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Abstract

We recall the importance of recognizing the different mathematical nature of
various concepts relating to P7 -symmetric quantum theories. After clarifying
the relation between supersymmetry and pseudo-supersymmetry, we prove
generically that nonlinear pseudo-supersymmetry, recently proposed by Sinha
and Roy, is just a special case of N -fold supersymmetry. In particular, we
show that all the models constructed by these authors have type A two-fold
supersymmetry. Furthermore, we prove that an arbitrary one-body quantum
Hamiltonian which admits two (local) solutions in closed form belongs to
type A two-fold supersymmetry, irrespective of whether or not it is Hermitian,
‘PT -symmetric, pseudo-Hermitian and so on.

PACS numbers: 03.65.Ge, 02.30.Hq, 11.30.Pb, 11.30.Na

1. Introduction

Since Bender and Boettcher claimed that the reality of the spectrum of the Hamiltonian
H = p?+x? +ix? is due to the underlying P7 symmetry [1], there have appeared in the
literature numerous investigations into the spectral properties of various quantum Hamiltonians
with non-real potentials defined on, in general, a complex contour. See, e.g., [2-7] and
references cited therein for recent developments. The rapid progress in this research field,
however, has caused some confusion and several misunderstandings. A typical example is the
relation between P7 symmetry and pseudo-Hermiticity. The former concept is meaningful
at the operator level, without referring to a vector space on which the operator in question
acts; indeed, it can be defined as the invariance of the operator under the formal replacements
x — —x andi — —i. On the other hand, the concept of pseudo-Hermiticity, mainly developed
by Mostafazadeh in the context of P7 symmetry [8], inevitably needs a Hilbert space on which
the Hermitian conjugate is defined. Hence, it makes little sense to discuss, e.g., whether or
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not P7 symmetry is a special case of pseudo-Hermiticity, without taking into account their
different mathematical character.

Recently, we have also found a similar confusion in the paper by Sinha and Roy [9],
where the authors claimed to generalize the framework of A/-fold supersymmetry to include
pseudo-Hermitian systems. This misunderstanding is apparently inherited from the claim in
[8] that pseudo-supersymmetry is a generalization of (ordinary) supersymmetry.

Considering the current situation in and around this research field, we would like to recall in
this paper the importance of recognizing the different mathematical nature of various concepts
relating to P7 -symmetric quantum theories. In particular, we focus on the relation among
the nonlinear pseudo-supersymmetric models in [9], the framework of A/-fold supersymmetry
and higher order Darboux transformations.

The paper is organized as follows. In the next section, we review the definition of various
concepts characterizing linear differential operators, which are relevant in P7 -symmetric
quantum theories, to avoid ambiguity. Based on these precise definitions, we clarify the exact
relation among various types of supersymmetry in section 3. We then proceed to prove that
nonlinear pseudo-supersymmetry automatically implies N -fold supersymmetry in section 4.
To make the relation more transparent, we also show how all the models in [9] can be explicitly
constructed in the framework of N-fold supersymmetry. These findings clearly suggest that
there is an overlooked relation between the higher order Darboux transformations and N -fold
supersymmetry, which we discuss in section 5. The paper concludes in section 6 with a
short discussion of the main results obtained in it and some general remarks on the different
mathematical character of the symmetries considered.

2. Pseudo-Hermiticity and P77 symmetry

First of all, we would like to review the definition of P7 symmetry [1] and pseudo-Hermiticity
first introduced in [8]. In this paper, we restrict our discussion to linear operators acting on a
linear function space of a single variable, e.g., x, which have generally the following form:

(o] d"
L= (X)) —. 1
; fr) o (1)
We first define the formal Hermitian conjugate L' of the operator (1) by
o0 d"
Lf — _1 n * * , 2
;( V' T ) )

where * denotes complex conjugate. A linear operator L is called formally Hermitian if
L' = L. Similarly, the transposition L’ of the operator (1) is defined by

& ar
L'=3 (=D fo), 3)
n=0 X
and L is said to have transposition symmetry if L' = L [10]. We note that the formal
Hermitian conjugate and transposition of a product of two linear operators formally satisfy
(L1Ly)" = LYLY and (L L))" = L5 LY, respectively, by the above definition.
The spatial reflection P and the time reversal 7 of the operator (1) are, respectively,
defined by

o0 dn
PLP =} (=1 fu(=0) 4 )
n=0
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&)

o ar

TLT = gfn(x )
where we note that P> = 72 = 1 and P7 = TP. A linear operator L is said to have PT
symmetry if PTLPT = L [1].

