[@
UNIVERSITY

LIBRARY

Accepted Manuscript

DOI: https://doi.org/10.1088/1751-8121/aace4b

Citation: Goémez-Ullate, D., Grandati, Y., & Milson, R. (2018). Shape
invariance and equivalence relations for pseudo-Wronskians of

Laguerre and Jacobi polynomials. Journal of Physics A: Mathematical
and Theoretical, 51(34), 345201.

This article has been accepted for publication and has undergone full
peer review. However, this version does not have the copyediting,
typesetting, pagination, and proofreading processes, which may result in
differences between this version and the final Version of Record.

The terms and conditions for the reuse of this version of the manuscript
are specified in the publishing policy. For all terms of use and more
information, please visit the publisher's website.




arXiv:1802.05460v1 [math.CA] 15 Feb 2018

SHAPE INVARIANCE AND EQUIVALENCE RELATIONS FOR
PSEUDOWRONSKIANS OF LAGUERRE AND JACOBI POLYNOMIALS

DAVID G()MEZ—ULLATE, YVES GRANDATI, AND ROBERT MILSON

ABSTRACT. In a previous paper we derived equivalence relations for pseudo-Wronskian determinants
of Hermite polynomials. In this paper we obtain the analogous result for Laguerre and Jacobi
polynomials. The equivalence formulas are richer in this case since rational Darboux transformations
can be defined for four families of seed functions, as opposed to only two families in the Hermite case.
The pseudo-Wronskian determinants of Laguerre and Jacobi type will thus depend on two Maya
diagrams, while Hermite pseudo-Wronskians depend on just one Maya diagram. We show that these
equivalence relations can be interpreted as the general transcription of shape invariance and specific
discrete symmetries acting on the parameters of the isotonic oscillator and Darboux-Po6schl-Teller
potential.

1. INTRODUCTION

Wronskian determinants arise in a natural fashion when iterating Darboux transformations, [1].
These ideas have been extensively used in the theory of integrable systems generally known as the
dressing method (see for instance and references therein).

In the context of classical orthogonal polynomials, Darboux transformations are essentially a fac-
torization of the differential operator, and lead directly to exceptional orthogonal polynomials, a new
class of Sturm-Liouville polynomial families originally introduced in , and developed over the past
decade by many authors [6-{19].

From a physical point of view, exceptional orthogonal polynomials are (up to a gauge factor) the
eigenfunctions of exactly solvable quantum potentials obtained by applying rational Darboux transfor-
mations to the harmonic oscillator (Hermite), isotonic oscillator (Laguerre) and trigonomeric Darboux-
Poschl-Teller potential (Jacobi). The new exactly solvable potentials are known are rational exten-
sions [20H22], since the original potentials are modified by the addition of rational terms in a suitable
variable.

In the mathematical context, Wronskian determinants whose entries are classical polynomials were
considered by Karlin and Szeg6 , who provide expressions for the number of real zeros of the
Wronskian of a sequence of consecutive polynomials. Sequences for which the Wronskian has constant
sign were characterized by Adler in , and the result for arbitrary sequences has been completed by
Garcia-Ferrero et al. . The complex zeros of these Wronskians form regular patterns and have also
been the subject of intense study,

These Wronskian determinants of classical polynomials play an important role in the construction
of rational solutions to nonlinear integrable equations of Painlevé type [28-31]. All known rational
solutions to PIV, PV, and their higher order generalizations known as A y-Painlevé or Noumi-Yamada
equations seem to be expressible in terms of suitable Wronskians whose entries are Hermite and
Laguerre polynomials, although a rigorous proof of this fact has not been given yet (see and
references therein for a review of the symmetry approach to Painlevé equations).
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In this paper we are concerned with describing the existence of an infinite number of identities
among Wronskian determinants whose entries are Laguerre and Jacobi polynomials. Some of these
equivalences were already noted in [33[34] at the Schrédinger’s picture, but it was not until [35]
that a full description was given for the Hermite case. From the quantum mechanical perspective,
the identities reflect a notion of equivalence among different sets of Darboux transformations that
end up in the same transformed potential, up to an additive shift. The term pseudo- Wronskian
was introduced in [35] to describe the set of rules to construct the determinants with polynomial
entries in terms of a Maya diagram, a type of diagram originally introduced by Sato in the theory of
integrable systems |36] and first applied to exceptional orthogonal polynomials by Takemura, [37]. A
Hermite pseudo-Wronskian is indexed by a single Maya diagram (or equivalently, a single partition),
corresponding to the fact that a rational Darboux transformation of the harmonic oscillator is indexed
by a finite sequence of integers specifying the seed functions for the transformation. The equivalance
at the level of Maya diagrams corresponds to shifting the origin of the diagram.

In the Laguerre and Jacobi cases discussed here, the situation is richer as two independent families
of seed functions can be considered for rational Darboux transformations, and thus two Maya diagrams
must be given to specify the set of seed funtions in each family. Instead of a partition, these rational
Darboux transformations are indexed by a Universal Character, which is essentially a pair of partitions
as defined by Koike [38]. Universal characters generalize Schur polynomials, and they have been used
in the construction of rational solutions to Apy-Painlevé equations, [39}/40].

Although we do not pursue this direction in this paper, it is worth noting that the pseudo-Wronskian
determinants discussed here can be regarded as an extension of Jacobi-Trudi formulas in the theory of
symmetric functions, [41]. Original Jacobi-Trudi formulas express a Schur polynomial sy associated to
a given partition A as a determinant whose entries are complete homogeneous symmetric polynomials.
Jacobi-Trudi formulas were extended to classical orthogonal polynomials in [42| and they are connected
to exceptional orthogonal polynomials, [43]. The pseudo-Wronskian determinants in this paper can
be regarded as a generalization of Jacobi-Trudi formulas that involve not just the partition A or its
conjugate partition X', but also intermediate representations described by Durfee symbols, [44].

The paper is organized as follows. In Section [2] we introduce all the notions in combinatorics
needed to formulate our results: Maya diagrams, Durfee symbols, etc. together with some basic
operations on them. In Sections[3]and [f] we review the necessary concepts on Darboux transformations
and shape invariant potentials. It includes a description of the discrete I' symmetries acting on the
parameters of the potentials that allow to define the notions of extended and shadow spectra, i.e.
the families of possible seed functions for a rational Darboux transformation. The action of iterated
Darboux transformations on the isotonic oscillator and Darboux-Pd&schl-Teller potential are described
in Section and they are indexed by punctured universal characters. Finally, we introduce the
Laguerre and Jacobi pseudo-Wronskians in Sections [6] and [7] together with the equivalence formulas
and some explicit examples.

We would like to note that some of the equivalence formulas reported in this paper for the Laguerre
pseudo-Wronskians have been obtained independently by Bonneux and Kuijlaars, [45], albeit with a
different choice of indexing between seed functions and Maya diagrams.

2. PUNCTURED YOUNG DIAGRAMS AND DURFEE RECTANGLES

2.1. Maya diagrams. We define a Maya diagram as an infinite row of boxes labelled by relative
integers and which can be empty or filled by at most one ”particle” (graphically represented by a filled
dot). All the boxes sufficiently far away to the left are filled and all the boxes sufficiently far away to
the right are empty.

A tuple of relative integers, N,, = (nl, coey T, T ...,ﬁl), with n; > n;41 > 0and 0 > W1 > Wy
(m = k+k), can be represented in an unique way by a Maya diagram, as depicted in Figure Positive
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integers in the tuple correspond to filled boxes to the right of the origin and negative integers in the
tuple to empty boxes to the left of the origin.

-5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8

FIGURE 1. Unique Maya diagrama associated to the tuple (6,5,2,1, —2 — 3).

In the following we use the term Maya diagram to designate both the diagram in graphical form
and for the associated tuple. If the set of T; (respectively n;) is empty, then the Maya diagram is said
to be positive (respectively, negative). In the case of a positive Maya diagram, if all the entries are
non-zero, then the Maya diagram is said to be strictly positive.

2.2. Punctured Young diagrams. The correspondence between Maya and Young diagrams is well
known [32,[46]. Progressing from the left to the right, to each filled box we associate a vertical step
upward and to each empty box an horizontal step to the right. The obtained broken line then serves
as the lower and right boundary of the corresponding Young diagram.

In accordance with our definition, we associate to every Maya diagram a punctured Young diagram,
which we define to be a Young diagram equiped with an origin. This last should be regarded as marked
point on the right border of the Young diagram that separates the segments labelled by positive integers
from the segments labelled by strictly negative integers. An example can be seen in Figure

Supressing the origin, we recover a standard Young diagram, which we view as an equivalence class
of punctured Young diagrams and which we name a shape class. As a canonical representative in every
shape class we take the punctured Young diagram where the origin is located at the leftmost point of
the topmost horizontal half-line. The corresponding Maya diagram is strictly positive.

