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A diagonalizable non-Hermitian Hamiltonian having a real spectrum may be used to
define a unitary quantum system, if one modifies the inner product of the Hilbert space
properly. We give a comprehensive and essentially self-contained review of the basic
ideas and techniques responsible for the recent developments in this subject. We provide
a critical assessment of the role of the geometry of the Hilbert space in conventional
quantum mechanics to reveal the basic physical principle motivating our study. We then
offer a survey of the necessary mathematical tools, present their utility in establishing
a lucid and precise formulation of a unitary quantum theory based on a non-Hermitian
Hamiltonian, and elaborate on a number of relevant issues of fundamental importance.
In particular, we discuss the role of the antilinear symmetries such as P7, the true
meaning and significance of the so-called charge operators C and the CP7 -inner prod-
ucts, the nature of the physical observables, the equivalent description of such models
using ordinary Hermitian quantum mechanics, the pertaining duality between local-non-
Hermitian versus nonlocal-Hermitian descriptions of their dynamics, the corresponding
classical systems, the pseudo-Hermitian canonical quantization scheme, various methods
of calculating the (pseudo-) metric operators, subtleties of dealing with time-dependent
quasi-Hermitian Hamiltonians and the path-integral formulation of the theory, and the
structure of the state space and its ramifications for the quantum Brachistochrone prob-
lem. We also explore some concrete physical applications and manifestations of the
abstract concepts and tools that have been developed in the course of this investigation.
These include applications in nuclear physics, condensed matter physics, relativistic
quantum mechanics and quantum field theory, quantum cosmology, electromagnetic
wave propagation, open quantum systems, magnetohydrodynamics, quantum chaos
and biophysics.
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1. Introduction and Overview

General Relativity (GR) and Quantum Mechanics (QM) are the most important
achievements of the twentieth century theoretical physics. Their discovery has had
an enormous impact on our understanding of Nature. Ironically, these two pillars
of modern physics are incompatible both conceptually and practically. This has
made their unification into a more general physical theory in the most fundamental
problem of modern theoretical physics. The unification of Special Relativity and
QM, which is by far an easier task, has been the subject of intensive research
since late 1920’s. It has led to the formulation of various quantum field theories.
A most successful example is the Standard Model which provides a satisfactory
description of all available observational data in high energy particle physics. In
spite of the immensity of the amount of research activity on the subject and the
fact that this is conducted by the most capable theoretical physicists of our times,
the attempts at quantizing gravity have not been as successful. In fact, one can
claim with confidence that these attempts have so far failed to produce a physical
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theory offering concrete experimentally verifiable predictions. This state of affairs
has, over the years, motivated various generalizations of GR and QM. Although
none of these generalizations could be developed into a consistent physical theory
capable of replacing GR or QM, the hope that they might facilitate the discovery
of a unified theory of quantum gravity still motivates research in this direction.

The development of the special relativistic quantum theories has also involved
attempts at generalizing QM. Among these is an idea initially put forward by
Dirac in 1942 [77] and developed by Pauli [190] into what came to be known as
the indefinite-metric quantum theories [223, 183, 185]. This is a rather conservative
generalization of QM in which one considers in addition to the physical states of
the system a set of hypothetical states, called ghosts, whose function is mainly to
improve the regularity properties of the mathematical description of the physical
model. The indefinite-metric quantum theories lost their interest by mid-1970’s and
perhaps unfortunately never found a detailed coverage in standard textbooks on
relativistic quantum mechanics and quantum field theory.?

A more recent attempt at generalizing QM is due to Bender and his collaborators
(37, 38] who adopted all its axioms except the one that restricted the Hamiltonian
to be Hermitian. They replaced the latter condition with the requirement that the
Hamiltonian must have an exact P7-symmetry. Here P and 7 are the parity and
time-reversal operators whose action on position wave functions ¥ (z) is given by
(PY)(z) := ¢(—x) and (T+)(z) := ¢(x)*.> The exact PT-symmetry of a Hamil-
tonian operator H means that it has a complete set of P7 -invariant eigenvectors
Uy, i.e. PT, = apt), for some complex numbers a,,. This condition assures the
reality of the spectrum of H. A class of thoroughly studied examples is provided
by the P7-symmetric Hamiltonians of the form

1 - \V

H, = o = (i), 1)
where v is a real number not less than 2, and the eigenvalue problem for H, is
defined using an appropriate contour I' in the complex plane C which for v < 4
may be taken as the real line R. A correct choice for I' assures that the spectrum
of H is discrete, real, and positive [32, 33, 79, 209, 157]. Another example with
identical spectral properties is the P7-symmetric cubic anharmonic oscillator,

H— Lo 1oy . 3
= —p° + -pr” +dex”, (2)
2 2

whose coupling constants p and e are real and its eigenvalue problem is defined
along the real axis (I' = R) [40, 158].

2In fact, Pauli who had made fundamental contributions to the very foundations of the subject had
developed strong critical views against it. For example in his Nobel Lecture of 1946, he identifies a
“correct theory” with one that does not involve “a hypothetical world” [191]. For a comprehensive
critical assessment of indefinite-metric quantum field theories, see [185].

bWe use asterisk to denote complex-conjugation.



Pseudo-Hermitian Representation of Quantum Mechanics 1195

This P7-symmetric modification of QM leads to an indefinite-metric quantum
theory [116, 225, 160], if one endows the Hilbert space with the indefinite inner
product,

(1)p =P, (3)

known as the P7-inner product [37]. The symbol (-]-) that appears in (3) stands
for the L2-inner product: {¢|) : fr z)dz that defines the Hilbert space
L?(T") of square-integrable functions v : F — (C7 Where I" is the contour in complex
plane that specifies the P7-symmetric model [157].

The main advantage of the indefinite inner product (3) over the positive-definite
inner product (- | -) is that the former is invariant under the time-evolution generated
by the Schrédinger equation [240, 143, 155], i.e. if ¢(¢t) and 1 (t) are solutions of
the Schrédinger equation for the P7T-symmetric Hamiltonian H, (¢(t) | ¢ (t)), does
not depend on time.

In order to employ the standard formulation of indefinite metric quantum the-
ories [183] for a P7 -symmetric model we proceed as follows [116].

(1) We split the space H of state-vectors into the subspaces Hy = {¢ €
H|sgn((y|v¥),) = £}, where sgn(a) := m if a is a nonzero real number and
sgn(0) := 0. H4 are orthogonal subspaces in the sense that for all ¢4 € Hy,
(- |¥4)p =0

(2) We impose a superselection rule that forbids interactions mixing the elements of
H_ and Hy and try to devise a solution for the difficult problem of providing a
physical interpretation of the theory [183, 185]. The simplest way of dealing with
this problem is to identify the elements of H with physical state-vectors [230,
110] and effectively discard the rest of state-vectors as representing unphysical
or ghost states.

An alternative formulation of the theory that avoids the interpretational difficul-
ties of indefinite-metric theories is the one based on the construction of a genuine
positive-definite inner product on H. This construction was initially obtained in
[144] as a by-product of an attempt to derive a necessary and sufficient condition
for the reality of the spectrum of a general Hamiltonian operator H that possesses
a complete set of eigenvectors [143-145]. Under the assumption that the spectrum
of H is discrete, one can show that it is real if and only if there is a positive-definite
inner product (-|-)4 that makes it Hermitian, i.e. (-| H); = (H- |-)+ [144, 145].
The proof of this statement involves an explicit construction of (- |-);. This inner
product depends on the choice of the Hamiltonian through its eigenvectors. Hence
it is not unique [146, 148, 93, 162].

¢The assumption of the existence of such an orthogonal decomposition is referred to as “decom-
posability” of the model in indefinite-metric theories [183]. For P7-symmetric systems considered
in the literature, this assumption is valid if there is a complete basis of common eigenvectors of
the Hamiltonian and P7T.
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In [37] the authors propose a different approach to the problem of identifying an
appropriate inner product for the P7-symmetric Hamiltonians such as (1). They
introduce a generic symmetry of these Hamiltonians which they term as C-symmetry
and construct a class of positive-definite inner products, called the CP7 -inner prod-
ucts, that, as we show in Subsec. 3.4, turn out to coincide with the inner products
(+]-)+ [148, 157]. The approach of [37] may be related to a much older construc-
tion originally proposed in the context of the indefinite-metric quantum theories
[183, 185]. It involves the following two steps.

(1) Suppose that H = H, ®H_ where H. are the orthogonal subspaces we defined
above, and that both Hy admit a basis consisting of the eigenvectors of H.

(2) Let IT : H — H be the projection operator onto H,, so that for all ¢ € H,

y:=IIp € Hy and _ =1 —1p; € H_. Clearly 11> = II and ) = 0.

(3) Endow H with the positive-definite inner product: (¢,v) = (¢4 |y), —
(6 |6

(4) Let C: H — H be defined by C¢ := 1y —1p_. Then, in view of the orthogonality
of Hy,

(¢,9) = (&C)p = (CH[ 1) (4)

It is not difficult to see that C = 2II — I, where I stands for the identity operator
acting in H, i.e. the operator that leaves all the elements of H unchanged. Obvi-
ously for all ¥» € Hy,Ci = £1. Hence, C is a grading operator associated with the
direct sum decomposition H = H @ H_ of H. Furthermore, in view of the assump-
tion (1) above, the eigenvectors of H have a definite grading. This is equivalent to
the condition that C commutes with the Hamiltonian operator, [C, H] = 0 [8]. It
turns out that the CP7-inner product introduced in [37] coincides with the inner
product (4).

In [37, 38], the authors use the CP7 -inner product to formulate a unitary quan-
tum theory based on the P7-symmetric Hamiltonians (1). They identify the observ-
ables O of the theory with the CPP7-symmetric operators,d in particular

CPTOCPT = O. (5)

This definition is motivated by the demand that the structure of the theory must not
involve mathematical operations such as Hermitian conjugation and be determined
only using physical conditions. The definition (5) does fulfil this demand,® but it

dTo ensure that the spectrum of such a CPT-symmetric operator O is real, one demands that O
has an exact CP7-symmetry, i.e. its eigenstates are left invariant under the action of CP7 . This
does not however ensure the completeness of the eigenvectors of O.

©The authors of [37] emphasize this point by stating that: “In effect, we replace the mathematical
condition of Hermiticity, whose physical content is somewhat remote and obscure, by the physical
condition of space-time and charge-conjugation symmetry.” One must note however, that in this
theory, the usual coordinate operator x no longer represents a physical observable. As a result P
does not affect a reflection in the physical space, and there is no reason why one should still refer
to P7T-symmetry as the physical “space-time reflection symmetry” as done in [37, 38].
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suffers from a serious dynamical inconsistency in the sense that in the Heisenberg
picture an operator O(t) := e O(0)e~"*H that commutes with CP7T at t = 0
may not commute with this operator at t > 0. Therefore, in general, under time-
evolution an observable can become unobservable [152, 153]! This inconsistency
rules out (5) as an acceptable definition of a physical observable. As noticed in
[39, 42], it can be avoided, if one replaces the symmetry condition (5) with:

CPTOCPT = O7, (6)

where all operators are identified with their matrix representation in the coordinate-
basis and OT stands for the transpose of O. In particular, (z|OT|2’) := (2/|O|x).

The presence of the mathematical operation of transposition in (6) shows that
apparently the theory could not be defined just using “the physical condition of
space-time and charge-conjugation symmetry” as was initially envisaged [37, 38].
Note also that (6) puts an implicit and difficult-to-justify restriction on the Hamil-
tonian H. Being an observable commuting with CP7, H must satisfy HT = H,
i.e. it is necessarily symmetric!® Therefore (6) cannot be used to determine the
observables of a theory that has a nonsymmetric Hamiltonian. The restriction to
symmetric Hamiltonians may be easily lifted, if one is willing to adopt the con-
ventional definition of the observables, namely identifying them with the operators
that are Hermitian with respect to the CP7-inner product [152, 154].