Let V be a linear function space, let n be an invertible, formally Hermitian operator on
V), and consider a linear differential operator L : V — V of the form (1). Then, the formal
pseudo-Hermitian conjugate L" : V — V with respect to n is defined by L* = n~'Lin. A
linear operator (1) is called formally pseudo-Hermitian if there exists an invertible, formally
Hermitian operator 7 satisfying L* = L, or equivalently, L' = nLn~'. Itis evident that formal
pseudo-Hermiticity reduces to formal Hermiticity when n = 1.

The Hermitian conjugate of the linear differential operator (1) acting on a Hilbert space
L2(S) (S C R) with the positive definite inner product (¢, ¥) defined by

(@.¥) = /SdX¢>*(X)¢(X) (6)
is the operator L' satisfying
@ L') = (Lp.v)., V. ¥ € LX(S), (7

and formally coincides with the formal Hermitian conjugate L!. Then, the operator L is called
Hermitian (or self-adjoint) if L' = L with respect to the inner product (6).> It is evident that a
Hermitian operator on L?(S) is always formally Hermitian. Similarly, the operator L is called
pseudo-Hermitian if there exists an invertible, Hermitian operator 1 satisfying L' = nLn™!
with respect to the inner product (6) [8]. It is also evident that a pseudo-Hermitian operator
on L?(S) is always formally pseudo-Hermitian.

The crucial problems in the construction of pseudo-Hermitian theories are that the
eigenvectors of a pseudo-Hermitian operator are not in general orthogonal with respect to the
inner product (6), and that ascertaining that these eigenstates span a dense set of the Hilbert
space L2(S) is far from trivial. These facts clearly indicate the difficulty in establishing, e.g.,
a resolution of the identity and a spectral theorem for pseudo-Hermitian operators in terms
of orthogonal spectral projections. Therefore, we should note that many of the results in
[8, 11-17] including the relation with P7 symmetry, derived from the assumption that there
exists a complete set of (bi)orthonormal eigenvectors, cannot be rigorously justified in general,
at least at present.

3. Supersymmetry and pseudo-supersymmetry

Before discussing the relation between N -fold and nonlinear pseudo-supersymmetries, we
shall clarify in this section the simplest case, namely, the relation between ordinary and
pseudo-supersymmetries. The Poincaré superalgebra in one spacetime dimension is given by

[AT,H] =0, (A%, AT} =0, {A7, A"} = 2H. (8)
An arbitrary system possessing the dynamical symmetry characterized by the above
superalgebra is given by a representation thereof. In particular, a pair of Schrodinger operators
H¥ can be embedded into the following representation:

(0 A . (0 0
= 0) (e o)

Ho (T 0)_Ll(aa o
“\o w )72\ 0 aa)

3 Note, in particular, that D(L) = D(L"), where D denotes the domain of the operator.
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where the operators A* are given by
_d ., d
AT = —+W(x), AT=A") =——+W(). (10)
dx dx

Arbitrary one-body supersymmetric quantum mechanical systems in the literature are in fact
mathematically equivalent to the above system with a specific choice of the function W (x),
although various notation, conventions and terminology have been employed.