FIGURE 2. Left: Maya diagram (6,5,2,1,—2,—3) and its corresponding punctured
young diagram. Right: The Maya diagram (9, 8,5, 4, 2) is the canonical representative
of the shape class of previous diagram.
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2.3. Maya diagrams and partitions. Every positive Maya diagram, i.e. every tuple of natural
numbers Ny, = (n1, ..., Ny, ), iS in one-to-one correspondence with an integer partition [20}/42]

(1) Al = A1+ ..+ A,
where the [(\) = m parts of the partition A = (A1,..., \,,) are given by

(2) i =n; —m+1,

(3) |)\|:Zni—m(m—1)/2.
i=1

For the example in Figure we have N5 = (9,8, 5,4, 2), the corresponding partition is A = (52, 32, 2)
and |\| = 18 (as usual we let A¥ denote \; repeated k times).

The \; are the lengths of the columns of the corresponding Young diagram starting from the lower
left corner and A is a partition of the integer |A|.

Note that, contrary to the usual convention, we permit a partition to terminate in a string of ze-
ros. The reduced form A of such a partition is obtained by suppressing this last string of zeros. This
corresponds to fixing the origin at the endpoint of the last vertical segment on the boundary of the cor-
responding Young diagram. The tuple corresponding to A consists of strictly positive integers; this last
property characterizes the class of reduced partitions. A reduced partition is therefore characteristic
of the shape class and its corresponding Young diagram.

To every reduced partition we can associate a conjugate partition A [47,[48] of the same integer
||, whose elements \; are the lengths of the rows (starting from the top) of the Young diagram
associated to A\. The conjugate partition can be visualized as the partition corresponding to the
transpose (with respect to the main diagonal starting from the upperleft corner) of the original Young
diagram. Formally, we have

(4) I =M, 1N =X\
and
(5) N=#{i: N> =#{i:n>j—i+1N}.

An alternative description of an irreductible partition, i.e. a shape class, is via its Durfee symbol
[47./48]. For that, we define the Durfee square of the partition to be the largest square contained in
the Young diagram whose diagonal coincides with the main diagonal of the diagram.

Letting r x r denote the size of the Durfee square, we define the Durfee symbol to be the pair of
partitions

(6) VX = s XX X
where
(7) /\;:)\i—T, Xile—’r

Thus, the parts of X’ are the length of the columns below the Durfee square and the parts of N are
length of the rows to the right of the Durfee square. In this way the partition A’ is a truncation of the

. + . . . .
original and A is a truncation the conjugate partition.
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/ Durfee square

Sy 3 Iy o - o e e

=
21
I

72
r_
3_1

Durfee symbol:
YBYPV [22,0[2%,1]
I

220

FIGURE 3. Durfee square of the partition A = (52,32,2) and corresponding Durfee
symbol [22,0 | 22,1].

2.4. Punctured Young diagrams and Durfee symbols. The concept of Durfee square and Durfee
symbol can be generalized to describe an arbitrary punctured Young diagram, and correspondingly,
every Maya diagram. A Durfee rectangle is the k x k rectangle whose opposite vertices are the origin
of a given punctured Young diagram and the upper left corner of the diagram, and whose left side
of length k& and upper side of length k lie on the left and upper border of the corresponding Young
diagram [44]. In this way we are able to completely characterize a punctured Young diagram as the
corresponding k x k Durfee symbol, which we define as

(8) (13, = [dvsondy | 1, ]
where the
(9) di:)\i—Ezni—kz—H,

stand for the heights of the truncated columns below the Durfee square and where the
(10) Ej:Xj—k:—(ﬁj+1)—E+j,

represent the lengths of the truncated rows at the right of the Durfee rectangle. Note that
l(i):(k—g)—ﬁlial—f—k B
l()\):nl—i—l—(k‘—k) =di + k.

The Durfee rectangle can be considered as the rectangular Young diagram corresponding to the
partition

(11)

(12) R= (Ek) .

From this point of view, d and d are respectively the partition and conjugate partition associated
to each of the two connected components of the diagram A — R, (see [47.48]).

We define an irreducible Durfee symbol to be one for which & < I(A\) and k < I()\), i.e. for which
the punctured Young diagram has an origin between its upper-right and lower left corners. With the
exception of the two extremal cases of k = [(A),k = 0 and k = 0,k = [(\), the irreducible Durfee
symbols are associated to non-flat rectangles. Thus, the total number of such symbols is

(13) IN+IN)+1l=m—-m+2=d+d +k+k+1.
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/ Durfee rectangle

Durfee symbol:

|)\’1 A, AL N, 3% 1717
(R

3311

FIGURE 4. Punctured Young diagram associated to the Maya diagram
(6,5,2,1,—2,—3), corresponding to a 2 x 4 Durfee rectangle and Durfee sym-
bol [32,12]12].

If we fix the origin at the upper right corner of the Young diagram we have the representative of
the shape class. The associated Durfee rectangle is horizontally flat and the corresponding generalized
Durfee symbol is (k =m) [A1,..., Am | 2]

If we fix the origin at the lower left corner of the Young diagram, the associated Durfee rectangle is

vertically flat and the corresponding generalized Durfee symbol reduces to [@ | A1y eees )\m] (k=m).

2.5. Shifting rules. Starting from the punctured Young diagram corresponding to [d | ﬂ, a one-step
displacement of the origin along the border of the Young diagram changes the generalized Durfee
symbol in a simple way. The shifting rules are the following

Left-descending shift

We move of one step in the left (descending) direction. We denote by 1 [d | EJ the resulting Durfee
symbol

d, 0]
+1]
From equations @D and , we deduce the corresponding updating rules for the associated Maya
diagram N, :

(14) di,>0: vdd =[d—1,..,dp—1]dy,...,
(15) dip >0: 1 [d ‘ ﬂ = [dl,...,dk,1 | 81 + 1, ’EE

(16) ’I’Lk>0! Nm_> I(Nm>: (nl_17-~-,nk_1,<—1),ﬁ1—1,...,ﬁg—1).
(17) ng >0: Ny — 1(Nm) = (Tll—l,...,nk,1 —].,ﬁl—l,...,ﬁg—l).

Right-ascending shift

Starting from the punctured Young diagram corresponding to [d | ﬂ, a one-step displacement of
the origin along the border of the Young diagram changes the generalized Durfee symbol in a simple
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way. The unit left and right shifting rules are, respectively, the following

(18) Jd)d = [di —1,.. dk—1|dl,.igo] it d > 0
dla "'adk—l | dl + 1 d =+ ] if dk =0.
d

[
[y, di, 0| dy — 1 —1] ifd; >0
[di+1,.di +1]dy,....dz_,] ifdp=0.

(19) [d|@1 = {

At the level of the Maya diagram, the above transformation corresponds to a displacement of the
origin one unit to the left and right, respectively. Let N, = (nl, oy N, M, ...,ﬁl) be the corresponding
Maya diagram. From Eq @D and Eq , we deduce the corresponding changes for the associated
Maya diagram :

(20) (N ) _ (m ...,nkfl,fl,ﬁl71,...,ﬁ571) if ng >0
i (i —1,onp 1 — 1L, — 1, —1) it ny=0.
(ni+1,.onk+1,0m + 1,054+ 1) ifnp<-—1

(21) (Nm)l = {

(i +1,ymp + 1,7 + 1,07, + 1) if A = 1.

In the considered example, [d | d] = [3%,1% | 12], we have 11 distinct irreducible Durfee symbols in
the associated shape class which are related by the following shift connections (the right and left shifts
are represented by right and left arrows respectively)

(22) [5%,3%,2| o] [4%,22,1]0] = [3%,1%,0 | 0°] = [3%,17 | 17]
22,07 [1%,0] = [2%,0]2%,1] = [2*] 3,2]
= [17]3%2,0] = [0%]3%2,0°] = [0]4%3,1°] = [&]5°,4,2%].

For the corresponding Maya diagrams this becomes

—
=
—
=

(978753472) (8 7 4 3713 ) (736ﬂ37270771772) = (6757271372773)

(5,4,1,0,—1, -3, —4) = (4,3,0, -2, —4, —5) = (3,2, 3, —5, —6)

(2,1,-1, —4 —6,-7) = (1,0,—1,-2,-5,—7,-8) = (0, -2, —3, —6, —8, —9)
(=

=
=
=
= (=3,-4,-7,-9,-10).