(0) = (0-). (7)

Indeed this definition is forced upon us by a well-known mathematical theorem
that we present in a detailed proof of the Appendix. It states that if a linear
operator O has real expectation values computed using a given inner product, then
O is necessarily Hermitian with respect to this inner product. This shows that the
requirement of the Hermiticity of observables, and in particular, the Hamiltonian
has a simple “physical” justification.®

An important motivation for considering this so-called P7T -symmetric Quantum
Mechanics is provided by an interesting idea that is rooted in special relativistic
local quantum field theories (QFT). Among the most celebrated results of QFT is
the CP7-theorem. It states that every field theory satisfying the axioms of QFT is
CPT-invariant [98], where C is the charge-conjugation operator. Clearly replacing
the axiom that the Hamiltonian is Hermitian with the statement of the CP7-
theorem might lead to a generalization of QFT. The implementation of this idea
in a nonrelativistic setting corresponds to the requirement that the Hamiltonian
possesses an exact P7-symmetry. This in turn allows for the construction of a
C-operator that similarly to the charge-conjugation operator C of QFT squares
to identify and generate a symmetry of the system. The idea that this estab-
lishes a nonrelativistic analog of the CP7-theorem is quite tempting. Yet there

fIn mathematical literature, the term “symmetric operator” is usually used for a different purpose,
as discussed in footnote s below. To avoid possible confusion we will not adopt this terminology.
&What is however not dictated by this requirement is the choice of the inner product.
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are clear indications that this is not really the case. For example, unlike the charge-
conjugation operator of QFT, C depends on the choice of the Hamiltonian. It turns
out that in fact this operator does not play the role of the relativistic charge-
conjugation operator, it is merely a useful grading operator for the Hilbert space."
In this sense, the adopted terminology is rather unfortunate.

One of the aims of the present article is to show that P7-symmetric QM is
an example of a more general class of theories, called pseudo-Hermitian Quantum
Mechanics, in which P7-symmetry does not play a basic role and one does not
need to introduce a C-operator to make the theory well-defined. The analogs of P7T
and C operators can nevertheless be defined in general [148], but they do not play
a fundamental role. All that is needed is to determine the class of non-Hermitian
Hamiltonians that are capable of generating a unitary evolution and a procedure
that associates to each member of this class a positive-definite inner product that
renders it Hermitian. It turns out that there are always an infinite class of positive-
definite inner products satisfying this condition. Each of these defines a separate
physical Hilbert space with a complete set of observables. In this way one obtains
a set of quantum systems that have the same Hamiltonian but different Hilbert
spaces. Therefore, they are dynamically equivalent but kinematically distinct.

In order to elucidate the conceptual foundations of pseudo-Hermitian QM we
will next examine some of the basic properties of the mathematical notions of
the “transpose” and “Hermitian-conjugate” of a linear operator. For clarity of the
presentation we will only consider the operators that act in the space of square-
integrable functions L?(R). The discussion may be generalized to square-integrable
functions defined on a complex contour [157].

In the literature on P7-symmetric QM, notably [37, 38, 42], the transpose O7
and Hermitian-conjugate Of of a linear operator O are respectively defined with
respect to the coordinate-basis, {|z)}, according to

(21|0"|23) = (x2|Olz1), (8)
(1|0 |22) == (22]0|z1)", 9)

where 1, 9 are arbitrary real numbers. Therefore the terms “symmetric” and “Her-
mitian” respectively refer to the conditions (x1|O|x2) = (22]|Olx1) and (z1|O]z2)* =
(x2]|OJx1). These definitions reflect the inclination to treat operators as matrices.
This is certainly permissible provided that one specifies the particular basis one
uses for this purpose. In this sense the following equivalent definitions are more
preferable.

o — / dy / dva (2|0l Y| ) s,
(10)

ot ::/dacl/dx2<332|0|331>*|$1><$2|'

hOne can more appropriately compare C with the chirality operator () for the Dirac spinors.
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A nice feature of (9) that is not shared with (8) is that it is invariant under the
basis transformations that map {|z)} onto any orthonormal basis. For example one
can easily show that if (9) holds, so do

(p1|O'|p2) = (p2|Olp1)* and OF :/dp1/dp2<p2|0|p1>*|p1><p2|. (11)

This invariance under orthonormal basis transformations stems from the fact that
Of admits a basis-independent definition: It is the linear operator satisfying

(0| O') = (0g]v), (12)

i.e. the adjoint operator for O.!

The notions of “transpose” and “symmetric operator” introduced above and
employed in [37-39, 42] do not share this invariance property of “Hermitian-
conjugate” and “Hermitian operator”. For example, it is easy to see that
(z1](ip)|w2) = —(@2[(ip)|x1) while (p1|(ip)|p2) = (p2|(ip)|p1). Therefore, ip is repre-
sented by a symmetric matrix in the p-basis while it is represented by an antisym-
metric matrix in the z-basis. This shows that there is no basis-independent notion
of the transpose of an operator or a symmetric operator.)

Obviously once we specify a basis, there is no danger of using definition (8). But
we must keep in mind that any theory in which one uses the notion of transposition
in the sense of (8) involves the implicit assumption that the coordinate-basis is a
preferred basis. The use of the notion of Hermitian-conjugation as defined by (9)
does not rely on such an assumption. As we will explain in the following section,
the choice of an orthonormal basis is equivalent to the choice of an inner product.
This is why one can define O using its basis-independent defining relation (12)
which only involves the inner product (-|-). In summary, while the use of the terms
“transpose” and “symmetric operator” involves making a particular choice for a
preferred basis, the use of the term “Hermitian-conjugate” and “Hermitian opera-
tor” involves making a particular choice for an inner product.

In conventional QM the inner product is fixed from the outset. Hence the notions
of Hermitian-conjugation and Hermitian operator are well-defined. The opposite is
true about the notions of transposition and symmetric operator. This does not cause
any difficulty, because they never enter into quantum mechanical calculations, and
in principle one does not need to introduce them at all. We will see that the same is
the case in pseudo-Hermitian QM. In particular, in the discussion of P7-symmetric
systems, there is no need to identify physical observables using (6).

A rigorous definition of the adjoint operator is given in Subsec. 2.2.

JOne can define a notion of the transpose of a linear operator O acting in a complex inner product
space V in terms of an arbitrary antilinear involution 7 : V — V according to OT = 7Ofr [6]. A
function 7 : V — V is called an antilinear operator if 7(ay) + bg) = a*7¢ + b*7¢ for all complex
numbers a,b and all elements 1, ¢ of V. It is called an involution if 72 = I, where I : V — V
is the identity operator. The choice of a basis to define OT is equivalent to the choice of an
antilinear involution 7. The notion of the transpose used in [37, 38, 42] corresponds to choosing
the time-reversal operator 7 as .
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The main reason for making a universal and preassigned choice for the inner
product in QM is the curious fact that up to unitary-equivalence there is a unique
inner product.¥ This means that using different inner products lead to physically
identical theories, or more correctly to different representations of a single physical
theory. In conventional QM, one eliminates the chance of employing these alterna-
tive representations by adopting the usual (L2-) inner product as the only viable
choice. The situation resembles a gauge theory in which one fixes a gauge from
the outset and then forgets about the gauge symmetry. This will have no effect on
the physical quantities computed using such a theory, but it is clearly not recom-
mended. It is quite possible that an alternative choice of gauge would facilitate a
particular calculation.

We wish to argue that because no one has ever made an independent mea-
surement of the inner product of the Hilbert space, it must be kept as a degree
of freedom of the formulation of the theory. This is the basic principle underlying
pseudo-Hermitian QM.

We will see that any inner product may be defined in terms of a certain lin-
ear operator 7. It is this so-called metric operator that determines the kine-
matics of pseudo-Hermitian quantum systems. The Hamiltonian operator H that
defines the dynamics is linked to the metric operator via the pseudo-Hermiticity
relation,

H' =nyHyi" (13)

We will explore some of the consequences of this equation whose significance has
not been fully noticed or appreciated in its earlier investigations, notably in the
context of the indefinite-metric quantum theories [190].

We wish to point out that there is a very large number of publications on the
subject of this article. Many of these focus on the mathematical issues related
to the investigation of the spectrum of various non-Hermitian operators or for-
malisms developed to study such problems. Here we will not deal with these issues.
The interested reader may consult the review article [80]. Another related line
of research is the mathematical theory of linear spaces with an indefinite metric
and its applications [53, 18]. This is also beyond the aim and the scope of the
present article. There are a series of review articles by Bender and his collabo-
rators [38, 42, 28-30] that also address the physical aspects of the subject. The
approach pursued in these articles is based on the use of the CP7-inner products
and the definition of observables given by (6). This restricts the domain of validity
of their results to symmetric Hamiltonians. The discussion of the classical limit of
PT-symmetric systems offered in these articles is also not satisfactory, because it
does not involve a quantization scheme that would relate classical and quantum
observables.

KThis will be explained in detail in Subsec. 2.3.
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It is our opinion that to gain a basic understanding of the subject demands a
careful study of the underlying mathematical structures without getting trapped
in the physically irrelevant mathematical details and technicalities. The need for
a comprehensive and readable treatment of basic mathematical notions and their
physical consequences has not been met by any of the previously published reviews.
In the first part of the present article (Secs. 2 and 3), we intend to address this
need. Here we only discuss the mathematical tools and results that are necessary
for addressing the conceptual issues of direct relevance to the physical aspects of
the subject. In Sec. 3, we use the mathematical machinery developed in Sec. 2 to
present a complete formulation of pseudo-Hermitian QM and its connection with
PT- and C-symmetries. The second part of the article (Secs. 4-9) aims to survey
various recent developments. In Sec. 4 we survey different methods of computing
metric operators. In Secs. 5-8 we explore systems defined on complex contours, the
classical limit of pseudo-Hermitian quantum systems, the subtleties involving time-
dependent Hamiltonians and the path-integral formulation of the theory, and the
quantum Brachistochrone problem, respectively. In Sec. 9 we discuss some of the
physical applications of pseudo-Hermitian Hamiltonians, and in Sec. 10 we present
our concluding remarks.

2. Mathematical Tools and Conceptual Foundations

In this section, we survey the necessary mathematical tools and elaborate on a
number of conceptual issues that are helpful in clarifying various existing miscon-
ceptions on the subject. We also offer a thorough discussion of the motivation for
considering a more general formulation of QM.

One of the axioms of QM is that pure physical states of a quantum system are
rays in a Hilbert space H. Each ray may be determined in a unique manner by a
nonzero element v of H which we call a state-vector. The physical quantities asso-
ciated with a pure state are computed using a corresponding state-vector and the
inner product of the Hilbert space. We begin our discussion by a precise descrip-
tion of Hilbert spaces, inner products, bases, Hermitian and unitary operators,
biorthonormal systems, and their relevance to our investigation.

We will use the following notations and conventions: R, RT, C,Z, Z" N denote
the sets of real numbers, positive real numbers, complex numbers, integers, posi-
tive integers and non-negative integers (natural numbers), respectively. The symbol
“:=" means that the left-hand side is defined to be the right-hand side, “=:" means
that the converse is true, and “€” and “C” respectively stand for “is an element of”
and “is a subset of”. Throughout this article we will only consider time-independent
Hamiltonian operators unless otherwise explicitly stated.

2.1. Hilbert spaces and Riesz bases

Consider a complex vector space V and a function (-|-) : ¥V x ¥V — C that assigns
to any pair 1, ¢ of elements of V a complex number (¢ | ¢). Suppose that (- |-) has
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the following properties:

(i) It is positive-definite, i.e. for all nonzero elements ¥ of V, (¢ |1) is a positive
real number, and it vanishes if and only if » = 0, where we use 0 also for the
Zero vector.

(ii) It is Hermitian, i.e. for any pair 1, ¢ of elements of V, (¢ | d)* = (¢ | ).

(iii) It is linear in its second slot, i.e. for all ¥, ¢, x € V and all a,b € C, (¢ |ag +
bx) = a{y | ¢) + b{¥ | x)-

Then (- | -) is called an inner product' on V, and the pair (V, (- |-)) is called an inner
product space.

An inner product (-|-) on V assigns to each element ¢ of V a non-negative real
number, |[¢] := /(¢ | ), that is called the norm of ¢». We can use the norm to
define a notion of distance between elements of V, according to ||1)—¢||, and develop
analysis and geometry on the inner product space (V, (-|-)).

A Hilbert space H is an inner product space which fulfills an additional technical
condition, namely that its norm defines a complete metric space, i.e. for any infinite
sequence {¢} of elements ¢, of H, the condition that lim; ko0 [|10; — ¥x| = 0
implies that {¢x} converges to an element ¢ of H; limy_, ||¢) — ¥k|| = 0. In other
words, a Hilbert space is a complete inner product space.

A subset S of a Hilbert space H is said to be dense, if every element of H may
be obtained as the limit of a sequence of elements of S. A Hilbert space is said to
be separable, if it has a countable dense subset. It turns out that H is separable
if and only if it has a countable basis. The latter is a sequence {x,} of linearly
independent elements of H such that the set of its finite linear combinations,

L({xn}) = {Z CnXn

n=1

KezZt cnec} (14)

is a dense subset of H. For an infinite-dimensional Hilbert space H, {x,} is an
infinite sequence and the assertion that £({x,}) is a dense subset means that every
element ¢ of H is the limit of a convergent series of the form Y ° | ¢,X;, whose
coefficient ¢,, are assumed to be uniquely determined by .™

It is not difficult to show that any finite-dimensional inner product space is both
complete and separable. In this sense infinite-dimensional separable Hilbert spaces
are natural generalizations of the finite-dimensional inner product spaces. In the
following we will use the label N to denote the dimension of the Hilbert space in
question. N = oo will refer to an infinite-dimensional separable Hilbert space.