The crucial point here is that the superalgebra (8) always holds for an arbitrary
(differentiable) complex function W (x). Then, if we restrict the function W (x) to be real, A*
is the formal Hermitian conjugate of A=, A* = (A7), and the operators H* are formally
Hermitian, (H*)" = H*. If we further restrict the real function W (x) to be in a special class
of real functions, it may be possible to define a Hilbert space L?(S) (S C R) on which H* are
(rigorously) Hermitian, (H ) = (H*)' = H*. On the other hand, if we restrict W (x) to a
class of complex functions such that there exists an invertible, formally Hermitian operator n
for which the relation A* = 1~ (A ™)y holds, the operator H is formally pseudo-Hermitian,
H' = nHp~'. A further restriction of the complex function W (x) may enable us to define a
Hilbert space L?(S) on which H is (rigorously) pseudo-Hermitian [8]. Finally, if the complex
function W (x) satisfies W*(—x*) = —W (x), the operators H* are P7 -symmetric.

It is thus apparent that Hermitian, P7 -symmetric or pseudo-Hermitian supersymmetric
systems are special cases of general supersymmetry, which is characterized by the Poincaré
superalgebra (8) in one spacetime dimension, depending on the restrictions one imposes on
the function W (x).

4. N -fold and nonlinear pseudo-supersymmetry

Next, we shall clarify the relation between N -fold and nonlinear pseudo-supersymmetry.
N-fold supersymmetry is characterized by a superalgebra of the type

[Qyv.Hy] =0, {Qv.Qy} =0, {Quv. Q) = IyHy), (11
where Iy is a polynomial of degree A/. The operators Q/Jf, are called N-fold supercharges.

For a pair of Schrodinger operators H/\J—j and a monic linear differential operator Py of
order \:

dk

ax (42

N
Py =Y wi(x)
k=0

N -fold supersymmetry can be simply realized by the matrix representation

_ (0 P N 0 0 Hi 0
=0 §) w=(o) w=(V ) @

For a discussion of the general aspects of A/-fold supersymmetry, see, e.g., [10, 18, 19]. In
particular, the system (13) reduces to the ordinary supersymmetric system (9) when A = 1.

From the discussion in the previous section, it should be almost apparent that Hermitian,
PT-symmetric or pseudo-Hermitian N -fold supersymmetric systems can all be realized as
special cases of (general) A/-fold supersymmetry, depending on the properties of the functions
wi(q) (k =0,...,N) in the component of N'-fold supercharge (12).

We now prove generically that any nonlinear pseudo-supersymmetric system
has A/-fold supersymmetry. Indeed, since any nonlinear pseudo-supersymmetric pair of
differential operators i and 4 y (using the notation of [9]) satisfies, by definition, intertwining
relations with respect to higher order linear differential operators A”Y) and A)%:

ANy = hyA™N, hoA™M? = ANy, (14)
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the operators /g and hy preserve the finite-dimensional vector spaces ker AYY) and ker AV,
respectively, and thus are weakly quasi-solvable. Applying the theorem on the equivalence
between weak quasi-solvability and N -fold supersymmetry rigorously proved in [18], and
using the fact that the difference between ko and /4 is uniquely determined by the given AV,
we immediately conclude that & and 4y must be an N-fold supersymmetric pair.

To illustrate the above fact more concretely, we shall show in what follows how we can
construct the nonlinear pseudo-supersymmetric models in [9] in the framework of A/-fold
supersymmetry with the aid of the algorithm developed by us in [19]. Our starting point is the
two-dimensional linear space

Yy = (1,2), 15)
and the most general linear second-order differential operator preserving the latter space:
A = A()012 B()d C() (16)
T e T e T

where A(z) is an arbitrary function, and B(z) and C(z) are given by

B(2) = byz* + b1z + by, (17)
C(z) = —baz +co, (18)
b; and ¢ being constants. Following the algorithm for constructing an A/-fold supersymmetric

system developed in [19], we easily obtain the components of two-fold supersymmetry
(H#*, P») as follows:

2 ’ ’ "
e 1@ (A 2) iB(z)) <3A ) iB(Z)) A po_r 9

2d¢ T2\ 2 2 4
_ & 2@d 1 (A 3A') A'@)
=S T & A < 5~ B(z)) ( 5t B(z)) + — B'(2),
(20)

where R = b;/2 + cp, the dot and the prime denote derivative with respect to x and z,
respectively, and the relation between these two variables is determined by

