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We investigate a peculiar supersymmetry of the pairs of reflectionless quantum mechanical systems
described by n-soliton potentials of a general form that depends on n scaling and n translation parameters.
We show that if all the discrete energy levels of the subsystems are different, the superalgebra, being
insensitive to translation parameters, is generated by two supercharges of differential order 2n, two
supercharges of order 2n + 1, and two bosonic integrals of order 2n + 1 composed from Lax integrals of
the partners. The exotic supersymmetry undergoes a reduction when r discrete energy levels of one
subsystem coincide with any r discrete levels of the partner; the total order of the two independent
intertwining generators reduces then to 4n — 2r + 1, and the nonlinear superalgebraic structure acquires a
dependence on r relative translations. For a complete pairwise coincidence of the scaling parameters
which control the energies of the bound states and the transmission scattering amplitudes, the emerging
isospectrality is detected by a transmutation of one of the Lax integrals into a bosonic central charge.
Within the isospectral class, we reveal a special case giving a new family of finite-gap first order
Bogoliubov-de Gennes systems related to the Ablowitz-Kaup-Newell-Segur integrable hierarchy.
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L. INTRODUCTION

Solitons and related topologically nontrivial objects
such as kinks, instantons, vortices, monopoles and domain
walls play an important role in diverse areas of physics,
engineering and biology [1-3]. Darboux and Backlund
transformations, with their origin in the theory of the linear
Sturm-Liouville problem and classical differential geome-
try, proved to be very effective in their study [4,5]. Darboux
transformations [4], on the other hand, underlie the con-
struction of supersymmetric quantum mechanics [6,7].
Via the Bogomolny bound and the associated first order
Bogomolny-Prasad-Sommerfield equations [8,9], super-
symmetry, in turn, turns out to be closely related with the
topological solitons [10-12].

Solitons and their periodic analogs appear as solutions
of classical nonlinear integrable field equations, and by
means of Lax representation [13] are related with reflec-
tionless and periodic finite-gap quantum systems [14,15].
As both families of quantum systems are characterized by
nontrivial, higher derivative integrals of motion, one could
expect that supersymmetric extensions of them should
possess some peculiar properties. This is indeed the case
[16-21], and exotic supersymmetric structures of reflec-
tionless and finite-gap systems found recently some inter-
esting physical applications [22-26].

The best known example of reflectionless systems is
given by a hierarchy of Poschl-Teller potentials. The
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Schrédinger Hamiltonians with one, two, or, in general,
n bound states Poschl-Teller reflectionless potentials
control, respectively, the stability of kinks in sine-Gordon,
¢* or other exotic (1 + 1)-dimensional field theory
models [1,3,27-32]. These systems also appear in the
Gross-Neveu model [33,34]. The indicated hierarchy rep-
resents, however, only a very restricted case of a general
family of n-soliton potentials. The latter corresponds to
2n-parametric solutions of the Korteweg-de Vries (KdV)
equation [2,4,35].

More explicitly, the Schrodinger operator is at the heart
of the inverse scattering transform method of solving the
classical KdV equation, for which the reflectionless poten-
tials V,, provide the particlelike, n-soliton solutions. On the
other hand, the Schrodinger Hamiltonians H = — j—; +V,
with reflectionless potentials V,, control the stability of the
above mentioned kink solutions in (1 + 1)-dimensional
field theories, and their certain supersymmetric quantum
mechanical structure proved particularly to be very useful
in the computing of the kink mass quantum shifts; see
Ref. [36].

In the present paper we study the exotic supersymmetry
that appears in the pairs of reflectionless systems described
by n-soliton potentials of the most general form. Namely,
we investigate a peculiar supersymmetric quantum me-
chanical structure of the class of one-dimensional systems
described by a matrix 2 X 2 Hamiltonian

g_[_ —;—;+V+(x) O

2 (1.1)
0 —%-&- V_(x)
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with

V+ (-x) = Vn(x) R) 7_:) and V* (x) = Vn(-x) EI’ 7_:/) (12)

to be n-soliton solutions of the KdV equation, each depend-
ing on the sets of n scaling parameters, denoted here as k
and K/, and n translation parameters, 7 and 7. One of the
possible (but not unique—see below) physical interpreta-
tions of the system (1.1) and (1.2) is that it can be consid-
ered as a Hamiltonian of a nonrelativistic spin-1/2 particle
with spin-dependent forces of a special form (not inducing
spin flips).

A nonsoliton system of a general form (1.1), with arbi-
trary chosen potentials V, (x) and V_(x), has just a trivial
integral given by the diagonal Pauli matrix o3. For a
special choice of potentials V. = W?(x) = 4% this trivial
symmetry is extended for supersymmetric structure
related to nontrivial additional integrals of motion Q; =
—id o+ o,W(x), Qs = io30;. They generate a linear
in H, Lie superalgebraic structure {Q,, O} = 28, H ,
[H,0,1=0, a, b =1, 2, with the integral o5 playing
the role of the Z,-grading operator, [o5, H]=0,
{03, Q,} = 0. Tt is such a linear superalgebraic structure
that appears, particularly, in the Landau problem for a
nonrelativistic electron, where superpotential is a linear
function W(x) = wx, and (1.1) takes the form of the super-
oscillator Hamiltonian; see Ref. [7]. The existence of
the linear supersymmetric structure is equivalent to
the condition that the upper and lower components of the
matrix Hamiltonian, H. = — j—; + V., are related by the
Darboux intertwining generators, H A, =A.H_,
H_A_ = A_H,, being the first order differential operators
Ap =44+ W(x)and A- = AT = — £ + W(x). With this
observation, the construction can be generalized to non-
linear supersymmetry if the potentials V. and V_ are such
that the corresponding partner Hamiltonians are connected
by the intertwining relations of the same form, but with A
and A_ = Ai to be differential operators of order € > 1.
If this happens, the system J{ possesses nilpotent
supercharges 0, =A, 0, =3(0,+iQ))and Q_=A_o_=
ot, [0+, H]=0, Q% =0, where 0. =1(0) = ioy).
They generate a nonlinear supersymmetry of the form
{0, 0y} = 28,,P(FH), where Py(H) is an order € poly-
nomial. The simplest example of a system with nonlinear
supersymmetry is provided by a generalized super-
oscillator system H = bTb™ + (f%(l + o03), for which
A, = (b)Y b™ are the usual creation-annihilation
bosonic oscillator operators, and the order € polynomial
is Po(H) =T'Z)(H — jw); see Ref. [37].

The peculiarity of the system (1.1) and (1.2), we study
here is that the n-soliton potentials (1.2) are reflectionless.
By a known construction based on Crum-Darboux trans-
formations, such potentials can be obtained from a free
particle system, which possesses a momentum integral
p= —i%. It will be shown that, as a consequence, the
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n-soliton extended system is described by an exotic super-
symmetric structure that includes not only one but two
pairs of Z,-odd (antidiagonal) matrix supercharges, and
two Z,-even (diagonal) additional nontrivial bosonic inte-
grals being differential operators of order 2n + 1. The
supercharges in the general case are higher order matrix
differential operators, two of which are of the even order
2r, and other two supercharges are of the odd order 2/ + 1
such that 2(r + [) = 2n. The corresponding superalgebra
generated by four supercharges is nonlinear, and includes
in its structure those additional nontrivial bosonic integrals
of motion which are nothing other than a Crum-Darboux
dressed form of the free particle momentum operator. The
supercharges also have a nature of the dressed integrals
of motion of the free spin-1/2 particle described by the
Hamiltonian (1.1) with V, = V_ = 0. We shall show that
such a peculiar supersymmetric structure of the extended
n-soliton systems experiences radical changes in depen-
dence on the relation between the two sets of the scaling
and translation parameters of the partner potentials: the
differential order of supercharges can change, and in the
completely isospectral case when k = k', one of the addi-
tional bosonic integrals transforms into the central charge
of the corresponding nonlinear superalgebra. Analyzing
different faces of supersymmetry restructuring, we detect,
particularly, a special family of supersymmetric n-soliton
partner potentials when one pair of supercharges reduces to
the matrix first order differential operators. These first
order supercharges and JH form between themselves a
linear superalgebra corresponding to the broken supersym-
metry. In such a case, one of the first order supercharges
can be reinterpreted as a first order Hamiltonian of a Dirac
particle. The reinterpretation provides us then with new
kink-antikink type solutions for the Gross-Neveu model by
means of the first order Bogoliubov-de Gennes system, in
which a superpotential takes the meaning of a condensate,
an order parameter, or a gap function depending on the
physical context.

The paper is organized as follows. In the next section,
we review the general construction of soliton potentials
with the help of Crum-Darboux transformations, summa-
rize the basic properties of the corresponding reflectionless
quantum systems, and formulate precisely the problems
related to supersymmetry of soliton systems (1.1) and (1.2)
to be studied here. Section III is devoted to the analysis of
supersymmetry of nonisospectral pairs of reflectionless
n =1 systems with different bound state energy levels
given in terms of nonequal scaling parameters k| # K.
In Sec. IV we investigate the changes this supersymmetric
structure undergoes in the isospectral case «; = k.
Section V generalizes the results of Sec. III for the case
of n > 1 soliton pairs with completely broken isospectral-
ity. To clarify the supersymmetry picture in extended n > 1
systems with partially broken and exact isospectralities, we
study in detail the case of n = 2 in Sec. VI. In Sec. VI A we
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review the properties of the generic n = 2 reflectionless
systems to identify the ingredients to be important for
further analysis. Then, in Sec. VI B, we discuss a general-
ization of Crum-Darboux transformations that is related to
alternative factorizations of the basic Crum-Darboux gen-
erators of order n > 1. The results of Secs. VI A and VIB
are employed in Secs. VIC and VID for an analysis of
supersymmetry in extended n = 2 systems with partial
isospectrality breaking. Finally, in Secs. VIE, VIF, and
VI G we investigate the most tricky case of supersymmetry
in two-soliton extended systems with exact isospectrality.
We do this first in Sec. VIE for a particular case of exact
isospectrality with a common virtual n = 1 subsystem. In
Sec. VIF we investigate a generic case of exact isospec-
trality, within which we detect yet another, very special,
particular case. The latter is studied in Sec. VIG, and
provides us with a new, first order finite-gap system
belonging to the Ablowitz-Kaup-Newell-Segur hierarchy
[15,38]. In Sec. VII we discuss how the results on partially
broken and exact isospectralities are generalized for the
systems (1.1) and (1.2) with n > 2. In Sec. VIII we con-
sider an interpretation of the system (1.1) and (1.2) as a
nonrelativistic spin-1/2 particle with spin-dependent
forces. We conclude the paper with discussion of the
obtained results and their possible developments and appli-
cations in Sec. IX.

II. FAMILY OF REFLECTIONLESS
n-SOLITON SYSTEMS

A Crum-Darboux transformation of order n, n =
1,2,..., applied to a quantum free particle generates a
system characterized by the Hamiltonian [4]

d2
H,=H,+ V,(x), V,=—2—1InW,. 2.1
dx
Here Hy = —;—; is a free particle Hamiltonian, and

W, = W(y, ..., ¥,) is a Wronskian of its eigenfunctions
Y1), - P, (), Hopy = EV s,

di*l
W(fl,...,fn) = det A, ﬂij :Fij

Lj=1...,n (2.2)
A simple choice of ¢ ;(x) in the form of the unidirectional
plane waves e**, which are eingensolutions of H,
produces the Wronskian of the form W, (x) = const -
eiit-Fk)x “and, therefore, V, = 0. If we take a linear
independent set of linear combinations of left- and right-
moving plane waves i ;(x) = ¢’ + ¢;e”** with ¢; # 0
forall j = 1, ..., n, we obtain a nontrivial potential V, 0,
which satisfies a higher order stationary g-KdV, g = 2n +
1, (Novikov) equation being a nonlinear ordinary differen-
tial equation with a linear highest derivative d®V,/dx$
term [39,40]. (2.1) belongs then to a class of finite-gap,
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or algebro-geometric systems.' For real kj, the emergent
“finite-gap” potential V,,(x) has, however, singularities on
R and does not disappear at x = *=oco. An appropriate
choice of the free particle nonphysical eigenfunctions
(corresponding to certain linear combinations of the left-
and right-moving plane waves evaluated at imaginary
momenta),

coshk;(x + 7;), j = odd
j sinhk;(x + 7;), j= even’
0<k; <Ky<-++ <k | <Kp (2.3)
of energies Eﬁ-o) = —K?, j=1,...,n, gives rise to a

nodeless Wronskian W,(x). A nonsingular 2n-parametric
potential

V, =V, (K61, T, ooy Kpy Tn) (2.4)

corresponds then to a reflectionless (Bargmann) system H,,
with n + 1 nondegenerate states, separated by n gaps, n of
which, of energies E;.”) = — KJZ-, j=1,..., n,are the bound
states, while the nondegenerate state of zero energy, £ = 0,
lies at the bottom of the doubly degenerate continuous
spectrum with £ > 0. From another perspective, reflection-
less potential V,(x; ky, 7y, ..., k,, 7,,) describes n-soliton
solutions of the KdV equation.