An important difference between finite- and infinite-dimensional Hilbert spaces
is that the definition of a basis in a finite-dimensional Hilbert space does not involve
the inner product while the opposite is true about the infinite-dimension Hilbert

I'We use the terms “inner product” and “positive-definite inner product” synonymously.
MThis notion of basis is sometimes called a Schauder basis [236]. It is not to be confused with the
algebraic or Hamel basis, which for infinite-dimensional Hilbert spaces, is always uncountable [99].
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spaces. The requirement that (14) be a dense subset makes explicit use of the norm.
Therefore whether a given sequence of linearly independent vectors form a basis of
an infinite-dimensional Hilbert space H depends in a crucial manner on the inner
product of H.

Given a basis {x,} of a separable Hilbert space H, one can apply the Gram—
Schmidt process [198, 66] to construct an orthonormal basis, i.e. a basis {&,}
satisfying

(Em | €n) = Omn, for all m,n € {1,2,3,...,N}, (15)

where 6,,,, denotes the Kronecker delta symbol: d,,, := 0 if m # n and §,, =1
for all n. For an orthonormal basis {&,}, the coefficients ¢,, of the basis expansion,

N
¢ = Z Cnfna (16)
n=1

of the elements ¢ of H are given by
cn = (En [ ). (17)

Furthermore, in view of (15)—(17),

N
(@) = (¢1&) (&) for all ¢, € H. (18)
n=1
In particular,
N
1112 = > [ |9)* for all v € H. (19)
n=1

Equation (18) implies that the operator Z defined by Zv := 25:1@” | )&, equals
the identity operator I acting in H; Z = I." This is called the completeness relation
which in Dirac’s bracket notation takes the familiar form: Zivzl [En)(&nl = 1.

Next, we wish to examine if given a basis {(,} of a separable Hilbert space 'H,
there is an inner product (-|-) on H with respect to which {C,} is orthonormal.
Because {(,} is a basis, for all ¢, ¢ € H there are unique complex numbers ¢, d,,
such that ¢ = 25:1 cnCn and ¢ = Zivzl dpn G- We will attempt to determine (v | ¢)
in terms of ¢,, and d,,.

First, consider the finite-dimensional case, N < co. Then, in view of Eq. (18),
the condition that {(,} is orthonormal with respect to (-|:) defines the latter
according to

N
(W]) =Y chdn. (20)
n=1

“Let 1,12 € H be such that for all ¢ € H, (¢ |¢1) = (¢|12). Then (¢ |1 — 12) = 0 for all
¢ € H. Setting ¢ = 1)1 — 12, one then finds [|1p1 — 92]|2 = 0 which implies 1)1 = 2. In view of
this argument, (¢ |Zy) = (¢ |9) for all 1, ¢ € H implies Z1p = 1) for all ¢ € H. Hence Z = I.
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We can easily check that (-|-) possesses the defining properties (i)—(iii) of an inner
product and satisfies ((p, | () = Omn- It is also clear from Eq. (18) that any other
inner product with this property must satisfy (20). This shows that (-|-) is the
unique inner product that renders {¢,} orthonormal.

The case N = oo may be similarly treated, but in general there is no guarantee
that the right-hand side of (20) is a convergent series. In fact, it is not difficult to
construct examples for which it is divergent. Therefore, an inner product that makes
an arbitrary basis {¢,} orthonormal may not exist. The necessary and sufficient
condition for the existence of such an inner product (-|-) is that ¢ = >°°° | ¢,(,
implies Y7 | |cn|? < oo for all ¢ € H.° Furthermore, we shall demand that the
inner product space H’ obtained by endowing the underlying vector space of H with
the inner product (-|-) is a Hilbert space. As we will discuss in Subsec. 2.3, any
two infinite-dimensional separable Hilbert spaces, in particular H and H’, have the
same topological properties, i.e. the set of open subsets of H coincides with that of
H’. This restricts (-|-) to be topologically equivalent to (-|-), i.e. there are positive
real numbers ¢; and ¢ satisfying ¢ (¢ [ ¢) < (¢ |Y) < eo{tp | ) for all ¢ € H. Tt
turns out that the inner product (20) that renders the basis {(, } orthonormal and is
topologically equivalent to (- | -) exists and is unique if and only if it is obtained from
an orthonormal basis {,} through the action of an everywhere-defined bounded
invertible linear operator A : H — H, i.e. {, = A&,. A basis {(,} having this
property is called a Riesz basis [94, 236]. In summary, we can construct a new
separable Hilbert space H’ in which {¢,} is orthonormal if and only if it is a Riesz
basis. We will give a derivation of a more explicit form of the inner product of H’
in Subsec. 2.4.

2.2. Bounded, invertible, and Hermitian operators

Consider two Hilbert spaces H; and Hp with inner products (-|-), and (-|-),,
respectively, and a linear operator A that maps H; to Ha. The domain D(A) of A
is the subset of H; such that the action of A on any element of D(A) yields a unique
element of Hy. The range R(A) of A is the subset of Hy consisting of elements of the
form Ayn where ¢ belongs to D(A). If D(A) = H1, one says that A has full domain,
or that it is everywhere-defined. If R(A) = Ha, one says that A has full range, i.e.
it is an onto function. As an example, consider the momentum operator p acting
in Hy = Hy = L*(R), (p¢)(z) := —ih-Ly)(x). Then D(p) consists of the square-
integrable functions that have a square-integrable derivative, and R(p), is the set
of square-integrable functions 1y such that ¢y (z) = [*_ to(u)du is also square-
integrable. In particular, p is not everywhere-defined, but its domain is a dense

°If (-|-) exists, (20) must hold because {(n} is orthonormal with respect to (-|-). Hence the
left-hand side of (20) is well-defined and its right-hand must be convergent. In particular, for
¢ = 1 we find that (|1) = >.°°, |en|? must be finite. This establishes the necessity of the

above condition. Its sufficiency follows from the inequality: For all K € ZT, |fo:1 ctdn|? <
pDt len|? =1 dm|? < oo.
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subset of L?(R). Such an operator is said to be densely-defined. All the operators
we encounter in this article and more generally in QM are densely-defined.

A linear operator A : Hi1 — Ho is said to be bounded if there is a positive
real number M such that for all ¢ € D(A), || Ayl < M||v||1, where || - || and
| - [|2 are respectively the norms defined by the inner products (-|-); and (-|-)a.
The smallest M satisfying this inequality is called the norm of A and denoted by
|A]]. A characteristic feature of a bounded operator is that all its eigenvalues a
are bounded by its norm, |a] < ||A|. Furthermore, a linear operator is bounded
if and only if it is continuous [195].P Linear operators relating finite-dimensional
Hilbert spaces are necessarily bounded. Therefore, the concept of boundedness is
only important for infinite-dimensional Hilbert spaces.

A :Hy — Ha is called an invertible operator if it satisfies both of the following
conditions [105].4

(1) A is one-to-one and onto, so A~! : Hy — H; exists and has a full domain;
(2) A~1is a bounded operator.

If A is bounded, one-to-one and onto, then according to a theorem due to Banach
its inverse is also bounded; it is invertible [127]." An important class of bounded
invertible operators that play a fundamental role in QM is the unitary operators.
We will examine them in Subsec. 2.3.

Next, consider a linear operator A : Hy — H» that has a dense domain D(A).
Let D’ be the subset of Hy whose elements 19 satisfy the following condition: For
all 11 € D(A), there is an element ¢ of Hy such that (o | Ayr), = (1 ]¢1),.
Then there is a unique linear operator A' : Hy — H; fulfilling [195]

(1| ATapa), = (Anpy |4ho), for all ¢y € D(A) and tpy € D', (21)

This operator is called the adjoint or Hermitian-conjugate of A. By construction,
D’ is the domain of AT; D(A") =D'.

For the case Ho = Hy =: H, where H is a Hilbert space with inner product (- | -),
a linear operator A : H — H having a dense domain D(A) is called a self-adjoint
or Hermitian operator® if AT = A. In particular, D(A") = D(A) and

(1| Apg) = (A¢y |1ha)  for all 4y, 1p2 € D(A). (22)

PA function f : Hi — H2 is said to be continuous if for all ¢ € D(f) and every sequence {1, } in
D(f) that converges to 1), the sequence {f (1)} converges to f(1)).

4Some authors do not require the second condition. The above definition is the most convenient
for our purposes.

'A continuous one-to-one onto function with a continuous inverse is called a homeomorphism. The
domain and range of a homeomorphism have the same topological properties. If f : H; — Ha is
a homeomorphism relating two Hilbert spaces H1 and Hi, a sequence {xn} of elements z, of H
converges to an element « € H if and only if the {f(zn)} converges to f(z) in Ho.

SIn some mathematics texts, e.g. [195], the term “Hermitian” is used for a more general class of
operators which satisfy (22) but have D(A) C D(AT). A more commonly used term for such an
operator is “symmetric operator”. We will avoid using this terminology which conflicts with the
terminology used in the literature on P7-symmetric QM [37, 38, 42].
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An occasionally useful property of Hermitian operators is that every Hermitian
operator having a full domain is necessarily bounded. This is known as the Hellinger—
Toeplitz theorem [195].

Hermitian operators play an essential role in QM mainly because of their spec-
tral properties [229]. In particular, their spectrum’® is real, their eigenvectors with
distinct eigenvalues are orthogonal, and they yield a spectral resolution of the iden-
tity operator I. For a Hermitian operator A with a discrete spectrum the latter
takes the following familiar form, if we use the Dirac bracket notation.

N

I'= Z |an ) (am ], (23)

n=1

where {a,,} is an orthonormal basis consisting of the eigenvectors a,, of A whose
eigenvalues a,, are not necessarily distinct,

Ao, = anay,, forallne{1,2,3,...,N}. (24)

Equations (23) and (24) imply that A is diagonalizable and admits the following
spectral representation

N
A= anlon){an|. (25)

Well-known analogs of (23) and (25) exist for the cases that the spectrum is not
discrete [123].

An important property that makes Hermitian operators indispensable in QM is
the fact that for a given densely-defined" linear operator A with D(A) = D(A"), the
expectation value (¢ | Ay) is real-valued for all unit state-vectors ¢» € D(A) if and
only if the Hermiticity condition (22) holds [123].¥ This shows that in a quantum
theory that respects von Neumann’s measurement (projection) axiom, the observ-
ables cannot be chosen from among non-Hermitian operators even if they have a real
spectrum. The same conclusion may be reached by realizing that the measurement
axiom also requires the eigenvectors of an observable with distinct eigenvalues to be
orthogonal, for otherwise the reading of a measuring device that is to be identified
with an eigenvalue of the observable will not be sufficient to determine the state of
the system immediately after the measurement [175]. This is because an eigenvec-
tor that is the output of the measurement may have a nonzero component along
an eigenvector with a different eigenvalue. This yields nonzero probabilities for the
system to be in two different physical states, though one measures the eigenvalue
of one of them only!

tFor a precise definition of the spectrum of a linear operator, see Subsec. 3.3.

“Observables must have dense domains, for otherwise one can construct a state in which an
observable cannot be measured!

VA simple proof of this statement is given in the Appendix.
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Let {&,} be an orthonormal basis of H and A be a Hermitian operator acting
in ‘H, then according to property (ii) of the inner product and the Hermiticity
condition (22) we have

This shows that A is represented in the basis {£,}, according to

N
A= Anlm) (€nl, (27)
n=1
using the N x N Hermitian matriz¥ A := (Amn)-

It is essential to realize that a Hermitian operator can be represented by a
non-Hermitian matrix in a non-orthonormal basis. This implies that having the
expression for the matrix representation of an operator and knowing the basis used
for this representation are not sufficient to decide if the operator is Hermitian. One
must in addition know the inner product and be able to determine if the basis is
orthonormal. Referring to an operator as being Hermitian or non-Hermitian (using
its matriz representation) withoutl paying attention to the inner product of the space
it acts in is a dangerous practice.

For example, it is not difficult to check that the Hermitian matrix o, = (? (1))

represents the operator L : C? — C? defined by L(Z}) := (,,,,) in the basis B :=

zZ1 — 22

{(é), G) } The same operator is represented in the standard basis By := {(é), ((1))}

using the non-Hermitian matrix (} _2). We wish to stress that this information
is, in fact, not sufficient to ascertain if L is a Hermitian operator, unless we fix
the inner product on the Hilbert space C2. For instance, if we choose the standard
Fuclidean inner product which is equivalent to requiring By to be orthonormal,
then L is a non-Hermitian operator. If we choose the inner product that makes the
basis B orthonormal, then L is a Hermitian operator. We can use (20) to construct
the latter inner product. It has the form (2’| W) := 27 (w1 — w2) + 25 (—wy + 2ws2),
where Z = (3!), and @ = (},}).