2 =2A). 2
The solvable sector V, of the Hamiltonian H ™ is given by
v, =e VO, z), (22)

with the gauge factor

_ dz A'(2)
W) = / . A(Z)( - —B(z>>. 23)

Let us first set the arbitrary function A(z) as
ARQ)=8R—-a+2)2—a+~2—a+2), (24)
where a is a parameter. From equation (21), the change of variable is given by

2x)=2—a)(1 —a)—22 —a)x>+x*, (25)
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where ¥ = x — X, xo being a constant. Applying the formulae (19) and (20), we obtain the
following two-fold supersymmetric system (H*, P,):

_ 1 & b, 2+ (1 —a)b)(6+ (1 —a)by)+2bob
H = —S—+b(--)+ X"+ -
2dx 32 32x
48 + 8b) — b? bo(4 — by) b}
— + +
322 —a—x% 16x22—a—3x%) 32x2Q2—a—x?)?

2 — a)(48 + 16by +b2) — 2boB + b)) b
@ - o 1+ i) — 2bo 1)+1—é(4—2b1+ab1)—R, (26)

3202 —a— x2)?
1 d? b? 2— (1 —-a)b))6—-—0—0a)b 2bob
H+=———+b2(--~)+—])'cz+( (1 —a)by)( _( a)by) + 2byb,
2 dx? 32 32x2
48 — 8b;, — b? bo(4+by) by

C32Q-—a—3%Y) 16822 —a—x2) 32%2(2—a — ¥2)?

2~ a)(48 — 16b, +b2) +2bo(8 — b)) b
L e-a 1+ D7) + 2bo ')_1_;(4+2b1—ab1)—R, 27)

322 —a — x2)?
d2 1 (1—a)b1 bl)? bo d
Po=— — = |by(--)+bix — + - —
27 W 2[2( )+ oz 7 2_a-_x2 X(Z—a—fcz)i|dx
b2 2+ (1 —a)b)(6 — (1 —a)by) — 2bob
by Pgr L QA= @b)6 = (= ) = 2bob,
16 16x2
48 +4by + b? bo(2 + by) b3
+ — — — — + — —
16Q2—a—x2) 8x22—a—x%) 16x2(2—a — x%)?
(2 —a)(48+8by — b}) —2by(4 — b)) b
- — L2 +2b, — aby), 28
160 —a - )2 8( 1 —aby) (28)

where each b, (- - -) indicates a term proportional to b,, all of which are lengthy and thus will be
abbreviated in this paper. We easily see that the Hamiltonians H* are P7 -symmetric, namely,
invariant under the formal replacement x — —x,1 — —i, provided that the parameters are
chosen such that a, b;, ixyp € R. Furthermore, one can easily show that the above two-fold
supersymmetric system (2H “,2H*,P; = P, Pf = Pzt) exactly reduces to the second
nonlinear pseudo-supersymmetric system (g, hy, A, A" in [9], section 4.2, if we take the
parameters as by = bg = 0,b; = —4 and R = a — 3, witha = g and xy = ie.
Next, let us choose the function A(z) as

1

A@) = T8 —4a —dz+728)[4—2a—3z+2" — (1 — 2)V/8 —da — 4z + 2], (29)
—a

where the change of variable in this case is given by
_Q2-a)1—-a)—2(2— a)x? + x4
N 1—a—x2 '

Z(x)

(30)

Following the same procedure as in the previous case, we obtain a two-fold supersymmetric
system which can be P7-symmetric and which exactly reduces to the first nonlinear
pseudo-supersymmetric system in [9], section 4.1, when the parameters take the values
b, =by=0,by = —2and R = a — 4, witha = gu and xy = ie.