Eigenstates of H,, H,y[n;A] = A¢[n; A, different
from the physical bound states, are generated from
eigenfunctions [0; A] of the free particle, Hy[0; A] =
AP0, Al A # —KJZ-,

Wb, ¥ [0: A])
[n: Al = : (2.5)
17[/ W(wl""! lr//n)
where ¢ ; are given by Eq. (2.3). Physical nondegenerate
bound states of H, with A = —sz- are obtained by the

"Finite-gap periodic systems are given by the Its-Matveev
representation of the form (2.1) but with W(x) substituted by a
Riemann’s theta function [41]. If such a periodic potential is real
and regular on R, the spectrum of Schrodinger (Hill) operators is
organized in valence and conductance bands separated by gaps.
(2.1) with reflectionless, n-soliton potential (2.4) can be consid-
ered then as the infinite period limit of a periodic or almost
periodic finite-gap system. In the indicated limit, the valence
bands shrink, some of which can merge in this process, and
transform into the nondegenerate discrete energy levels of the
bound states of a resulting soliton potential; the semi-infinite
conductance band turns into the continuous part of the spectrum
of a reflectionless system. Quantum systems with periodic n-gap
and nonperiodic n-soliton potentials (whose discrete energy
levels and continuous spectrum are also separated by n gaps)
are characterized by the existence of the differential operator of
order 2n + 1, related with a higher order Novikov equation, that
commutes with a Hamiltonian; see below. A free particle can be
treated in this picture as a zero-gap system (of an arbitrary
period), for which the corresponding first order differential
operator is just the momentum integral p = —i %. For the
theory of finite-gap and soliton systems including historical
aspects, see Refs. [14,42].
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same prescription (2.5) under the choice [0;A] =
sinhk;(x + 7;) for odd j, and [0; A] = coshk;(x + 7))
for even j. The lowest nondegenerate state of the continu-
ous part of the spectrum of H, corresponds to the
eigenstate ¥[0;0] = 1 of H,,.

Transmission scattering amplitudes a[n;k] for the
continuous part of the spectrum E =k, k>0, of
reflectionless system H, are defined by the scaling
parameters k; [4],

n

=1 k + lK]

(2.6)

The states (2.5) have an alternative but equivalent rep-
resentation, ¢[n;A] = A, ...A;[0; A], generated by an
n-sequence of the first order Darboux transformations,

plis Al = olk m)gp Al = A0l — LAl 2.7

where (k, 7);) denotes the set of 2j parameters
Ki, Ty, ..., K, 7;, and A; = A[(k, 7)(;)] are the first order
differential operators defined recursively in terms of the
states (2.3) by

d 1
Al = gblaw—:a_KltanhKl(X"‘Tl), (28)
1
d 1
A=A_.. AY)— 77—
] ( i~ ll//")dx (AJ,1A1¢f))
d d

The first order operator A; annihilates the state
Aj_...A;¢, that is a nonphysical eigenstate of H;_; of
eigenvalue —Kf. As inverse to (2.7), there is, up to an
overall multiplicative constant, a relation

ylj— 1; A1 = ATy[j; Al (2.10)

The zero mode of the first order operator A;-r is

1/(A;—y...Ay¢;). Tt is the ground state of H; of the
energy — ;.
A reflectionless j-soliton Hamiltonian H; admits two

factorization representations

Hy=Al A — i3, = AAT - i, @.11)

In particular, the free particle zero-gap Hamiltonian

Hy=— ;—; has an alternative representation Hy =
A}LAl — k2. From (2.11) there follow intertwining relations
A]H]_l :H]A], AJH]:H]—IA;-’ ]: 1,...,’/[.

(2.12)

Let us take now a pair of n-soliton reflectionless
systems,
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Hn = Hn(Kl’ Tis .-
H), = H,(k}, 1}, ..

., K, T,) and

(2.13)

/ /
) Kn! T}’l))

and consider the extended matrix 2 X 2 Hamiltonian of the
form (1.1) with H, = H, and H_ = H/,. Two sets of
parameters are supposed to be completely different, or
may partially coincide. If the two sets of the scaling
parameters k;, j = 1,..., n, and K;.,, j'=1,...,n, do not
coincide, the two subsystems have not only different spec-
tra of bound states, but in accordance with (2.6), their
transmission amplitudes are also different. If, moreover,
Kj # K}, for all j, j/=1,..., n, all the energy levels of

bound states for two n-soliton reflectionless systems are
different, and their transmission amplitudes are given by
rational functions of k& with different zeros and poles.
Having in mind that the factorization relations (2.11) and
the associated intertwining relations (2.12) are reformu-
lated in terms of supersymmetric quantum mechanics con-
struction, one can ask a question:

(1) What supersymmetric structure is associated with
reflectionless pair (2.13) in a completely nonisospec-
tral case”® characterized by inequalities «; # K;, for
all j,j'=1,...,n?

Such a kind of supersymmetry of the pairs of reflection-
less systems has not been investigated yet in the literature,
but, instead, supersymmetry of the pairs (H, = H;
H_ = H;.), 1 =1, belonging to the same Darboux chain
(2.12), is usually considered. In particular, the pairs of
reflectionless Poschl-Teller systems (see below) appear in
the context of shape invariance [7,43,44]; they also emerge
in the infinite-period limit of finite-gap periodic crystal
structures [22,24].  Supersymmetry of reflectionless
Poschl-Teller pairs (H;, H;1;) was studied recently from
the perspective of AdS/CFT holography and the Aharonov-
Bohm effect [45].

A special choice of the parameters

/| — -/ .
=7 j=1...,n,

(2.14)

K

— ] = —
j= K =JK,  T;=T, T

J

results in two copies of the n-soliton potentials
V,=—n(n+1)k*sech®’k(x+7) and V! = —n(n + 1)k>X
sech’k(x + 7/), which describe two mutually shifted
reflectionless Poschl-Teller systems with n bound states.
Since the partner potentials under the choice (2.14) have
exactly the same form, this corresponds to a particular
case of a shape invariance, whose analog in the case of
periodic supersymmetric systems was called by Dunne
and Feinberg ‘‘self-isospectrality” [17]. The exotic non-
linear supersymmetry of the simplest isospectral pair
(Hy =H,, H.=H)) with k =k}, 7 # 7| was

2Using this term we neglect the fact that the continuous
(scattering) parts of the spectra of the partner systems are the
same, £ = 0.
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investigated and applied for the description of the kink and
kink-antikink solutions of the Gross-Neveu model [24,46].
One can expect that the self-isospectral pair of reflection-
less Poschl-Teller systems with n > 1 bound states should
also be described by some yet-unstudied exotic nonlinear
supersymmetric structure.

In a more general case of the choice «; = K_’]-, j=
1,...,n, different from (2.14), the partners with 7 # 7,
7=(ry,...,7,), are completely isospectral; their bound
states’ energies and transmission amplitudes coincide, but
the potentials have a different form. We then arrive at the
natural questions related to that formulated above:

(i) How does the supersymmetric structure of a gen-
eral, nonisospectral case detect the coincidence of
some of the scaling parameters of two systems in
(2.13)?

(iii) Particularly, for a partial coincidence of the bound
states’ energy levels, does the supersymmetry dis-
tinguish the coincidence of the scaling parameters
of the same level, k; = K}, from that corresponding
to the case when distinct levels, « = K}, with
Jj # j', coincide?

(iv) Is the case of a complete isospectrality of the two
systems, k; = K_’]-, j=1,..., n, detected somehow
by supersymmetric structure?

(v) Does the case of self-isospectrality possess some
special characteristics from the viewpoint of super-
symmetry in comparison with a general case of iso-
spectral systems with different forms of potentials?

In what follows, we study a peculiar supersymmetric
structure of the pair (2.13), and, particularly, respond to the
highlighted questions.

II1. SUPERSYMMETRY OF n =1
REFLECTIONLESS PAIR
WITH DISTINCT SCALINGS

We first investigate the supersymmetric structure of the

extended system
H, 0
j'[ 1= !
0 Hj

described by the pair of n = 1 reflectionless Poschl-Teller
Hamiltonians H; = H,(k, 7) and H| = H|(«/, 7') with
k # k' and arbitrary displacement parameters 7 and 7’.
This will allow us to trace how the restructuring of super-
symmetry happens in the self-isospectral case k = «/, and
to form a base for further analysis for n > 1, where we will
restore index 1, omitted here to simplify notations, in the
scaling and translation parameters.

The choice of a nonphysical eigenstate o, (k, 7) =
coshk(x +7), k>0, 7ER, of H, produces a
Hamiltonian of the n =1 reflectionless Pdschl-Teller
system

(3.1)
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&2 2k2

Hy=-g- =
! dx*  cosh?k(x + 7)

(3.2)
and first order operators A; and AI defined by Eq. (2.8).
Operators A; and AI factorize the Hamiltonians H, and H,
shifted for an additive constant,

H, = AAT =2 Hy=ATA, — 12, (3.3)
and intertwine them,
ATHI = HoA‘lr, AIHO = HlAl' (34)

A degenerate pair of eigenstates in the continuous part,
E = k?, k>0, of the spectrum of H, is constructed from
the free particle plane wave states,

ik = A|(k, 7)™ = (£ik — ktanhk(x + 7))e™*,
3.5)

The lowest nondegenerate state with £ = 0 corresponds to
a boundary case k = 0 of (3.5),

" = tanhk(x + 7). (3.6)

Another, bound nondegenerate state
zp;"2 = gsechk(x + 7) (3.7)
of energy E = — k? is obtained from the partner, ¢ (x,7)=
sinhk(x+7), of nonphysical eigenstate ¢ (k,7)=

coshk(x+7) of Hy, tj/f"z(K, 7)=A,(k, 7) (K, 7).

Based on intertwining relations (3.4) and their analog
for the system H| = H,(x’, ), we construct the second
order operator

Y, =Y,k 7k, 7)=A(k, T)AI(K/, 7)) = AIA/IT,

3.8
Y2Jr=Y2(K’, 7, k1) =Y}, (3.8)

that intertwines the partner Hamiltonians of the extended
system (3.1), Y,H| = H,Y,. Taking into account that H,,

has an integral p = —i d%, one can obtain yet another, third
order intertwining operator,
d
X; = X3k, 7, K, 7)) = A —A/IT,
dx (3.9)

Xk, 7, &, 7) = = X3(K', 7', 6, T) = — X},

X3H| = H,X;, which is independent from the second
order intertwiner Y.

Intertwining relations in the reverse direction are
obtained by a change «, 7 < k', 7/, that corresponds to a
Hermitian conjugation of the corresponding relations,
YIH, = H,Y], XIH, = H|X}; see Fig. 1(a).

The free particle integral p = —id% and intertwining
relations (3.4) also generate a nontrivial integral for the
n = 1 reflectionless Poschl-Teller subsystem H,(x, 7),
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a

(a)

FIG.1 (color online). (a) Nonisospectral one-soliton
Hamiltonians H; (blue dot) and H| (white dot) are intertwined
by the second (Y, and Y;f ) and the third (X5 and X ;r ) order Crum-
Darboux operators via a virtual translation-invariant free particle
system H (half blue/half white dot). (b) In the isospectral case
k = k', adirect “tunneling” channel for intertwining by the first
order operators X; and X Ir is opened. In both cases, Lax integrals
Z3 and Z}, being the dressed forms of the free particle integral

%, are the “self-intertwining” generators for H; and Hj.

d
Zy = Zy(k, 1) = Al—xA;r, Zl=-7,,  (3.10)

d
and the analogous integral, Z; = A} d%A'IT, for H,(«', 7).
Integral (3.10) is a nontrivial operator of a Lax pair for a
stationary KdV equation in the nonperiodic case.

Here and in what follows, the odd and even order
intertwining operators are denoted by X and Y, respec-
tively, while the odd order integrals of the corresponding
reflectionless systems are denoted by Z; the lower index
indicates the differential order of these operators.

Integral (3.10) detects both physical nondegenerate
states of H\(k, 7) by annihilating them Z;9(k, ) =
Z3p 7% (k, 7) = 0. The third state of its kernel is a non-
physical eigenstate ¢ (x) = () [dx/ (7 (x))?
of H, of energy —«?, which is a linear combination of
the physical bound state 1"‘2 (x) of the same energy and of
a nonphysical eigenstate ¢,(k, 7) = coshk(x + 7) of H,.