3. DARBOUX TRANSFORMATIONS

In this Section, and throughout the paper, the symbol & will be heavily used to denote proportion-
ality up to a constant factor, i.e.

f(x) ocg(z) & f(z) =C-g(z), CeR

3.1. One-step Darboux transformations. We consider a one dimensional Hamiltonian H=—d? /dx?+
V(z), x € I C R and the associated Schrodinger equation
(23) V'(2) + (B = V(2))y(x) = 0.

For every value of the eigenvalue F, there is a two dimensional space of formal eigenfunctions ¢ (z) that
satisfy the above equation. In the following we also suppose that, with Dirichlet boundary conditions
on I, H admits a discrete spectrum of energies and eigenstates of the (E,, wn)ne{o Rmax} CN where,

without loss of generality, we can always suppose that the ground level of H is zero: Ey =0. We
consider E as depending on an auxiliary spectral parameter A, which identifies to the quantum number
n for the energy levels. For a general value of A\, ¢, means any solution of for the eigenvalue E
and for A = n, it identifies the eigenstate 1,,.
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Any formal eigenfunction v, (z) of V(z) (i.e. H) can be used as a seed function for a Darboux
transformation (DT) A(t,) which associates to the potential V' (z) a modified potential

(

(24) V(z) A

V(z) = V(z) — 2 (logp(2))"

that we call an extension of V' (z). The formal eigenfunction of V() associated to the spectral parameter
E) is given by the Darboux-Crum formulas

Wy ale) ¢ ) £ v
(25) V(@) o { R
@) otherwise,

where W (y1, ..., ym | ) denotes the Wronskian of the family of functions y1, ..., ym

yi (@) ey (@)
(26) W(yh e Ym | {L‘) =
yW @) e e (@)

3.2. Chains of Darboux transformations. At the formal level, the procedure can be straightfor-
wardly iterated and a chain of m Darboux transformations can be completely characterized by the
tuple (1, ..., V) of spectral indices of the successive seed functions used in the chain. We note such a
m-tuple by a capital letter N,,, where the index m indicates the length of the chain N, = (v1, ..., V).
zZJE\N"L) is the formal eigenfunction associated to the eigenvalue Ey of the potential V(N m)(x). A chain
is non-degenerate if all the spectral indices v; of the chain NN, are distinct and is degenerate if some
of them are repeated. In the rest of the paper, we use the following notation

(N’ma)\) = (V17"'7Vm7)\)
(27) { (Now + k) = (14 ks ooy v + K)

For non-degenerate chains, the extended potentials and their eigenfunctions can be expressed via
Wronskians of eigenfunctions of the initial potential |1}3], known as Crum’s formulas. Assuming that
all v; and A are distinct, we have

(Nuw) (1
(25) W 0) = ey
(29) VI () = V() ~ 2 (log W) (),

where W) () = W (i, s, | ).

We have shown [20] that these formulas can be extended to degenerate chains if we adopt the
convention to suppress any pair of repeated index in the set of spectral indices associated to the chain,
namely

W(Vl7~~»7V1',—17Vi+17~»-7Vm,) (x)
(Nm) _
(30) '(/Jw (Z‘) - W(Nm) (LU) ’

which extends the second equality in and

"
(31) V(Nm’”"')(m)=V(x)—2<logW(”1""’”i—1’”"’+l ----- Vi) (x)) :
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4. TRANSLATIONALLY SHAPE INVARIANT POTENTIALS

Consider a potential V(x; ) which depends upon a (multi)parameter o = (a(l), ...,a(M)) € RM
and with a (finite or infinite) bound state spectrum (E,,%y,),,~q, the ground level being supposed to
be zero: Ey(a) = 0. -

Any potential of the same functional form as V(z; @), i.e. of the form V(z;3) + K, where K is a
constant, will be said of the same shape class as V (x;a)). This potential will be said shape invariant if
its image by the Darboux transformation A(t¢) with seed function equal to the ground state |[49H51],
is in the same shape class as the initial potential, i.e. if

(32) VO(2;a) = V(x; f(a)) + R(a),

R(a) € Rand f(a) € RM being two given functions of a. The corresponding Darboux transformation
is usually called a supersymmetric quantum mechanical (SUSY QM) partnership. The bound state
spectrum of such a shape invariant potential is then given by (n > 1)

(33) En(a) = :2: R(o) = :2:); Ei(ag)
U (27 00) o< A (). At (01 )00 (2 00 ),
k times
where g, = f®)(a) =T o0 f(a) and A" (a) = — — (log (Yo(z;.0))",

When f is a simple translation f(a) =a+¢, ¢ = (5(1), ...,s(M)), e®) = 41 or 0, V is said to be
translationally shape invariant (TSI) and we call it a T'ST Potential. For all the known TSI potentials,
we have M < 2.

For the TSI potentials, the dispersion relation (energy as a function of the quantum number) is
explicitly known and it has the general form

(34) En(a) = glan) — g(a),
where g(«) is a polynomial at most quadratic in «. The dispersion relation can be extended analytically
to non integer values of the quantum number and we have in particular

(35) E_(iny(@) =Y E_i(ax), n>0.
k=0

A function is said to be quasi-polynomial if it can be expressed, up to a gauge factor, as an orthog-
onal polynomial in a suitable variable its logarithmic derivative being rational in this variable. The
eigenstates 1, of a TSI potential are always quasi-polynomial.

The set of TSI potentials contains in particular all the potentials classicaly known to be exactly
solvable, i.e. for which we know explicitly the dispersion relation and whose the eigenfunctions can be
expressed in closed analytical form in terms of elementary transcendental functions, namely the har-
monic, isotonic, Morse, Kepler-Coulomb, Eckart, Darboux-P&schl-Teller hyperbolic and trigonometric
and Rosen-Morse hyperbolic and trigonometric potentials.

In the rest of the paper, we concentrate on the isotonic oscillator and trigonometric Darboux-
Poschl-Teller (tDPT) potentials, whose eigenfunctions are expressible in terms of Laguerre and Jacobi
polynomials respectively. The dispersion relation g(«) is linear for the isotonic oscillator and quadratic
for the tDPT potential.

A common feature of these confining TSI potentials is the existence of a set of symmetries I'; which
act on the parameters and which are covariance transformations for the considered potential

Viz;a) = V(s Ti(a) = V(e a) 4+ 6; (a) .
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In the space of parameters, I'; correspond to the reflections with respect to the coordinate axis. For
the isotonic oscillator and tDPT potentials, the parameter space is two dimensional and we have three
distinct symmetries I'y, I's and I's = T'j0 I's.

A formal eigenfunction diverging at both endpoints of the definition interval will be said of (oo, 00)
type. A formal eigenfuntion diverging at one or the other extremity of the definition interval will
be said of (0,00) or (00,0) type and a formal eigenfuntion tending to zero at both endpoints of the
definition interval will be said of (0,0) type, which includes the L? eigenfunctions.

4.1. Pseudo spectra of the trigonometric Darboux-P6schl-Teller potential. The trigonomet-
ric Darboux-Poschl-Teller (tDPT) potential is defined on the interval (0,7/2) by
(a+1/2)(a-1/2) (B+1/2)(5—1/2)
sin? x cos? x
With Dirichlet boundary conditions at 0 and /2 and in the case «, 8 > 1/2, it has the following
spectrum

(37) Vs, B) = —(a+4+1)% |af,|8] > 1/2.

E,(a,B) = (an+ B+ 1) —(a+B+1)2=dn(a+B+1+n)
(38) , neN,
U (230, B) = (1 — Z)(a+1/2)/2 (1+ Z)(ﬂ+1/2)/2 P7(l@7[3) (2)

where z = cos 2z (¢, is of (0,0) type on [0, 7/2]). The P,(f"ﬁ)(z) are the usual Jacobi polynomials [52153]
and (o, Bn) = (@ +n, B+ n).