Similarly, if we take the function A(z) as

A(R) = =321 — p—q@)*y(1 —[3—4p —23 —2p — 29)y1*, (3D
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where y = %(1 — isinh x), the change of variable is given by

2(00) =B —4p)(1 —4p) =8B —4p)(1 — p — q)y +83 = 2p = 29)(1 — p — @))".
(32)

The two-fold supersymmetric system in this case can be P7-symmetric with a proper
choice of the parameters and completely coincides with the third nonlinear pseudo-
supersymmetric model in [9], section 5, when b, = by = 0,b; = 2(1 — p — ¢g) and
R = %(2—2p—2q+p2+2pq+q2).

Therefore, we have shown that all the nonlinear pseudo-supersymmetric models in [9]
can be constructed in the framework of A/-fold supersymmetry without any difficulty. More
precisely, note that the two-fold supersymmetric system given by (19) and (20) is a realization
of type A two-fold supersymmetry*. The previous results thus imply that all the nonlinear
pseudo-supersymmetric models constructed in [9] belong to type A two-fold supersymmetry.

5. Second-order Darboux transformation and type A two-fold supersymmetry

We shall now prove the more general fact that an arbitrary one-body quantum Hamiltonian
which admits two (local) eigenfunctions in closed form belongs to type A two-fold
supersymmetry, irrespective of whether or not it is Hermitian, P7 -symmetric, pseudo-
Hermitian and so on. Suppose, to this end, that the Hamiltonian H under consideration has
two analytic solutions v; (x) and ¥ (x) with some spectral parameters A; and A ;, respectively:

Hri(x) = A (x), Hiyrj(x) = A (x). (33)
We define two functions z(x) and W(z) by

(0 =20 e = ), (34)

Vi (x)

Then, it is evident that the gauged Hamiltonian H~ defined by

A =e"HeV (35)
preserves the vector space

W =(1,z2). (36)

Hence, we have a type A two-fold supersymmetric system (19) and (20) if we follow the
procedure described in the previous section, with the specific choices of z(x), W(z) and H~
given by equations (34) and (35). Therefore, all the models constructed from second-order
Darboux transformations with two exact solutions, including those in [23-27], belong to
type A two-fold supersymmetry. We note that we have not assumed whether or not the
original Hamiltonian H is Hermitian, P7 -symmetric, pseudo-Hermitian and so on. In fact,
with this procedure we can obtain all the nonlinear pseudo-supersymmetric models in [9].
Another point worth mentioning is that the gauged Hamiltonian (35) must be diagonal in the
basis (36) because of the assumption (33) and the choice (34). It follows that the function B(z)
calculated from A(z) = z? /2 and W(z) via the relation (23) must be proportional to z, which
results in b, = by = 0 in equation (17). This is the underlying reason why the nonlinear
pseudo-supersymmetric models of [9] always emerge when b, = by = 0 in our previous
arguments. This observation also indicates that the framework of Darboux transformations
of order A/ based on N eigenfunctions is in general more restrictive than the framework of
N -fold supersymmetry, for arbitrary integer N' > 2.

4 In this respect, we recall the important fact that type A N-fold supersymmetry with A" = 2 is special due to the

lack of the condition d3A(z)/dz> = 0[20, 21]. As a consequence, type A two-fold supersymmetric models are more
general than the s[(2) Lie-algebraic quasi-solvable models in [22].
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6. Concluding remarks

One of the most important lessons drawn from the above results is the recognition of the
different characters of symmetries. The realization of N-fold supersymmetry, including
ordinary one, in terms of linear differential operators is essentially /ocal, in the sense that it is
solely characterized by pointwise relations through a superalgebra. That is exactly the reason
why a couple of significant aspects of A-fold supersymmetry has an intimate relation with
other local concepts such as quasi-solvability [18] and transposition symmetry [10]. It was
shown [28] that the relation among these local concepts is also crucial in another realization of
N-fold supersymmetry for von Roos operators [29]. Higher order Darboux transformations
also make sense at the local level. On the other hand, the concepts of Hermiticity, pseudo-
Hermiticity and so on are global, in the sense that they make sense rigorously only when
they are formulated in a Hilbert space which encodes global properties such as the domain of
operators, boundary conditions and so on.

