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Abstract. We present various results on the properties of the four infinite sets of the excep-
tional X, polynomials discovered recently by Odake and Sasaki [Phys. Lett. B 679 (2009),
414-417; Phys. Lett. B 684 (2010), 173-176]. These X, polynomials are global solutions
of second order Fuchsian differential equations with ¢ 4+ 3 regular singularities and their
confluent limits. We derive equivalent but much simpler looking forms of the X, polyno-
mials. The other subjects discussed in detail are: factorisation of the Fuchsian differential
operators, shape invariance, the forward and backward shift operations, invariant polynomial
subspaces under the Fuchsian differential operators, the Gram—Schmidt orthonormalisation
procedure, three term recurrence relations and the generating functions for the X, polyno-
mials.
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1 Introduction

Four sets of infinitely many exceptional (X;) polynomials satisfying second order differential
equations were introduced recently by two of the present authors [1, 2]. They were obtained
as the main part of the eigenfunctions of exactly solvable one-dimensional quantum mechani-
cal systems which were deformations of the well-known solvable systems of the radial oscillator
[3, 4] and the trigonometric Darboux—Poschl-Teller (DPT) potential [5] by a degree ¢ eigen-
polynomial. Thus the orthogonality and completeness of the X, polynomials are automatically
guaranteed. These polynomials, termed exceptional Laguerre and Jacobi polynomials, have two
types in each family, L1, L2 and J1 and J2. The Laguerre family L1 (L2) is obtained from
the Jacobi family J1 (J2) by the well-known limit (E.28), which takes the Jacobi polynomials
to the Laguerre polynomials. The J1 and J2 are mirror images of each other, see (E.14), but
their limits L1 and L2 are clearly distinct. These polynomials are exceptional in the sense
that they start at degree ¢ (¢ = 1,2,...) rather than degree 0 constant term. Thus they are
not constrained by Bochner’s theorem [6], which states that the orthogonal polynomials (star-
ting with degree 0) satisfying a second order differential equations are very limited. Namely,
they are only the classical orthogonal polynomials, the Hermite, Laguerre, Jacobi and Bessel
polynomials.

The concept of exceptional orthogonal polynomials was introduced in 2008 by Gomez-Ullate
et al. [7, 8. Within the Sturm-Liouville theory they constructed X; Laguerre and X; Ja-
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cobi polynomials, which turned out to be the first members of the infinite families. The re-
sults in [7, 8] were reformulated in the framework of quantum mechanics and shape-invariant
potentials [9] by Quesne and collaborators [10, 11]. They found the first member of the de-
formed hyperbolic DPT potential family, which was also given in [1]. Quantum mechanical
reformulation offers two merits. Firstly, the orthogonality and completeness of the obtained
eigenfunctions are guaranteed. Secondly, the well established solution mechanism of shape in-
variance combined with Crum’s method [12], or the so-called factorisation method [3] or the
susy quantum mechanics [4] is available. For systems consisting of discrete eigenvalues only,
shape invariance is a well-known sufficient condition for exact solvability of one-dimensional
Schrodinger equation. The discovery of the four sets of infinitely many exceptional orthogonal
polynomials was achieved by pursuing shape invariant deformation [1, 2]. To be more pre-
cise, deformation of the potential by keeping the property of shape invariance. After the first
paper on infinitely many X, polynomials [1], Quesne reported a type II X5 Laguerre polyno-
mials [13, 14], which led to the discovery of the L2 family of X, Laguerre polynomials [2]. In
a previous paper [15], two of the present authors unveiled infinitely many polynomial identi-
ties of degree 3¢ involving cubic products of the Laguerre or the Jacobi polynomials, which
encode the information of exact solvability of the differential equations governing the X, poly-
nomials.

In this paper we explore various properties of the X, polynomials. We emphasise that the J1
and J2 polynomials are the global solutions of a Fuchsian differential equation having /43 regular
singularities. They are located at 1,00 and the ¢ zeros of the polynomial {(n; A) (2.2), (2.4)
which is used for the deformation. Factorisation and shape invariance are reformulated ac-
cordingly, leading to Rodrigues formulas and the forward and backward shift operations. The
existence of the extra regular singularities implies that the ordinary vector space spanned by
degree n polynomials Vg, = Span|[l,z,...,2"] is not invariant under the Fuchsian differential
operator (6.2). Appropriate invariant polynomial subspaces are introduced and their properties
are used to derive the explicit forms of the exceptional polynomials. Some of the important
subjects in orthogonal polynomial theory, namely, the Gram—Schmidt orthonormalisation, the
generating functions, three term recurrence relations, the zeros of these orthogonal polynomials,
etc, are also discussed. New infinitely many polynomial identities underlying the forward and
backward shift operations are also reported.

The plan of this paper is as follows. In Section 2 we present the explicit forms of the four sets of
infinitely many exceptional orthogonal polynomials together with their weight functions and the
normalisation constants. They are equal to those reported earlier [1, 2], but look much simpler
than the original ones. The new forms of the polynomials reveal the structure of the theory. In
Section 3 the Fuchsian differential equations governing these polynomials are discussed. Shape
invariance and Rodrigues formulas are presented in Section 4. The identities underlying the
forward and backward shift relations are presented in Section 5. The polynomial subspaces
invariant under the Fuchsian differential operator are discussed in Section 6. This gives another
concise proof of the new forms of the exceptional polynomials. In Section 7 we provide the
integration formula which is essential for the Gram—Schmidt construction in Section 8. Section 9
gives the generating functions for the X, polynomials. The double generating function, that is,
the generating function of the generating functions, is presented for the L1 and L2 exceptional
Laguerre polynomials. A substitute of the three term recurrence relations for the X, polynomials
is introduced in Section 10. In Section 11 we state the qualitative features of the extra zeros
of the Xy polynomials without proof. The final section is for a summary and comments. Some
technical details are relegated to Appendices. The equality of the new and original forms of
the X, polynomials is demonstrated in Appendix A. Forward and backward shift relations are
proved in Appendix B. Derivation of the integration formula is provided in Appendix C. The
properties of the X, Jacobi polynomials as the solutions of the quantum mechanical systems
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with deformed hyperbolic DPT potentials are summarised in Appendix D. A concise summary
of some important properties of the Laguerre and Jacobi polynomials is given in Appendix E
for self-containedness.

Throughout this paper we stick to the notation of our previous papers [1, 2, 15, 16]. Reference
to the quantum mechanical language is made minimal in order to attain wider readership than
before. Most concepts and formulas are common to the four sets of exceptional polynomials. As
far as possible we use generic formulas valid for all the four different sets of X, polynomials, in
order to emphasise the underlying structure and at the same time to avoid redundancy.