Note that V(z;«,8) is invariant under the parity reflection  — /2 — x ( which corresponds to
z — —z) combined with the permutation of the parameters (« «+ ). This implies in a direct way the
standard reflection property of the Jacobi polynomials [52}[53]:

(39) PP (—z) = (=1)" PP (2)
The tDPT potential is a TSI potential, with (o, 3) € R? and & = (+1,+1)
(40) { V(((()))) (z;a,8) =V (z;01,81) +4(a+ 8+ 2)
n (x50, B) o 1 (2500, B1)
It possesses three discrete parametric symmetries:
(1) The I'y symmetry which acts as

(41) (Oé,ﬂ) g (047 _ﬁ)
and generates the conjugate shadow spectrum of V (z;«a, 8) :
(42)
{ E, (o, B) ry { En p(a,f)=4n—-p)(n+a+1)=E_11)—a ()
V(@5 2, 6) S (nen) (w30, 8) = (w00, =) = (1= 2)(F/2/2 (14 2) 722 pmef )

where

)

S—(n+1) (150, 8) = Un_p (T30, 8) = V_(ny1)—a (T;2, B)
is of (0, 00) type on [0,7/2]. Note also that

(43) L'y (V(zsow, 81) = Vizsar, B-r) + 46— (o +1)
(44) Ly (Yn (x5 0, B1)) On(@; 00, B-1), neZ



EQUIVALENCE RELATIONS FOR LAGUERRE AND JACOBI PSEUDOWRONSKIANS 11

(2) The I's symmetry which acts as

45 a g _a, 7 (0[,5) g (_avﬂ)
(45) (@, 8) = (-, B) { V(wa,8) 3 V(e —a,8) = V(zia, B) + 4a(B + 1)

and generates the shadow spectrum of V (x; o, 5):
(46)
{ En(a,f) 1y { En-a(a,p)=4(n—a)(n+p5+1)
CACENE) bn (210, B) =t (15—, B) = (1 — 2) T2 (14 ) YD plmad) ()

where ¢, (z; 0, 8) = Yp—q (x50, B) is of (00,0) type on [0, 7/2]. We have also

(47) { Lo (V(xs0m, 1) = V(z;a—k, Bi) +da_g (B + 1)

Lo (Yn(z; 08, 81)) = o—(ny1y(T508, 1), n €L,
(3) The I's =T’ o I's symmetry which acts as
V(o B) 3 V(e —a,—B) = V(z;a, B) + 4a + B)
1/Jn(l’, Q, 5) g w—(n—i-l) (‘Ta 0575) ;

and generates the conjugate spectrum of V (x; «, ).

(48) (@, 8) =% (—a, —f), {

(49)
{ En(@8) 1y { E_ni) (@) = —4(n+1) (a+ 5 —n)
Un(w;, B) Yy (@30, B) = (s —a, =) = (1 — 2)TOTVR2 (1 4 ) ATV plme=h) ()

where ¥_, 11y (z; a, 8) is of (00, 00) type. Note also that

(50) { s (V(xsag, 1) = V(s a_g, 1) + 4 (a—r + B-1)

s (l/fn(% O‘kaﬂl)) - w—(rb—i-l)(I; a—kaﬂ—l)a n € Z.

The conjugate spectrum is obtained by a mirror symmetry (center at v = —1/2) on the values of
the spectral parameter: v — —(v+1). The tDPT potential presents in addition to the true spectrum,
the three pseudo-spectra defined above: conjugate (E_(,1)), shadow (E,_o) and conjugate shadow
(Ey—p) spectra. The union of the quasi-spectrum and of its conjugate will be called the extended
spectrum. The union of the shadow spectrum and of its conjugate will be called the extended shadow
spectrum.

The extended shadow spectrum is thus obtained by shifting the integer values of the spectral pa-
rameter associated to the spectrum, by S and a. Due to the structure of the dispersion relation,
which induces the identity E, s = E_(;,4+1)—q, it can also be obtained by shifting the values of the
extended and conjugate spectra by a. Under this aspect, the conjugate shadow spectrum E_(,41)_q
appears to be the shadow of the conjugate spectrum E_(,, 1). Starting from the usual eigenstates, the
I'; symmetries generate all the quasi-polynomial eigenfunctions of the tDPT potential which are all
contained in the extended or extended shadow spectra.

If @ # B, and « and (8 are not integers, the four pseudo-spectra are distinct and in the rest of the
paper we limit our study to this non-degenerate case. For integer values of o or 8 the pseudo-spectra
can coalesce, giving rise to interesting but specific phenomena [22].

4.2. Pseudo spectra of the Isotonic oscillator. The isotonic oscillator potential (with zero ground
level Ey = 0) is defined on the positive half line (0, +o0) by

(51) V(zjw,a) = %2352_,_ (a"‘l/?lga—l/Q)

—w(a+1), |of >1/2.
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If we impose Dirichlet boundary conditions at 0 and infinity and assume a > 1/2 and « ¢ N, it has
the following spectrum (z = wa?/2)

{ By, (w) = 2nw

®2) U (w300, ) = 2D 25120 ()

n >0,

where 1, is of (0,0) type on [0, 4+00). The isotonic oscillator is a TSI potential, with (w,«) € R? and
e = (0,+1), since

(53) (0)

VO (z;w,0) =V (23w, 1) + 2w
n (m;w7a) X wn—l (x;w,al)

with a,, = a+n. This potential also possesses three discrete parametric symmetries, which we describe
below.

(1) The I'; symmetry which acts as
(54) (w,a) LY (~w, )
V(z;w,q) 0 V(z; —w,a) =V(zyw,a) + 2w (a+ 1),
and generates the conjugate shadow spectrum of V (z;w, @) :

E, (w) r E_(n41)—a (W) =-2(Mn+1+a)w<0
(55) { ) = { +

>
wn(x7w7 «a (b_(n_"_l)(x’w?a) o r(/}n(x’ _w’a) — Z(a+1/2)/2ez/2Lg (_Z) 9 n -~ Oa

where ¢_(,41) (23w, @) = Y_(41)—a(2;w, @) is of (0,00) type on [0, +0c0). Note also that

(56) { I (V(zyw, o)) = V(z;w, ar) + 2w (o + 1)
Ly (Yn(z;w,08)) = o (nyny (750, 0), n € Z.

(2) The I'y symmetry which acts as

(w, @) Lk} (w, —a)
(57) { Viz;w, @) L Vizyw,—a) =V (z;w, a) + 2wa,

and generates the shadow spectrum of V (z;w, @) :

g (B n B =20 s

%(m;w, OL) ¢n($;w70‘) = wn(xU*uv _O‘) = Z(ia+1/2)/267z/2L;a (Z) ’
where ¢, (x;w, ) is of (00, 0) type on [0, +00). We have in particular
(59) b1 (5w, ) = 20FY2/262/2 — 1 /g0 (25w, ).

and more generally

{ Dy (V(z;w,ar)) = V(z;w,a_g) + 2wa_
Ly (Yn (25w, 01)) = dn(z5w,0k), n€Z.

(3) The I's =T'; o'y symmetry which acts as
(61) (w? Oé) rg (_wv —04)
Viz;w, @) Iy Vi, —w,—a) =V(r;w,a) + 2w,
and generates the conjugate spectrum of V (z;w, @) :

E, (w) g [ E_nyny (W) =—-2n+1)w<0
(6 { Y (5w, @) - { V() (330, ) = Y (33—, —a) = 22222 e (—z) 0 T =0
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where ©_(,,11)(2;w, @) is of (00, 00) type on [0,400). In particular, we have
(63) Yor(wsw,a) = 222 =1 g (2w, a00).
and more generally

{ Is (V(zsw, o)) =V(z;w,ag) + 2w
L3 (Yn(r;0,08)) = V_(ny1) (T30, %), n€ L.

Here again, the presence of the infinite centrifugal barrier at the origin induces the existence of
an extended shadow spectra, (E, o),z It is obtained by shifting the integer values of the spectral
parameter associated to the extended spectrum (E,), o, by a. Note that, the range —1/2 < a < 1/2
that we have excluded previously is nevertheless interesting because then the potential is weakly
attractive at z = 0. This attraction is indeed sufficiently weak that we still get a self-adjoint eigenvalue
problem but for which one has to use non-Dirichlet boundary conditions.

(64)

4.3. Mixed Darboux Chains for TSI potentials. To produce the rational extensions of the con-
sidered potentials we have at our disposal all the quasipolynomial eigenfunctions, that can be used as
seed functions in Darboux transformations:

e the eigenstates and their conjugates which can be gathered into one family ), labelled by
positive and negative integer values of the quantum number n € Z and which form the extended
spectrum.

e the shadow and conjugate shadow eigenfunctions which can be gathered into one family ¢,
labelled by positive and negative integer values of the quantum number n € Z and which form
the extended shadow spectrum.

Using ¢, and ¢,, n € Z as seed functions for chains of Darboux transformations, the obtained
potentials are rational functions in the adapted variable. In the general case, the tuple of spectral
indices associated to the chain contains indices associated to the extended spectrum (nq,...,n,,) and
indices associated to the extended shadow spectrum (I3, ..., 1) and the corresponding chain of Darboux
transformations will be called a mized chain. The chain is then characterized by a bi-tuple of spectral
indices
(65) Nm®Lr = (nl,...,nm)®(ll,...,l7«).