For a given Hilbert space, any (pseudo-)Hermitian operator defined on it inevitably has
a particular form. That is, any (pseudo-)Hermitian linear differential operator defined on
L?(S) (S C R) must be formally (pseudo-)Hermitian. Hence, we can discuss whether or not
N-fold supersymmetric linear differential operators can be in addition formally Hermitian,
PT-symmetric or formally pseudo-Hermitian at the local level without referring to a Hilbert
space. If it is the case, the system can possess both of these characteristic features. For
instance, a system which is A/-fold supersymmetric and formally Hermitian as well is weakly
quasi-solvable and, if there is a self-adjoint extension on a suitable Hilbert space L>(S),
its eigenvalues are all real. What the authors of [9] have achieved is exactly that they
constructed a few two-fold supersymmetric Schrodinger operators which are P7 -symmetric
as well. Needless to say, this does not mean that they generalized the framework of A/-fold
supersymmetry.

Regarding the relation between P7 symmetry and pseudo-Hermiticity, on the other hand,
much more care must be exercised. This is because an eigenvalue problem of a P7 -symmetric
operator is often defined on a complex contour rather than on the real line. Due to this fact, a
PT -symmetric linear differential operator which is formally pseudo-Hermitian as well need
not share the properties of pseudo-Hermitian operators (provided that they are rigorously
justified) when the eigenvalue problem is set for it. In this respect, there was an attempt to
map P7 -symmetric eigenvalue problems on a complex contour to those on the real line [30].
However, the method in [30] needs the knowledge that the P7 symmetry of the system is
unbroken, and thus would hardly apply in the general situation where we cannot know a priori
whether or not P7 symmetry is dynamically broken.

Acknowledgments

This work was partially supported by Spain’s DGI under the grant no BFM2002-02646 (A
G-L) as well as by the National Science Council of the Republic of China under the grant no
NSC-93-2112-M-032-009 (TT).

References

[1] Bender C M and Boettcher S 1998 Real spectra in non-Hermitian Hamiltonians having P7 symmetry Phys.
Rev. Lett. 80 52436 (Preprint physics/9712001)

[2] Shin K C 2005 Eigenvalues of P7-symmetric oscillators with polynomial potentials J. Phys. A: Math. Gen.
38 6147-66 (Preprint math.SP/0407018)


http://dx.doi.org/10.1103/PhysRevLett.80.5243
http://www.arxiv.org/abs/physics$/$9712001
http://dx.doi.org/10.1088/0305-4470/38/27/005
http://www.arxiv.org/abs/math.SP$/$0407018

Nonlinear pseudo-supersymmetry in the framework of A/-fold supersymmetry 3723

[3]
[4]
[3]
[6]
[7]
[8]
[9]
[10]
(11]
[12]
[13]
(14]

[15]

[16]
[17]
[18]
[19]
[20]
[21]

[22]
(23]

(24]
(25]
(26]
(27]
(28]

(29]
[30]

Giinther U, Stefani F and Znojil M 2005 MHD «?-dynamo, Squire equation and P7 -symmetric interpolation
between square well and harmonic oscillator J. Math. Phys. 46 063504 (Preprint math-ph/0501069)

Ghosh P K 2005 Exactly solvable non-Hermitian Jaynes—Cummings-type Hamiltonian admitting entirely real
spectra from supersymmetry J. Phys. A: Math. Gen. 38 7313-24 (Preprint quant-ph/0501087)

Trinh D T 2005 Remarks on P7 -pseudo-norm in P7 -symmetric quantum mechanics J. Phys. A: Math. Gen.
38 366578 (Preprint math-ph/0502009)

Bagchi B, Quesne C and Roychoudhury R 2005 Pseudo-Hermiticity and some consequences of a generalized
quantum condition J. Phys. A: Math. Gen. 38 L647-52 (Preprint quant-ph/0508073)

Bender CM, Jones HF and Rivers R J 2005 Dual P7 -symmetric quantum field theories Phys. Lett. B 625 333-40
(Preprint hep-th/0508105)