2 Exceptional Laguerre and Jacobi polynomials

Here we present four sets of infinitely many exceptional orthogonal polynomials [1, 2], among
them two are deformations of the Laguerre polynomials, and the others are deformations of the
Jacobi polynomials. They are expressed as a bilinear form of the original polynomials, the
Laguerre or Jacobi polynomials and the deforming polynomials, depending on the set of parame-
ters A and their shifts § and a non-negative integer ¢, which is the degree of the deforming
polynomials. It is important to stress that these explicit forms (2.1)—(2.4) can be derived by
the Darboux—Crum transformations starting from the original (Laguerre or Jacobi) polyno-
mials [17, 18]. The two sets of exceptional Laguerre polynomials (¢ =0,1,2,...,n=0,1,2,...)
are:

S (mA+8)Pu(n;9+L€—1) = &(n; N0y Pr(n;9+£—-1),  (L1)
Pra(mA) < (n+g+ D g+ e +8)Pu(nig+L+1) (2.1)
+n&e(n; N0y Po(m; 9 + €+ 1)), (L2)

in which A d:efg >0and & ¥ 1 and

+£—3
_ e [ I8P, @

Palig) C L), gl (2:2)
L. @)

The two sets of exceptional Jacobi polynomials (£ =0,1,2,...,n =0,1,2,...) are!:

(n+h+ D7 ((h+ D& A+8)Pulng+L—1,h+0+1)

P A) & . + (L& N0 Pu(n;g +£—1,h+£+1)),  (J1)
(n+9+3) ((9+3)&lmX+8)Pu(ng+L+1,h+L—1)

— (L =& N0y Pu(n;g + L+ 1L,h+£-1)), (J2)

in which A % (g,h), ¢ >0, h >0, 8 % (1,1) and

( -3)
def P, (77)7 g> h > 07 (Jl)
ff(ﬁ;g, h) = Z(_g_g_l’h_‘_g_é) (24)
prIRM 0y s g0 (32)

Tt should be remarked that the naming J1 and J2 are interchanged from the previous ones [2] in order to
respect the logical consistency rather than hysteresis.
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It should be stressed that the deforming polynomial & (n; A) does not have a zero in the domain
of orthogonality, (0, 00) for L1 and L2 and (—1,1) for J1 and J2. This is demonstrated explicitly
in (2.39), (2.40) of [15]. These X; polynomials have the following general structure

do(n, X) Py (n; A) = di(N)&e(m; A+ 8) Pa(m; A + €8 + 8)

— da(0)&0(m; N) Oy Py A + €6 + ), (2.5)
where
1, (L1)
do(m,A) € n+g+3, (L2, 12) 5d:ef{¢1’ (L1/L2)
n+h+3%, (I F(1,-1),  (J1/32)
9
L, (L1) 1 )
aN S grl 12,02 by, (12) 26
h+s (1) F1£n). (J1/J2)

We introduce a linear map =y x[-] for a differentiable function p(n),

Zalp(m)] & di(N)Ee(n; X+ 8)p(n) — da(n)Ee(n; N)Dyp(n). (2.7)

Then the X, polynomial (2.5) is expressed succinctly as
do(11, A) Pen (1 A) = Ega[Pa(is X + €6+ 5)]. (2.8)

The X polynomials Py ,,(1; A) = P,(n; A) are the undeformed polynomials, i.e., the Laguerre
or the Jacobi polynomials themselves. Therefore the above formulas (2.1), (2.3) and (2.5) for
¢ = 0 are non-trivial identities among the Laguerre or the Jacobi polynomials

do(1, \)Pu(m; A) = di(A) Pu(1; A + &) — da () 9y Pu(m; X + 6).

This is shown by using (E.2), (E.15) and the following; (E.11) for L1, (E.11) and (E.12) for L2,
(E.22) for J1 and (E.25) for J2. The X, polynomials P, (n; X) are degree £+ n polynomials in 7
and start at degree /:

Pro(m; A) = &(m; A+ 6). (2.9)

They are orthogonal with respect to the weight function Wy(n, A) which is a deformation of the
weight function W(n; A) for the Laguerre or Jacobi polynomials:

/ Py (05 X) P (03 M)We (05 X)dn = g 3o (N) S (2.10)
det W(n; A + £5)
Wi, A) = —————
el 2) o(m; A)?
1,-n,9-3%
def ) 2€ 17 2, 0<n<oo, (L)
W(n;A) = {2 . L - (2.11)
29+h+1(1—77)g 2(1+mn)"" 2, -l<n<1 (J)

The normalisation constants are meromorphic functions of the parameters g, h and ¢:

(L) hal) ™ S Tntg+}) (2.12)



Properties of the Exceptional (X;) Laguerre and Jacobi Polynomials 5

_1
def %’ (Ll)
hen(g) = halg+1£) x ntgris] (2.13)
n+g+5
def I(n+g+ %)F(n + h+ %)
J): hp(g,h) = , 214
() 1) = i@+ g+ W+ g+ h) (2.14)
(nth+0+3) (nt+g+20—1) (1)
e nth+i)(ntg+i—1)
hen(9:h) L g+ 1 0) x { TS (2.15)
(ntg+e+3)(n+h+20—1) (32)

(ntg+3)(n+h+e-13)

As stressed in § 3 of [2], the J1 and J2 polynomials are the mirror images of each other, in
the sense <+ —n and g <> h, as exemplified by the relation 52]2(77;g,h) = (—l)efgl(—n;h,g).
However, they lead to the two different sets of the exceptional Laguerre polynomials, J1—L1,
J2—12. In terms of the limit formulas

lim P (1 - 22) = L) (), (2.16)

B—00

it is easy to see the relations Py, (n; A) (2.3)—(2.1) together with the deforming polynomials
&(m; ) (2.4)—(2.2), the normalisation constants [(2.10) with (2.15)]—[(2.10) with (2.13)] and
others. The explicit forms of the X, polynomials (2.1) and (2.3) are much simpler than those
given in the previous papers [1, 2]. In Appendix A we will give simple demonstration that these
apparently different forms of X, polynomials are in fact equal.

The basic ingredients of the theory of exceptional orthogonal polynomials are the base poly-
nomial P, and the deforming polynomial &,. They satisfy the second order differential equa-
tions (E.4) and (E.17), which can be expressed as

C2 (n)arZ]Pn('m A) +a (777 A)877Pn(77; A) = _ign()‘)Pn('m A)v (2'17>

ca(MOZE(m; X) + E1 (0, X, 0)In&e(m; X) = —1E((N) (s N, (2.18)
where

c def | 9+ % - (L) ‘ def ) 77, (L)

1mA) = {h—g—<g+h+1>n, m v {1—n2, )

AL T tg+L—3+m), (L1/L2)

2 Flg+h+20—1+(g—h)m),  (J1/J2)

c ()\) d:ef 4dn, (L) g ()\) d:ef F4L, (LI/L2) ( 19)

" dn(n+g+h), (J) ‘ Ml+LgFh—1). (J1/I2) '

The deforming polynomial (n; XA + d) is expressed in terms of &(n; A),

di(N)Ee(n; A+ 8) = di( A+ £8)Ee(m; A) + d2(1)0y&e(n; A), (2.20)

with d; and dy defined in (2.6). This is shown by (E.2), (E.15) and various identities of the
polynomials; (E.11) for L1, (E.11) and (E.12) for L2, (E.22) for J1 and (E.25) for J2. Conversely
&e(n; A) is expressed in terms of Ey(n; A + 9),

A+ 18, 06400 0) = ds(\ 06 A +8) + 230,62+ 0), (2.21)




6 C.-L. Ho, S. Odake and R. Sasaki

where
g+l—1, (L1, J1)
ds(\, 0) 4, (L2) (2-22)
h+t—131.  (J2)

This is shown in similar ways as above. The Laguerre and Jacobi differential equations for P,
(2.17) can be factorised into the forward and backward shift relations for P,:

cxOp Pr (11 A) = fu(X) Proa (11 A + ), (2.23)
1 (1, N Pact (0 X + 8) + ca(m)0y Pa1 (A + 8) = —Fcrbn—1(A) Pu(; M), (2.24)
where
def 2, (L) . -2, (L) .
v {—47 (J) = {—2(n+g+ h, (J) ba1(A) = =20 (2.25)

See (E.2), (E.3) and (E.15), (E.16) for the explicit forms of the forward and backward shift
relations. Note that f,,(A) and b,_1(A) are the factors of the eigenvalue

EaA) = faNboot(N),  n=0,1,....

