T T ey ) (L) (4.10)
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B Three Term Recurrence Relations

Any orthogonal polynomial starting from degree 0 constant satisfies three term recurrence
relations

NQn(n) = AnQni1(n) + BaQn(n) + CQn-1(n), (B.1)
Qo(n) = constant, @Q_1(n) = 0.

Here real constants A,, B, and C,, depend on the normalisation of the polynomial. Three
term recurrence relations are a simple consequence of the orthogonality.

(@ Q) ™ / W () Qu(m)@u(n)dn =0, n#m,

in which W (n) is the orthogonality weight function. For its positive definiteness A,,_1C,, > 0
is necessary. Since 1@, (n) is a degree n + 1 polynomial, it is expressed as

NQn(n) = AnQni1(n) + BuQn(n) + CrQn1(n) + Dn(n),

in which D, (n) is a degree k (0 < k < n — 1) polynomial, if it is not vanishing. This
means (Qg, Dy,,)) # 0 but this leads to a contradiction as (Qx,nQx)) = (nQk, @) = 0 and

(Qk, Qni1)) = (Qr, Qn) = (Qk,Qn-1)) = 0 require D,(n) = 0. Conversely, any polyno-
mial starting from degree 0 and satisfying three term recurrence relations is an orthogonal

polynomial (Favard).
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