Mostafazadeh A 2002 Pseudo-Hermiticity versus PT symmetry: the necessary condition for the reality of the
spectrum of a non-Hermitian Hamiltonian J. Math. Phys. 43 205—14 (Preprint math-ph/0107001)

Sinha A and Roy P 2005 P7 symmetric models with nonlinear pseudo supersymmetry J. Math. Phys.
46 032102—18 (Preprint quant-ph/0505221)

Andrianov A A and Sokolov A V 2003 Nonlinear supersymmetry in quantum mechanics: algebraic properties
and differential representations Nucl. Phys. B 660 25-50 (Preprint hep-th/0301062)

Mostafazadeh A 2002 Pseudo-Hermiticity versus PT symmetry: II. A complete characterization of non-
Hermitian Hamiltonians with a real spectrum J. Math. Phys. 43 2814—6 (Preprint math-ph/0110016)

Mostafazadeh A 2002 Pseudo-Hermiticity versus PT symmetry: III. Equivalence of pseudo-Hermiticity and the
presence of antilinear symmetries J. Math. Phys. 43 3944-51 (Preprint math-ph/0203005)

Mostafazadeh A 2002 Pseudo-supersymmetric quantum mechanics and isospectral pseudo-Hermitian
Hamiltonians Nucl. Phys. B 640 419-34 (Preprint math-ph/0203041)

Mostafazadeh A 2002 On the pseudo-Hermiticity of a class of PT-symmetric Hamiltonians in one dimension
Mod. Phys. Lett. A 17 1973=7 (Preprint math-ph/0204013)

Mostafazadeh A 2002 Pseudo-Hermiticity for a class of nondiagonalizable Hamiltonians J. Math. Phys.
43 6343-52 (Preprint math-ph/0207009)

Mostafazadeh A 2003 J. Math. Phys. 44 943 (erratum)

Mostafazadeh A 2003 Pseudo-Hermiticity and generalized PT- and CPT-symmetries J. Math. Phys. 44 974-89
(Preprint math-ph/0209018)

Mostafazadeh A 2004 Pseudo-unitary operators and pseudo-unitary quantum dynamics J. Math. Phys.
45 932-46 (Preprint math-ph/0302050)

Aoyama H, Sato M and Tanaka T 2001 N -fold supersymmetry in quantum mechanics: general formalism
Nucl. Phys. B 619 105-27 (Preprint quant-ph/0106037)

Gonzilez-Lépez A and Tanaka T 2005 A novel multi-parameter family of quantum systems with partially
broken A -fold supersymmetry J. Phys. A: Math. Gen. 38 5133-57 (Preprint hep-th/0405079)

Aoyama H, Nakayama N, Sato M and Tanaka T 2001 s/(2) construction of type A N-fold supersymmetry
Phys. Lett. B 519 260-8 (Preprint hep-th/0107048)

Tanaka T 2003 Type A N-fold supersymmetry and generalized Bender-Dunne polynomials Nucl. Phys.
B 662 413-46 (Preprint hep-th/0212276)

Turbiner A V 1988 Quasi-exactly-solvable problems and s/(2) algebra Commun. Math. Phys. 118 467-74

Bagrov V G and Samsonov B F 1997 Darboux transformation of the Schrodinger equation Phys. Part. Nucl.
28 374-97

Samsonov B F 1999 New possibilities for supersymmetry breakdown in quantum mechanics and second-order
irreducible Darboux transformations Phys. Lett. A 263 274-80 (Preprint quant-ph/9904009)

Fernandez C D J, Negro J and Nieto L M 2000 Second-order supersymmetric periodic potentials Phys. Lett.
A 275 338-49

Fernandez C D J, Mielnik B, Rosas-Ortiz O and Samsonov B F 2002 Nonlocal supersymmetric deformations
of periodic potentials J. Phys. A: Math. Gen. 35 4279-91 (Preprint quant-ph/0303051)

Fernandez C D J, Mufioz R and Ramos A 2003 Second order SUSY transformations with ‘complex energies’
Phys. Lett. A 308 11-6 (Preprint quant-ph/0212026)