3 Fuchsian differential equations
with extra £ regular singularities

The exceptional Laguerre and Jacobi polynomials satisfy a second order linear differential equa-
tion in the entire complex n plane:

HK(A)PE,n(n; >‘) = gé,n()‘)PZ,n(m )‘)7 g@,n()‘) = gn(A + 65)’ (31)

in which the eigenvalue &, is defined in (2.19). The X, polynomials are not constrained by
Bochner’s theorem [6] by the very fact that they start at degree ¢ (2.9) instead of degree 0
constant term. As with the Laguerre and Jacobi differential equations (2.17), the second order
differential operator ﬁg()\) is factorised into the product of the forward shift operator Fy()
and the backward shift operator By(\):

Ho(XN) © BN F(N), (3.2)
Fo(n) fw (df] ~ 0, log &l A+ 6>) , (3.3)
Be(A) def —46;102(17)&5[;;(77)\;1)5) (dC; W — Oy log &e(m; )\)) . (3.4)

The differential operator 7?[5()\) is obtained from the factorised quantum mechanical Hamilto-
nian (16) of [1] and (3) of [2], by similarity transformation. Note that % = Oy log W (n; A+
(0 +1)8). Tt is straightforward to derive the explicit form of He(\):

B 2
He(A) = —4 <02(77)C;72 + (c1(n, X + £8) — 2¢5(1) 8y log Ee(n; A))(Z’

c2(n) Ope(m; A +46) 1

AN ST ST El(A+ 5)). (3.5)




Properties of the Exceptional (X;) Laguerre and Jacobi Polynomials 7

Use is made of the second order differential equations for & (n; A + §) (2.18) and the identi-
ty (2.20) to derive the above simple result.

For ¢ = 0 the above differential equation (3.1) with (3.5) reduces to the second order
differential equation for the Laguerre or Jacobi polynomials:

_ 2
Ho(A) = —4 (@(n)jng + c1(n, A)CZ7> , (3.6)
(L) 4 Fi-ng ), (3.7)
n0; Pa(n; 9) + (9+2 n)aP(nanP(ng)—O
d
(J): —4 (h g—(g+h+ 1)77)d77> , (3.8)

(1 —n*)07 Pu(n; g, h) + (h—g—(g+h+1)n)8nPn(77;g,h)
+n(n+g+h)Pa(n;9,h) =0,

which has, as is well-known, one regular singularity at = 0 and one irregular singularity at
n = oo for the Laguerre case and three regular singularities at n = 1, co for the Jacobi case. For
a non-negative integer ¢, the singularity structure of the second order differential equation (3.1)
is again quite simple. It has extra regular singularities at the ¢ zeros of the deforming polyno-

mial &(n; A):
n=mn;,  &miA) =0,  j=12....4

and the corresponding exponents are the same for all the singular points:
{exponents at n;} = {0, 3}, ji=1,2,...,L

In other words, the alternative solution of the second order linear differential equation (3.1) has
a cubic zero at n = n;. It is singular at n = 0,00 for the L1 and L2 and at n = &1 for the J1
and J2 with the exponents replaced by ¢ — g + ¢, h — h + £. To the best of our knowledge,
the two sets of X, orthogonal polynomials, J1 and J2 are the first examples of global solutions
of Fuchsian differential equations having as many as ¢ + 3 regular singularities and forming
a complete orthogonal system. The L1 and L2 are confluent types obtained from J1 and J2
by certain limits (E.28). By the way, it is elementary to show that &(n; A) has only simple
ZEros.
Let us write down the explicit form of the above differential equation for the four cases:

2?7(%&(?% A)

(L1): nd2Pun(m; A) + (9”* 1 Ee(m; A)

> 877P€,n(77; )‘)

A+6
+ (2778”22((Zi )\)+ ) 4n- 6) Prp(n;X) =0, (3.9)
Do(m; A
(L2) : 10z Prn(m; A) + <g itz —n- 2%) OnPrn (15 2)
1 )
+ <— ot 2)272?(;\7; A0 g 6) Pyo(n;A) =0, (3.10)

(1— 772)87758(773 A)
Eo(m; A)

+ (h g—(g+h+204+1)n—2 > OnPrn(n; X)
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+ _2(h + %)(1 —10)0n&e(n; A + 9)

So(m; A)
x Fonlm A) =0, (3.11)

(32) 1 (L=1)0; Pon(n; X)

+ <h—9—(g+h+2€+1)n_2(1
n 2(9+ 5)(1+m)dy&e(n; A + 6)

Ee(m; A)
X Ppp(n;A) =0. (312)

+£(€+g—h—1)+n(n+g+h+2€))

—177)0p&e(m; N)
Ee(m; A)

+€(€+h—g—1)+n(n+g+h+2£)>

> anpé,n(n; A)

Let us remark that the zeros of the shifted deforming polynomial &(n; A+ d) are regular points.
It is straightforward to verify by direct calculation that the L1, L2, J1 and J2 X, polynomials
(2.1)-(2.4) for lower ¢ and n really satisfy the above differential equations (3.9)-(3.12). For
analytical proof see the subsequent sections.

4 Shape invariance

This section is a reformulation of the shape invariance in the language of ordinary differential
equations. In one-dimensional quantum mechanics, shape invariance is a sufficient condition [9]
for exact solvability and it was the guiding principle for the discovery of these X, orthogonal
polynomials [1, 16, 15, 2]. Let us introduce another second order linear differential operator

ﬁél)()\) by interchanging the order of the two factors Fy(A) and By(A) of Hy(A) (3.2):

HON) E F (0B,

It is obvious that these two operators are intertwined by F(A) and By(\):

FUNBUNFe(A) = FuNH(N) = 1 (N Fe(A),
Be(NFNBi(A) = He(NBi(A) = Bu N H (A),
which implies that these two associated linear differential operators Hy(A) and ﬁél)()\) are

iso-spectral except for the lowest eigenfunction P o(n; A) (2.9) which is annihilated by Fp(X),
see (3.3):

FiNEmA+8) =0 (= Hi(N)ProlmA) =0).

If we denote the set of eigenfunctions of ﬁél)()\) as {Pe(’ln) (m;A)} (n=0,1,...), with arbitrary
normalisation, we obtain one to one correspondence of {P,(n; A)} and {Pf(jl) (n; A)} except for

the lowest eigenfunction of Hy(A):

ﬁé(A)Pf7n(n7 A) = 5€,H(A)Pf,n(77; )‘)7 n = 0>17' s
HY NP (0 A) = EnNPL (), n=12,...,

n—1

FoN P A) o< PO i x), BUAPL 1 A) o< Pun(mi A). (4.1)

n—1

This much is a trivial consequence of the factorisation of H(A) (3.2). The essential property of
the two associated differential operators H,(A) and ’Hél)()\) is that Hgl)(A) has the same shape
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as ?—N[g()\) with shifted parameters, A — A + 8, and an additive constant corresponding to the
lowest eigenvalue measured from the bottom:

HON) = HiA+8) +E(A+108), or
FoN)Be(A) = Be(A + 8)Fy(A + 8) + E1 (A + £5). (4.2)

The system is called shape invariant if the above condition is satisfied. See [1, 2, 15] for the
definition of shape invariance within the framework of quantum mechanics. The above is an
equivalent definition within the framework of the Sturm—Liouville theory.

1)(77; A)} to achieve

Shape invariance allows us to choose the normalisation of {Pe(n

Pe(,i)(n; A) = Prn(m; A+ 6), n=01,....