The above example raises the following natural question. Given a linear operator
H that is not represented by a Hermitian matrix in an orthonormal basis, is there
another (non-orthonormal) basis in which it is represented by a Hermitian matrix?
This is equivalent to asking if one can modify the inner product so that H becomes
Hermitian. The answer to this question is: No, in general. As we will see in the
sequel, there is a simple necessary and sufficient condition on H that ensures the
existence of such an inner product.

2.3. Unitary operators and unitary-equivalence

Equations (17) and (18) may be employed to derive one of the essential structural
properties of separable Hilbert spaces, namely that up to unitary-equivalence they

WA square matrix M is called Hermitian if its entries M,y satisfy My, = M}, for all m and n.
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are uniquely determined by their dimension. To achieve this we first explain how
one compares inner product spaces. Two inner product spaces H; and Ho with
inner products (-|-), and (-|-), are said to be wunitary-equivalent, if there is an
everywhere-defined onto linear operator U : H; — Hs such that for every ¢, in
H1 we have

(U1 |Utpr), = (1 |¢n), - (28)
Such an operator is called a unitary operator. In view of (12) and (28), we have
U'U =1, (29)

where I; denotes the identity operator acting on H;. One can use (28) and the
ontoness property of U to show that U is an invertible operator and its inverse
U~1', that equals UT, is also unitary.

Unitary-equivalence is an equivalence relation.* Therefore to establish the
unitary-equivalence of all N-dimensional separable Hilbert spaces, it suffices to
show that all of them are unitary-equivalent to a chosen one. The most convenient
choice for the latter is the Hilbert space
BN {(CN for N # oo

0= 2 for N = oo,

where CV is the set of N-dimensional complex column vectors endowed with
the standard Euclidean inner product (@ |Zz) := " - Z, a dot denotes the usual
dot product, ¢* is the set of square-summable sequences, (> = {{c,}|c, €
C, >0 |en|? < oo}, equipped with the inner product: ({¢,}{cn}) := Y or Eicn,
and {¢,},{c.} € 2. Now, let H be any N-dimensional separable Hilbert space
with inner product (-|-),{£,} be an orthonormal basis of H, and U : H — HY' be
defined by U(¢)) := {(&, | )} for all ¢ in H. It is not difficult to see that U is an
everywhere-defined and onto linear map. Furthermore in view of (18) it satisfies,
(UG |UY) = S0y (n| @) (& | ) = (6] ¥), for all ¢,¢ € H. Hence, (28) holds, U
is a unitary operator, and H is unitary-equivalence to H2 .

For a quantum system having R as its configuration space, one usually uses
the coordinate wave functions ¥ (x) to represent the state-vectors. The latter are
elements of the Hilbert space L(R) of square-integrable complex-valued functions
¥ : R — C. The inner product of L?(R) has the form

wlo = [ " dr $la) (@), (30)

A concrete example for an orthonormal basis {&,} for L?(R) is the basis consist-

ing of the standard normalized eigenfunctions &, = 1,1 of the unit simple har-
2

monic oscillator Hamiltonian [139], or equivalently that of the operator —dd? + a2,

*This means that every inner product space is unitary-equivalent to itself; if Hj is unitary-
equivalent to Ha, so is Ha to Hi1; if H1 is unitary-equivalent to Ha and Ha is unitary-equivalent
to Hs, then H; is unitary-equivalent to Hs.
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ie. Yy (x) = w‘i(m!Qm)_%e_éHm(x), where H,,(z) = eé(ac - %)me_% are
Hermite polynomials and m € N. For this example, switching from the coordinate-
representation of the state-vectors to their representation in terms of the energy
eigenbasis of the above harmonic oscillator corresponds to affecting the unitary
operator U.

Unitary operators have a number of important properties that follow from (28).
For example if U : H; — H is a unitary operator relating two separable Hilbert

spaces Hi1 and Ho, then

(1) U is an everywhere-defined, bounded, and invertible operator.

(2) If {&,} is an orthonormal basis of Hy, then {U¢&,} is an orthonormal basis
of H2.y

(3) Let Ay : Hy — H; be a Hermitian operator with domain D(A;). Then UA,UT :
Hs — Hs is a Hermitian operator with domain U(D(A1)) = {U1 € Ha |9 €
D(A1)}.

A direct consequence of statement 1 above and the fact that the inverse of a unitary
operator is unitary is that unitary operators are homeomorphisms.” As a result, all
N-dimensional separable Hilbert spaces have identical topological properties. In
particular, if two separable Hilbert spaces H; and Hy share an underlying vector
space, a sequence {x,} converges to x in H; if and only if it converges to z in Ha.
Next, we recall that every quantum system s is uniquely determined by a separa-
ble Hilbert space H that determines the kinematic structure of s and a Hamiltonian
operator H : H — H that gives its dynamical structure via the Schrodinger equa-
tion. Let s1 and s be quantum systems corresponding to the Hilbert spaces H1, Hs
and the Hamiltonians H; : Hy — H1, Ho : Ho — Ho. By definition the observables
of the system s;, with ¢ € {1,2}, are Hermitian operators O; : H; — H,;. s1 and
so are physically equivalent, if there is a one-to-one correspondence between their
states and observables in such a way that the physical quantities associated with
the corresponding states and observables are identical. Such a one-to-one corre-
spondence is mediated by a unitary operator U : H; — Hs according to

Y1 — Yo = Uiy 01— Og := UOlUT. (31)

In particular, if 1;(¢) is an evolving state-vector of the system s;, i.e. it is a solution
of the Schrédinger equation ihey;(t) = Hih;(t), we have ¢a(t) = Utpi(t). The
necessary and sufficient condition for the latter is Ho = UH U . This observation
motivates the following theorem.

Theorem 1. As physical systems s1 = so, if there is a unitary operator U : Hy —
Hy satisfying Hy = UH U™,

YThe converse is also true in the sense that given an orthonormal basis {¢/,} of Ha there is a
unique unitary operator U : H1 — Ha such that &/, = U&, for alln € {1,2,...,N}.
“See footnote r for the definition.



1210 A. Mostafazadeh

To prove this assertion we recall that all physical quantities in QM may be
expressed as expectation values of observables. Suppose that such a unitary oper-
ator exists, and let us prepare a state of s; that is represented by ¥ € H;
and measure the observable O;. The expectation value of this measurement is
given by

(Y1]011)1 _ (U |UTO2UY1)1 (2] Oatha)o (32)

(1P (UT2 | Uttha)y (2 |h2)2 7
where (-|-); is the inner product of H;, and we have used (31) and the fact that
UT is also a unitary operator. Equations (32) show that the above measurement
is identical with measuring O in a state of sy represented by the state-vector s.
This argument is also valid for the case that ¢ is an evolving state-vector. It shows
that the existence of U implies the physical equivalence of s; and so.2*

If the hypothesis of Theorem 1 holds, i.e. there is a unitary operator U : H; —
Ho satisfying Hy = UH,U', we say that the pairs (Hy, H;) and (Ha, Hz) and the
quantum systems they define are unitary-equivalent.

In conventional QM one mostly considers unitary operators that act in a sin-

gle Hilbert space H. These generate linear transformations that leave the inner
product of the state-vectors invariant. They form the unitary group U(H) of the
Hilbert space which includes the time-evolution operator e ~*#/% as a one-parameter
subgroup.’® Given a quantum system s with Hamiltonian H, one may use the
unitary operators U € U(H) to generate unconventional unitary-equivalent sys-
tems s, having the same Hilbert space. If = and p are the standard position and
momentum operators of s, the position, momentum, and Hamiltonian operators
for s, are respectively given by z, := UxUT,pU = UpUT7 and H, = UHU'.
The transformation + — z,, p — p, and H — H, is the quantum ana-
log of a classical time-independent canonical transformation. Therefore, unitary
transformations generated by the elements of U(H) play the role of canonical
transformations.

2.4. Biorthonormal systems

Let {4} be a basis of an N-dimensional separable Hilbert space H, with N < oo,
and {&,} be the orthonormal basis obtained by performing the Gram-Schmidt

process on {1, }. Because {1, } is a basis, there are unique complex numbers B,,,, €
C such that for all m € {1,2,3,..., N}

N
n=1

2aThe converse of Theorem 1 can be formulated similarly to the Wigner’s symmetry theorem
[231, p. 91].
Pb A1l possible symmetry, dynamical, and kinematic groups are also subgroups of U(H) [142].



Pseudo-Hermitian Representation of Quantum Mechanics 1211

and because {&,} is an orthonormal basis,

N
b = (& | Pn)Er, (34)
k=1
for alln € {1,2,3,..., N}. If we substitute (34) in (33) and use the orthonormality
of &, we find YN Bun (&5 | ) = 0 for all m,j € {1,2,3,..., N}. This shows
that the N x N matrix B = (B,y,,) is invertible and the entries of B~ are given by
B L = (&, |¥,). We can use this relation to express (34) in the form

N
Yo=Y Bt (35)
k=1
This equation suggests that the vectors ¢,, defined by
N
Gm =Y _Bpi& forallme{1,2,3,...,N}, (36)
j=1
fulfil
(Pm | Vn) = O for all m,n € {1,2,3,...,N}. (37)

Furthermore, employing (16), (35), and (36), we can show that for all ¢ € H,
Zgﬂ(qﬁ | )1y, = 1b. We can use Dirac’s bracket notation to express this identity as

N
> [n)(pnl = 1. (38)

This is a generalization of the more familiar completeness relation (23).

A sequence {(¢n, ¢n)} of ordered pairs of elements of H that satisfy (37) is called
a biorthonormal system [201, 205, 236]. A biorthonormal system satisfying (38) is
said to be complete.

Let {¢,,} be a basis of a separable Hilbert space H, and {¢,} be a sequence in
H such that {(¢n, d,)} is a complete biorthonormal system. Then, one can show
that {¢,} is the unique sequence with this property and that it is necessarily a
basis of H [236]. {¢y} is called the biorthonormal basis associated with {v,}, and
the biorthonormal system { (¢, ¢, )} is called a biorthonormal extension of {1y }.

If N < oo, the right-hand side of (36) is well-defined and the above construction
yields the biorthonormal basis {¢,, } associated with every basis {¢,} of H. If N =
00, {¢m} can be constructed provided that the right-hand side of (36) converges.
This is the case if and only if

> [Bmj|* < oo forallm e ZT. (39)
j=1

A theorem due to Bari [94] states that given a basis {i,}, the biorthonormal
system {(¢n, ¢n)} exists and D07 (1, [¥)]? and >07 | [(¢n]th)|? both converge
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for all ¢» € H, if and only if {¢,,} is a Riesz basis, i.e. there are an orthonormal
basis {x»} and an everywhere-defined bounded invertible operator A : H — H
such that 1, = Ax,.° In this case {¢,} is also a Riesz basis, and {(¢n, ¢ )} is the
unique biorthonormal extension of {t,,} [94, 201, 236].

The coefficients of the expansion of a vector ¢ € H in a Riesz basis {t,,} can
be expressed in terms of its biorthonormal basis {¢,}. Given 1) = Zﬁ;l Cnp We
have, in light of (37), ¢,, = (¢, | ). Hence, for all ¢ € H,

N
= (60| V) (40)

Clearly the roles of {¢,} and {¢,} are interchangeable. In particular,

Yoy |bn) (¥n] = T and ¢ = 3] (b, [ ) for all ¥ € H.

Let {t¢,,} be a Riesz basis and {(¢,,, ¢»)} be its biorthonormal extension. As we
explained in Subsec. 2.1, we can construct a unique inner product (-|-) on H that
makes a Riesz basis orthonormal. We can use (20) and (40) to obtain the following
simplified expression for this inner product.

N

@®16) = (@] dn){dn|@) = (¥ |ns0), forally,¢eH, (41)

n=1

where we have introduced the operator 1 : H — H according to

N
= S (dn | 6)én. (42)

n=1

Using Dirac’s bracket notation we can write it in the form

N
n=1

Because {9} is a Riesz basis, the inner product (41) is defined for all ¢, ¢ € H.
This shows that 74 is everywhere-defined. Furthermore, it is not difficult to see, by
virtue of (37), that it has an everywhere-defined inverse given by

N

This shows that 74 is a one-to-one onto linear operator. As suggested by (43) it
is also Hermitian, which in particular implies that both n4 and 77;1 are bounded.
Moreover, in view of (43), (¢ | nye) = ZnN:]_ [{(¢n | )|, for all ¢ € H. Therefore 1.
is a positive operator. Finally because it is an invertible operator, its spectrum is

¢¢As any pair of orthonormal bases are related by a unitary operator U : H — H which is an
everywhere-defined bounded invertible operator, one can take xn, = &, without loss of generality.
This allows for the identification of the infinite matrix B with the matrix representation of A~1
in the basis {&,}, for we have B, = (€m | A71ER).
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strictly positive. A Hermitian operator with this property is called a positive-definite
operator. The operator 74 constructed above is an everywhere-defined, bounded,
positive-definite and invertible operator. A linear operator with these properties is
called a metric operator.