Tanaka T 2006 N -fold supersymmetry in quantum systems with position-dependent mass J. Phys. A: Math.
Gen. 39 219-34

von Roos O 1983 Position-dependent effective masses in semiconductor theory Phys. Rev. B 27 7547-52

Mostafazadeh A 2005 Pseudo-Hermitian description of PT-symmetric systems defined on a complex contour
J. Phys. A: Math. Gen. 38 3213-34 (Preprint quant-ph/0410012)


http://dx.doi.org/10.1063/1.1915293
http://www.arxiv.org/abs/math-ph$/$0501069
http://dx.doi.org/10.1088/0305-4470/38/33/007
http://www.arxiv.org/abs/quant-ph$/$0501087
http://dx.doi.org/10.1088/0305-4470/38/16/014
http://www.arxiv.org/abs/math-ph$/$0502009
http://dx.doi.org/10.1088/0305-4470/38/40/L01
http://www.arxiv.org/abs/quant-ph$/$0508073
http://dx.doi.org/10.1016/j.physletb.2005.08.087
http://www.arxiv.org/abs/hep-th$/$0508105
http://dx.doi.org/10.1063/1.1418246
http://www.arxiv.org/abs/math-ph$/$0107001
http://dx.doi.org/10.1063/1.1843273
http://www.arxiv.org/abs/quant-ph$/$0505221
http://dx.doi.org/10.1016/S0550-3213(03)00232-3
http://www.arxiv.org/abs/hep-th$/$0301062
http://dx.doi.org/10.1063/1.1461427
http://www.arxiv.org/abs/math-ph$/$0110016
http://dx.doi.org/10.1063/1.1489072
http://www.arxiv.org/abs/math-ph$/$0203005
http://dx.doi.org/10.1016/S0550-3213(02)00347-4
http://www.arxiv.org/abs/math-ph$/$0203041
http://dx.doi.org/10.1142/S0217732302008472
http://www.arxiv.org/abs/math-ph$/$0204013
http://dx.doi.org/10.1063/1.1514834
http://www.arxiv.org/abs/math-ph$/$0207009
http://dx.doi.org/10.1063/1.1540714
http://dx.doi.org/10.1063/1.1539304
http://www.arxiv.org/abs/math-ph$/$0209018
http://dx.doi.org/10.1063/1.1646448
http://www.arxiv.org/abs/math-ph$/$0302050
http://dx.doi.org/10.1016/S0550-3213(01)00516-8
http://www.arxiv.org/abs/quant-ph$/$0106037
http://dx.doi.org/10.1088/0305-4470/38/23/005
http://www.arxiv.org/abs/hep-th$/$0405079
http://dx.doi.org/10.1016/S0370-2693(01)01119-4
http://www.arxiv.org/abs/hep-th$/$0107048
http://dx.doi.org/10.1016/S0550-3213(03)00341-9
http://www.arxiv.org/abs/hep-th$/$0212276
http://dx.doi.org/10.1007/BF01466727
http://dx.doi.org/10.1134/1.953045
http://dx.doi.org/10.1016/S0375-9601(99)00736-7
http://www.arxiv.org/abs/quant-ph$/$9904009
http://dx.doi.org/10.1016/S0375-9601(00)00591-0
http://dx.doi.org/10.1088/0305-4470/35/19/309
http://www.arxiv.org/abs/quant-ph$/$0303051
http://dx.doi.org/10.1016/S0375-9601(02)01779-6
http://www.arxiv.org/abs/quant-ph$/$0212026
http://dx.doi.org/10.1088/0305-4470/39/1/016
http://dx.doi.org/10.1103/PhysRevB.27.7547
http://dx.doi.org/10.1088/0305-4470/38/14/011
http://www.arxiv.org/abs/quant-ph$/$0410012

	1. Introduction
	2. Pseudo-Hermiticity and
	3. Supersymmetry and pseudo-supersymmetry
	4. fold and
	5. Second-order Darboux transformation and type A two-fold supersymmetry
	6. Concluding remarks
	Acknowledgments
	References