Then the above two relations (4.1), the forward and backward shift relations, give the constraints
on the functional forms of { Py, (n; A)}:

Fo(N) Prn(m;A) = fn(A+L8) Prp—1(m; X+ 6), n=0,1,..., (4.3)
BoA) Pyt (1 A+ 8) = byt (A +£8) Pyn(m; N),  n=1,2,..., (4.4)

where f,(A) and b,—1(A) are given in (2.25). These amount to a version of Rodrigues formula
expressing Py, (n; A) in terms of repeated application of the backward shift operators on the
lowest degree eigenpolynomials with the n-th shifted parameters, Py o(n; A + nd) = E(n; A +
(n+1)9):

2 Bu A+ kd)

Pra(mN) =] G () AT (1)),

k=0
n—1
where [] ax = apai---an—1. For the X, Laguerre and Jacobi polynomials, the Rodrigues
k=0

formula reads explicitly:

: o LGN T id E(m A+ (k +1)8)
(L) Palr ) =) e~ tts ,g(dnJra"log o(n; X+ ko) )

e T]nJrng@f%

X m@(n; A+ (n+1)é),

, oy (EDn &(n; ) ( d Eelm A+ (k + 1)6))
(D)2 Pon(md) = 500 (1 — g)I+e=3(1 4 n)h+—3 kljo an " Onlog E(m; A+ kO)
1 — p)ytott—3(1 n+h+6—1%
X (L=n) &0 )\:_;;7)) E(mA+ (n+1)6).

For £ =0, &y(n; A) = 1, the above two formulas reduce to the well-known Rodrigues formulas
for the Laguerre and Jacobi polynomials, (E.6) and (E.19). For £ = 1 these two formulas are
equivalent to the Rodrigues-type formulas (77) and (52) in Gomez-Ullate et al. [7]. For lower /,
it is straightforward to verify the shape invariance relation (4.2) by direct calculation. In [15]
it was shown that the shape invariance relation is attributed to a new polynomial identity of
degree 3¢ involving cubic products of the Laguerre or Jacobi polynomials. These identities are
proved elementarily by combining simple identities in [15].

It is a good challenge to derive more explicit expressions of the Rodrigues formulas for each
of the four families of the exceptional orthogonal polynomials.
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5 Forward and backward shift relations

Again it is straightforward to verify that the above Rodrigues formulas provide the explicit forms
of the four families of the X, polynomials (2.1)—(2.4) for lower ¢ and n by direct calculation. For
analytic proof, one needs to verify that the above forward (4.3) and backward (4.4) shift relations
are actually satisfied by the four families of the X, polynomials (2.1)—(2.4). The forward and
backward shift relations are attributed to new polynomial identities of degree 2¢ + n — 1 and
2¢ + n involving cubic products of the Laguerre or Jacobi polynomials in a similar way to the
shape invariance relations [15]. The forward (F) (4.3) and backward (B) (4.4) shift relations
read explicitly

(F): 0=csr <§£(77; A+ 5)57 — Op&e(m; A + 5)) Prpn(n; A)

— fa A+ L8)E(n; X) Pr—1(m; X + 6), (5.1)
(B): 0= <€z(n; A) (62(77);; + c1(n, X+ £8)) — ca(n)dpe(n; >\)> Ppn_1(n; X+ 6)
+ erbn 1 (N + L0)E (1 A + 8) P (5 A), (5.2)

where Py, is given in (2.5).
The new polynomial identities are as follows:
(L1): (a=g+0-})
F): 0= L(a) _\d -9 L(a) _ L(a) o L(a—l) _L(Olfl) —2)d L(a—l)
(F): (LY (=) s — 0Ly (=) (L™ (=) Ly~ (2) — L™ (—2)0p Ly~ ()
+ L (=) (LD (=) I, (2) — L (—2)0, L1 (), (5.3)
(B): 0= (L V() +a+1-2)—ad,L{" " (-2))
< (L (=)L, (@) — L (-2)0, L3, ()

—nL{® () (L (—2) L V(@) — L) (—2)8, LD (2)), (5.4)
L2): (a=g+0-1)

(F): 0= (Ly “ ()i - 0.1y P ()
x ((a = £+ DL (@) L) () + 2L ()0, L
+ L7V @) (00— 0+ 2L (@) L (@) + 2L ()0, L0702 (),
(B): 0= (Lg_o‘_l)(x)(:c% +a+1—2x)— x@zL( o 1)(m))
x ((a =+ 2)L5 (@) L (@) + 2L (2)0, L4 () (5.6)

_ nL§_a_2) (x)((a — 0+ 1)L é—a 2) (x)Lglo‘—H)(fC) + wLé_a_l)(x)ﬁxL%a'H)(x)),

~—
AS>
=
Q
+
=
—
8
~—
~—
—
[S28
(%)
N—

(J2): (a=g+L—35, B=h+{—3)

(F): 0= (é““%mm 0P " (@) ((a — L+ BT T (@) PP @)
— (= a)PT T @0, P (@) — gt ot B+ DR (@)
(a—e+2 )P BED () plet2h) ()
— (1 —2)P P ()0, PP (2)), (5.7)
(B) : o:(P; L@ (1 -2 L 48— a—(a+ B+2))
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— (1= P @) (0= e+ P @) P (a)
— (1= 2)P P (2)0, PV (@) + 20Pf 070 (2)
x ((a—¢ + 1) P20 () PletLA=1) ()

(1 ) —a—1,8— 1)( )833 7&04-&-1,,3—1)(1,))' (5.8)
We do not show those for the J1 polynomials, since J1 and J2 are related by the mirror image,
n <> —n and renaming of the coupling constants g <+ h. Thus the corresponding identities are
essentially the same. The derivative terms in the above identities (5.3)—(5.8) can be eliminated
by using the forward shift relations (E.2) and (E.15) for the Laguerre and Jacobi polynomials.

In Appendix B, the forward and backward shift relations for the four types of X, polynomials
are proven elementarily.

6 Invariant polynomial subspace

Another characterisation of polynomials satisfying differential equations is the existence of in-
variant polynomial subspaces [8]. For the Laguerre and Jacobi differential equations with Ho(X)
(3.7), (3.8), the space Wy, of degree n polynomials in 7 is invariant

HoA)Vou CVom, Vo = Span[l,n,...,n"],
Ho(A)n™ = En(A)n" + lower orders. (6.1)

However, Vg5, is obviously not invariant under Hy(A) (3.1), (3.9)-(3.12):
HiAWon € Von, £=1,2,.... (6.2)
Instead we have

He( AV € Vi, (=1,2,...,

def {Span[n’“&(n;g +1) — kn*&(n;9);k =0,1,...,n], (L1) (6.3)
In — .
Span[n®((g + 5)&(m; g + 1) + k&(n; 9));k =0,1,...,n],  (L2)
Span[n(h + $)&(n; g+ 1,h+ 1)
Y, def + k(1 + )0 (n; g, h);k=0,1,...,n], (J1) (6.4)

’ Span[n®(g + $)&(n; 9+ 1,h + 1)

As the basis vectors of the invariant polynomial subspace V;, for the X, Jacobi polynomials,
one could have chosen for £k =0,1,...,n,

(L =) ((h+ A =&+ 1, +1) = k(L +n)ée(n; 9,h)),  (J1)

(L+m)*((h+ 3)&(n;9 + 1, h+ 1) + k&(n; 9, h)), (J1)

(L=0)*((g+ 3)&m; g + L. h+1) + k&ln; g, h)). (J2)
After overall rescaling, (6.5) and (6.7) go to those of the X, Laguerre polynomials (6.3) in the
limit (E.28), as J1—L1 and J2—L2. As will be shown shortly these basis vectors (6.6) and (6.7)

have simpler integration formulas than (6.4). It should be stressed that these basis vectors have
the same common structure as the X, polynomials (2.8), (2.7),

Zealpr(n)] = di(N)Ee(n; X+ 8)pr(n) — d2(n)&e(1; X)Oypr(n) € Ve,  k=0,1,...,n,(6.8)
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in which pg(n) is an arbitrary degree k polynomial in 7. These basis vectors are so chosen as not
to develop any singularities at the zeros of &(n; A) when applied by the forward shift operator
Fe(A) (3.3). In fact, for a polynomial p(n), Fy(X) acts on Zg x[p(n)] as

¢ FoNEealp(n)] = (di(A+ 8)0yp(n) — 9, (da(n)dyp(n)) ) Ee(n; X + &)
+ d2(1)Onp(1)On&e(n; A + 6), (6.9)

where we have used (2.20) to eliminate 0,&:(n; X). Since the backward shift operator B,(A) (3.4)
does not cause any singularity at the zeros of &(n; A) and the operator H¢(X) = Be(A)F¢(A) has
the form (3.5), the application of Hy(A) on these basis vectors will result in polynomials in 7.