2.5. Metric operators and conventional QM

Consider a pair of separable Hilbert spaces H; and Hs that are identical as vector
spaces but have different inner products. We will denote the inner products of H;
and Hz by (-]-), and (-|-),, respectively, and view (-|-), as an alternative inner
product on H;. Our aim is to find a way to express (-|-), in terms of (-|-),. We
will first consider the case that the underlying vector space V of both H; and H
is finite-dimensional, i.e. N < oo.

Let {&,} be an orthonormal basis of H;. As we argued above, it satisfies the
completeness relation: 25:1 |€0),,(&n| = I, where I is the identity operator of V.
In general, {£,} is not an orthonormal basis of Hs and the operator

N
N+ = Z |£n>2 2<§n|’ (45)
n=1

does not coincide with I. Equation (45), which we can express in the more conven-
tional form:

N
N =Y (G| ¥),&n, forall €V, (46)
n=1

defines 14 as a linear operator 74 : V — V having a full domain.
Now, let ¢ be an arbitrary element of V. In view of (16), we can express it as

N

p=) (Eml®)&m. (47)

m=1

Using Egs. (46), (47) and the properties (ii) and (iii) shared by both the inner
products, we can easily show that n, fulfils

(@1¥), = (d]ny), forally,¢e). (48)

Employing properties (i) and (ii) of (- |-)2, we can also verify that
(@ne); = (WInge), forally,¢ eV, (49)
(W ng), >0 for all nonzero ¢ € V. (50)

Equation (49) shows that ny is a Hermitian operator acting in Hi, in particular
it has a real spectrum. Equation (50) implies that indeed the spectrum of 74 is
strictly positive; 4 is a positive-definite operator.

If H; and Hs are infinite-dimensional, the sum appearing in (46) stands for an
infinite series and we must address the issue of its convergence. The convergence of
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this series is equivalent to the requirement that > > [(£, | ),]? < oo for all ¢ € V.
According to the above-mentioned theorem of Bari this requirement is fulfilled
provided that {,} is a Riesz basis of Hy. Under this assumption (46) defines a linear
operator 74 acting in H; and satisfying (48). It is a positive-definite (in particular
Hermitian) operator with a full domain. Being Hermitian and everywhere-defined
it is also necessarily bounded.

Next, we exchange the roles of H; and Hsy. This gives rise to an everywhere-
defined bounded positive-definite operator 7/, acting in Ho such that (¢|v), =
(@ nlab), for all ¥, ¢ in V. Combining this equation and (48) yields (¢|v), =
(¢ |nynliap), for all 1, ¢ in V. This in turn implies that 7/, ny = 1.99 Because 7/,
is a bounded operator with a full domain, 7y is an invertible operator with inverse
n;l = 1)/_.°® Therefore 74 is a metric operator.

The above construction of the metric operator n is based on the choice of an
orthonormal basis {&,} of H;. We will next show that indeed 7 is independent of
this choice. Let 7/, : V — V be an everywhere-defined linear operator satisfying

(@1¥), = ([0 ¥), forall,peV. (51)

Equations (48) and (51) show that (¢ | (7, —n4)1), = 0 for all ¥, ¢ € V. In view
of the argument presented in footnote n, this implies 7/, v =749 for all € V, i.e.
n'y = n4. This establishes the uniqueness of the metric operator 74 which in turn
means that the inner products that make a complex vector space V into a separable
Hilbert space are in one-to-one correspondence with the metric operators 1y acting
in one of these Hilbert spaces.

To employ the characterization of the inner products in terms of metric operators
we need to select a Hilbert space H. We will call this Hilbert space a reference Hilbert
space. We will always fix a reference Hilbert space and use its inner product (| -) to
determine if a given linear operator acting in ) is Hermitian or not. The following
are some typical examples.

e For systems having a finite number (N) of linearly independent state-vectors, i.e.
when V = CV, H is defined by the Euclidean inner product, (5 | J} = g;* ~1Z, for
all ¢,9) € CN.

e For systems whose configuration space is a differentiable manifold M with an
integral measure du(x),V is the space L2(M) of all square- integrable functions P
M — C and H is defined by the L?-inner product: (¢ |¢) := [, ¢(x)* ¥ (x)du(z),
for all ¢, € L?>(M). The systems whose configuration space is a Euchdean space
(M = R%) or a complex contour (M = I') belong to this class. We will discuss
the latter systems in Sec. 5.

ddThe proof uses the argument given in footnote n.

°°If we use the prescription of Subsec. 2.1 to obtain the inner product (-|-) on Ha that renders
the Riesz basis {{1} orthonormal, we find by its uniqueness that (-|-) = (- |-), . According to (41),
there is an everywhere-defined bounded invertible operator 74 such that (-|-), = (- |7j+-),. It is

: - -1
given by 4 =mn, .
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In summary, given a separable Hilbert space H with inner product (- |-), we can
characterize every other inner product on H by a metric operator ny : H — H
according to

(1)y = Gl (52)

Each choice of 1, defines a unique separable Hilbert space Hu. Because 74 is a
positive-definite operator, we can use its spectral representation to construct its
positive square root p := / 4 As a linear operator acting in H, p is a Hermitian
operator satisfying p? = n,. We can use this observation to establish

(@ V). = (d|neb) = (pTd| p¥) = (po| pw), for all ¢, € H. (53)

This relation shows that as a linear operator mapping H,,, onto H, p is a unitary
operator.® It provides a realization of the unitary-equivalence of the Hilbert spaces
H, and H.

In ordinary QM one fixes the physical Hilbert space of the system to be one of the
reference Hilbert spaces listed above and develops a theory based on this preassigned
Hilbert space. The argument that the unitary-equivalence of all separable Hilbert
spaces justifies this convention is not quite acceptable. For example, although for
all d € Z*, L?(R?) is unitary-equivalent to L?(R), we never use L?(R) to describe
a system having more than one real degree of freedom. The choice of the particular
Hilbert space should in principle be determined by physical considerations or left as
a freedom of the formulation of the theory. In view of lack of a direct measurement
of the inner product or the associated metric operator, we propose to adopt the
second option. We will see that this does not lead to a genuine generalization
of QM, but reveals a set of alternative and equally useful representations of QM
which could not be utilized within its conventional formulation. Furthermore, the
introduction of the freedom in choosing the metric operator may be used as an
interesting method of extending QM by relaxing some of the restrictions put on
the metric operator. Indeed the indefinite-metric quantum theories are examples of
such a generalization.

3. Pseudo-Hermitian QM: Ingredients and Formalism
3.1. Quasi-Hermitian versus pseudo-Hermitian QM

To the best of our knowledge, the first publication investigating the consequences
of the freedom in the choice of the metric operator is the article by Scholtz, Geyer
and Hahne [207] in which the choice of the metric operator is linked to that of
an irreducible set of linear operators. The latter is any (minimal) set S of oper-
ators O, acting in a vector space V that do not leave any proper subspace of

fStrictly speaking (53) shows that p is an isometry. However, in view of the fact that ny is
invertible, so does p. This implies that p : Hn+ — H is a genuine unitary operator.
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V-invariant, i.e. the only subspace V' of V that satisfies: “O, € S and ¢ € V' imply
Oup €V is V.

The approach pursued in [207] involves using the physical characteristics of a
given system to determine an irreducible set of operators (that are to be identified
with the observables of the theory) and employing the latter to fix a metric operator
and the associated inner product of the Hilbert space. We will call this formalism
quasi-Hermitian Quantum Mechanics. The main problem with this formalism is
that it is generally very difficult to implement. This stems from the fact that the
operators belonging to an irreducible set must in addition be compatible, i.e. there
must exist an inner product with respect to which all the members of the set are
Hermitian. In order to use this formalism to determine the inner product, one must
in general employ a complicated iterative scheme.

e Select a linear operator O; with a complete set of eigenvectors and a real
spectrum;

e Find the set 4y of all possible metric operators that make O; Hermitian, and
select a linear operator Oq, linearly independent of Oy, from among the linear
operators that are Hermitian with respect to the inner product defined by some
N4 € iy;

e Find the set iy of all possible metric operators that make Oy Hermitian, and
select a linear operator Os, linearly independent of O; and Os, from among the
linear operators that are Hermitian with respect to the inner product defined by
some 74 € 4y N Uy, where N stands for the intersection of sets;

e Repeat this procedure until the inner product (respectively, metric operator 74)
is fixed up to a constant coefficient.

As we see, in trying to employ quasi-Hermitian QM, one needs a procedure to
compute the most general metric operator associated with a given diagonalizable
linear operator with a real spectrum. This is the main technical tool developed
within the framework of pseudo-Hermitian QM.

Pseudo-Hermitian QM differs from quasi-Hermitian QM in that, in the former,
one chooses O; to be the Hamiltonian, finds 4; and leaves the choice of Oy arbitrary,
i.e. identifies all the operators O that are Hermitian with respect to the inner
product associated with some unspecified metric operator 74 belonging to ;. The
metric operator 74 fixes a particular inner product and defines the “physical Hilbert
space” Hpnys of the system. The “physical observables” are the Hermitian operators
O acting in Hpnys. We can use the unitary-equivalence of Hpys and H realized by
pi= N . to construct the physical observables O using those of the conventional
QM., i.e. Hermitian operators o acting in the reference Hilbert space H. This is done
according to [152, 175]

O =plop. (54)
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Note that as an operator mapping Hpnys onto H, p is a unitary operator. Hence
O is a Hermitian operator acting in Hpnys if and only if o is a Hermitian operator
acting in H.

For instance, let H = L?(R9) for some d € Z*. Then we can select the usual
position x; and momentum p; operators to substitute for o in (54). This defines a
set of basic physical observables,

X;:=ptaip, Pi:=p lpip, (55)

which we respectively call the 1 -pseudo-Hermitian position and momentum oper-
ators. They furnish an irreducible unitary representation of the Weyl-Heisenberg
algebra,

[Xi,Xj] = [P“Pj] =0, [Xz,P]] = h(SijI, for all 1,] € {172, .. ,d} (56)

In principle, we can express the Hamiltonian H as a function of X; and P; and
attempt to associate a physical meaning to it by devising a quantum-to-classical
correspondence principle. One way of doing this is to define the underlying classical
Hamiltonian H,. for the system as

Hc(fmﬁc) = %%H(va) Xﬂfc ) (57)
B—p.
where @ := (w1, wa, ..., wq)? for @ = X, P, Z¢, Pe; and T, and p,. stand for classical

position and momentum variables. Supposing that the right-hand side of (57) exists,
one may reproduce the quantum system described by the Hilbert space Hpnys and
Hamiltonian H by quantizing the classical system corresponding to H. according to

chX’7 ﬁcﬁﬁa {'7'}0_> _ih_l['a'L (58)

where {-,-}. and [, -] stand for the Poisson bracket and the commutator, respec-
tively. This is called the n4-pseudo-Hermitian canonical quantization scheme
[175, 158].

The quantum system described by Hpnys and H admits a representation in
conventional QM in which the Hilbert space is H = L?(R%), the observables are
Hermitian operators acting in H, and the Hamiltonian is given by

h:=pHpt. (59)

Because p : Hpnys — H is unitary, so is its inverse p L H — Hphys- This in turn
implies that h is a Hermitian operator acting in H. We will call the representation
of the quantum system that is based on the Hermitian Hamiltonian h the Her-
matian representation. In this representation, we can proceed employing the usual
prescription for identifying the underlying classical Hamiltonian, namely as

H(%c,pe) = %ii%h(f,ﬁ) S (60)

T—T.
P—Pec
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Note that this relation is consistent with (57), because in view of (55) and (59),
h = f(Z,p) if and only if H = f()aﬁ), where we suppose that f : R?*? — C is a
piecewise real-analytic function.

Each choice of a metric operator 14 € 4; corresponds to a particular quantum
system with an associated Hermitian representation. One can, in principle, con-
fine his (her) attention to this representation which can be fully understood using
the conventional QM. The main disadvantage of employing the Hermitian repre-
sentation is that, in general, the Hamiltonian A is a terribly complicated nonlocal
operator. Therefore, the computation of the energy levels and the description of
the dynamics are more conveniently carried out in the pseudo-Hermitian represen-
tation. In contrast, it is the Hermitian representation that facilitates the computa-
tion of the expectation values of the physical position and momentum operators as
well as that of the localized states in physical position or momentum spaces. See
[175, 158, 159, 162] for explicit examples.