If either m = 0 or » = 0, the bi-tuple reduces to a standard tuple L, or N,, and the chain is called a
single type chain. A reducible chain is a single type chain whose associated tuple contains consecutive
integers starting from 0 in increasing order or starting from —1 in decreasing order.

The bi-tuple N,, ® L, can be associated to a pair of Maya diagrams, one for N, and the other one

for L,.
In the rest of the paper we will use the following notation:

N,, = (nl,...,nk,ﬁg,...,ﬁl) with k+k=m. n;>n;q >0, 0>mq >0y,
Ly = (li,eloslisosly), withs+E=r, ;>3 >0, 0>l > 1.
The bi-tuple N,, ® L, can be equivalently associated to a pair of punctured Young diagrams or to a
direct product Durfee symbols (see equations @[) and )
(66) [d]d]®[6]0] = [di,....d | dr,...,dg] @ [61, ... 6 | 61,0 05]

where d; =n; —k+1i,6; =l —ck+iand d; = — (W +1) —k+1i,6; = — (l; + 1) — R +.

Refering to Koike [38] and Tsuda [39], we call [d | d] ® [é | 8] a punctured universal character, which
can be thought of as the direct product of two punctured Young diagrams.

In [34], using shape invariance arguments, in the case of mixed chains containing only seed functions
of the extended spectrum, we have proven that every mixed chain is equivalent to a single type chain
Ny, = (n1,...,n,) € N™ of seed functions of the spectrum. In other words these type of extensions
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can be gathered into shape classes of potentials whose representative element is an extension with an
associated Durfee symbol of the form [Ay, ..., Ay, | @]. Such a shape class is in one to one correspondence
with the Young diagram of the partition A which represents a shape class of punctured Young diagrams.
Using different approaches, Odake [33] has obtained equivalent results for chains containing only seed
functions of the extended shadow spectrum and Takemura [37] has extended this results for general
mixed chains for the isotonic oscillator and tDPT potentials.

As we will see, all these results are direct consequences of the shape invariance and parametric
symmetries of the primary potential. The resulting equivalence formulas are just obtained by applying
shape invariance for its rationally extended descendants. In fact, all the rational extensions of the
three primary confining TSI potentials and all the associated exceptional orthogonal polynomials, can
be put in one to one correspondence with a punctured universal character.

The equivalence must be understood in the following manner at the level of potentials and Durfee
symbols: shifting the origin in a punctured Young diagram modifies the chain of Darboux transfor-
mations but produces a potential in the same shape class. Equivalently, the pseudowronskians with
orthogonal polynomial entries (which are, up to gauge factors, the Wronskians of the seed functions
associated to the chains) corresponding to equivalent symbols will be identical up to an overall factor.

5. SHAPE INVARIANCE AND FORMULAS FOR THE DERIVATIVES OF LAGUERRE AND JACOBI
POLYNOMIALS

5.1. Isotonic oscillator and Laguerre polynomials. In terms of punctured universal characters,
the shape invariance property for the isotonic oscillator becomes

(67) v0oI2lelel] (4w, o) = VOO@) (g: 0w, a) = V(z;w, a1) + By (w) 7
PPN 0, 0) = 02 (0, 0) b (w,an) T
In the particular case n = 0, we have by (62):
v P w0, 0) = 10w, 0) o s (a0, n).
Observe that ¢l01?1®@17] (zyw,a) = (0)®(g)(x w, a) is a formal eigenfunction of V10121212191 (3 )
for the formal eigenvalue En o(w), that is, a formal eigenfunction of V(z;w, a) for the formal eigen-
value E,_q(w) — F1(w) = Ep_q, (w). Since it is also quasi-polynomial we necessarily have

(68) ¢£?‘@1®[@|@}(x;w,a) X ¢Op(z;w, 1), n€Z.

We can now combine the results above with the I' symmetries. As an example consider first the

case of I'3. Combining @ and with and , we have

(69) vl w o) = VEDR@) (40 0) = V(zw, a) — 2 (logp_1 (x;w, a))”
= I3 (V(x; w,a) — 2 (logyg (z;w, a))”) — 2w
= I3 (V(r;w,a1) + 2w) — 2w,

that is,

(70) VIPIR@I2l (4w a) = Ve w, o) — 2w.

Moreover

Yo (w30, Q) Yo (z;w,q)

X Fd (w—(n+1)—1(x;w7al)) X ¢n+1($;w»0¢71)a ne Za

(71) PRI (4 o) = W1, ¥n | z0,0) r, < (Y0, Y—(nt1) | T30, a))
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and

(2|0]@[2|2] (... W@, | Tw,0) W (0, p—(n+1) | 73w, )
(72) ¢n (JL',(,U, O() - 1/}71 (.’L’; w, Oé) - FS wo (x;w, a)
x I3 (¢—(ns1)(@3w, 1)) x ¢n(z50,01), n €L

We can repeat the same elementary algebraic manipulation with the whole set of I'; symmetries
and then, starting from @ and , obtain in a very direct way the complete set of basic shape
invariance formulas of the isotonic oscillator. For the potential, they are given by

v0Le@lel (g, o) = V(e w, a1) + By (w)
(73) viglerlgl(g w o) = V(r;w,a_q) — 2w

vI21eIelIgl (g w o) = V(r;w,a_)

V[mg]@[mo](x,w,a) V(z;w, 1),

for the eigenfunctions of the extended spectrum by
1/)[0‘@]®[g|g (3w, ) X Y1 (z;W, 1)
(230, 0) % Y1 (25w, a_1)
(2;w, @) X (250, 1)

]

[@|0]®[@|f5]

(74) w[mz 150]
DNT|RQ

1/)[ |o]®(2] ](

Ty w, @) X Yy (z;w, 1),

and for the eigenfunctions of the extended shadow spectrum by

E\g]@[mz (z;w, @) X Pp(T;w, 1)

[o]0]®[2]2] .
(75) szz]@[om] Ex “ a; o fn(®iw, 0-1)

¢L@|®]®[®\0](

n € 7.
5w, ) X Pp_1(T;w, 1)

Tyw, @) X Gpr(T;w, 1),

Remarkably, the classical formulas for the derivative Laguerre polynomials , are a direct
transcription of the shape invariance formulas when expressed in a explicit form. Indeed, the Darboux-

Crum formula allows to write as

(d’Ovd)n | Z;w a) O(@Z)O(x w O‘)d)n 1(x w 041)
(76) W (1, ¢n | 730, a) o< (fﬂ w a)¢n+1($ w, 1)
W (o, n | ;3w a) x o (5w a)wn(x w,a_1)

W (¢o, Un | 23w, @) x ¢p—1 (5w, @)t (T3 w0, 01),
Combined with the following standard properties of Wronskians

n € 7.

(77) { W (uyt, ooy Uy | ) = 0™ W (Y1, ooy Ym | )

2ym(m—1)/2
W(y17"'7ym |$C): (gix) W(y17"'aym |Z)a

equation can be rewritten as (see (52), (62), and (55))

() = LG -
27%* L% (—2)) x 27 e* L ¢ (—2
(78) EZ_O‘L_O‘(,Z))/ Sy 1(z;

e*L%(—2)) o e* Lot (—2)
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Taking the initial condition in z = 0

n+a)in+a—-1)..(a+1)
n!

(79) Ly (0) = , (L5(0) = ——L3(0) = —L3*1(0),

o+l
this leads to the well known formulas for the derivatives [52}53]

( 1
0 (e Ly (=2) = (n+ 1) et e (=)
(27%L,%(2)) = (n— ) 277 L, (2)
(L5 (~2)) = e*La+(~2)

and more generally for the k-th derivative

(La ()™ = (—1)F LetE(2)

(z=e* Ly (—2) " = (n+ Dp ke L2 (—2)
(L))" = (n— @), 2K L2k (2)
(€*Lg(—2) W = e Ltk (—z)

(81)

)
(a3
n

where (z);; and (z),, are the usual ascending and falling factorials

(82) (@)m =2z +1).(z+m-1), (), =z —1)...(r —m+1).

5.2. Trigonometric Darboux-Po6schl-Teller potential and Jacobi polynomials. In terms of
punctured universal characters, the shape invariance property for the tDPT potential can be
written as

n € 7.