Let us evaluate the action of the second order differential operator Hy(A) on Zealp(n)] by
applying the backward shift operator By(\) on (6.9):

HeN)Zeap()] = E(n; N) X (0) + (s XA+ 8)Y (n).

The coefficients X (n) and Y (n) can be written as

X (n) = 4da(n)0y (c2(m)32p(n) + c1(n, N)Iyp(n)) = —da(n)0y (Ho(X)p(n)),

Y (n) = —4d1(X) (c2(n)0;p(n) + c1(n, X)yp(n)) = di(A)Ho(N )p(n),

where X = A+ £8 + & and Ho(A) is defined in (3.6). Therefore the results can be expressed in
quite a simple form as

He(NZeaP(0)] = Zex [Ho(X + £5 + 8)p(n)].
By taking p(n) = pr(n), the above basis vectors satisfy
HeN)Zeape(0)] = Zea[Ho(A + £ + 8)pi(n)] € Ve, k<n.

In other words, we have shown that V), is an invariant polynomial subspace of the differential
operator Hy(A) and we obtain, corresponding to (6.1),

He(A)Zealpn(n)] = En(A + £8)ZpA[pn(n)] + lower orders.
In particular, if we choose py(n) as the eigenfunction P, (n; A + £8 + 8) of Ho(A + €8 + 6),
Ho(A+ 08 + 8)Py(m: A + 48 + 8) = En( A+ L8) Py(m; X + 15 + 6),
then we find that Z¢ x[P,,(1; X + £ + )] is the eigenfunction of Ho(N),
HoN)Zo A [Pa(; X + €8 + 8)] = Ea( X + €8)Zg A [Pu(1; A + €8 + 8)],
as given in (2.8). Note that the effect of d in the eigenvalue cancels out. This is another
analytical proof for the explicit forms of the X, polynomials Py, (n; X) as given (2.8).
7 Integration formulas

Another well-known construction method of orthogonal polynomials is the Gram—Schmidt or-
thonormalisation of certain basis vectors under a given inner product specified by a weight
function. Let us introduce two types of inner products (x, %), x and (x,*)x:

), a(m)), d:ef/p(n)q(n)We(n; Ndn, — (p(n),q(n)) d=ef/p(?7)q(77)W(n; A)dn,

)
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in which p(n) and ¢(n) are arbitrary functions and Wy(n; A) is the weight function for the
X, polynomials, whereas W (n;A) is the weight function for the Laguerre or Jacobi polyno-
mials (2.11).

Here we present the integration formulas:

(Zealp(n)], Ee,A[Q(U)DM
=d (A)dfﬂ()\ + 140, 6) (p(n)a Q(n)))\' + ici (877]7(77)7 577(1(77))X+57 or (7'1)

/ Zualp(n)] Eeala()]We(n; Ndn

= /(dl()‘)d3(>‘ + 08, O)p(m)q(mW (n; ') + 1% 0yp(n)Dyq(m)W (m; X + 5))6177, (7.2)

where X’ = X + £8 + 8. For a proof, see Appendix C.

With this formula one can easily verify the orthogonality relation and the normalisation
constants of the X, polynomials (2.10), (2.13), (2.15) given in Section 2. One simply takes
p(n) = Py(n; X') and q(n) = P(n; A’) for L1-J2. Then the two terms in (7.2) read

(Pn<77§ >‘,)7 Pm(n; A,)))\/ = /Pn(m A,)Pm(n; X)W(U; A/)dn = hn(A,)(Snm7
/ Oy Py (15 N0 P XYW (0 X'+ 8 = Fo(N )Pt (N 4+ 8)5m,

where we have used (2.23). Therefore, from (2.8), the normalisation constant hy, is expressed
as

do(n, A) by (X) = di(N)ds( A+ €8, 0)hyy (X)) + £ (X)) 2 hpo1 (X + 6),

def

where A’ = A+ €8 + 6 and h_1(A) = 0. This formula with h, (2.12) and (2.14) gives (2.13)

and (2.15).
The integration formula reveals another important property of the invariant subspaces, the
orthogonality, Ve L Prp(m;A), m < n:

<E€,>\[pm(77)]7pe,n(77; }‘)>€,A =0, m <mn,
which is a simple consequence of (2.8) and the well known fact

(Pm(n); Pu(m; X)) = 0, m < n.

8 Gram-—-Schmidt orthonormalisation

As for the direct application of Gram—Schmidt orthonormalisation, one orthonormalises
{Eealpn(n)]} in (6.8) with respect to the inner product (x,#)px. The following choice of the
function p,, is made:

s (L)
pn(n)—{(lin)m (71/32) (8.1)

with which the inner products (p,(n), pm (1)) are easily expressed in terms of gamma functions.
This corresponds to the choice of the basis vectors in (6.6) and (6.7).
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The Gram-Schmidt orthonormalisation procedure at the n-th step determines Py, (n; A) by
the following formula

n—1
Pﬁ,n(n; )‘) X Ef,)\[ n(n)] - Z PZ,m(n; )‘)<Pﬁ,m(n; >‘)7 EE,A[ n(n)]>g7)\h€,m()‘)il7
m=0

which is to be compared with the procedure for the undeformed (¢ = 0) polynomial

n—1

Po(m; X) o< pu(n) = Y Pra(m; X) (P (1 X), (1)) 3o e (X)) 7, (8.2)

m=0
where A’ = A + 08 + 6. These two orthonormalisations are essentially the same. In fact, by
applying Zy [ -] to (8.2) and using (2.8), we have

n—1

Pﬂ,n(n; )‘) X EE,A [Pn(ﬁ)] - Z Pé,m(n; A)do(ma }‘) (Pm(n; X)»Pn(ﬁ))th()\')_l-

m=0

Comparing these we obtain

<P€,m(77; A)a Ef)\ [pn (n)DE,)‘hf,m(}‘)_l
= do(m, >\) (Pm(n, )\'),pn(ﬁ))th()\')_l, m=20,...,n—1.

In other words, the Gram—Schmidt orthonormalisation for the undeformed (¢ = 0) polynomials

pn(n) = Pa(m; X)),

provides that for the X, polynomials, too.