The extended system (3.1) has an obvious integral of
motion 3. The intertwining relations together with inte-
gral (3.10) allow us to identify the nontrivial Hermitian
integrals for the system F |,

0 Y, )
Q1;1 = ) Ql;z = 10'3Q1;1,

Y;f 0 3.11
0 x | 3.11)
S = + ) Sip = 03811,
;5 0
(Z3; O
Py = —,( e 5 ) Pio= o3Py (3.12)

As 03 =1, we can take the integral I' =03 as a
Z,-grading operator. It classifies then Py, a =1, 2, as
bosonic integrals, [o3, Py.,] = 0, while the integrals (3.11)
are identified as fermionic supercharges, {03, 9.} =
{03,814} = 0, of the supersymmetric structure of the
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extended system . There are other possibilities to
choose I', which are based on reflection operators and
classify the nontrivial integrals of the extended system in
a different way from that prescribed by the choice I' = o3.
The alternative choices for I find some interesting physical
applications (see Refs. [22,24,46,47]), and we return to the
discussion of this point in the last section.

Operators (3.11) and (3.12) are the Darboux-dressed
integrals of the extended system described by the
Hamiltonian H , = diag(H,, H,) composed from two cop-
ies of the free particle Hamiltonian H,. The system
H , possesses the set of 2 X 2 matrix Hermitian integrals

a=12 (3.13)

‘IO =0y €abTp D> HP,

o3P,

The Darboux dressing,

I,=D1,D!, D, =diag4(x 1), A, ),

(3.14)

transforms them into the integrals (3.11) and (3.12) of H .
We find the superalgebraic structure of the system FH
by employing the intertwining and factorization relations

(3.4) and (3.5). It is given by the following nontrivial (anti)
commutation relations:

{Qa’ Qb} = 25ab|p1(j-[b K)P1(~7'[1, '),

(3.15)
{Sw Sh} = 25ahg{lpl(g{l’ K)[Ij)l(g-[lr K/)’
{Sw Qp} = 2€,P(H |, K)P,, (3.16)
[P, S,]=iH Py (H, « D, 3.17)
[?l’ Q,a] = _ll]j)(; (j{]’ K, K/)Sa: .
- + /
[TZ’ Sa] lg-[l[pl (g-[lr K, K )Qar (318)

[?2’ Qa] = _llpr(}[lr K, K/)Sa,

Wherep](g{l,K) = _7‘[1 + K2' ]],lpl(g-[bg() = ‘7-[1 +
K2, K = diag(«/, k),

Py (H k&) =Py(H, k) — Py(H,, &)

=(k?—k?) -1, (3.19)
Pi(H, k) = P(H,, k) + P(H,, &) =2H,+
(k* + k) - 1, and to simplify the formulas, we omit the
index n = 1 in the supercharges and bosonic integrals.
Though in the final expression for P; in (3.19) the depen-
dence on JH, disappears, it is indicated here in the
arguments having in mind a further generalization for
the n > 1 case, where this structure is substituted for the
polynomial of order » — 1 in the Hamiltonian.

The n =1 extended reflectionless system (3.1) is
described therefore by a nonlinear superalgebra generated
by four fermionic supercharges, @ ., and S;.,, and by two
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bosonic integrals,’ P,... The fermionic integrals are con-
structed from the intertwining operators of the second and
third orders, whose composition produces nontrivial third
order integrals of Lax pairs of the n = 1 nonisospectral
subsystems. In this supersymmetric structure, the
Hamiltonian plays the role of the multiplicative central
charge. The nonlinear superalgebra depends here on the
scaling parameters « and «’ via the polynomials Py, P}
and P, but does not depend on the displacement parame-
ters 7 and 7’

IV. SUPERSYMMETRY OF THE
n =1 SELF-ISOSPECTRAL PAIR

For the isospectral extended system JH ; with k = «/,
the partner potentials have the same form and are mutually
displaced. This n = 1 self-isospectral case is special from
the viewpoint of supersymmetric structure. As follows
from (3.17) and (3.19), for k = «’ the integral P.;, com-
posed from the third order integrals of Lax pairs of super-
partner subsystems, commutes with all the integrals, and
so, transmutes into a bosonic central charge of the non-
linear superalgebra. We show now that the supersymmetric
structure in this case undergoes even more radical changes.

For k = ' the following reduction takes place:*

X;(k, 7k, 7) = (H(k, 7) + K2)X,(k, 7, ')

—C(k, 7 — T)Ys(k, 7, K, T'), 4.1)
where
. d
X,(k, 7, 7') = — — ktanhk(x + 7)
dx
+ ktanhk(x + 7) + C(, 7— 7) (4.2)
= Ay(k, 7) — ATk, 7) + Al (K, 7 — 1), (4.3)
Ac(k, 7 — 7' =i+C(K T—1)
dx (4.4)

Clk, 7 — 7') = kcothk(r — 7).

Relation (4.1) means that for 7 # 7/, the first order
operator X; = X,(k, 7, 7') should be taken as a basic odd
order intertwining operator instead of X;(k, 7, x, 7/),

XIHI(K, T/) = Hl(K, T)Xl,

) ) 5 4.5)
XI(K, 7,7)=—X|(k, 7, 7) = —X].

*There are four bosonic integrals if one counts the integrals
3'[ 1 and o 3.

“A reduction of the third order intertwining generators was
discussed in a general form in Ref. [48]. However, it gives no
special attention to a peculiar supersymmetric structure we study
here; see also Ref. [49].
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Note that in the limit 7/ — *oo, we have H} — H, and
X, — A, while for 7 — *oo, H, — H, and X, — —A'lT.
This is coherent with the intertwining relations (3.4).

Because of (4.1), the third order integrals S,., are re-
ducible, Sy., = (H | + k¥)S;., — CQ .., and have to be
changed for the first order irreducible integrals

Sa=(2 M) Sa—imd. de
151 (}?}L 0 ) 12 = 00381, (4.6)

Integrals S 1.a correspond, in accordance with (3.14), to
the dressed form of the integrals §, = €,,0,p + Co, of
the extended free particle system H , = diag(H,, H,),
Ds, Dt =S La(H | + K?). Alternatively, the first order
matrix operator §; = o,p + Coy, or §, = i35, can be
considered as a first order Hamiltonian of the free Dirac
particle of mass |C| in (1 + 1) dimensions, while its
dressed form, 31;1, can be identified as a Bogoliubov-de
Gennes Hamiltonian describing the kink-antikink solution
in the Gross-Neveu model [33]. Function A(& A) =
k(tanh(& — A) — tanh(& + A) + coth2), that appears in

the structure of X, with §=K(x+”27') and A =

—K 7*271 , has then a sense of a gap function [23].

The following relations are valid:

X X' =H\(x, 7+ 4.7

XA (k, 7) = A, (k, TAc(k, 7 — '),
A;F(K, 7'))2'1 = Ac(k, 7 — T’)A}L(K, 7).

(4.8)

The employment of (4.7) and (4.8) together with (4.5) gives
nontrivial nonlinear superalgebraic relations

{‘VSl;ar Sl;b} = 26(1th’ {Ql;ar Ql;b} = 28abhi’

4.9)
{Sl;a’ Ql;b} = 26abChK + 2€abT1;1r (410)
[?1;2) 31;14] = 2i(hCQ,l;a - ChK:Sl;a)) (411)

[-,PI;Z) Ql;a] = 2ihK(CQl;a - hk:gl;a):

which substitute nontrivial superalgebraic relations (3.15),
(3.16), (3.17), and (3.18) of the general, nonisospectral case
n = 1. Here we denoted h, = H | + k%, ho = H | + C2.
As C*> > k2, the spectrum of hy is strictly positive, and the
Lie subsuperalgebra generated by the first order super-
charges S 1.4 corresponds to a broken N = 2 supersymme-
try. The P;.; commutes now with all the supercharges in
accordance with the observation made at the beginning of
the section.

While the third order intertwining operator (3.9) is well
defined at k = «/, 7= 7' and reduces to the integral
Z5(k, 7) of H(k, 7), the first order intertwining operator
X,(k, 7, 7') in the limit 7 — 7 reduces to the operator %
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shifted for an infinite additive constant term oo depend-
ing on which side the difference (7 — 7') tends to zero. In
this case the extended Hamiltonian (3.1) reduces just to the
two identical copies of the Poschl-Teller Hamiltonians,
H | (k, 7) = diag(H,(k, 7), H,(x, 7)). The integrals S‘l;a,
a =1, 2, can be renormalized by multiplying them by
1/C(k, 7 — 7'), and taking a limit 7/ — 7. In such a way
they are reduced to the trivial integrals o,, a = 1, 2, of
H | (k, 7). The second order intertwining operator (3.8)
reduces in the limit 7/ — 7 to H,(k, 7) + k%, and the
second order supercharges @ ., are reduced to the same
trivial integrals o, multiplied by a Hamiltonian Q;., —
(H (k, 7) + k* - 1)o, shifted for a constant. The only
nontrivial integrals we have in the limit 7 — 7 are the
bosonic third order integrals Py.,(x, 7).

The special case of self-isospectrality in the n =1
extended system JH , is detected, therefore, by a radical
change of nonlinear supersymmetric structure. One of the
bosonic integrals, P 1:1, turns into a central charge, and two
third order supercharges are substituted for the super-
charges of the first order. The reduction of the order of
the half of the supercharges at « = k' originates from
relation (4.1) and is accompanied by the appearance of
dependence of the superalgebraic structure on the distance
between mutually shifted one-soliton partner potentials by
means of a constant C = «k cothx(7 — 7/). In other words,
one can say that in a generic case k # «’, the H; and H/
are intertwined by the third order operators X5 and X ;r , side
by side with the second order operators Y, and Y!, via the
free particle (zero gap) system, and the supersymmetric
structure does not feel a relative distance 7-7' between the
corresponding one-soliton subsystems because of the
translation invariance of H,. For « = k', a kind of a
“tunneling”” channel is opened: the one-soliton subsystems
are intertwined then directly by the first order operators X
and X ;‘, and the modified supersymmetric structure detects
a “tunneling distance” 7-7’; see Fig. 1(b).

V. SUPERSYMMETRY OF AN rn >1 EXTENDED
SYSTEM: COMPLETE ISOSPECTRALITY
BREAKING

The discussion of the supersymmetric structure for an
extended system composed from two subsystems having
n = 2 bound states requires us to distinguish three cases:

(i) Complete isospectrality breaking, when «; # K} for
all i, j=1,...,n, with no restriction on displace-
ment parameters 7; and 7.

(i1) Partial isospectrality breaking, in which some, but
not all, scaling parameters «; and K; of the two
subsystems coincide.

(iii) Exact isospectrality, that is characterized by the
complete coincidence of the sets of the scaling
parameters, K = k', accompanied by a restriction

7T+ 7.
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The case of a complete isospectrality breaking for n > 1
is a direct generalization of that for the n = 1 case with
K| # K’l, which was studied in Sec. III. It is discussed in
the present section. The other two cases are more involved.
Though they generalize somehow the picture of the one-
soliton case (n = 1) with k; = k| = k, investigated in the
previous section, the corresponding analysis for n > 1
requires a generalization of the described Crum-Darboux
transformation scheme. New peculiarities appear there,
and those two cases deserve a separate consideration. To
understand the picture, we study the case of n = 2 in the
next section, and then in Sec. VII the results will be
extended for a generic case of n = 2.

With these comments in mind, let us consider an

extended system
H, O
H,= ,
0 H,

composed from a completely nonisospectral pair H, =
H,(k, 7) and H, = H,(k', 7') of the form (2.13), where
K= (Kky,...,k,), T=(7y,...,7,), and we assume that
there is no coincidence in the sets of the scaling parameters
of the two subsystems, «; # K;, forall j, j/=1,...,n;

5.1

see Fig. 2(a).