(83) { V[O‘g]®[g|g] (Z‘, a, B) = V(O)@(Z) (.’13, «, 5) = V(J?, g, 51) + El (Oé, ﬁ)

G (1 0, B) = D) (250, B) o o (a5 01, o) ’
In the particular case n = 0, we have by
(84) I @0, B) = 1/, 8) = (1= 2) TV (14 )TV oy (w00, 81) -

Observe that qsL?‘g]@[@'z] (z;, B) is a formal eigenfunction of VIOI21®212](3: o B) for the formal
eigenvalue F,,_,(«, 3), i.e. (see above) (b[o‘@]@[glg] (a: a, B) is a formal eigenfunction of V(z; a1, f1)
for the formal e1genva1ue En ola,8) — Er(a, f) = Ep_q, (o, ). Since it is also quasi-polynomial we
necessarily have

(85) ¢£(L)|15]®[@‘@] (I7 aa/B) X d)n(gj7 a17ﬂ1)7 n c Z

Proceeding as in the case of the isotonic oscillator, by combining the I';, i = 1, 2,3 symmetries
with the results above, we obtain the following transformed potentials:

vioelerlel (g o, 8) = V(z; a1, 1) + Eia, B)
vieloelll (g o, 8) = V(z; a1, 8-1) + E_1(a, B)
vieleleligl (g a0, 8) = V(z; a1, B1) ’
V[glg@[glo](%a,ﬁ) V(x;a1,p-1)

whose eigenfunctions of the extended spectrum are



EQUIVALENCE RELATIONS FOR LAGUERRE AND JACOBI PSEUDOWRONSKIANS 17

IR (10 B) o by (w01, Bi)
(86) xZ; Oé,,@) O<¢n l(x a_ 176 1)

PPV 4 0 B) o (w0, B1)
)

P10 (20 B) o (5 01, B1)

and whose eigenfunctions of the extended shadow spectrum are

P11 (1 0 B) o (w5 1, B1)
¢£f"0]®[“"ﬁ(x a,B) o g (501, B-1)
)

]

(;
pleloelelel
(
(

(87) P20 (00 B) o G (w001, Br)

¢Lz\z]®[e|o ( ,5) S8 ¢n+1(~T ay, B 1)

This exhausts the complete set of shape invariance formulas for the quasi-polynomial eigenfunctions
of the tDPT potential. Combining the shape invariance formulas established above with the Darboux-
Crum formula, we can deduce in a direct way some identities for the Jacobi polynomials. In the same
way as for the isotonic oscillator, we first have

(1/)0a7/1n | €Z; 0‘7ﬂ) 0“/)0(96 o ﬂ)d)n 1(55 Oélvﬂl)

W (-1, ¥ | 250, B) X Y_1(z; 00, B)ni1(z; 01, B-1)
W (¢o, ¥ | z; a,B) o o5 o, B)hn (23021, B1)
((bOv'(/)n | T, B) o ¢ 1(x; o, B)n (2501, B-1),

From equations (38)), (49), ([46) and (42)), we deduce immediately

(88) n € Z.

<P’I'(La,ﬁ) (2))/ x PT(Lri—&l-LB—H) (2)

(-2 +27 P (2)) o (1= 2" (14 27 PETHY (2)
((1 — z)a Py(la’ﬁ) (Z))/ x (1-— z)o‘_l Pr(la—lvﬁ-ﬁ-l) (2)

(@427 PP () o (14 2)" 7 P ()

Evaluating the above expressions in z = 1, we have

“1).(a+1 1 (o
o0 P ()= EOEA T @) pey gy L MEOEIEL plagiai ).

and making use of the reflection formula for Jacobi polynomials [52453]
PP (=2) = (-1)" PO ()

we obtain

P(Oéﬁ)' (2) = n+oz+ﬁ+1 PT(LDL+11’5+1) (2)

(=2"a+2)° ples) (2)) ==2(+1)(1- 2" 1+ 2" PV ()
) (000 @) =y - R

(@+27 PP () = (4 8) (14 2)" 7 P (o)

More generally, for the k-th derivative we have (82])
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o (k) a
PEP () = (ntat B+ 1), PP ()

P B b i ()" = (D 4 D= 1+ 2P (o)
((1 — Z)‘l P,(La»ﬁ) (Z)>(k) _ (71)’C (n+ Q)E(l _ Z)afk P7(la—k,/3+k) ()

(k)

((1 +2)? pleP) (z)> = (n+B), (1+2)"* plethA=h) ()

We see thus that the classical formulas for the derivatives of Jacobi polynomials [52,/53], are just
an explicit transcription of the complete set of shape invariance formulas for the eigenfunctions of the
tDPT potential.

6. EQUIVALENCE OF LAGUERRE PSEUDOWRONSKIANS

In this section we shall derive many identities among determinants whose entries are associated La-
guerre polynomials, by exploiting the notion of equivalence of punctured universal characters explained
in Section 2

Consider a mixed chain associated to the bi-tuple Ny, ® Ly = (n1, ..., g, g, -0, 1) @ (l1, oo 1)

We consider first the case where n; > n;41 > 0 and —1 > m;41 > ;. We add to the first Maya
diagram the index 0 (ie we add to the preceding chain a Darboux transformation associated to the
seed function 1) obtaining the bi-tuple (0, N,;,) ® L.

Considering V(O:Nm)®Lr a5 an extension of V(D2 the Crum formula applied to the successive
seed functions along the chain gives, after telescopic cancellation:

w (w,(ﬂ)@’z,...,wgmz,qﬁl(?)@g,...7¢l(?)®g | x;w,a) = 1127(101)(2”8 (z;w, @) ...z/J%OI’N’")@w (73w, )

><¢l(?’N"L)®fa (z;w, @) ...qSl(?’Nm)@LT (z;w, ).

On the other hand, if we consider V (%-Nm)®Lr a5 an extension of V', the same use of Crum’s formulas
leads after telescopic cancellation to

W (400, Yy s oo Py s Dy s oy 1, | 500,0) = 4 (250, @) 022 (230, @) . p NP2 (250, )

Xqﬁl(?’Nm)@z (z;w, a) ...gi)l(?’N"‘)@Lr (z;w, ).

Comparing the last two identities and making use of shape invariance and Eq(7F)), we obtain
immediately

(93) W (O:Nm)®Lyr (z;w, ) x Yo (3w, @) W (Nm—=1)®Lr (v;w, 1),

or, using and redefining o — a_1

(94) W Nm—1)@L (2w, ) x P_1 (z;w, @) W (0Nm)@o (r;w, 1) .
Suppose niz; < —1. By shifting the indices n; — n; + 1, 7y — 7; + 1, can be rewritten as (see
(20)

(95) WAL (2500, 0) o<y (w50, 0) W Ohe (330,0.4).

Suppose now that in N, we have ni, = 0 (in which case ni_; > 0). is still valid provided we
change k into k — 1. Then
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(96) W (O:Nm)®Lyr (z;w, ) x Yo (3w, @) W (Nm—=1)®Lr (z;w, 1),

i.e. with the shifting rule

(97) Whm®Lr (220, @) o Yo (z;w, @) WilNm)®Lr (35 7).

Consider in a second step, a mixed chain associated to the bi-tuple of relative integers N,,, ® L, to
which we add to the Maya diagram N,,, the index (—1) (i.e. we add a DT associated to the seed function
¥_1 to the corresponding chain) obtaining (—1, N,,,) ® L,. Proceeding as above, using the Darboux-
Crum and Crum formulas as well as telescopic cancellation and the shape invariance properties
and , we obtain

(98) WELNmSE (420, 0) oc oy (w3w, o) WNm DS (200 ar_y) .
If ng > 0, shifting the indices (n; = n; — 1, m; — 7; — 1) and using we have equivalently
(99) WNn®Lr (22w, @) o g (5w, o) WHEOLr (4205 0

If 7 = —1 (in which case ny;_; < —1), gives

(100) WELNWEE (320, 0) o 1 (3w, 0) WD (30,0 )

i.e. (see Eq(17))

(101) Whm®Lr (206, a) oc 1 (23w, a) W Nm), ®Lr (3w, 1) .

Summarizing, we have for every bi-tuple N,, ® L,

(102) { WNn®Lr (10, a) o g (5w, o) WHE=SLe (350, 0y

WNm®Lr (2: w0, a) o h_q (25w, a) W ®Lr (1) 1) .

We can repeat exactly the same lines by acting on the Maya diagram L, rather than on N,,. We
obtain in the same way

(103) { WHNn®Lr (10, @) o ¢o (23w, @) WNn® 1(Lr) (50, ay)

WNn@Lr (2w, ) o< p_1 (x50, ) WNnSEr) (20, ).

Note that the identities and the formulas for the derivatives of Laguerre polynomials
constitute in fact the lowest order case of and .