9 Generating functions

Generating functions for orthogonal polynomials have played another important role in classical
analysis. Let us define generating functions for the X, polynomials P, and for the undeformed
polynomials P,

Golt,mA) €SP, Gt A) E Go(t,mA) = S " Pa(i; N).

n=0 n=0

The latter is quite well known

GU-3)(t,m), (L)
G(9—3.h—

D(t,n), ()

where G(¥(t,z) and G(*F)(t,z) are given in (E.8) and (E.21). Since Py, (n;A) is expressed
linearly in terms of P,(n;A’) (2.5) (M = A+ €8 + 6), the generating function Gy(t,n; A) is
expressed simply in terms of the known G(t,n; \'):

= N|=

G(t’ UR )‘) = {

o0

do(t0, NGt X) =D #"do(n, X) Prp(n; A)

n=0

= di(N)&(m; X+ 8)G(t,m; X') — da(n)e(n; N)9yG (L, m; X').
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The forward shift relation (2.23) implies
G (t,mA) = ¢zt fro 41 (NGt X+ 6).
Here we present the concrete forms of the generating functions:

d() (t@t, )\)Ge(t, Uk >‘)

(Lég”*%’<—n>+ﬁL§9”*%’< n)GU+=3(t,m), (L1)
((9+ 1)L <> ) éf"é‘%)m»G(ﬁ“%)(t D, (12)
((h+ ppfrmete )<n> 2 (% + s + Tond)

- X Pﬁ(g—i_z_i (g—‘rf g’h+£+ )(tvn)? (Jl)
((g+ hyp o2 *><n> 2 (% + s + He)

x pemRis )G(9+e+2’h+g 2D (t,m), (J2)

\

where R % /T — 2nt + t2.

Next let us introduce the double generating function, that is the generating function of the
generating functions Gy(t,n; A):

(s,t,m3 A de ZSZGK (t,m; A

For L1 and L2 cases, the explicit forms are:

(L1): G(s,t,m9) =297 2((2— )VT — L+ tv/T—t — 4s)
tn+1s’1(\/17—75—\/1—t—45)27]

e 1—
VI T TsyT— 82 (VT =t + VI 14s5)""
s+t
. L 1t —t+s) e 1=t
(L2) 1 do(tOr, 9)G(s,t,m;9) = (g+ R TR )(1 EPSRPE S

NI

which are obtained by using the two shifted generating functions (E.9) and (E.10) in Ap-
pendix E.1. It is a good challenge to derive the double generating functions for the X, Jacobi
polynomials.

10 Three term recurrence relations

Three term recurrence relations are one of the most fundamental characteristics of the ordinary
orthogonal polynomials of one variable. Obviously the exceptional orthogonal polynomials do
not satisfy these relations. Nevertheless, being deformations of ordinary orthogonal polynomials,
the X, polynomials are expected to retain certain reminiscent properties of the three term
recurrence.

Here we present a simple modification of the three term recurrence relations valid for the X,
polynomials. Its relevance is, however, as yet unclear. Let us denote the three term recurrence
relation for the Laguerre or the Jacobi polynomials as

NPy (1; X) = Ap(A) Pag1(m3 A) + Br(A) Pu(1; X) + Cr(A) Po_1(1; ),



16 C.-L. Ho, S. Odake and R. Sasaki

in which the explicit forms of the coefficients A,,, B,, and C,, can be read from (E.5) and (E.18)
in Appendix E.1 and Appendix E.2. As a substitute of the above three term recurrence relations,
we expect that a certain element in the degree £ + n + 1 invariant polynomial subspace Vp 41
(6.3), (6.4), which is related to 7P, (n; X’), to be expressed in terms of Py ,41(n; X), Prpn(n;A)
and Pp,—1(n; A). From (2.8) this can be achieved as

NP (m; X)) = Ap(X)do(n + 1, X) Py g1 (m; X) + Bp(X)do(n, X) Py (5 A)
+ Cr(X)do(n — 1, X) Pr_1(n; A),

where M = X + 06 + 6.

11 Zeros of X, polynomials

The zeros of orthogonal polynomials have always attracted the interest of researchers. In the
case of X, polynomials P, (n; A), it has n zeros in the domain where the weight function is
defined, that is (0, 00) for the L1 and L2 polynomials and (—1,1) for the J1 and J2 polynomials.
See for example, Section 5.4 of [19]. The behaviour of these zeros are the same as those of
other ordinary orthogonal polynomials. This is guaranteed by the oscillation theorem of the
one-dimensional quantum mechanics, since Py, (7; A) are obtained as the polynomial part of the
eigenfunctions of a shape invariant quantum mechanical problem [1, 2].

Here we discuss the location of the extra ¢ zeros of the exceptional orthogonal polynomials,
which lie in various different positions for the different types of polynomials. So far we have
verified by direct calculation for lower ¢ and n: The ¢ extra zeros of L1 polynomials are on
the negative real line (—o0,0). Those of the L2 Xj.,qq polynomials are 1 real negative zero
which lies to the left of the remaining %(6 — 1) pairs of complex conjugate roots. The L2 Xy.even
polynomials have %E pairs of complex conjugate roots. For L2, these ¢ additional roots lie to
the left of the n real zeros.

The situations for the X, Jacobi polynomials are a bit more complicated. The J1 Xy.oqq
polynomials have 1 real negative root which lies to the left of the remaining %(6 — 1) pairs of
complex conjugate roots with negative real parts. The J1 Xy.cven polynomials have %E pairs of
complex conjugate roots with negative real parts. For J1, some of the complex roots have real
parts between —1 and 0. The J2 X/.,qq polynomials have 1 real positive root which lies to the
right of the remaining %(Z —1) pairs of complex conjugate roots with positive real parts. The J2
X¢.even POlynomials have %E pairs of complex conjugate roots with positive real parts. For J2,
some of the complex roots have real parts between 0 and 1.

12 Summary and comments

We have given an in-depth study of the properties of the exceptional (X/) polynomials discovered
recently in [1, 2, 15]. Our main focus is the derivation of certain equivalent but much simpler
looking forms of the X, polynomials. The derivation is based on the analysis of the second order
differential equations for the X, polynomials within the framework of the Fuchsian differential
equations in the entire complex plane. These new forms of the X, polynomials allow easy
verification of the actions of the forward and backward shift operators on the X, polynomials,
and provide direct derivation of the Rodrigues formulas and the generating functions. The
structure of the invariant polynomial subspaces under the Fuchsian differential operators is
elucidated. The bases of the invariant polynomial subspaces provide a simple substitute of
the three term recurrence relations. The Gram—Schmidt construction of the X; polynomials
starting from the above bases is demonstrated with the help of an integration formula. The
properties of the extra zeros of the X, polynomials are discussed. Some technical details are
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relegated to the Appendices. The proof of the equivalence of the new and original forms of the
Xy polynomials is given. Simple proofs of the forward and backward shift operations are shown.
The integration formula is elementarily proven. Various fundamental formulas of the Laguerre
and Jacobi polynomials are supplied for easy reference.

Let us mention that the same method, deformation in terms of a degree £ eigenpolynomial,
applied to the discrete quantum mechanical Hamiltonians for the Wilson and Askey—Wilson
polynomials produced two sets of infinitely many shape invariant systems together with excep-
tional (X,;) Wilson and Askey—Wilson polynomials (¢ = 1,2,...) [16]. It will be interesting to
carry out the same analysis in these discrete cases.

Finally, concerning the issue of global solutions of Fuchsian differential equations, we would
like to make a comment on the well-known theorem by Heine-Stieltjes [20]. It asserts the
existence of a polynomial solution for the differential equation

d? d
A@)7y(@) + B@)y(x) + C(a)y(z) =0,

in which only two coefficient functions A(x) and B(z) are specified. They are degree p + 1
and p polynomials, respectively. In this case a polynomial C(z) of degree p — 1 is not given at
the beginning but is determined so that the equation admits a degree n polynomial solution.
Thus the problem setting is not a proper Fuchsian differential equation and the process of
determining C(z) and the polynomial solution is purely algebraic. We consider these polynomial
solutions do not qualify to be ‘global solutions’ of the ordinary Fuchsian equations.

After this paper was arXived, some of the results were re-derived in terms of the Darboux—
Crum transformations [17, 18].