Following the general picture described in Sec. II, the
Hamiltonian H,, = H, (K, 7) can be intertwined with a free
particle Hamiltonian H, by order n differential operators
A, = A, (&% 7) and A} = Al (& 7),

An(’?’ 7— = An((K’ T)n)An*l((K) T)n*l) .. -Al (Kl’ T]):
5.2)

defined in terms of Darboux generators (2.8) and (2.9),

(@) (b) (©

FIG. 2 (color online). (a) An n>1 pair with complete iso-
spectrality breaking. Each subsystem, H,, and H, is specified by
indicating the set of intermediate, virtual systems in the plane
k-7 via which the edge points are connected to the free particle
by means of the first order Darboux generators A; and A}, not
shown here. Figures (b) and (c) illustrate two alternative repre-
sentations for the same n = 2 system, that is related to the two
different factorizations of the second order Crum-Darboux gen-
erator A,. In case (b) the virtual system is regular, while in case
(c) it is singular. So, a system is specified not only by indication
of the set of points in the k-7 plane, but also by the path via these
points to a free system H,.
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AnI_IO = HnAnr AIH,, = HOAI (53)

Making use of these relations, we construct an order 2n

operator
Y2n = Y2n(’_é: F; El» i:l) = AHA;J, (54)
Y1 = Yo, (R, 757, 7) = ¥,

where A/, = A, (k/, 7), and two operators of the order
2n + 1’ X2n+1 and ZZnJrls

d

X2n+1(7<, 7K/, ?/)zAnEAZT, (5.5)
X3 = =Xy (R38R F) = =X,
- d
ZZn+l = ZZn+1(K; 7-) = An EAI, Z§n+1 = _Z2n+l-
(5.6)

Operators Y,, and X,, ;; intertwine the components of the
matrix Hamiltonian .,

anH:'l = HnYZIV X211+1H;/'1 = H11X2n+1’ (57)
while Z,, (K, 7) is an integral for H,(k, 7),
[ZZIl+l’ Hn] = 0. (58)

Taking into account that the coefficients of the (2n + 1)
order differential operator Z,,, | may be expressed in terms
of the potential V, and its derivatives of the order less
than 2n + 1 [40], relation (5.8) means that the potential
V, satisfies a higher stationary g-KdV equation with
g = 2n + 1, mentioned in Sec. II.

In correspondence with an identity Z3 ., =
—H,[T)Z{(H, + «3), the integral Z,,,, detects all the
physical nondegenerate states of H,, of energies £ = 0 and
E; = —Ki by annihilating them. These are constructed
from the free particle nondegenerate eigenstate ¢ = 1,

9 = A, 1, and nonphysical partners of the states (2.3),

¢, = sinhx;(x + 7,), o = coshry(x + 7o), ...y Py =
A, J/j, j=1,..., n. Other n states of the kernel of Z,,,

—i2
are nonphysical partners of the bound states ¢, K’,

_Kz. _Kz. _Kz.

Yn M(x) = /M 7 (x) fdx/(l//n ](x))z-

With the described operators, we construct six matrix
integrals Q ..., S,., and P,,., for the extended system F,
in the form similar to that in (3.11) and (3.12) by changing
Y,, X5 and Z; for, respectively, Y»,,, X5,+1 and Z,,, ;. Asin
the n = 1 case, these integrals correspond to a dressed
form of the integrals of the extended free particle system

SIntertwining relations through multistep ladders of linear
Darboux generators and their superalgebraic reducibility have
been recently reviewed in Ref. [50], but in a very general and
abstract form.
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H , obtained by means of Eq. (3.14) with the change of
D, for D, = diag(A(k, 7), A, (k', 7)).

Applying factorization and intertwining relations, and
products of corresponding generators collected in the
Appendix, we find that the superalgebra (3.15), (3.16),
(3.17), and (3.18) of the n = 1 case is generalized for

{Qn;a’ Qn;b} = 25(1[,”])”(5‘[", R)Ipn(j-[n’ El)’ {'Sn;a’ Sn;b}

=28, H P, (I, OP,(H,. &), (59

{Sniar Qui} = 260 Pu(H . K)P,1, (5.10)

[Pt Sad = iH Py (H % #) Q0 5.1
[Pt Quial = —iPy(H, & RS,

[Pro. Sad = iH P (I & ) Q0 5.12)

[?n;Z’ Q,n;a] = _ll]j); (j-[m E» ’?/)Sn;a’

where P,(H, E)=]'[;?=l(3-[n + K?' 1), P(H,, k&)=
P (H &)+ P, (H &), P ((H R R =P, (3, %)~
I]:Dn(j-[n’ RJ)’ |]j)n(:]-[m K) = ;}:1(}[n + -,]<3)’ j<] =
diag(x, K;).

Operator P> (H,, k, &) is a polynomial of order
n — 1 in the extended Hamiltonian J{, that vanishes for
K = K'. Then Eq. (5.11) signals that the supersymmetric
structure of the n > 1 reflectionless system JH , with exact
isospectrality simplifies as in the case n = 1: the integral
P, turns into a bosonic central charge of the nonlinear
superalgebra. Moreover, from the form of the polynomial
in { ,, coefficients in superalgebra, one can expect that the
supersymmetric structure should undergo some radical
changes even in the case when not all the pairs of the
scaling parameters coincide but only part of them. For
instance, if K;/ = k; for some indexes j' and j, which
may coincide, j' = j, or may be different, j' # j, the
same factor (H , + sz - 1), or its square, appears in all
the structure coefficients of the superalgebra. By analogy
with the n = 1 case this indicates that some fermionic
supercharges may be substituted for supercharges of a
lower differential order. To understand what changes the
supersymmetric structure undergoes in the cases of a par-
tially broken or exact isospectrality, we investigate in detail
the extended system (5.1) for the case of n = 2 in the next
section.

VI. SUPERSYMMETRY OF THE
n = 2 EXTENDED SYSTEM

The explicit form of the supersymmetric structure for
the extended n = 2 system with completely broken iso-
spectrality follows as a particular case from a generic
consideration of the previous section. Before analyzing
the partially broken and exact isospectrality cases, we first
discuss some properties of the n = 2 reflectionless system
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of the most general form. It is a particular case of
such a system, described by the two-soliton Pdschl-Teller
Hamiltonian, that appears in the ¢* field theoretical model
with a double well potential, where it controls the stability
of the kink and antikink solutions.

A. Generic reflectionless system with two bound states

The explicit general form of the Hamiltonian of an
n = 2 reflectionless system is

Hy(k, 7) = — cj_xzz + Vo(x; &, 7), 6.1)
Vo(x; &, 7) = —2(k3 — «3) " (Kk3csch® ky(x + 75)
+ Kk3sech?k;(x + 7)) (K, 7),  (6.2)
where
w(x; &, 7) = (kK3 — Kk3)(k; cothiy (x + 75)
— Ky tanhk,(x + 7))L (6.3)

In the limit 7, — %00, the two-soliton system (6.1) trans-
forms into that of the one-soliton case,

V, — —2k3sech’k (x + 7 F &), (6.4)

where a shift parameter is defined by a relation

sinhk, €; = k;/4/k3 — k3. In another limit, 7, — *oo,
the two-soliton potential transforms into the one-soliton
potential given by an expression of the form (6.4)
but with the index 1 in the parameters changed to 2;
the shift parameter &, is given then by a relation

sinhk, &, = k,/4/k3 — k3. The indicated limits corre-

spond to a picture of a two-soliton scattering described
by the KdV equation, where the n = 1 solitons of ampli-
tudes 2«7 and 2«3 in such a process suffer asymptotically
only temporal shifts [51].

— 2
Nondegenerate bound states of the system (6.1), i/, Y=
Ay, j=1,2, of energies E = —«? and E = —«3 are
obtained from the partners, #, = sinhk,(x + 7;) and
Y/, = coshk,(x + 7,), of nonphysical eigenstates ¢, =
coshk;(x + 7,) and ¢, = sinhk,(x + 7,) of H, by apply-
ing to them the second order composite operator

Az(l_é, 5)') = AQ(I_E', F)AI(KI’ T), (65)

< — wosechw (x + T w(x: 8, 7),
lﬂz_ 2 I 1 Pw( ) 66)

W, 2 = —k,cschiy(x + 7)wix; &, 7).
Here
d 1

A7) = (A y) — ——

2(K T) ( 1¢2)dx (A]l,[lz)
= —AI(KI, 1) + wx; Kk, 7), (6.7)
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and A, is defined by Eq. (2.8). Function (6.3) satisfies the
identities

1
dw/dx = 3 Vs, (6.8)

1
w? + 2k wtanhk,(x + 7,) = EVZ + K3 — k],  (6.9)

1
w? + 2k,w cothry(x + 7,) = EVZ + k3 — k3, (6.10)

which will play a fundamental role in what follows.

The degenerate pairs of the states of the continuous part
of the spectrum with E = k> > 0 are obtained from the
plane wave states of the free particle, 5% = A,e™ikx,

5k =[=(k*+ «3) + (£ik — k, tanhk,(x + 7))

X w(x; &, 7)]e ™~ (6.11)
The boundary case k =0 gives a nondegenerate, zero
energy edge state ) at the bottom of the continuous
spectrum.

The particular case of a reflectionless n = 2 Pdschl-
Teller system,

2

d
— — 6x?sech’(x + 7),

Hy(k, 1) = — .

is obtained by putting k, = 2k = 2k and 7, = 7, = 7. In
this case, the function (6.3) and the operator (6.7) are reduced
tow = —3ktanhy and A, = d—‘i — 2k tanhy, the indicated
bound states are transformed, modulo overall multiplica-
tive constants, into ¢~ = sinhysech’y (E = —«?2) and
Y54 = sech?y (E = —4«?), while the zero energy non-
degenerate state is 9 = 1 — 3tanh? y, where we use the
notation y = k(x + 7).

B. Generalized Crum-Darboux
transformation’s scheme

We have constructed a generic n = 2 reflectionless
Hamiltonian (6.1) by employing a sequence of two
Darboux transformations described in Sec. II, namely, by
using first the nonphysical free particle state ¢, =
coshk;(x + 7,), and then the state i, = sinhk,(x + 75).
The same final result also can be achieved with the
interchanged order of the indicated states. This corre-
sponds to the alternative factorization of the second order
operator (6.5),

Az = BZBlr (612)

which intertwines H, with the free particle Hamiltonian,
A,Hy = HyA,, ATH, = H)Al; see Figs. 2(b) and 2(c).
The first order operators B; and B, are obtained from A
and A, via the substitution
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. T ~
K| < Ky, Ty — Ty T i— =T,
2K2
. (6.13)
Ty ™ T +l—=7~'1
2K 1
This substitution leaves invariant the Hamiltonian (6.1), the
second order intertwining operator A,, and the function
(6.3). It also leaves invariant the states (6.11) of the con-
tinuous spectrum, including the nondegenerate edge state
of zero energy, but interchanges the bound states (6.6),

—K2 . —K5 —K5 . _K2 .
Yy ' =i, %, W, *— i, . Transformation (6.13)
changes, however, the first order intertwining operators
A, and A,, which are regular on R', for the singular first
order operators

d
By = B(ky, T;) = —— — Ky cothiy(x + 75),
dx (6.14)
By = By(k, 7) = =Bl (ky, ) + w(x; &, 7).

In terms of the first order operators (6.14) we have
Hy= BB, — i3, H, = H,(ky, 7) = B;B] — &} =
BIB, — k2, and H, = B,B} — «2. This means that with
the alternative factorization (6.12), the operator A, inter-
twines Hamiltonian (6.1) with H, via the n = 1 system
described by a singular Hamiltonian

d? 213

H =Hkp#)=——4+— 2
! 1z, 72) dx>  sinh’k,(x + 75)

(6.15)

In what follows, the singular Hamiltonian (6.15) will
appear only as a virtual, or intermediate system, and the
described generalization of the Crum-Darboux scheme will
allow us to identify nontrivial intertwining operators for an
n =2 extended system with partially broken and exact
isospectrality. The picture with the alternative factoriza-
tions generalizes for the case n > 2. In this context it is
worth noting that the change of the order of the free particle
nonphysical states (2.3) in the construction of a reflection-
less system H,, in comparison with that described in
Sec. II, corresponds to a certain permutation of the col-
umns of the Wronskian (2.2). This produces no effect for
the potential in Eq. (2.1).

To conclude the discussion of the generalized Crum-
Darboux transformation scheme, we present here the
relations which are helpful for computation of the corre-
sponding superalgebraic structures:

X, (k, 7, 7)B| = BjA¢(k, 7 — 1),

(6.16)
BT}ZI(K, 7 7) = Ac(k, 7 — )BT,
v = N\A! — =~
Xi(k, 7, 7)A| = BiAc(k, 7 — 7'), 6.17)
BTX](K, 7 1) = Aclk, 7 — T)AT,
Ac(k, 7 — #)BT = ATX | (k, 7, 7), (6.18)
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where A| = A(k, 7),A] = A|(k, ), B, = B{(k, 7), B} =
Bi(k, '), =7+ i, and 7 = 7/ + i~. These identi-
ties can be obtained from (4.8) via the substitution (6.13).