If we look at the consequences of the relations and at the level of the extended potentials,
we obtain first, using

1
(104) VNm@LT'(:E;w, a) = V(izw,a)—2 (log <¢0 (z;w, @) Wi (Nm)®Lr (z;w, al))>
/i
= V(O)®g(x;w,o¢) -2 (log Wi (Nm)®L, (x;w,oq))

1
= V(ryw,a1)+ Er(w) —2 <log Wi (Nm)®Lr (z; w, al))
= Y1(Nm)®Ly (z;w, 1) + E1(w).

More generally, we have
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VNm®Le (20w, ) = VIINm)®Lr (225 aq) + By (w)
VNnELe (g0, ) = VINe WO (310, 1) + By (w)
VNm®Lr (120, ) = VN ® 1(Lr )(x;w,al)

VNm®Lr (50, @) = VNn®WLo)i (20, a_q).

In terms of punctured universal characters the preceding results (102]), (103) and (105)) can be
rewritten as

(105)

W[d‘?]‘g’[‘s! (z;w, ) 1/)0 (z;w, @) Wl[dﬂ®[5ﬂ (75w, 1)
o W20 (230, 0) o s (w50, 0) WIEATEPR (0 0 y)
W[d\d]®[5\5] (z;w a) x ¢0 (z;w, Q) W[d‘d}(@ 1[5I5] (z;w,a_1)
wldide[s18 ](z w,a) x (x;wva)w[d\ﬁ]@’[‘”gh (23w, )
and
V[dﬁ]@[‘slg](x,w,a) = Vl[ de[s| }(IE w,a1) + B (w)
VIS (4 0) = VIHLOP (10 a_y) + By (w)
(107) VIUaeBR] (g 0. ) = VIH® 3[00] (g 05 0y
VUSR] (g . o) = VIEDSBE], (400, 1),

where [d | @]@[5 | 8] ([d]d] = [du,....dx | du, ... d] with k+F = m, and [§ | 8] = [61,...6x | 81, ..., 55]
with k + & = r) is the punctured universal character corresponding to the bi-tuple N,, ® L.

By repeating the procedure we can push the origins in both punctured Young diagrams in the upper
right corner.

Indeed, by doing —7; = d; + k successive shifts in the right-ascending direction in the first Young
diagram and I; + 1 = 6; + & shifts in the same direction in the second one, we obtain

(108)
di+k—1 514+R—1

[dﬂ(@[‘;ﬂ (z;w, @) H Vo1 (T;w, a_y) H o_1 (:17 w,a; (d1+k)) wAel@kl2] (x9w70‘31+E7817E)'
j=0

Equivalently we can choose to push the origin on each punctured Young diagram in the lower left
corner by doing ny + 1 = d; + k successive shifts in the left-descending direction in the first Young
diagram and [; + 1 = §; + ~ shifts in the same direction in the second one, obtain then

(109)
_ di+k—1 S1+Kk—1 B B
W[dld]®[5|5 (z;w, @) H Yo (z;w, a;) H oo (x;w7ad1+k,j)W[ZM]Q@[QI“] (m;w,adl+k_(51+,€)).
3=0

In the same manner we arrive at

(110)
Wl 0] (2 0) o [T Ly (23w, ay) T2 o (@50, gy payg)) WINISIEL2T (z;w, af(gﬁmém))
W[d‘d]®[6|6] (x,w, Oé) X sz;-(i)_k_l wo (Z‘, W, Oéi) ]._[?1:-"0_%_1 ¢—1 (':Ca W, ad1+k+j) W[Q,D\](@[g'ﬁ] (.f, w, adl+k+§1+ﬁ)

For the potentials, this gives
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(111) { VIR (20, @) = VN (20, 05, 5, ) +E (a5 W)

VIdePR] (40, 0) = VIENBEE (0 0, 0y, 5, —) + By i (w)-

These formulas constitute the general transcription of the shape invariance property of the isotonic
potential at the level of its rationally extended descendants.

In the following we choose as canonical representative of a given shape class the punctured universal
character [\ | @] ® [ | @] and then express all the extensions of this class in terms of WA@I®kI2],

Using and , we obtain a more explicit form for ((108))

(112) W[dﬁ]@[é\ﬁ] (z;w,0) y—a(di+k—=81-F)/2 o p2(di+k+514F)/2

R (x;w’a—(al%)ﬁl%) )

where z = wx2/2

From ( ., and ( we have

w—(n+1) (T3w, ) = 27 %Yo (v;0, @) L, *(—2)
(113) ¢n (x;w,a) = Z_awo (x;w,a) L;a(z)
¢—(n+1) (zyw, ) = ey (3w, ) LY(—2) .

e i (I3, (I et (). ot et 1 — &+ o — -+ 7, e dodice th
(114) w4 @[o17] (rw,a) o so(k—k—r+R)/2 ,—z(k—k+r—F)/2
k=Rt ) 4= (R (Reen1) o plaid]@[303] (5. 0

where L[¢d®[01%] (z;0) is a polynomial which we shall denote as a Laguerre pseudowronskian. A
Laguerre pseudowronskian is defined by the following determinantal expression

(115)

1ldld®][sl8] (z;) = det ({2(3) zZ,x }1§j§k , {Z(j) (z,a)}K = {X(j) (z’a)}gjgn J {X(j) (2,04)}1< .<K> ’

where
ﬁ(ﬂ) _ 1 1= 1La+z 1
i)(z,oa) (=D Ly (2)
—=( — m-tr—i a—1i+1
(116) by (o) =) i L_"”B( ?) i=1,...m+r
AP (z,0) = (I + @),y x 2L () T T
& (z,0) = Lo ()
J

withn; =d; +k—7>0,l;=8+Kk—j>0,-n;—1=d;j+k—j>0and —l; —1=6; +&—j > 0.
If [A | @] is in the same shape class as [d | ﬂ = [dl, ey dy | dy, ..y dr ] we can use 1} replacing k
and & by 0 and k and x by I[(\) = dy + k and [() = &1 + & respectively. It gives

(117) wAelekl2] (z;w,@) o Za(31+kfglfm)/2 % efz(al+k+31+m)/2

([ Ah=31=r)"/2 o =@14r)(Bi4r=1) o [ [N2]®[k|2] (z:00).
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The equivalence relation ((112) can then be rewritten as

W lald]@[s[s] (z;w,0) solk—k—rtR)/2 o —z(k—F+r—F)/2

o k=k=r4R)* /4 o = @r1+r)(Srtr—1) o [ [N2]®[u|2] (Z;ai@%)gl%) 7
and finally, using Eq(114)) we arrive at
(118) 1 ldld]@[s]6] (z;) o S(Ftr) (Ftr—1)=@14+r) (81+r-1) o 1 [N@]0[u|2] <Z§O‘—(al+E)+Sl+E) 7
which is the equivalence relation for Laguerre pseudowronskians.
Example 6.1. As an example of an equivalence relation, consider the case where [d | E] =1[2,1]1],
N3 =(3,1,-2) and [§ | 0] =[3]2], Ly = (3,—3). Setting
(119) Lij= (D)L ()
(120) Lig=(i+i), Ly "7 (==)
(121) Ai,j _ (,] _ O()iL;_a_Z) (Z)
(122) Aij =Ll (2),
the pseudo-Wronskians in question have the explicit determinantal form
Lo -1 0 0 0
Lo L2 Lo -1 0
(123) L[271‘1]®[3|2] (Z; a) = det 2:4[:073 2:3[,_173 225274 223)5 [,_476 s
24_/\0,3 ZS_A1,3 22_A2,3 2_1\3,3 1_\4,3
Ao 2 A2 Aoo  Aszo Mg
Lo -1 0 0 0 0
Los Lo Lo -1 0 0

3.2,112)2[4,122] .. y _ Los Li4 Lo L3o La1 Lsp

(124) L (20) = det 2Pho1 2*A1a 2PAa1 22Asq 2Ag1 Asa
Z5A0 2 Z4A1,2 Z3A2,2 2’2/\3,2 ZA4,2 Aso

2°Aoe 2*A1e 2PAag 2PNz 2Aag Asg

An explicit calculation applied to equation ([118]) now gives

1
90

(125) (@ —4)a(a+2), LEMERER (4 q) = ;=1 [B2USISIAL] (11 4 1),

FIGURE 5. Graphical description of the equivalence formula (125)) between two La-
guerre pseudo-Wronskians.
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7. EQUIVALENCE RELATIONS FOR THE JACOBI PSEUDOWRONSKIANS

Proceeding exactly as in the case of the isotonic oscillator of the previous section, we obtain the
following shifted Wronskians

WIS (3 0, 8) o o (w0, B) WIS (0, 1)
(126) WA (0, 8) oc oy (50 ) WIS (0 )
WS (3; 0, ) o ¢0 (x5, 8) WA D7) (0 )
wlde B8] (; 0, 8) o by (50, 8) WIHNELEL (2700, 5_1)
and consequently
_ _ di+k—1 S1+k—1
(127) WlSPR] (250, 8) o T vo@ans) TI ¢o(@ajiair Bitar)
i=0 Jj=0
XW[QIX]@DZW ($§ Q) 4 k—(51+k)> 651+n+d1+k)) )
. B di+k—1 S51+R—1
(128) wldide(ss] (r;0,8) o H Vo1 (xa_g, i) H -1 (x;aj_(glgyﬁ_j_(gl@))
i=0 §=0
< WA 21®k|2] (x; 5, @) 67(31+E+51+E))
and
. B di+k—1 S14+R—1
(120) Wl (g30.8) o« [ woa(waip [T éo(wo, g.mban)
i=0 §=0
XW[MQ]@[QW] (q;; a_(al+g+gl+g)75_(31_"_%)_’_&_’_;) .