A Equivalence of different forms of X, polynomials

The exceptional Jacobi polynomial for the trigonometric DPT presented in [1], namely J2 ex-
ceptional polynomial, is

2n(—g+h+0—-1)& (139, +2)

(—g+h+20-2)(g+h+2n+2(-1)
n(2h+4€—3)§zz(n;g+1,h+3)>

— P,(m; XN+ L6
29+2n+1)(—g+h+20-2) (m: A+ £9)
(—g+h+0—-1)(29+2n+2(—1)

(2g+2n+1)(g+h+2n+20—1)

ef
Pra(mA) & (&(77;9 +1,h+1)+

§-1(m: 9, h + 2) Pua (m; A + £5).
In this paper we have presented it in a much simpler form in (2.3) (J2)

Pon(n A) = ((9+ Beelmg+1,h+ DPulmig+ £+ 1,h+ £~ 1)

n+g+%

— (L= )& (9, 0)OnPu(mig + L+ 1, b+ £ — 1)).

In the following we write them as P;,%(n; ) and P}S¥(n; ), respectively and show that they

n
are in fact equal by using various identities of the Jacobi polynomials. For lower ¢ and n the
equality can be verified by direct calculation.

We fix ¢ and use new parameters a and 3 instead of g and h,

def def

a=g+l—3,  B=h+l—3
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By using the forward shift relation for the Jacobi polynomial (E.15), the polynomials & and P,
are expressed as

SmA) =P ), i a) = PCT P (),
Eoa(mA) = P ),

Ml — o+ B — 1P ()
(20 —a+B—-2)2n+a+ B)

n(f+ £ — 1)Pg(__;76) (n) )P(O"’B)

P A) = <P§‘a‘2"” (n) +

“latn—iiD@i-arp_g )W
(t—atB-1)@+n) ap)
(a+n—(+1)2n+a+p) 1

new 1 —a—2, o _
PR (s A) = atn—i11 ((a —(+ l)PK( 2,6) () PLeF1B=1 ()

—{m+a+ B+ DA —nP TR ). (A:2)

(P (), (A1)

Here we provide the proof for the equivalence of the two expressions (A.1) and (A.2) step by
step:

GARURSE (“ A=) + GRSl L )

L 2(l—atp- PP () - n(B+6—1)
2—a+p-2)2n+a+p) (a+n—Cl+1)(20—-a+[-2)
20 - DB P () = (—a+ f+20 - 2)(1+ ) (BT () — PP ()
2B+ (—1)
(—a+B-1(a+n) (—ap)
(a+n—0+ 1)(2n+a+ﬁ)P£_1 ()

2P ) — (a4 B+ 2m)(1 =) (P () - P )

X

x P () +

2(a+mn)
1 » .
Tatn—l+1 (W —a+ =11 =P ()P ()
1 e -

IS (o e ) R ) — 50— P ) P <n>>
— 1 < L+ B8)1 =P () + (a + 1)(1 + n) PP ()
=— | (a—20+1)

at+n—L+1 Y]

(—a—1)(1+nP 2P0y — g1 —n) B ()
2

x BT () +

< ((n+a+ VP m) — (a+ 1)3&&*“%)))

(ii) 1 —a-2, o _
] (G B () ()

+ P90 (0 + a+ DPE ) — (0 + DRI ()
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(iii) 1 —a—2, o _
e (CE R /R )L s ()

+ P et B4 1)1 =P ) = PR ),

where we have used (E.23), (E.27) and (E.24) in (i), (E.23) and (E.26) in (ii), and (E.25) in (iii).

The other exceptional polynomials, the J1 case is obtained from the above J2 case by (E.14).
The equality of the exceptional Laguerre polynomials given in [1, 2] and those given in this
paper (2.1) will not be given here, since the L1 and L2 cases are obtained from the J1 and J2
cases by the limit (E.28).

B Forward and backward shift relations

Here we provide proofs for the forward (4.3) and backward (4.4) shift relations which apply
equally for the four types of X, polynomials. The method is elementary based on various
identities of the Laguerre and Jacobi polynomials.
The forward shift relation (4.3) is equivalent to a polynomial identity (5.1). By using dy(n —
L,A+96) =do(n,A), fn(X —i—ﬁ) fn(A) and (2.23), it is easy to show that r.h.s. of (5.1) can be
)

factorised 0y, Py (1; A +£8 4 6) x (---). The forward shift relation is thus equivalent to (---) =0,
namely,

0 =di(N)&(m X+ 8)% — dr(X + 8)&(m; X)&e(m; X+ 28) — Dyda(m)&e(m; N)Ee(m; A + 8)
+ da ()& (15 X)Ope(n; X + 8) — d2(1)9pe(n; X)Ee(m; X+ 9). (B.1)

This is a polynomial identity of degree 2¢ and it is quadratic in the Laguerre/Jacobi polynomials.
This identity can be proven elementarily by using di(A) — di(A + &) = 0,d2(n) and (2.20) to
eliminate &(n; XA + 29) and 0,&¢(n; A).

The backward shift relation (4.4) is equivalent to a polynomial identity (5.2). By using
do(n —1,X+98) = dop(n,A) and b,—1(X) = —2n, the r.h.s. of (5.2) becomes

Po(m X)X () + O Pa(m X)X () + Poca (X +8) x (--+)
+ 0y Pr1(m; X + 8) x (---)+3$Pn—1(77;>\’+5) x (),

where X’ = X + £5 + §. The above expression can be reduced to P,_1(n; X + 8) x X(n) +
Oy Pa1(m; N 48) x c2(n)Y (1), by using (2.23), (2.24), (2.17) and the relations (c1(n; A+ +6) —
c1(n; X))da(n) = 2¢c2(n)0yda(n) with E,(X) = fr(A)bp—1(A). Up to an overall normalization, this
Y (n) is just the r.h.s. of (B.1), so it vanishes. Hence the backward shift relation is equivalent to
X (n) = 0, namely,

0 = c1(n, N)di(N)Ee(m; X+ 8)* = c1(n, A+ £8)d1 (A + 8)&(m; X)&e(n; A + 26)
— co(n)di (X + 8) (Ee(m; N)Dy&e(m; X + 28) — 9y&elm; X)Ee(m; A+ 26))
+ 2E1 (N da(m)Ee(m; N)Ee(m; A+ 6). (B.2)

This is a polynomial identity of degree 2¢ + 1 and it is quadratic in the Laguerre/Jacobi poly-
nomials. With the help of (2.20) and (2.18), it is elementary to show that the r.h.s. of (B.2)
becomes &p(n; A + 8)d1(A)d2(n) x (---). Up to an overall normalization, this (---) part is just
(Lh.s. of (2.21)) — (r.h.s. of (2.21)), so it vanishes. This concludes the proof of the backward
shift relation.
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C Proof of the integration formula

Here we present a simple proof for the integration formulas (7.1) or (7.2). We evaluate

(Eealpm)], Zeala)]) = / (di(N)&e(n; X+ 8)p(n) — da(n)&e(n; X)yp(n))

X (dr(N)&(m; A+ 8)q(n) — da(n)e(n; A)anQ(n))W

) 2
-/ <d2<n>2anp<n>anq<n>+ (dl“)&(”’”‘”) p(m)a(n)

dn

Eo(m; )

 di(AN)&e(m A+ 6) da (1), (p(n)q(n))> W (n; A+ £8)dn

Eo(ms A)

) /W(n; A+ 16) (dz(n)2 Onp(n)9ya(n)

d1(A ;A0
. <d1(>\)&(n;>\+ 6))2 _ On(W s A+ £8) SEEERSE s ()

Ee(m; A) W (n; A+ £6) p(??)tl(??)) dn

D[ (da(N)da (X + €8, Opn)a (o)W 3 X) -+ §e20,(0)0,0(n)W (X + ) ),

where M = A+ 06 + 6. In (i) we have integrated by part and in (ii) we have used

di(A A+
<d1(>\)£e(77; A+ 6>>2 Oy (W A+ 06) OB 4, 1))
Ee(n; A) W (n; A + £6)

= dy(N)ds(X + 08, 0)

2

U

2(n)
c2(n) ’

which is shown by using (2.18) and (2.20) to eliminate & (n; A + ).