C. Generic case of partial isospectrality breaking

Now we are in position to discuss the supersymmetric
structure of the extended n = 2 systems with partially
broken and exact isospectralities. We first consider three
cases of partial isospectrality breaking, in which one dis-
crete energy level — K? of the subsystem H, coincides with
any of the two discrete energy levels —Ki, of the partner

Hamiltonian H, but the corresponding translation parame-
ters are different, 7 j #* T;.,. All these cases are described by

a similar supersymmetric structure. Then, in the next sub-
section, we analyze the superalgebraic structure of the
same three cases but with coinciding associated translation
parameters, 7; = 7';,.

We start with the case of partial isospectrality breaking
characterized by the conditions

)

K| = Kll, T + ’TI],

Ky # Kb, o restrictions on 75, 75; (6.19)
see Fig. 3(a).

The subsystems H, = H,(k;, 71, k5, 7,) and H} =
H,(ky, 7}, k5, 75) of the extended matrix Hamiltonian
JH , are related by irreducible intertwining operators of
orders 4 and 3, Y,H), = H,Y,, YIH, = H,Y}, X{H, =
H,X4, Xg”Hz = Hé)?g”. Y, is given, in correspondence
with the generic form (5.4), by Y, = AAL | while

X4 = Ay(ky, k03 7y, )X (p5 7y, THAS (k13 7], 7h)
= A X, A (6.20)

appears instead of the fifth order intertwining operator
X5 = A, L At because of the reduction

X5 = (H2 + K%)X? - C(Kl, T — TII)Y4. (621)

As follows from (6.20), the reduction (6.21) is related to the
opening of a tunneling channel via the virtual isospectral
pair of n = 1 systems H;(k;, 7) and H(ky, 7).

FIG. 3 (color online). The n = 2 (a), (b), and (c) pairs corre-
sponding to the partially broken isospectrality cases (6.19),
(6.22), and (6.26).
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Taking the products of the described intertwining opera-
tors and Lax integrals of order 5, Z5; = AZ(T{CA;’ zZ =
A’Z%A’;, [Zs, H,] = 0, [ZL, H,)] = 0, presented in the
Appendix, we find the superalgebraic structure of the
system FH , with partially broken isospectrality (6.19). It
is displayed below in the form that unifies (6.19) with two
other similar cases.

A partial isospectrality breaking with coinciding ground
state energy levels,

®

Ky = Kb, T, # T,

K| # K}, no restrictions on 7, 7/, (6.22)

is similar to the previous case; see Fig. 3(b). Intertwining
operator Y, and integrals Zs and Z{ are given by generic
formulas with restriction (6.22). The third order irreducible
intertwining operator can be obtained from (6.20) via the
substitution (6.13),

X8 = B,X,(ky; 72, f’z)B’J, (6.23)

where B, and B) are given by Eq. (6.14) with ), = k,,
while

5 d
X\ (ky; T, 75) = o cothr,(x + 75)
+ Ky COtth(x + 7/2) + C(KZ: Ty — T/Z)
= B(ky, 7)) — BIF(KZ, 75)

+ Al (kyy 7y — ). (6.24)

Though all three first order operators that appear in the
factorization of X; in (6.23) are singular, the third
order intertwining operator itself is regular on R'. This
follows just from the reduction relation for the fifth
order intertwining operator for the case (6.22) under
consideration,

XS = (H2 + K%)X3B - C(Kz, Ty — T/2)Y4. (625)

The third order intertwining operator (6.23) realizes the
intertwining between H, and H) by means of a tunneling
channel via a pair of singular n» =1 Hamiltonians
H{(k,, ) and H{(k,, 7,) of the form (6.15).°

The supersymmetric structure for partial isospectrality
breaking

By shifting the argument x — x + i, where & is a real
constant, one can translate all the considerations for the case
of PT -symmetric quantum systems [52] with A and H/ to be
regular isospectral Hamiltonians; see Ref. [53].
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() Ky = K/Z,

Ky # K}, no restrictions on 7y, 7|,  (6.26)

[see Fig. 3(c)] is generated in a similar way. Here, the third
order irreducible intertwining operator is
X4% = A%, (ky3 71, F)BY, (6.27)

where B = B,(k), ky, 7, 7) is given by Eq. (6.14),
and 7, = 7, + i3 In this case, we have a reduction

2
relation

Xs = (Hy + kX538 — Cky, 1) — 7)Y,

Unlike the two previous cases, C(kj, 7 — 7)) =
Kk tanhk(7; — 75) is regular for any value of 7| and 7}
associated with coinciding scaling parameters.’

The superalgebra for the described three cases of
partial isospectrality breaking can be presented in a
unified form:

(6.28)

{Sa’ Sb} = 25ahhdhd’hcl’

5 (6.29)
{Qar Qb} = 25abhi hahy,
{8, O} = 28,,Cihihghy + 2€hy Py, (6.30)
[Tl’ S'a] = l(K?j - Kijz)(hC,Qa - Clhiga)’ (631)
[Tl’ Qa] = l(ng - Kﬁjz)hi(ClQa - hiSa)r
[Tz» Su] =i(hy + hd’)(h(,’, O, — Clhigu): (6.32)

[?2’ Qa] = l(hd + hd/)hi(ClQa - higa)'

Here h; = H, + k2, hy=H, + 12, hg = H, + &2,
hg g=H , +diag(x?, k2), he, = H,+¢C1=1,2, 3
k; denotes the coinciding scaling parameter of the pair; «,
and «/; correspond to other, noncoinciding scaling parame-
ters of the subsystems H, and H}, respectively, while C; =
C(ky, 7y — 7)) for (6.19), C; = C(k,, Tp — 75) for (6.22),
and C3 = C(ky, 7, — 7) for the case (6.26). Notation S,
reflects the reduction §,., = (H, + K?)S‘a —C,;0Q, of the
supercharges constructed in terms of X5 and X;L , and to
simplify notations, we do not supply the supercharges with
index /, and omit the index n = 2 in all the integrals.

The fact of a partial isospectrality breaking is reflected
here in the superalgebraic structure. On the one hand,
relations (6.29), (6.30), and (6.32) are similar to the super-
algebraic structure (4.9), (4.10), and (4.11) of the n = 1
isospectral case. At the same time, the commutators in

"The operator_(6.27) intertwines H) and H, via the virtual
n = 1 systems H{ and H, of different—singular and regular—
nature. After the imaginary shift mentioned in the previous
footnote, the latter pair will transform into regular n = 1 reflec-
tionless Poschl-Teller T -symmetric Hamiltonians.
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(6.31), being of the nature of those in (3.17) for the n = 1
nonisospectral family of the systems, show that a “non-
centrality”” character of the Lax matrix integral P, is

measured by the scale of isospectrality breaking, k3 — /7.

D. Partial isospectrality breaking with coinciding
associated translation parameters

Let us discuss now the supersymmetry of the systems
with partial isospectrality breaking, in which one discrete
energy level, k; = K;.,, and the associated translation pa-

rameters, 7; = 7';,, coincide; see Figs. 4(a)—4(c). The two
cases corresponding to either k; = k| or k, = k), are
similar. For them, supersymmetry undergoes restructuring,
and is generated by intertwining operators of the second
(Y,) and fifth (Xs) orders, and by the fifth order integrals Zs
and Zg. The fifth order operators, X5 and Zs, in this case
include in their structure the third order integral of the
corresponding common virtual n = 1 system.

For the sake of definiteness, consider the case k| = k],
=7, Ky # k). We have X5=A,Z3AY, Zs5=
A2Z3A;f, and Z. = AQZ3A/;, where Z; = Z3(ky, 71) =
A (ky, Tl)%AI(KI, 7,) is the third order Lax integral for
the common Poschl-Teller virtual system H,(k;, 7).
The second order intertwining operator has a form Y A=
AAY, with Ay=A,(k,, ky, 71, 7,) and AL =(ky, kb, 71, 75),
and the fourth order intertwining operator Y, = AZA’J ofa
generic case reduces as

Y, = (Hy + })Y5. (6.33)

The second order operator Y4 can be obtained also from
the third order operator (6.20) of the case (6.19) considered
above. Indeed, multiplying (6.20) by —C~'(x;, 7, — 1),
and taking a limit 7} — 7, we get f’?. So, the change of
supersymmetric structure is related here to a singular
nature of C(ky, 7y — 7}) in the limit 7{ — 7. Another
case, with k, = k), 7, =75, K| # K| is treated in a

(a) (b) (c)

FIG. 4 (color online). The pairs with partially broken isospec-
trality, in which the translation parameters associated with the
equal scaling parameters do coincide. In case (a), a common
virtual system corresponds to a regular n = 1 reflectionless
Poschl-Teller system. In case (b) such a common virtual system
is singular. In case (c), the partners can be intertwined via a pair
of n = 1 virtual systems, one of which is singular.
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similar way, and the superalgebraic structure for these
two cases can be presented in a unified form:

{Sa’ Sb} = 25ab5{2hl‘2hdhd’» {Qa, Qb} = 28phqh g,

(6.34)

{8, Op} = 2€ahy 4Py, (6.35)
o
[Py, S, )= iH k3 (hy + hg) D, 637)

[Py, 0,1 = —i(hy + hy)S,.

Notation Qa reflects here the reduction Q,., =
(H, + K%)Qu, and, again, we omitted the index n = 2 in
the specification of nontrivial integrals.

The case k; = Kb, 7y = 7, kK| # K} isdifferent from the
two previous ones because the corresponding parameter-
dependent function C(k,, 7y — 73) = k; tanhk(7; — 75)is
nonsingular for any values of 7| — 7"2, and, moreover, turns
into zero at 7; = 7). Here, the intertwining operators are ¥,
and X4® given by Eq. (6.27) with 7, = 7). A nonsingular
nature of the latter is seen from (6.28). The superalgebra for
this case is obtained directly from (6.29), (6.30), (6.31), and
(6.32) just by putting C3 = 0 there. Though here the irre-
ducible intertwining generators are different in comparison
with the previous two cases, the resulting superalgebra
(6.29), (6.30), (6.31), and (6.32) with C; = 0 has a similar
form to (6.34), (6.35), (6.36), and (6.37). Notice also a
remarkable similarity of (6.34), (6.35), (6.36), and (6.37)
with the superalgebra (3.15), (3.16), and (3.17) of the n = 1
nonisospectral case.

We see that in all three cases of partial breaking of
isospectrality with corresponding coinciding translation
parameters (associated with coinciding discrete energy
levels), the superalgebraic structure does not depend on
the two remaining translation parameters associated with
the second, different discrete energy levels.

(a) (b)

FIG. 5 (color online). The n = 2 isospectral pairs with a
common (a) regular or (b) singular virtual system. A general
case of the n = 2 isospectral pair with 7; # T;, j=1,2is
illustrated by (c).
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In all the cases of partial isospectrality breaking
described in this and previous subsections, the total order
of the two basic intertwining operators is the same,
3+4=2+5=7, decreasing by two in comparison
with the complete isospectrality breaking case.

E. Exact isospectrality with a common
virtual n = 1 system

The supersymmetric structure of the systems with exact
isospectrality, K, = k' and k, = k), depends on whether
the corresponding translation parameters are different,
T F T;-, j =1, 2, or coincide in one of the pairs.8 The
analysis of the second case [see Figs. 5(a) and 5(b)] is
simpler, and we first consider it supposing, for the sake of
definiteness, that 7 = 7}, 7, # 75. The intertwining op-
erators for such an isospectral system with a common
regular virtual n = 1 system H;(k;, 7,) are

Y4 = AAL,

X8 = ByX (ks 7, #)BY,  (6.38)

where in A/, and B} we assume that K} = k;,j=1,2,and
Ty = 7, 7h # 7,. They can be obtained here via the
reduction relations of generic intertwining operators,

Xs = (H, + K3)X8 — Clky, 70 — 1))V,

o (6.39)

Yy = (Hy + &DY5.
The intertwining generators Y§ and X{*, and the corre-
sponding reduction relations for the exact isospectrality
case Kk; = K;, j=1,2, 75 =1, 7| # 1 are obtained
from (6.38) and (6.39) by changing «; < k,, T < 7,
T/l « T/2, and A2 Ad Bz.

The nontrivial relations of superalgebraic structure for
the isospectral case with 7; = 7, 7, # 7} are

(S0 Spt=28uhe, 1, {94, Q,1=28,h3  (6.40)
{84 Qpt = 28,4Cohihy + 264, Py, (6.41)
[?2’ :S'a] = 2lh1(hczh’1 Qa - Czhzsa)’ (642)

[Pz, Qa] = 2ih2(C2h1 Qa - hZ:Sa);

where C, = k, cothiy(1, — 75), hy = H, + k2,i = 1,2,
and he, = H,+ C3. The superalgebra for the isospectral
case with 7, = 75, 71 # 7/ is obtained from the displayed
one by changing C, — Cy, h| < h, in the right-hand side
expressions. The supersymmetry (6.40), (6.41), and (6.42)
has the structure similar to that for the n = 1 isospectral
case.