For the extended potentials, we have

V[d|3]®[6|§] (.’17; Oé,ﬁ) — yMeI®(ul 2] (:1:; gy 4 k— (8, ++)> 6d1+k+51+ﬁ) + E—(EH—E) (Oé, 6)
(130) V[dﬁ]@[[sﬁ] (3 a,ﬁ) = V[@IX}@)[@W (z; 0461+n—(d1+k)75—(51+n+d1+k)) + Ed1+k( ,B)
)

[0
V[dld]®[6|6] (.’1?; a7ﬁ) = V[M@]‘@[@W] (.’L‘; ad1+k+51+fi7/8d1+k*(51+i€)) + E_(E1+E) (Oé’B ’

Using and ([49), expression (129) becomes
wldeBE] (4.0, 8) o (1 — 2)@ETE-8-R)/d—ad+k-61-R)/2 (] 4 ;)R8 /A-B(di+E+8147)/2

A .
« Wwirelelkle] <x, O (G, 4+F) 43,47 67(31+E+31+E)> ,

where z = cos 2x.

Using and the identities , and , we can write
Yoy (@50, 8) = (1= 2)" (14 2) 7 o (230, 8) Pi™" 77 (2)
(131) Gu (w10, 8) = (1= 2)™ i (w30 8) P aﬁ)( ) :
O—(nin) (@5, 8) = (1+2) o (230, 8) P77 (2)
which combined with the properties of the derivatives of Jacobi polynomials , and noting that
m=k+k,r =K+ R, gives
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WHTEPT (10, 5) o (1 o) (FFmtm) A= (F) (Fnm1) () | (hTobnmr)” /4= (E4) (Frm-1)
(1 - Z)oz(k—E—n+E)/2 (1+ Z)B(k—E—&-n—E)/Q « pldld|=[s[3] (i, 8),

where P [a1d]®[s1] (z; o, B) is a polynomial which we shall denote as a Jacobi pseudowronskian. A Jacobi
pseudowronskian is defined by the following determinantal expression

a32) Pl (. 0 ) = det ({B(j)}l »k’{;(j)} SEE 7{3(;‘)} )
<j< 1<j<k <j<k 1<j<R

where
p(ﬂ)(z a,B) = Lﬁﬂ)lpﬁﬁzﬂl BHD) ()
) _ m—+r—1i a—1i — i
(133) Pz B) = (=) (=my)mp x (L= 22)" T T PO )
i— m—+r—1i a—i+1,
M7 (z50,8) = (=1)' 7 (I — @), (1= 2)"™ 7 P07 ()
07 (z0,8) = (<, - 1-8),_, (1+z)m+’"—ipg;jﬂl—i+” (),

withnj =d;+k—j>0,l;=6;+xk—j>0,-n;—1=d; +E—j>0and—7 1=6;+K—j>0.
If [\ | @] is in the same shape class as [d | d] = [dy,...,dk | di, ..., dg], we can use (132) replacing k
and & by 0 and k and x by I[(\) = dy + k and I(11) = &1 + r respectively. This gives

(134) wNeekel (1 8) o« (1-— Z)(31+k—51—5)2/4—(31%)(31%_1) 1+ Z)(31+k+51+n)2/4
x (1— Z)a(31+k*51*'<)/2 (1+ Z)ﬁ(31+k+51+n)/2

x PPIPIRl2] (4. o g)

The equivalence relation can then be rewritten as

(135) wldid]e[s19] (;0,8) x (1-— z)(k—ﬁ—n+ﬁ)2/4—(31+n)(31+m—1) (1+ Z)(k—E+n—ﬁ)2/4
% (1— Z)a(k—ﬁ—m+ﬁ)/2 (1+ Z)ﬂ(k—%-‘rm—ﬁ)ﬂ

A
xpRIEIEle] (Z;O‘—(31+E)+31+Ev/8—(31+E+31+E))

By making use of (132), the previous formula can be finally expressed as

(136)  PlASlR) (10, 8) o (1= z)FE)Ere)=@Ern)Grennt) (g oy (B4E) (RHR-1)
x PN21®lk2] (Z;af(almglmﬂ,(aﬁmslm) ’

which is the equivalence relation between Jacobi pseudowronskians.

Example 7.1. As an example of an equivalence relation, consider the case where [d | E] =[2,1]1],
N3 =(3,1,-2) and [§ | 0] = [3]2], Ly = (3,—3). We then have A = (3,2,1) and p = (4,1?).
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Setting
(137) Pij=2""(j +a+ B+ 1); PP
(138) Poy =2 (j+1); P70
(139) I, = (j— a){Pj(fozfi,BH)
(140) ;= (j — B); Pj(oc+i,757i)

the pseudo-Wronskians in question have the explicit determinantal form
(141)
Po.1 P10 0
PO,S Pl,Q 73271
PRINSBRI. o B) =det | (1 —22)*Pos (1 —22)3Prs (1 —22)*Pay
(1—2)s (1—2)>%M3 (1—2)%as
(14 2)Tpo (1+2)%M1e (14 2)%ap

(142)
Po.1 P10 0
Po,3 P12 P2
Po,s P14 Po3

3.2.112)®[4.1%|2] . =
P (23, B) = det (1—2)%Mp; (1—2)1 (1-2)3a,

(1 — Z)5H072 (1 — Z)4H172 (1 — Z)BHQ)Q
(1-2)°Toe (1-2)'he (1-2)°Tag

An explicit calculation applied to equation (136]) now gives

(143)  K(a,B)PRIIEBI (20 8) = (1 — 2) 74 (1 4 2)? x PB2ULICITIE] (0, 5 o

where

23040(3 — 1)(B8+ 1)(8 + 2)

0
P30 )
(1—-2%)Pss
(1- 2)1:13,3
(14 2)3,
0
P30
P32
(1 — 2)2H3’1
(1 — 2)21—[3)2
(1—2)°Mse

K(Oé,ﬁ) =

(a—da(a+2)(a—B=3)(a=B+2)(a+B+1)(a+S+3)

25

FIGURE 6. Graphical description of the equivalence formula ({143]) between two Jacobi
pseudo-Wronskians.

8. SUMMARY AND OUTLOOK

In [35] we introduced the concept of Hermite pseudo-Wronskians determinants and proved many
equivalence formulas among them. In this paper we have extended the analysis to Laguerre and Jacobi
pseudo-Wronskians. Equivalence formulas express different but equivalent manners to perform rational
Darboux transformations on the isotonic oscillator and tDPT potential such that the final potential is

the same up to an additive shift.
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In the Laguerre and Jacobi setting, the situation is richer, as rational Darboux transformations can
be state-adding, state-deleting or isospectral, i.e. we can choose seed functions for rational Darboux
transformations out of four families, instead of just two families in the Hermite case. Thus, equivalences
are obtained by shifting the origin in two independent Maya diagrams. The equivalence relations can
be viewed as a generalization of the usual shape invariance property at a multi-step level, combined
with the discrete I' symmetries of the primary potentials (isotonic and tDPT).

As discussed in 35 for the generalized Hermite and Okamoto classes, the existence of these equiv-
alence relations provides optimized determinantal representations for the polynomials associated to
rational solutions of (higher order) Painlevé equations of An-type. This will be the subject of further
investigation, aimed at providing a complete classification of the rational solutions of Apy-Painlevé
equations, together with their optimized (pseudo)-Wronskian representation.
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