D Hyperbolic DPT potential

Here we provide a brief summary of the properties of the X, Jacobi polynomials related to the
deformed hyperbolic DPT potential. They are of the J2 type. The £ = 1 case was introduced
in [11] and the general ¢ case was studied in [1]. In contrast to the radial oscillator and the
trigonometric DPT potentials, the undeformed hyperbolic DPT potential allows only a finite
number of square integrable polynomials P,(n,A), n = 0,1,...,np def [%(h —g)]’, where [z]
denotes the greatest integer not equal or exceeding x. The situation is the same for the excep-
tional polynomials, P, (n,A), n = 0,1,...,np — {. Except for this point, the arguments for
the hyperbolic DPT are the same as the radial oscillator and the trigonometric DPT potential
cases. In particular, the much simpler looking new forms of the polynomials are also equivalent
to the original forms of the polynomials given in [1]. We present various data:

_1_p_1
AL @n). h>g>0. s¥ (-1, Plpg k) E R ),

def (—g—0—3,—h+e-3
&g, h) = Pg( T D), n<np f<np

Pe’n(n; A) (2'5)7 nzo’ 1?""nB _67

dom N Entg+l WY, dNEg+l dm) 1oy,
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def _1 _p_1
W(777)‘) = 29—#4—1(77_1)9 2(77+1) 4 2, 1<77<OO7

et T(n+g+3)0(h—g—n+1)

hn(A) < ,
< 2n!(h—g—2n)f‘(h—n—|—l)
def (n+g+€+%)(h—n—2€+ )
hon(g, h) < hy(g+ 0, h— 0 ,
(9, h) (9 ) gt D _n_€+)
amA) Egrh+(g—h+n,  cln) = n? -
A0 Y —g—204+1— (g+h)n,
EN) Can(h—g—n), &) Eallg+h+1-10),
OO Eh—r+l e AN 2ntg-h) b)) 2,
n—1
1 Ee(m; A) d E(m A+ (k+1)6)
Pn a}‘ 7‘1‘8 IOg
[4 (77 ) A (n_l)ng@f%(n_{_l)chre,l l:[)<d77 n §£(U;)\+k5) )
1 1
(77 _ 1)n+g+f—§(,’7 4 1)n—h+é—§
X A+ (n+1)d),
& A+ nd) Glm At (n+1)9)

do(t0, NGt A) =D t"do(1, X) Pop(1; N)

n
3 _ _1

x Gt h—t3) (¢ ), RY /1ot +e2,

1+R+t

(A—m)t (1 |, g+e+i | h—t+1
(n) — Rn (§+1+R2t+ )PE

(—g—t—3, h+z—g)(n)>

def _
Vin = Span([n®(g + $)&(m; g+ 1,h — 1) — k(1 — n)n* & (n; 9,h);k = 0,1,...,n],

pn(n) = (n—1)" for (8.1).

ng—4~

In the expression of the generating function, the summation range is extended to infinity, >, —

n=0

o0
>, formally. The forward and backward shift relations (5.1) and (5.2) in terms of the Jacobi

n=0
polynomials are the same as the J2 case.

E Summary: properties of the polynomials

E.1 Laguerre polynomials

e Definition (expansion formula)

1 n
)= S

k=0

oz—f—k:—i—l)n R

e Forward and backward shift relations

8, L\ (z) = —L (),

20, L (@) + (o + 1 — )LV (2) = nL) (2).

n n

e Differential equation

2L (z) + (a + 1 — 2)0, LY (2) + nL{ (z) = 0.

(E.1)
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e Three term recurrence relation

L (x) = —(n+ DL, (@) + 20+ o+ 1)L (@) — (n+ a) LY, (). (E.5)

e Rodrigues formula

[e)(z) = L1 <jx>n (772, (E.6)

nle Txo

e Orthogonality (o > —1)
& 1
/ dre " a" LI (2) L) () = = T(n+ a 4 1)8um. (E.7)
0 mn.

e Generating functions

tx

() def n e 1-t
1,—1 2
9ozt (1—v/1—4t)2%x
G (¢, z) LN nplatn) () = . E.9
+ ( ‘T) Z n ($) /71—4t(1+ /71—4t) ( )
GY(t, z) dethnU " (z) = (1 + )% . (E.10)
n=0

Formulas (E.9) and (E.10) can be derived by using (E.2) and (E.4).
o Identities

L) - LD (@) = LY, (), (B.11)
2L (2) — oL (z) = —nL D (2), (E.12)

which can be verified elementarily based on (E.1).

E.2 Jacobi polynomials

e Definition (expansion formula)

1), m+a+B+1) (1—2z\"
plad)(p) = (@ + _ E.1
2 () EZM D 5 (E.13)
e Parity
PO (_g) = (—1)" P (). (E.14)

e Forward and backward shift relations

0, PP () = Lin+ a+ B+ )P (), (E.15)
(1—22)0, P (@) 4 (B—a— (a+ B+ 2)2) PCTH (@) = —2nP@P)(2). (E.16)

n
e Differential equation

(1 — ﬂ)@%Péaﬁ)(x) + (/8 - — (a + B+ Q)x)axpéa,ﬁ)(w)
+nn+a+ B+ 1P (z) =o0. E17)
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e Three term recurrence relation

2(n+1)(n+a+ 8+ )P (2) (82 — o) PP (z)

@n+a+B+1)2n+a+B+2)  (2n+ta+pB)2n+a+pB+2)
2(n + a)(n + B) P\ ()

a:P,(La’ﬂ) (z) =

2n+a+B8)2n+a+pB+1) (E.18)
e Rodrigues formula
(a,8) o (_1)n 1 i " o\t n+p8
PP (x) = 2l (= 2)°(1 1 2)? <dm (1 —2)"(1 +2)"*F). (E.19)
e Orthogonality (a, 8 > —1)
1
[ s -+ 0P P @) P o)
-1
_20FAH F'n+a+1)I'(n+8+1)
ol (2n+a+ﬁ+1)F(n+a+5+1)5nm‘ (E-20)
e Generating function
”3 def n 75) 2a+5
th TR+ R— 1+ R+ (E-21)
RY V1 - ont + 12,
e Identities
2(n + B) PPV (z) — 28PP 7 (@) = (n+ o + B)(1 + 2) P (), (E.22)
(n+ B8)(1 — 2)P T () — a(1 + 2) PP (2) = —2nPle—18) (z), (E.23)
2(a +n)PY (@) + (a+ B+ 20)(1 — o) (PP (2) — PP () = 20 PP (2),(E.24)
2(n + )Pl 18 ( ) — 2PV (z) = —(n+ a + B)(1 — ) PTH) (), (E.25)
(n+a)(1 + )PP () — B(1 — 2) PP () = 2n Pl (g), (E.26)
—2(8+n) PP (z) + (a+B+2n) (1 + 2) (PP () — P14 (1)) = 2nPP) (2). (E.27)

Equations (E.22)—(E.24) can be verified elementarily based on (E.13). By using (E.14), equa-
tions (E.25)—(E.27) are obtained from equations (E.22)—(E.24) respectively.
e Limit to the Laguerre polynomial
+ 2z _
ﬁlglgo P (1 - 22) = L (+2). (E.28)

Various formulas for the Jacobi polynomials reduce to those for the Laguerre polynomials in
this limit.
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