8The case when both pairs of translation parameters coincide
corresponds to ', composed from the two copies of the same
Hamiltonian H,. Such a system JH, is described by a trivial
supersymmetric structure to be similar to that discussed for the
n =1 case in Sec. IV, with integral Z; changed for Zs.
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As it is expected, the integral 7,.| transmutes here into
the bosonic central charge of nonlinear superalgebra. The
total order of the basic irreducible intertwining generators
decreases by two in comparison with the partially broken
isospectrality case and equals the order 5 of Lax integrals
Zs and Z{. In correspondence with this, the anticommuta-

tor of the second order (QZ;a) and the third order (32;51)
supercharges taken with different values of indexes a and b
are equal to the central charge 7, up to a numerical,
Hamiltonian-independent, coefficient; see Eq. (6.41). The
superalgebraic structure also detects the difference of the
noncoinciding translation parameters.

F. Generic case of n = 2 exact isospectrality

Consider a generic case of exact isospectrality charac-
terized by the relations k; = k|, k, = k), 7| # 7|, T, #
75; see Fig. 5(c). The second order intertwining operator X
possesses then two distinct reductions, (6.21) and (6.25),
in which it is necessary to put in addition, respectively,
Ky = k% and k; = k. The existence of the two third order
intertwining operators means that a generic isospectral
case is described by the basic intertwining operators of
the orders 2 and 3, to which the intertwining operators X5
and Y, are reduced. To see this, we note that X4 and X% are
the third order operators with the same coefficient —1
before the leading derivative term. Then the difference of
these two operators has to be an intertwining differential
operator of the second order. This implies that the coeffi-
cient before the leading second order derivative term in
the latter should be a constant. Taking into account that
A, = —AI +wand B, = —BI + w, and employing rela-
tions (4.8) and (6.16), we find

X4 — X8 =(C, — C)G, + (13 — kDX, (6.43)

where C; = k| cothk (7] — 7)), and C, = k, cothk, (7, — 75),

2 d I
G, = _W+(Wl_ )——l—dl-i-ww’
+ wk, cothky(x + 7,)
+ W'k, cothrey (x + 75) + K3, (6.44)
. d
X, =—+w—-w)+(,. (6.45)

dx

In (6.44) and (6.45) w corresponds to the function (6.3), and
w' is the same function but with 7, changed for ’T}, j=12
From (6.43) it follows immediately that the case C; = C, is
special, and we shall consider it in the next subsection. So,
till the end of this subsection we suppose that

C,#C,. (6.46)
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We obtain then the second order intertwining operator

p XX
Ci—G C—G

The operator (6.47) intertwines H}, and H,, Y,H) = H,Y>,
and satisfies the relation ?;r = Y}, where Y’ corresponds to
Y, with the interchanged translation parameters 7; and 7'5-,

X, (6.47)

j=1 2 ?;r generates the intertwining relation in the
reverse direction. Operator Y,, and any of two third order
operators, Xg‘ or X5, play now the role of independent
intertwining generators. It is more convenient, however,
to take a linear combination

2, = C X4 — cl)?g’

) C =G

different from that in (6.43), as a third order intertwining
generator to be independent from Y,. Using Eqs. (6.21) and
(6.25), we find that the generic intertwining operators X
and Y, are reduced here as follows:

(€1 — C)Xs = ((C, — CH, + C113 — Cox) X5

(6.48)

+ (kK3 — K})C,C, Y, (6.49)
(€, = CYy = (k3 — K%)Xs + ((C, — Cy)H,
+ C1k} — CK3)Ys. (6.50)

Proceeding from the relations (6.49) and (6.50) and the
relations, presented in the Appendix, which correspond to
the products of operators X5, Y, and Zs with the imposed

isospectrality relations «; = K}, j =1, 2, one can find all

the products of the irreducible intertwining operators ¥,
)?3, )% ;r X}L , and Lax operators Z5 and Zg. With these, one
can compute the superalgebra generated by the second
order (Qz;a) and third order (S’z;a) supercharges con-
structed in terms of ¥, and X following the same rules
as we used before, and by the fifth order bosonic integrals
P,.,. There is another, simpler way to compute the super-
algebra. Having in mind that fermionic supercharges are
matrix differentials operators of orders 2 and 3, the alter-
native form of superalgebra is generated by taking a linear
combination of them, FA =CQ,,+S,, and FE =
C, 9.y + Sy, constructed from X4 and X% in correspon-
dence with relations (6.43) and (6.48),

vA,B

b 0o X4
1 o

X4 0

Modifying further the notations, FE,I) = F4, FE,Z) = FB,
and using the product relations of the operators X?’B , their
conjugate, X?’BT, and Lax operators Zs and Z{ (see the
Appendix), we present nonzero superalgebraic relations in
a compact form:

{ngi), Fl(yl)} = 2aabhijhihj + 2Eab€ijAC?1’

), F}B =iosFM. (6.51)

(6.52)
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; 2i : ; .
[Py, Fd'] = 35 (=1 hihhioFd + €h i FiE),

(6.53)
Here h; = H, + k2, hj; = H, + CCji, j=1,2,AC =
C, — C;, and no summation in the indexes i and j is implied
in the right-hand sides.

Again, the integral P} = P, transmutes here into
the bosonic central charge, and the structure coefficients
depend on both relative translation parameters via C;
and C,.

The nonzero superalgebraic relations for the third (SM)

and second (QZ;a) order supercharges and bosonic inte-
grals P,, can now easily be obtained from (6.52) and
(6.53) by employing the relations Qz;a=(F52)—F£,l))/
AC, :S'z;g = (C2F£,l) - Cngz))/AC. The superalgebra has
the same structure (4.9), (4.10), and (4.11) as for the

n = 1 isospectral case, but with Hamiltonian-dependent
coefficients of a more complicated form.

G. Special case of isospectrality with C; = C,

Let us consider the special case of isospectrality char-
acterized by the relation

Equation (6.54) means that there is a special correlation
between relative displacements 7; — 7} and 7, — 7, and
scaling parameters, k;cothk;(7—7})= k,cothk,(7, — 75).
In correspondence with this relation, we may take an n = 2
system H, defined by arbitrary parameters «, > k;, and
arbitrary, but finite, 7; and 7,. Particularly, we can choose
the n = 2 Poschl-Teller system defined by the relations
Ky = 2k; and 7; = 7,. The partner Hamiltonian H) is
given then by the same scaling parameters, the finite
parameter 75, may be chosen in an arbitrary way with the
only restriction 75 # 7,, while 7} is fixed uniquely,
Th=1 — Kil arccoth(i2 cothk, (1, — 75)).

As a consequence of relation (6.43), here a difference
X4 — X% reduces to the first order intertwining operator
(6.45), which satisfies a relation X Ir(fc, 7,7)=
—X (&, 7,7) = —}2’1. Moreover, we will show below
that each of the third order intertwining operators Xg‘ and
Xf is reducible, and so, here the irreducible intertwining
operators are X; and Y.

As the intertwining generator X, is the first order
differential operator, let us define a superpotential W by
means of

f.=Liw
1T )

In accordance with relations (6.8), (6.9), and (6.10), we
have W? + W' =V, + C}, W?> — W' = V} + (3, and then

W=w-—w+C,. (6.55)

XX =H,+C XX, =H,+C  (6.56)
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and X H) = H,X,, X[ H, = H,X. The first order inter-
twining operator X, has a form similar to that of the
operator X, in the n = 1 isospectral case. The superpoten-
tial W(x) plays here the role of the gap function A
mentioned there in the context of its relation to the
Bogoliubov-de Gennes system.

Operator X; together with the first order operators
Xt =X, (ky, 7, ), XB = X|(ky, 75, 7)) satisfies in addi-
tion the identities

XpAf = aAlx,,
X8RI = BIX,,

A XY = X, AL,

. R (6.57)
B, X! = X,B),.
Let us stress that like (6.56), these relations are valid only
in the special isospectral case (6.54). Employing them, we
find that the third order intertwining generators X4 and X%
are reducible,

X? = (H2 + K%)Xl, Xg = (H2 + K%)Xl. (658)

As a consequence, the fifth order generic intertwining
operator also is reducible, X5 = (H, + «3)(H, + k3) X
X, - CY,.

Applying the product relations (A32)—(A35) collected in
the Appendix, we can compute the superalgebra generated
by the fermionic supercharges Sz;a constructed from X,
and X Ir’ by the supercharges Q,., composed from Y, and
YI , and by the bosonic integrals 7,., constructed from Lax
operators Zs and Z.. The nontrivial (anti)commutation
relations are

{8,8,}=28he,, {Q4 Qp}=28,4h3h3,  (6.59)
(S Q= 28,,C i1 1y + 26,4, P, (6.60)
[T2’ Sa] = 2l(hC] Qa - Clh1h23a)r (661)

[P, Q1= 2ihhy(C,Q, — hi1h,S,),

where h; = H, + «k},i=1,2, he, = H, + C}, and we
omitted the index n = 2 in the integrals.

Supercharges 32;51’ a =1, 2, generate a Lie subsuper-
algebra of N = 2 supersymmetry. Since C? = C3 > &3, it
corresponds to the spontaneously broken phase. However,
a peculiarity of the extended system J, is that it has a
structure of centrally extended N = 4 nonlinear supersym-
metry with the two additional fourth order supercharges
9,.4> and two bosonic integrals P,.,. Again, the integral
P,.; plays here the role of the central charge. As in a
generic isospectral case from the previous subsection, the
sum of differential orders of the basic irreducible inter-
twining operators equals 5 and coincides with the order of
Lax operators. Again, the superalgebra (6.59), (6.60), and
(6.61) has a remarkable similarity with that for the n = 1
isospectral case.
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We conclude that with a chosen subsystem H,,
Eq. (6.54) defines a one-parametric family, in which 75,
7h # 75, is a free parameter of the exactly isospectral
system H/. Such a family of Schrodinger pairs is described
by the supersymmetry with the two first order super-
charges, two supercharges of order 4, and two bosonic
integrals of differential order 5, one of which is a central
charge. This generalizes the n = 1 self-isospectral case
discussed in Sec. IV for the case of n = 2 isospectral,
but not self-isospectral, pairs.

VIL. PARTIALLY BROKEN AND EXACT
ISOSPECTRALITIES IN r >2 SYSTEMS

The analysis of partially broken and exact isospectral-
ities can be generalized for n-soliton extended systems
with n > 2. The case n = 2 considered in the previous
section shows that the concrete structure of supersymme-
try, namely its irreducible generators and coefficients in the
superalgebra, depends not only on how many scaling pa-
rameters coincide, but also on whether they correspond to
the same or different ordinal numbers of discrete energy
levels of subsystems. It also depends on relative translation
parameters associated with the corresponding coinciding
discrete energy levels, and may change in the cases
when such relative translation parameters turn into zero,
or are correlated via equalities of the form (6.54).
Correspondingly, a concrete form of supersymmetric struc-
ture is rather variable, but the general picture can be
summarized as follows. The n > 2 pair is characterized
by two irreducible basic intertwining operators, one of
which is a differential operator of odd order, while another
is of even order. Each n-soliton subsystem also is charac-
terized by a nontrivial integral to be a differential Lax
operator of order 2n + 1. The orders of irreducible inter-
twining operators satisfy the following rules. As we saw,
the case of complete isospectrality breaking, when all the
scaling parameters of one subsystem are different from
those of the second subsystem, the supersymmetric pair
is characterized by intertwining operators, X,,; and Y,,,
of differential orders |X,,.;| =2n + 1 and |Y,,| = 2n.
The sum of their differential orders, 4n + 1, coincides
with the order of the composite differential operator of
the form (H,,)"Z,. When any pair of the scaling parameters
of the subsystems coincides, the total order of the two basic
irreducible intertwining operators decreases in such a way
that |XY1t| = |(H,)" 'P| = 4n — 1. Any new coincidence
of some new pair of scaling parameters decreases the total
order of XY by two. Finally, in the case of exact isospec-
trality, when all the n pairs of the scaling parameters
coincide, we have |XYt|=|Z,|=@n+1)—2n=
2n + 1.