3.2. Pseudo-Hermitian and pseudo-metric operators

Definition 1. A linear operator A : H — H acting in a separable Hilbert space
H is said to be pseudo-Hermitian if D(A) is a dense subset of H, and there is an
everywhere-defined invertible Hermitian linear operator n : H — H such that

Al =nAn~t. (61)

We will refer to an operator n satisfying (61) as a pseudo-metric operator associated
with the operator A and denote the set of all such operators by 9t4. Clearly, A is
pseudo-Hermitian if and only if 914 is nonempty. Furthermore, for every linear
operator A, M, C IM; where [ is the identity operator. We will call elements of
M pseudo-metric operators. Because they are Hermitian and have full domain,
they are necessarily bounded.%8

Clearly if n; belongs to 914, then so does 7, := rnp, for every nonzero real
number r. The scaling 71 — 7, of the pseudo-metric operators has no physical
significance. It signifies a spurious symmetry that we will eliminate by restricting our
attention to pseudo-metric operators 1 whose spectrum o(A) is bounded above by 1,
i.e. max[o(A)] = 1.M2 The latter form a subset of 94 which we will denote by $64.

88The definition of a pseudo-Hermitian operator given in [143] requires n to be a Hermitian
automorphism. This is equivalent to the definition given above because of the following. Firstly, an
automorphism is, by definition, everywhere-defined. Hence, if it is Hermitian, it must be bounded.
Secondly because the inverse of every Hermitian automorphism is a Hermitian automorphism, 5!
is everywhere-defined and bounded, i.e. 7 is invertible. The fact that every everywhere-defined
invertible operator is an automorphism is obvious.

bhEor a given 171 € M4 there always exists 7, € R such that the spectrum of 7., is bounded above
by 1. This follows from the fact that because 71 is an invertible bounded self-adjoint operator,
its spectrum o(n1) is a compact subset of R excluding zero [127]. Let a1 and aa be respectively
the minimum and maximum values of o(n1). If ag > 0, we take r, = az_l; if ag < 0, we take

Ty 1= —a;l.
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In general, either 1, is the empty set and A is not pseudo-Hermitian or 4
is an infinite set!'; the pseudo-metric operator associated with a pseudo-Hermitian
operator is not unique. To see this, let n € Uy, B : H — H be an everywhere-
defined invertible bounded operator commuting with A, and 7 := BinB. Then
BT is an everywhere-defined bounded operator [235] commuting with Af. These
in turn imply that 7 is an everywhere-defined invertible Hermitian operator which
in view of (61) satisfies 747! = BInBAB~'n~ !B~ = BTATB~' = At ie.
1 € Ma. Clearly there is an infinity of choices for B defining an infinite set of
pseudo-metric operators of the form BfnB. It is not difficult to observe that upon
making appropriate scaling of these pseudo-metric operators one can construct an
infinite set of elements of {4, i.e. {4 is an infinite set.

The nonuniqueness of pseudo-metric operators associated with a pseudo-
Hermitian operator motivates the following definition.

Definition 2. Let A be a pseudo-Hermitian operator acting in H and n € M be
a pseudo-metric operator. Then A is said to be n-pseudo-Hermitian if nn € M 4.

Clearly, in order to determine whether a pseudo-Hermitian operator A is
n-pseudo-Hermitian one must know both A and 7. It is quite possible that a pseudo-
Hermitian operator fails to be n-pseudo-Hermitian for a given n € 9.3

Given a pseudo-Hermitian operator A, the set 94 may or may not include a
positive-definite element 7. If such a positive-definite element exists, we can use
it to construct the inner product

1y =Gl (62)

that renders A Hermitian,

(1A = (A Dy (63)

This means that if we endow the underlying vector space V of ‘H with the inner
product (62), we find a separable Hilbert space HU+ such that A : Hn+ — HU+
is Hermitian. In particular the spectrum o(A) of A is real. If o(A) happens to
be discrete, we can construct an orthonormal basis {1, } of Hn+ consisting of the
eigenvectors of A. As a sequence of elements of H, {1, } is a Riesz basis. Hence
A :'H — H is diagonalizable. This shows that for a densely-defined operator having
a discrete spectrum, the condition that it is a diagonalizable operator having a real
spectrum is necessary for the existence of a metric operator n4 among the elements
of M 4. The existence of 14, in particular, implies that 914 is nonempty. Hence, A
is necessarily pseudo-Hermitian.

iThis is true unless the Hilbert space is one-dimensional.

iiThe term “n-pseudo-Hermitian operator” is used to emphasize that one works with a particular
pseudo-metric operator. It coincides with the notion of a “J-Hermitian operator” used by mathe-
maticians [192, 18] and the old notion of a “pseudo-Hermitian operator” used occasionally in the
context of indefinite-metric quantum theories [65, 223].
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It is not difficult to show that the same conditions are also sufficient for the
inclusion of a metric operator in M4 [144, 145]. Suppose that A : H — H is a
densely-defined diagonalizable operator having a real spectrum. Let {1, } be a Riesz
basis consisting of the eigenvectors of A and {(tn, ¢»)} be its biorthonormal exten-
sion. Then, in view of the spectral representation of A, i.e. A = 25:1 A |Vn ) (Pn]
where a,, are eigenvalues of A, and the basic properties of the biorthonormal system
{(4n, dn)}, we can easily show that 7y, as defined by

N

is a positive-definite operator belonging to M 4. As we explained in Subsec. 2.4,
this is the unique metric operator whose inner product makes {1, } orthonormal.

Again if 9, includes a metric operator 74, then 7. = Bfn,B for any
everywhere-defined, bounded, invertible operator B commuting with A is also a
metric operator belonging to 9t 4. This shows that the subset E)ﬁz of M4 that con-
sists of metric operators is either empty or has an infinity of elements [146, 148].
The same holds for 4% = E)ﬁz N 4. In summary, for a Hilbert space with dimen-
sion N > 1, either there is no metric operator n. satisfying (63) or there is an in-
finite set of such metric operators that in addition fulfil max[o(ny)] = 1.

One may generalize the notion of the inner product by replacing condition (i)
of Subsec. 2.1 by the following weaker condition.

(i) (-|-) is nondegenerate, i.e. given 1 € H the condition “(¢ | ) = 0 for all ¢ € H”
implies “¢b = 0”.

A function <- |- > : H x H — C which satisfies conditions (i), (ii) and (iii) is called a
pseudo-inner product. Clearly every inner product on H is a pseudo-inner product.
The converse is not true, because in general there are pseudo-inner products <- | - >
that fail to satisfy (i). This means that there may exist nonzero ¢ € H such that
<1 | < 0. Such a pseudo-inner product is called an indefinite inner product. It
is not difficult to see that given a pseudo-metric operator n € My, the following
relation defines a pseudo-inner product on H.

< | )

(1), (65)

Let A :H — H be a densely-defined operator, n : H — H be a pseudo-metric
operator, and Af := n~'Afp. Then for all ¢y € D(A) and ¥, € D(A]), we have
(1] AL¢2>7, = (A¢1 [92), . In particular, if A is n-pseudo-Hermitian, AI] = A and

(U1 | Atpa), = (A1 | ¥a),. (66)

This means that every pseudo-Hermitian operator A is Hermitian with respect to
the pseudo-inner product (- |-),, defined by an arbitrary element n of M 4. It is not
difficult to see that the converse is also true: If A and Afy have the same domains
and A satisfies (66) for some n € My, then A is pseudo-Hermitian and n € M 4.
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An indefinite-metric space is a complex vector space V endowed with a function
<-|->: H x H — C satistying (1), (ii) and (iii) [53, 18]. One can turn a Hilbert
space into an indefinite-metric space by endowing the underlying vector space with
an indefinite inner product (-|-),, whose pseudo-metric operator 7 is not positive-
definite. The latter is called an indefinite metric operator. It is important to realize
that the study of general indefinite-metric spaces is not the same as the study of
consequences of endowing a given Hilbert space with an indefinite inner product.
The latter, which is known as the n-formalism, avoids a host of subtle questions
such as the nature of the topology of indefinite-metric spaces [183, 185].

The indefinite-metric quantum theories [190, 223, 183, 185] involve the study
of particular indefinite-metric spaces having a fixed indefinite-inner product. In
this sense they share the philosophy adopted in conventional QM; the indefinite-
inner product is fixed from the outset and the theory is built upon this choice. The
situation is just the opposite in pseudo-Hermitian QM where the space of state-
vectors is supposed to have the structure of a (separable) Hilbert space with an
inner product which is neither indefinite nor fixed a priori.X%

In pseudo-Hermitian QM, the physical Hilbert space is constructed using the
following prescription. First one endows the vector space of state-vectors with a
fixed auxiliary (positive-definite) inner product. This defines the reference Hilbert
space H in which all the relevant operators act. Next, one chooses a Hamilto-
nian operator that acts in H, is diagonalizable, has a real spectrum, but need not
be Hermitian. Finally, one determines the (positive-definite) inner products on H
that render the Hamiltonian Hermitian. Because there is an infinity of such inner
products, one obtains an infinite class of kinematically different but dynamically
equivalent quantum systems. The connection to indefinite-metric theories is that
for the specific P7-symmetric models whose study motivated the formulation of
pseudo-Hermitian QM, there is a simple and universal choice for an indefinite inner
product, namely the P7-inner product (3), which makes the Hamiltonian Hermi-
tian. But this indefinite inner product does not define the physical Hilbert space of
the theory.

Clearly the basic ingredient in both the indefinite-metric and pseudo-Hermitian
QM is the pseudo-metric operator. In general the spectrum of a pseudo-metric
operator need not be discrete. However, for simplicity, we first consider a pseudo-
metric operator n € My that has a discrete spectrum. We can express it using its
spectral representation as

N
n= Zen|gn><5n|v (67)

Because 7 is a bounded invertible Hermitian operator, its eigenvalues e,, are nonzero
and its eigenvectors |e,,) form a complete orthonormal basis of the Hilbert space

kKkFailure to pay attention to this point is responsible for confusing pseudo-Hermitian QM with
indefinite-metric quantum theories. See for example [126].
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‘H. Therefore, we can define

1
B = Z|en| Zlen){enl = [nl"2, (68)

and use it to obtain a new pseudo-metric operator, namely

N

i:=B'nB = Z sgn(en)|en){en]. (69)

n=1
The presence of a continuous part of the spectrum of 1 does not lead to any difficulty
as far as the above construction is concerned Because 7 is Hermitian, one can
always define |n| := \/n_2 and set B := |n|~ 2. Both of these operators are bounded,
positive-definite, and invertible. Hence 7 := BfnB is an element of M whose
spectrum is a subset of {—1,1}.

If we perform the transformation 7 — 7 on a (positive-definite) metric operator
N4, we find 7 = I and (-|-), = (-|-). This observation is used by Pauli to argue that
we would only gain “something essentially new if we take into consideration indefi-
nite bilinear forms...,” [190].! To provide a precise justification for this assertion,
let 14 be a (positive-definite) metric operator and H,,, be the Hilbert space having
the inner product (- | ‘)., Then, for all 41,1, € H,

(B | Bia), = (B |nyBio) = ({1 | BInBia) = (1 |712) = (1 [42),  (70)

where we have used the identities B := |n+|’% = 77;% and 7y := Bin,B = I.
Equations (70) show that B is a unitary operator mapping H onto H,,, . As a result,
the quantum system s,, whose state-vectors belong to H,,, is unitary-equivalent to
the quantum system s; whose Hilbert space is the reference Hilbert space H. They
describe the same physical system. This is the conclusion reached by Pauli in 1943
[190]. There is a simple objection to this argument. It ignores the dynamical aspects
of the theory. As we will see below, the description of the Hamiltonian and the time-
evolution operator can be very complicated in the “Hermitian representation” of the
physical system. Therefore, although considering H,,, with a (positive-definite) met-
ric operator 714 generally yields an equivalent “pseudo-Hermaitian representation”
of the conventional QM, a clever choice of 1 may be of practical significance in
deriving the physical properties of the system under investigation. As we discuss in
Subsec. 9.2, it turns out that indeed these new representations play a key role in the
resolution of one of the oldest problems of modern physics, namely the problem of
negative probabilities in relativistic QM of Klein-Gordon fields [150, 151, 161, 179]
and certain quantum field theories [35].
We end this subsection with the following remarks.

e Strictly speaking Pauli’s above-mentioned argument does not hold, if one keeps
1, to be positive-definite but does not require it to be invertible or bounded

UPauli uses the term “bilinear form” for what we call a “pseudo-inner product”.
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I exists but is

[123, 211]. For example, one might consider the case that 7~
unbounded. In this case, 77, is not onto and B fails to be a unitary operator. This
type of generalized metric operators and the corresponding non-unitary transfor-
mations B have found applications in the description of resonances [133, 12, 196].
They also appear in the application of pseudo-Hermitian quantum mechanics
for typical P7-symmetric and non-P7-symmetric models. For these models the
Hamiltonian operator is a second-order differential operator H acting in an appro-
priate function space F that renders the eigenvalue problem for H well-posed.
As discussed in great detail in [160], if H is to serve as the Hamiltonian opera-
tor for a unitary quantum system, one must construct an appropriate reference
Hilbert space H in which H acts as a quasi-Hermitian operator. This, in par-
ticular, implies the existence of an associated metric operator that satisfies the
boundedness and other defining conditions of the metric operators.