As an example, consider a generic case of exact iso-
spectrality for the pair of the reflectionless soliton systems,
each having three bound states. In this case, the composite
operator A5 has six different factorizations in dependence
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on the order of the free particle nonphysical states ¢ ;, j =
1, 2, 3, which are used to generate a three-soliton system.
For instance, factorization A; = A(33)A;2)A(11) corresponds
to that described in Sec. V, while A; = A(33)A(21)A(12) corre-
sponds to an alternative factorization like that described in
Sec. VIB, with A(lz) constructed in terms of the state ¢,;
A(2]) constructed recursively in terms of A(lz) and ¢ ; and
finally, A(33) is constructed recursively by employing A(lz) ,
A(Zl) and ¢r5. In other words, the upper index indicates here
the index of a state ¢ ; we use to construct the first order

Darboux operator of the generation marked by the lower
index. The factorizations different from the standard one

Ay = A(33)A(22)A(11) correspond to permutations of columns
in the Wronskian (2.2), and in accordance with Eq. (2.1),
do not produce any effect on the final form of the three-
soliton potential V3. Employing the information on inter-
twining operators of the n = 2 case, we construct three
intertwining operators of order 5, X(Sl) = A(33))V((3]2)A/3(3”,
X0 = AVZEIAMT and %9 = AOXEAPH | where
X2 = A KA ang Z = AD 40 g, i
the first order operator constructed in accordance with
Eq. (4.2), and C, = «, cothk,(7, — 7.), r =1, 2, 3. The
generic intertwining operator of order 7 reduces as
X;=(Hs+ XY -CYs,  r=123 (11
Taking (X(sl) — X(SZ)) and (ng) — X?), we get two inter-
twining operators of order 4, ¥ (12) and ¥, in which the
coefficients before the leading derivative term d*/dx* will
be constants. Presenting Y12 and Y® in a normal form,
with leading coefficients equal to 1, and taking a difference
of the resulting fourth order differential operators, we get
an irreducible intertwining operator of order 3. Taking any
one of the obtained two fourth order operators, we identify
finally a pair of the basic irreducible intertwining operators
X3 and Y 4 of orders 3 and 4. Three identities in (7.1) allow
us then, on the one hand, to express the generic intertwin-
ing operators X5 and Y, which are reducible here, in terms
of }23 and }74 multiplied by certain polynomials in Hj.
On the other hand, the same identities (7.1) indicate that
the cases with C; =C, and/or C, = C; are peculiar.
Coherently with the analysis of the previous section, one
can expect that in the special case C; = C, = Cs the basic
irreducible intertwining operators are of orders 1 and 6.
The analysis of this special case requires a separate con-
sideration and we do not present it here, but only note that a
corresponding isospectral pair is constructed similarly to
the case of the n = 2. Namely, the scaling, «3 > k, > ki,
and translation, 7, 7, and 73, parameters of the subsystem
H; are taken arbitrarily, the scaling parameters of the
partner system H) are the same, and parameter 75 can
take any finite value restricted by the condition 74 # 7.
The relation C, = C; defines 7 uniquely in terms of the
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already chosen parameters, and then the equality C; = C,
fixes uniquely the remaining displacement parameter 7/.

VIIL SPIN-1/2 PARTICLE INTERPRETATION

In this section, following Ref. [22], we discuss shortly a
spin-1/2 particle interpretation of the studied class of the
soliton systems (1.1) and (1.2). This, particularly, will shed
a new light on a peculiarity of the special family of
isospectral n-soliton systems characterized by the first
order supercharges.

Consider a nonrelativistic particle (electron) of mass
m = %, charge e = —1 and gyromagnetic ratio g =2
confined to a plane in the presence of an electric field
described by a scalar potential ¢ (x, y) and a perpendicular
magnetic field B.(x, y). The system is described by the
Pauli Hamiltonian

.d 2 . d 2
H:<_l$+Ax) +<_ld—y+Ay> +O—3BZ_¢' (81)

Let us assume that electric and magnetic fields are homo-
geneous in the direction y, ¢ = ¢(x), B, = B,(x), and
choose A, = 0, A, = a(x). Then B, = % and the spinor
wave function can be taken in the form W(x, y) =
e™ i (x). The action of the Hamiltonian (8.1) on a spinor
i (x) reduces to the matrix Hamiltonian of the form (1.1)
with V.. (x) = (k + a(x))? — ¢ + 94 Our system (1.1) and
(1.2) corresponds to the scalar electric potential and
magnetic field of a special form

B(x) = (ala) + B2 = 3V, + Vi),

da _1
dx 2

(8.2)

B.(x) = (Ve = Vo),

given by the n-soliton, reflectionless potentials V,, and V.
Taking into account Eq. (2.1), the potentials ¢(x) and a(x)
can be written in terms of the corresponding Wronskians as

$(x) = (alx) + k)* + % In(W, Wy,),
(8.3)

d (W
a(x) = a In Wn + Co»

where ¢ is an integration constant. Therefore, a spin-1/2
particle in the plane, subjected to electric and magnetic
fields of the special form (8.2) that are homogeneous in the
y direction, is described by an exotic supersymmetry that
was investigated and described in the previous sections.
Let us show now that the systems (1.1) and (1.2) con-
structed from the special isospectral pairs of the n-soliton
potentials, which are characterized by two first order super-
charges (alongside the supercharges of order 2n and
bosonic integrals P,,, a =1, 2, being differential
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operators of order 2n + 1), correspond to the case of a zero
electric field, i.e., a constant scalar potential ¢.
First, consider a one-soliton case for which V| =
—2sech’k(x + 7) and V| = —2sech’k(x + 7/). For it
W, = coshk(x + 7) and W| = coshk(x + 7/). Putting the
integration constant ¢, = k cothx(7 — 7') — k, we obtain

alx)=—Ax)—k
A(x) = k(tanhk(x + 7) — tanhk(x + 7') — cothx(7 — 7)),
(8.4)

that, up to the constant term —k, coincides exactly with the
superpotential that appears in the first order intertwining
operator (4.2). The trigonometric identity

1 — tanha tanhB — coth(a — B)(tanha — tanhB) = 0
(8.5)

gives then ¢ = w’coth’k(7 — 7/), that is a square of the
constant C defined in Eq. (4.4).

In the same way, for the special n = 2 case discussed in
Sec. VIG, we find a(x) = W(x) — k, where W(x) is the
superpotential appearing in the first order intertwining
operator (6.55), and the scalar electric potential reduces
to the square of the constant C; = «; cothk (7 — 7), p =
C3. This picture with a disappearing electric field is also
valid for special isospectral n-soliton systems with n > 2,
which were briefly discussed in the previous section.

It is interesting to note that the electric field can also be
eliminated in the self-isospectral case of reflectionless
Poschl-Teller systems, having n > 1 bound states, that
corresponds to the pair of mutually shifted soliton
potentials V, = —n(n + 1)k*sech®k(x + 7) and V) =
—n(n + 1)k%sech’k(x + 7/) with n > 1. This, however,
can be done at the cost of changing the gyromagnetic ratio
g = 2, corresponding to the Pauli Hamiltonian (8.1), to the

value g, = 4/2n(n + 1). Indeed, changing the magnetic
term in (8.1) for % 8,038, an analogous analysis employ-
ing the identity (8.5) results in a(x) = —1g,A(x) —k,
where A(x) is the same as in Eq. (8.4), and ¢ =
In(n + 1)k*coth’k(7 — 7'). According to the discussion
in Secs. VIF and VII, a matrix system (1.1) and (1.2) with
mutually shifted reflectionless Poschl-Teller potentials is
characterized by the pairs of the supercharges to be differ-
ential operators of orders n and n + 1. This picture can be
contrasted with a nonlinear supersymmetric structure
appearing in the Landau problem for a charged spin-1/2
particle with special values of the gyromagnetic ratio
g = 2n (see Ref. [54]), where supersymmetry is generated
by a pair of the supercharges to be differential operators of
order n.

IX. DISCUSSION AND OUTLOOK

A generic supersymmetric quantum mechanical system
with a 2 X 2 matrix Hamiltonian, whose components are
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intertwined either by first order Darboux or higher order
Crum-Darboux differential operators, is described by two
fermionic supercharges constructed from the intertwining
generators. The supercharges together with the matrix
Hamiltonian generate, respectively, either linear or non-
linear N = 2 superalgebra. For the linear supersymmetry
(in the sense of superalgebra), the system has either one
nondegenerate zero energy level corresponding to the
ground state in the case of the nonbroken supersymmetry,
or only degenerate energy levels if the supersymmetry is
broken. For the nonlinear supersymmetry case the picture
is more complicated, and the system can possess 0=€=n
nondegenerate states if nonlinear supersymmetry is of
order n; see Refs. [37,50] and references therein.

We studied a special class of reflectionless systems with
superpartners having the same number # of discrete energy
levels in their spectra. Each of the superpartner potentials
describes an n-soliton solution of a nonlinear KdV equation
that depends on n scaling and n translation parameters, and
satisfies the corresponding higher stationary equation of
the KdV hierarchy. Because of the peculiar, soliton nature
of the composite matrix Hamiltonians, their supersymmet-
ric structure, on the one hand, turns out to be richer in
comparison with a generic case, and, on the other hand, it
experiences essential changes depending on the relation
between the two sets of 2n parameters that characterize the
partner n-soliton potentials.

It is worth stressing here that according to the terminol-
ogy we used, the complete isospectrality breaking for a

pair of n-soliton potentials V,, = V, (K1, ..., Ky, T1, - -+, Tp)
and V, = V,(k},..., ky, 7, ..., 7,) means that x; # K},
for all j, j/ = 1,..., n, and so, the energies of their bound
states, E; = —sz- and E; = —K;z, have no coincidence,

i.e., the extended system (1.1) and (1.2) in this case has
2n discrete nondegenerate levels. At the same time, the
lowest, zero energy level at the bottom of the continuous
part of the spectrum of the extended system is doubly
degenerate, while all the energy levels with £ > 0 inside
the continuous spectrum are fourfold degenerate.

There are four supercharges in the system (1.1) and (1.2),
two of which are composed from intertwining generators
Xo+1 and X; «+1 to be differential operators of the odd order
2k + 1 = 2n + 1, while the two other fermionic integrals
are constructed from intertwining generators Y,; and Y. ;r ; of
the even order 2/ = 2n, such that in the general case the
total order, |X5;4,| + |Yy|, of the basic irreducible inter-
twining operators satisfies a relation 2n + 1 = 2k + 1) +
2l =4n+ 1. The system also possesses two bosonic
diagonal matrix integrals composed from nontrivial Lax
operators of the n-soliton subsystems, Z,,.; and Z}, |,
which are differential operators of order 2n + 1, being the
Crum-Darboux dressed form of the free particle momentum
p=—i %. Operator Z,,, 11 (Z5,,,) detects all the physical
nondegenerate states of the subsystem H,, (H)) by annihi-
lating them.
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When the two sets of the scaling parameters are com-
pletely different, we have a complete isospectrality break-
ing, and the irreducible intertwining generators are of the
orders 2n + 1 and 2n. In this case X, and Y, intertwine
the partner Hamiltonians H, and H/, via a virtual free
particle system. Operator Y,, detects all the bound states
of the H!, subsystem, by annihilating them, while X,,,
makes the same job and, additionally, annihilates the non-
degenerate state of the zero energy at the bottom of the
continuous spectrum. The eigenstates of H!, not annihilated
by these intertwining operators are transformed by them
into the corresponding eigenstates of H,. The operators
X;rn s andY. ;r” do the same with the eigenstates of H,. The
anticommutator between the supercharges of differential
orders 2n + 1 and 2n generates the diagonal Lax integral
P, = —idiag(Z,,, Z},,,) multiplied by the order n
polynomial of the matrix Hamiltonian. Both bosonic inte-
grals, P,.; and P,, = 03P,.|, commute nontrivially with
the supercharges. The Hamiltonian J, of the system
plays the role of the multiplicative central charge of the
nonlinear superalgebra, whose structure is insensible to the
translation parameters of the potentials.

In the simplest case of n = 1, when the scaling parame-
ters k; and k| of the partner potentials coincide, a kind of
channel for a direct tunneling between the partners is
opened; the third order operator X5 is substituted for the
operator X of the first order, that intertwines H, and H|
directly, without communication via the virtual free parti-
cle system; and bosonic integral ., transmutes into the
central charge of the superalgebra, whose structure starts to
depend on the tunneling distance 7; — 7}. Operator X;
transforms now all the physical eigenstates of the H|
subsystem into the corresponding eigenstates of H;. In
the case n > 1, each time any two discrete energy levels
of the partner subsystems coincide, the basic intertwining
operators X and Y undergo a reduction, decreasing their
total differential order by two, and a dependence on a
relative translation parameter associated with a pair of
coinciding scaling parameters appears in the super-
algebraic structure. The details of the restructuring of
supersymmetry generators depend on whether the discrete
energy levels of the partners of the same or different
ordinal numbers do coincide. A structure of supersymme-
try also suffers abrupt changes in the orders of the basic
irreducible intertwining operators, leaving invariant their
total sum, when the coincidence of translation parameters,
associated with the coinciding scaling parameters, hap-
pens. The supersymmetry also experiences a restructuring
for another kind of correlation, «;cothk;(1; — 7)) =
K cothk (T, — T/,./), j # j', between the translation pa-
rameters associated with the coinciding pairs of discrete
energy levels of the different ordinal numbers, j # j.

Only in the case of the exact isospectrality of the part-
ners, when all their discrete energy levels coincide pair-
wise, and as a consequence, their transmission scattering
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amplitudes also coincide, the bosonic integral P, trans-
mutes into the central charge of the superalgebra. In this
case the total order 2n + 1 of the two basic irreducible
intertwining operators X and Y coincides with the differ-
ential order of bosonic integrals. A particular case of such a
situation corresponds to a self-isospectral pair of Pdschl-
Teller systems.

From the viewpoint of supersymmetric structure we
investigated, the self-isospectral Poschl-Teller pairs pos-
sess, however, no special properties when n > 1, though
the special subfamily of the extended systems with exact
isospectrality that we detected corresponds to a general-
ization of the n = 1 self-isospectral case. For n > 1, those
special isospectral pairs with the scaling and translation
parameters correlated by means of (n — 1) equalities
Ky cothk (1) — 77) = K;cothr;(r; — 7)),  j=2,....n,
are described by the basic irreducible intertwining gener-
ators X, and Y,,. For n > 1, the corresponding isospectral
partner potentials have a form different from each other,
and if one of them is chosen to be a reflectionless Poschl-
Teller potential with n > 1 bound states, an isospectral
partner does not belong to the Poschl-Teller hierarchy of
potentials. More precisely, we identified and investigated
in detail the supersymmetric structure of such a special pair
in the case n = 2, while we provided here only general
indications that the same happens for n > 2. The special
family of the completely isospectral pairs of n-soliton
systems with n > 2 requires a separate consideration and
will be presented elsewhere. The property |X;| = 1 means
that any of the two Hermitian supercharges composed from
the irreducible intertwining generators X; and X ;r may be
identified as a first order, Dirac type, Bogoliubov-de
Gennes finite-gap Hamiltonian that belongs to the
Ablowitz-Kaup-Newell-Segur integrable hierarchy. From
another perspective, we also observed the peculiarity of the
special family of completely isospectral pairs with |X;| =
1 from the viewpoint of the interpretation of the matrix
Hamiltonian (1.1) and (1.2) in terms of the nonrelativistic
spin-1/2 particle system. In this context, we showed that
the entire family of self-isospectral reflectionless Poschl-
Teller systems also is special.

Analyzing the changes of the supersymmetric structure
associated with a coincidence of the scaling parameters, or,
that is the same, of the bound states’ energies, we referred
to the opening of tunneling channels conventionally. This
might correspond nevertheless to real tunneling processes
in some applications of the exotic supersymmetry, particu-
larly related to instantons.

We discussed the exotic supersymmetric structure from
the standpoint of a usual Schrodinger equation that corre-
sponds to a potential problem for a particle with a constant
mass. It would be interesting to reinterpret the results from
the perspective of a quantum problem for a particle with a
position-dependent mass [55] having in mind possible
applications for condensed matter physics.
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As it was noted, by displacing the coordinate x for a pure
imaginary constant, x — x + {8, our analysis can be gen-
eralized for the case of PT -symmetric quantum systems
[52]. Such a generalization seems to deserve a special
attention as it was proved to be useful for a particular
case of supersymmetric extensions of reflectionless
Poschl-Teller and related systems, that helped recently to
clarify some peculiarities in the T -symmetric quantum
mechanics [53]. Particularly, P7T -symmetric generaliza-
tion might be useful for applications in quantum optics.

As we mentioned, n =1 and n = 2 reflectionless
Poschl-Teller systems control the stability of the kink
solutions in the sine-Gordon, g04, and other exotic
(1 + 1)-dimensional field theoretical models.’ By consid-
ering the doublets of these fields with equal or different
masses [56,57], one could expect that the studied super-
symmetric structure may reveal itself somehow at the
level of the symmetries of the corresponding kink
solutions.

We investigated exotic supersymmetry of soliton sys-
tems with the primary focus on its quantum mechanical
aspects. The intriguing open question is whether it can be
related somehow to a space-time symmetry of relativistic
field systems having topological solitons. The develop-
ments in Sec. IV of Ref. [36] seem to point towards a
positive answer to this conjecture.

We discussed supersymmetric structure by choosing the
diagonal Pauli matrix as a grading operator I'. Alternative
choices for I' related to reflection operators are also pos-
sible. They provide the identification of the nontrivial
integrals of motion as fermionic and bosonic generators
in a way different from that described here. Particularly,
the treatment of P,., as odd supercharges is possible; see
Refs. [24,37,46,47,49,58]. Supersymmetric structures for
alternative choices of I' can be computed by employing the
product relations of the intertwining generators and Lax
operators collected in the Appendix. The alternative
choices were useful for identification of the hidden
supersymmetric structure in the systems described by the
first order Bogoliubov-de Gennes Hamiltonian, particu-
larly in those associated with the Schrodinger n = 1
isospectral pair considered here [24,46]. In this direction,
it seems to be interesting to apply the results to a special
case of the two-soliton pairs with exact isospectrality
studied in Sec. VIG to the physics related to the Gross-
Neveu model.

Finally, it would be interesting to generalize our analysis
for finite-gap periodic systems, which also find many
interesting applications in physics [23,24,26,59,60]. In
that case it seems to be natural to restrict the considerations
to the isospectral pairs.

Reflectionless n-soliton potentials of a general form like that
analyzed in Sec. VI for n = 2 also appear in stability equations
for kink solutions in certain (1 + 1)-dimensional nonlinear field
models; see Ref. [36].
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APPENDIX

Here we collect the products of the intertwining opera-
tors and Lax operators necessary for computing the con-
crete superalgebraic relations.

In the n = 1 nonisospectral case, x; # k|, the basic
products of intertwining operators and Lax integrals are

X;X! = H (H, + &) (H, + «P),

(Al)
X1X; = H{(H} + &) (H]| + kD),
v,Y} = (H, + A(H, + ?), a2
Yiy, = (H| + K)(H| + «?),
X1 = —v,x1 = (H, + K}z, a3
Yixs=—-xly, = (H, + )7},
Z3X3 = —H (H| + «3)Y>,
(A4)

X3Zg - _Hl(Hl + KIIZ)YZ,

Z3Y2 = (Hl + K%)X:},, Yng = (Hl + Kllz)X?,, (AS)

VAYAN
2,7 = —7 = Hi(H} + «?)*.

_Zg = HI(HI + K%)zx (A6)

The products X1 Z3, Z,X1, Y1 Z; and Z, ¥} are obtained by
the Hermitian conjugation of (A4) and (AS). They are
given by expressions of the same form but multiplied by
—1 because of the property Z; = —Z3, and with substitu-
tions H; — H{, X3 — X; and Y, — Y;. Relations (A6) are
needed for computing the superalgebraic structures in the
case of alternative choices of the grading operator.
In the n = 1 isospectral case k| = «/, because of reduc-
tion (4.1), some relations are changed for
XXt =H +

XIX,=H/ +C, (A7)

X} =2z, +CH, + &),
Yzjz‘lr = _Z3 + C(Hl + K%),

(A8)

045009-20



EFFECT OF SCALINGS AND TRANSLATIONS ON THE ...

Z3X1 = Xlzg == C(Hl + K%)Xl - (Hl + Cz)Yz, (A9)

Z3Y, =Y, Z = (H, + k})((H, + )X, —CY,). (A10)

The products X1Zy = Z.XT and Y]Zy=2Z,y] are
obtained by the Hermitian conjugation of (A9) and (A10)
as in the nonisospectral case.

For a pair of n-soliton systems with complete isospec-
trality breaking the basic products are

Yo Y3, = P,P,  XpuiXL,., = H,P,P, (ALl
X2n+lY;n = _Y2nxgn+1 = H:Dilz2n+l) (A12)
ZZn+1 Y2n = an2n+1’ Y2nZ/2n+1 = PZXZVL#LI’ (A]3)
ZZn+1X2n+1 = _HnlpnYer
(A14)
X2n+IZ/2n+1 = _HHPZYZW
Z%n+l =—-H,P, (A15)

where P, =[1-,(H, + «3), P, =TI ,(H, + «?).
Other products of the type X;rn +1Y2, etc. are obtained

from these ones via the change Kj < K, T 7;- with

taking into account that XJ ., = =X, . Yl =¥} and
=z
2n+1 2n+1-

For three cases (6.19), (6.22), and (6.26) of n = 2 pairs
with partial isospectrality breaking, the basic product rela-
tions are obtained from (A11)-(Al5) by taking into
account the reduction relations (6.21), (6.25), and (6.28).
The latter are presented in the unified form X5 = hK,X 13 —
C,Y,, and then for each of three cases, distinguished by the
index [ = 1, 2, 3 for (6.19), (6.22), and (6.26), respectively,
we have

XLX = heh i, YyY) = hhehe,  (Al6)
X4YD = hy(Zs + Cihhy,),
y (A17)
Y4X{§+ = hK;(_ZS + ClhKith)?
ZsYy = hKith(hKiXIS - ClY4):
y (A18)
Y4Zg = hK,-hK;(hK,-Xé - CIY4),
ngé = th(Clh’KiXIB - hCIY4)’
(A19)

X425 = hyo (Ch X5 — he,Yy),
where h, = H, + &%, a = k;, kg, &)}, C,.

The n = 2 partial isospectrality breaking case k| = I,
Ky # K/z, T = 7"1, shown in Fig. 4(a), is characterized by
the following basic products of the intertwining and Lax
operators:

Y4V3t = hohy,  XsXI = Hyh2 hohe,  (A20)
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XS?QT = _??X; = thZS,
. . (A21)
vilxs = —x1v4 = ho 7z,

ZsXs = —Hyh% h,, Y5, XsZi = —Hyh% ho Y,

(A22)

JA VA7l
ZsYy = h,,Xs, Y5Z, = h Xs. (A23)
For the n = 2 isospectral case with a common n = 1
virtual system, when k| = k|, kK, = Kb, 7| = 7|, Ty # T},
the basic products are
VAVAT — 72
VAYST = h

Ky’

VAT VA _ 112
Y5'Y5 = hi, (A24)

VBT ¥B _ 2
X3 X5 = hp i,

VBB
XEXET = he,

vByAT _
)53 IV/2 Zs + Coh b, (A25)
VAXET = —Zs + Cyh b

Ky

vBtyA —
XBVYA = —ZL + Cohl I, (A26)
V4TXE = ZL + Cohl I,

Ky’

ZsY4 = Y37 = h2 X5 — Cohy h,, Y5,

(A27)
Vit Zs = 20V = Col b VAT — n2XET,

uB SR v A
ZsXE = XBZL = Cyhy h XE — he b2, V4, (A28)

X5tz = ZiX5T = ny n2 V5T - Conl hl X5

Here h, =H,+ &3, hl, =H,+«k? i=1, 2, he, =
H2 + CZ’ h/cz = Hé + C%, and C2 = Kp COthK2(7'2 - T/Z)
Relations for the same isospectral case but with 7, = 75,
71 # 7} are obtained from these ones by interchanging
A © B, K| © Ky, T| < Ty, T) < 7, and by, correspond-
ingly, changing C, — C;.

In the generic n = 2 isospectral case, k| = K|, kK = K,
T # 7), T, # 75, denoting X'(;) = X4 and }Zgz) = X5 we
have

TRV = Rihih; + (C; — C;)Z, (42
2ty = 1)z,
T ALC((_I)imhzth(si) + 5ifhiih§}?(3j)), (A30)
X0z =7, X1
— S (IR RYT + IR, (A31)
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where hi = H2 + Klz, h: = Hé + Klz, hlj = H2 + Cicj’
hi; = Hy + C,C;, AC = C, — C;, and no summation in i,
Jj =1, 2 is implied on the right-hand sides.
For the n = 2 special isospectral case C; = C,,
XIXI = ]’lcl,
YY) = n2 hl

Ky’

XTXTny,
Yiv, = nZn?2

Ky’

(A32)

XIYI == ZS + Clhklh Y4}2.1r == _ZS + Clhthkz,

(A33)

Ky’
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ZsX, = X,Z5 = Cih, h X, — he Yy,
X1z = X} = ) v} — ¢ hi hl X,

(A34)

Y, Zi = ZsYy = hxlhxz(hxlh,(z)a —C1Yy),
ziyl =vizs = ni (€Y} — nj ni XD,

(A3)5)

where h, = H, + k7, hly =H)+ k7 i=1, 2, he, =
H, + C}, hp = Hb + CF.
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