Suppose H' is a differential operator acting in a function space F and having
a discrete spectrum, i.e. there is a countable set of linearly-independent eigen-
functions of H’ with isolated non-degenerate or finitely degenerate eigenvalues.
We can use H' and F to define a unitary quantum system as follows [149, 175].

First, we introduce .% to be the subset of F that contains the eigenfunc-
tions of H' with real eigenvalues, and let £ be the span of %, ie. L :=
(M eptbm | M € ZF ¢,y € C, 4y, € F}. Next, we endow £ with the inner
product [129]

J K min(J,K)
<ch¢j Zdwk> = > Chdm, (71)
j=1 k=1 m=1

and Cauchy-complete™™ the resulting inner product space into a Hilbert space
K. We can then identify the restriction of H’ onto £, that we denote by H, with
the Hamiltonian operator of a quantum system. It is a densely-defined operator
acting in KC, because its domain has a subset £ that is dense in IC [195]. In fact,
in view of (71) and the fact that £ is dense in K, the eigenvectors of H form
an orthonormal basis of . Moreover, H : K — K has, by construction, a real
spectrum. Therefore, it is a Hermitian operator.

This construction is quite difficult to implement in practice. Instead, one
takes the reference Hilbert space H to be an L2-space, ensures that the given
differential operator that is now denoted by H has a real spectrum, and that
the set of its eigenfunctions .% is dense in H. Then, one constructs an invertible
positive operator 74 satisfying the pseudo-Hermiticity condition,

—1
HY =y HyT, (72)
mmEByery separable inner product space N can be extended to a separable Hilbert space K, called

its Cauchy completion, in such a way that N is dense in K and there is no proper Hilbert subspace
of K with the same properties [195].
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and uses it to construct the physical Hilbert space and the Hermitian represen-
tation of the system.

For most of the concrete models that have so far been studied, the obtained
1+ turns out not to be everywhere-defined or bounded. But, these qualities are
highly sensitive to the choice of the reference Hilbert space that may also be
considered as a degree of freedom of the formalism. The mathematical data that
have physical content are the eigenfunctions of H and their linear combinations,
i.e. elements of L. Therefore, the only physical restriction on the reference Hilbert
spaces H is that £ be a dense subset of H. This means that the question of the
existence of a genuine metric operator associated with H requires addressing the
problem of the existence of a (reference) Hilbert space H such that

(1) L is a dense subset of H, and
(2) there is metric operator n4 : H — H satisfying (72).

It is also possible that given a Hilbert space H fulfilling the first of these condi-
tions and an unbounded invertible positive operator 1 : H — H satisfying (72),
one can construct a genuine bounded metric operator fulfilling the latter con-
dition. These mathematical problems require a systematic study of their own.
Following physicists’ tradition, we shall ignore mathematical subtleties related
to these problems when we deal with specific models that allow for an explicit
investigation.

e Let A be a densely-defined linear operator with a nonempty il: and 04 € Lljg.
Because B™! := 77%_ : Hy, — H is a unitary operator and A : H, — M, Is
Hermitian, the operator a := B~'AB is a Hermitian operator acting in . This
shows that A : H — H is related to a Hermitian operator a : H — H via a
similarity transformation,

A= BaB™". (73)

Such an operator is called quasi-Hermitian [207].""

e Let B := 77;%73’ : H — H,, be an arbitrary unitary operator, and o’ :=
B'"'AB'. Then in view of (73), a’ = U 'aU, where U : H — M is defined by
U := B~ !'B’. Because both B and B’ are unitary operators mapping H onto
H,.,
Conversely, for every unitary operator U : H — H the operator B’ := BU is
a unitary operator mapping H onto H,, and o’ := B’ “LAB' is a Hermitian

a’ and U are, respectively, Hermitian and unitary operators acting in H.

"RA linear densely-defined operator A : H — H acting in a Hilbert space H is said to be quasi-
Hermitian if there exists an everywhere-defined, bounded, invertible linear operator B : H — H
and a Hermitian operator a : H — H such that A = BaB~!. The above analysis shows that A
is quasi-Hermitian if and only if it is pseudo-Hermitian and iljg is nonempty. In mathematical
literature, the term quasi-Hermitian is used for bounded operators A satisfying AT = T A for a
positive but possibly non-invertible linear operator T' [76]. These and their various generalizations
and special cases have been studied in the context of symmetrizable operators [197, 131, 213, 239,
125]. For a more recent review see [109].
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operator acting in H. These observations show that the most general Hermitian
operator @’ : H — H that is related to A via a similarity transformation,

A=BdB ™, (74)
has the form
B = BU =y, °U, (75)

where U is an arbitrary unitary transformation acting in H, i.e. U € U(H). If we
identify A with the Hamiltonian operator for a quantum system and employ the
formalism of pseudo-Hermitian QM, the metric operator 7 defines the physical
Hilbert space as Hpnys := H,,, . Being Hermitian operators acting in Hppys, the
observables O can be constructed using the unitary operator B : H — 'H,,, and
Hermitian operators o : H — H according to

1 1
O =BoB™ ' =n %on. (76)

One can use any other unitary operator B’ : H — H,, for this purpose. Different
choices for B’ correspond to different one-to-one mappings of the observables O to
Hermitian operators o. According to (75), if o = B~'OB, then o’ := B’ 'OB' =
U~'oU. Therefore making different choices for B’ corresponds to performing
quantum canonical transformations in H. This in turn means that, without loss
of generality, we can identify the physical observables of the system in its pseudo-
Hermitian representation using (76).

3.3. Spectral properties of pseudo-Hermitian operators

Consider a pseudo-Hermitian operator A acting in an N-dimensional separable
Hilbert space H, with N < oo, and let n € 9 4. The spectrum of A is the set o(A)
of complex numbers A such that the operator A — AT is not invertible. Let A € o(A),
then A — \I is not invertible and because 7 is invertible, n(A — AXI)n~t = AT — \I
must not be invertible. This shows that A\ € o(AT). But the spectrum of AT is the
complex-conjugate of the spectrum of A, i.e. A € o(A") if and only if \* € o(A)
[123]. This argument shows that as a subset of the complex plane C, the spectrum of
a pseudo-Hermitian operator is symmetric under the reflection about the real axis
[18, 53]. In particular, the eigenvalues a,, of A (for which A — a,,I is not one-to-one)
are either real or come in complex-conjugate pairs [190, 143].

Let A be a diagonalizable pseudo-Hermitian operator with a discrete spectrum
[195].°° Then, one can use a Riesz basis {t,} consisting of a set of eigenvectors
of A and the associated biorthonomal basis {¢,} to yield the following spectral
representation of A and a pseudo-metric operator n € M4 [143, 146].

No N
A= Zl Anolthng ) (@nl + Z:l(av|¢u><¢u| + oY) (o), (77)

©°This, in particular, implies that the eigenvalues of A have finite multiplicities.
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No N
n = Z_:l OnolPno ) (Pl + 2_:1(|¢u><¢>—u| + |¢—v){¢v ), (78)

where ng labels the real eigenvalues a,,, (if any), v labels the complex eigenvalues «,,
with positive imaginary part (if any), —v labels the complex eigenvalues a_, =
with negative imaginary part, the eigenvalues with different spectral labels n €
{no, v, —r} need not be distinct, 0 < Ny, N < 00, 05, € {—1,1} are arbitrary, and
we have

A|’(/Jn0> = an0|wno>a A|"/}iu> = Oéj:l/|"/}j:1/>a 79)
<¢m0 |wn0> = (Smo,no for all mo, No € {172737-”7]\]0}7 80)

(Ggu | Yy ) = 0,60, forall g,h € {—,+} and p,v € {1,2,3,...,N}. (81)

Consider the set £({t,,}) of finite linear combinations of ¢,,’s, as defined by (14).
According to (77), elements of £L({¢,,}) belong to the domain of A, i.e. L({¢,}) C
D(A). But because {1, } is a basis, L({1,}) is a dense subset of H. This implies
that D(A) is a dense subset of H.

Next, we show that the operator 7 defined by (78) does actually define a pseudo-
metric operator, i.e. it is an everywhere-defined, bounded, invertible, Hermitian
operator.

Let {xn} be an orthonormal basis of H and B : H — H be the everywhere-
defined, bounded, invertible operator that maps {x,} onto the Riesz basis {,},
i.e. 1, = By, for all n. It is not difficult to see that the biorthonormal basis { ¢y, }
may be mapped onto {x,} by B, xn = Bfé, for all n. We can use this relation
and (78) to compute

(
(

No N
= BB = 3 oudxnn) O + S () Ol + o)l (82)
no=1 v=1

It is not difficult to show that 77 is a pseudo-metric operator, 1 € ;. To see
this, let 1) € H be arbitrary. Then because {x,} is orthonormal,

N No N
=Y [ ¥)xn = D (o [ )Xo + D (00w [9)x0 + (X [ )X ). (83)

In view of (82) and (83), we have

= Z Ong Xno |¢ Xno + Z —v | w Xv + <Xl/ | w>X—V)- (84)

no].

In particular,

li))? = Z|xm|w|2+§j WP+ 0w [P = w2 (85)

’rL[)l
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This shows that not only 7 is everywhere-defined but it is bounded. Indeed, we have
|77|| = 1. Because j is a bounded everywhere-defined operator, 7' is also everywhere-
defined and as is obvious from (82), it coincides with 7}, i.e. 77 is Hermitian. Finally,
in view of (82), we can easily show that 72 = I. In particular, 7= = 7 is bounded
and 77 is invertible. This completes the proof of 1 € 9.

Next, we observe that 77 € 91, implies € M. This is because according to (82),
n = BTilﬁB =1 and B~! and B are bounded everywhere-defined invertible
operators. Therefore, 7 as defined by (78) is a pseudo-metric operator. Let us also
note that the inverse of 7 is given by

No N
0= BiB = > Guulthnn) (W + S () W + ) (W), (86)
no=1 v=1

We can easily show that 7 belongs to M4 by substituting (77), (78), and (86) in
nAn~! and checking that the result coincides with Af.

In Reference [146], it is shown that any element 7 € M4 can be expressed in
the form (78) where {t,,} is the biorthonormal basis associated with some (Riesz)
basis {1, } consisting of the eigenvectors of A. As any two Riesz bases are related
by a bounded everywhere-defined invertible operator L : H — H one may conclude
that the elements of M 4 have the following general form.

n' =L'nL, (87)

where 7 is the pseudo-metric operator (78) that is defined in terms of a fixed (but
arbitrary) (Riesz) basis {t¢} consisting of the eigenvectors of A and o, are a set
of arbitrary signs. The operator L appearing in (87) maps eigenvectors 1,, of A to
eigenvectors L, of A in such a way that 1, and L1, have the same eigenvalue
[146]. This, in particular, implies that L commutes with A.

Suppose that A has a complex-conjugate pair of nonreal eigenvalues o, . Let
¥+, be a corresponding pair of eigenvectors, 7 € M4 be an arbitrary pseudo-
metric operator associated with A, L be an everywhere-defined, bounded, invertible
operator commuting with A and satisfying (87), and & := L=1,. Then (£ |n/¢) =
(¢, |mb,) = 0. Because L is invertible £ # 0, this is an indication that n’ is not
a positive-definite operator. Similarly suppose that one of the signs o, appearing
in (78) is negative and let ¢ := L™ 4,,,. Then (¢ |1/¢) = (¥ng | Mng) = oy = —1,
and again 1’ fails to be positive-definite. These observations show that in order for
1’ to be a positive-definite operator, the spectrum of A must be real and all the
signs oy, appearing in (78) must be positive. In this case, we have 1 =/, where

N
W= Ling L, ne = [én)(dnl. (88)
n=1

The choice of the signs oy, is not dictated by the operator A itself. Therefore
it is the reality of the spectrum of A that ensures the existence of positive-definite
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elements of M 4. By definition, such elements are metric operators belonging to
M. Their general form is given by (88).

3.4. Symmetries of pseudo-Hermitian Hamiltonians

Consider a pseudo-Hermitian operator A : H — H and let 1, and 72 be a pair of
associated pseudo-metric operators; 71 An; L gt = o Any ! Then it is a trivial
exercise to show that the invertible linear operator S := 1, '1; commutes with A
[143]. If we identify A with the Hamiltonian of a quantum system, which we shall
do in what follows, S represents a linear symmetry of A.

Next, consider a diagonalizable pseudo-Hermitian operator A with a discrete
spectrum, 1, be eigenvectors of A, and {(¢n, ¢»)} be the complete biorthonormal
extension of {1, } so that A admits a spectral representation of the form (77):

A= S i) ¢n0|+2ay|¢u (6] + abhi—0) (Do ). (89)

’rL[)l

Moreover, for every sequence o = (o, ) of signs (oy,, € {—1,+1}), let

No N

o =3 Onoldny)(bnol + D (160)(d—u| + [0-) (0]), (90)
No N

Co =D Onolthno) (Bno| + D ([0} (d0 | + [9-0) (D0 ), (91)

and 71,6 : ' H — H be defined by

= Zm ¢n0|+2|¢u |+ o)), (92)
no=1
No

G =) [thny) * ¢>n0|+Z|wy (o] + [0_) % (Do), 93)
no=1

where for every 1,¢ € H the symbol |¢) x (¢| denotes the following antilinear
operator acting in H.

1)+ (DI := (Cl D) = (9| )", for all ( € M. (94)

As we discussed in Subsec. 3.3, 1, and 7; are pseudo-metric operators associated
with A. The operators C, and & have the following remarkable properties [148].

e In view of the fact that 771_1 = Zno 1 |¢no><¢no|+zy 1(|¢V><¢—V| + |¢—V><¢V|)a
we have

Co =1 N0 (95)
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Therefore, C, is a linear invertible operator that generates a symmetry of A:
[Cs, A] = 0. (96)

e Using (94) and the biorthonormality and completeness properties of { (¢, dn)},
we can check that G is an invertible antilinear operator that also commutes
with A,

(S, A] = 0. (97)
e C, and G are commuting involutions, i.e.
C,,8] =0, C2=6%=1I. (98)

In summary, we have constructed an involutive antilinear symmetry generator &
and a class of involutive linear symmetry generators C, that commute with &.

It turns out that if a given diagonalizable operator A with a discrete spectrum
commutes with an invertible antilinear operator, then A is necessarily pseudo-
Hermitian. Therefore, for such operators pseudo-Hermiticity and the presence of
(involutive) antilinear symmetries are equivalent conditions [145, 219]. Furthermore,
each of these conditions is also equivalent to the pseudo-reality of the spectrum of
A. The latter means that the complex-conjugate of every eigenvalue of A is an
eigenvalue with the same multiplicity [145, 219]. These observations are the key for
understanding the role of P7-symmetry in the context of our study. They admit
extensions for a certain class of non-diagonalizable operators with discrete spectrum
[147, 208, 218, 62] and some operators with continuous spectrum [150, 159, 165].

The reality of the spectrum of A is the necessary and sufficient condition for the
existence of an associated metric operator and the corresponding positive-definite
inner product that renders A Hermitian [144]. For the case that the spectrum of A
is real, the expressions for 7,,71,C,, and & simplify:

Zan|¢n ¢n Z|¢n ¢n|_77+7 (99)

and we find

Co‘¢n - O'nwny Gwn - wn (101)

Hence, C, and & generate exact symmetries of A.
In order to make the meaning of C, more transparent, we use the basis expansion
of an arbitrary ¢ € H, namely ¢ = 25:1 Cnn, to compute

N N
CU"/} = Z Cncwn = Z Uncnwn = w+ - "/}77 (102)
n=1

where 11 = 3> . cathy and Ny = {n € {1,2,3,..., N} |0, = £1}. According
o (102), for every @ € H there are unique state-vectors ¥+ belonging to the
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eigenspaces Hy = {¢ € H|C,tp = £t} of C, such that ¢ = ¢, — ¢b_. This
identifies C, with a (Zs-) grading operator for the Hilbert space.

If o,, = £1 for all n, we find C, = £I. In the following we consider the nontrivial
cases: C # £1. Then H_ are proper subspaces of H satisfying

H="H,oH_, (103)

C, is a genuine grading operator, both 7, and —n, fail to be positive-definite, and
(-|*), is indefinite. Furthermore, in view of (102), the operators I1; := (I £C,),
satisfy I11¢ = ¢4, i.e. they are projection operators onto H..

Next, consider computing (¢g | ¢y)n, for arbitrary g,h € {—,+} and ¥4, ¢4 €
H.. Using the basis expansion of ¢+ and ¢4, i.e. oL = Enemi dny and Yy =
Enemi cnn, and (99), we have 7,04 = £ Enemi dy, ¢, and

(g | p)n. = (Vg |100y) = 80g,1 Z Cnn. (104)
neMNy

Therefore, with respect to the indefinite inner product (- |-),_, the subspaces H4
and H_ are orthogonal, and (103) is an orthogonal direct sum decomposition.
Another straightforward implication of (104) is that, for all 1, ¢ € H,

(W] )n, = Wy | D1 )n, + (W—[0-)n,
Z c;dn - Z c;dn = <¢+ | ¢+>77+ - <1/L |¢7>7]+7 (105)

neMNL neN_
where ¢y =111, ¢r =111, ¢ := (o | ¥) and dy, := (¢y, | ¢). Similarly, we have

<¢|Ca¢>no = <¢+ | ¢+>no - <¢— |¢—>na
N
= Y dnt Y Ghdn =Y chdn = (] )y, (106)
n=1

neNy neMN_

This calculation shows that the positive-definite inner product (-|-),, can be
expressed in terms of the indefinite inner product (-|-),, and the grading oper-

ator C, according to

{1 '>n+ = (1Co')n, - (107)

Conversely, one can use (107) to define a positive-definite inner product that makes

H Hermitian. The latter scheme may be traced back to a similar construction

developed in the 1950s in the context of indefinite-metric quantum theories [187].

See [183, 185] for reviews. In the context of P7-symmetric quantum mechanics,

it was proposed (with a specific choice for the sequence o) in [37] and coined the
name CP7-inner product.

To see the connection with the treatment of [37], consider the case that A, which

is now viewed as the Hamiltonian operator for a quantum system, is symmetric,

ie. AT := TATT = A, where T is the time-reversal operator.P® Then given the

PPRecall that 7 is an antilinear Hermitian (and unitary) involution [233, 139].
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spectral representation of A and Af, we can easily choose a biorthonormal system

{(4n, pn)} such that
Pn =0T ¥n. (108)

Using this relation together with the biorthonormality and completeness properties
of {(tn, dn)}, we can obtain the following spectral representation of 7.

T = Z Onldn) * (fnl (109)

In view of Egs. (99), (100), (109), and 72 = I, we have
S =T, (111)

Clearly, we could use (109) to define an invertible antilinear operator satisfying (108)
for an arbitrary possibly nonsymmetric A, namely

= Zan|¢n nl (112)

But in this more general case, (110) may not hold and 7, may not be an involution.

In fact, condition (110) is not only a necessary condition for 72 = I but it is
also sufficient [148]. An analogous necessary and sufficient condition for 2 = I is
[148]

(Ym | ¥n) = Omon(dm | dn).- (113)
If both (110) and (113) hold,
T2 =2 =1, (114)
and as a result
G =7,1,. (115)
By virtue of this relation and &2 = I,
(15, T5) = 0. (116)
Therefore,
S =n,7,. (117)

For the symmetric and P7-symmetric Hamiltonians (1) that are considered in
[37], we can find a biorthonormal system {(¢y, ®,)} satisfying (110)—(113) [148].
Moreover, setting o, := (—1)"*! for all n € Z*, we have

No = P. (118)
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Therefore, in light of (111) and (116), the antilinear symmetry generator & coincides
with P7T,

& =PT, (119)

and the linear symmetry generator C, is the “charge-conjugation” operator C of
[37]. In view of (95), (97), (99), (98) and (118), it satisfies

c*=1, [C,Al=[C,PT]=0, C=n;'P. (120)

Furthermore, because in the position representation of the state-vectors (7¢)(z) =
¥(x)*, the positive-definite inner product (107) coincides with the CP7T-inner
product.

This completes the demonstration that the CP7-inner product is an example
of the positive-definite inner products (- | ->77+ that we explored earlier.

We conclude this subsection by noting that, although in general we can introduce
a pair of generalized time-reversal and parity operators, 1, and 7, they may fail to
be involutions.

3.5. A two-level toy model

In this subsection, we demonstrate the application of our general results in the study
of a simple two-level model which, as we will see in Subsec. 9.2, admits physically
important infinite-dimensional generalizations [150, 161, 151].

Let ‘H be the (reference) Hilbert space obtained by endowing C? with the
Euclidean inner product and {e1, ez} be the standard basis of C2, i.e. e; := ((1))7

ez := (). Then we can represent every linear operator K acting in 7 in the basis
{e1,e2} by a 2 x 2 matrix which we denote by K; the entries of K have the form
K,; = (ei| Kej) where 4,5 € {1,2}.

Now, consider a linear operator A : C> — C? represented by

1 D+1 D-1
A= , (121)
2\-D+1 -D-1
where D is a real constant. A : H — H is a Hermitian operator if and only if

D = 1. We can easily solve the eigenvalue problem for A. Its eigenvalues a,, and
eigenvectors v, have the form

D> L+D3 LoD 122
= — = 2 = f—
ay as , 1 =a LDy e = 2 LDt (122)

where c¢1, ¢co are arbitrary nonzero complex numbers. Clearly, for D =0, a1 = as =
0, the eigenvectors become proportional, and A is not diagonalizable. For D # 0, A
has two distinct eigenvalues and {t1,1)2} forms a basis of C2. This shows that
D = 0 marks an exceptional spectral point [123, 103], for D > 0 the eigenvalues
are real and for D < 0 they are imaginary.
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It is an easy exercise to show that A is ¥3-pseudo-Hermitian where X5 : C2 — C2
is the linear operator represented in the standard basis by the Pauli matrix o3 :=
((1J _?). Hence M4 includes Y3, and A is Y3-pseudo-Hermitian for all D € R.
This is consistent with the fact that X3 is not a positive-definite operator, because
otherwise A could not have imaginary eigenvalues. According to our general results,
for D > 0, M 4 must include positive-definite operators. To construct these we first
construct the biorthonormal basis {¢1, 2} associated with {i1,192}. For D > 0,
the basis vectors ¢,, are given by

o= [(CTP ) im0, (123)
1-D3% 1+ D%

Inserting these relations in (78) we find the following expression for the matrix
representation of the most general pseudo-metric operator n € 91 4.

(1+D2)2 1-D1 . (1-D%)2 1-D!
=7ro o0 ,
1=\ 1 opt a-p) TP\ 1opt 4Dy

(124)
where 1 1= |401|*2 and ry 1= |402|*2 are arbitrary positive real numbers and o1, o
are arbitrary signs.
1
The choice 07 = —09 = 1 and 1 = r9 = Tz yields n = 33. The choice
01 = 02 = 1 yields the form of the most general positive-definite element of 907 4.
_1
A particularly simple example of the latter is obtained by taking ¢; = ¢ = 2 5 1
1
which implies r; = ry = %. It has the form
1 (D +D": D:—-D:
1, =3 1 _1 1 _1 - (125)
Dz —D 2 D24+ D2

We can simplify this expression by introducing? 6 := %111 D, and using the fact
that the Pauli matrix oy := (] ) squares to the identity matrix L. This yields

0

coshf sinh6
sinh @ cosh@

) = cosh 0l +sinhf oy = /71, (126)

The metric operator represented by (125) and (126) defines the following (positive-
definite) inner product on C? with respect to which A is a Hermitian operator.

(Z| W), = (Z|nsw) = (27w + zjwa) cosh + (z7wa + z3wy)sinh §, (127)

4

where Z = (21, 29)7,%@ = (w1, w2)T € C? are arbitrary. The inner product (127)
has a more complicated form than both the reference (Euclidean) inner product,

99This was pointed out to me by Professor Haluk Beker.
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(Z| W) = zfwy + z5ws, and the indefinite inner product defined by s,
(Z]W)g, = (7| E3wW) = zfw1 — 23wa. (128)

Furthermore, unlike (- |-) and (-|-)s,, the inner product (-|-),, depends on # and
consequently D. In particular, as D — 0 it degenerates. In fact, a quick inspection of
Eq. (124) shows that every D-independent pseudo-metric operator is proportional
to X3 and hence necessarily indefinite; £33 are the only D-independent elements
of ilA.

Now, suppose that A is the Hamiltonian operator of a two-level quantum system.
If we employ the prescription provided by the indefinite-metric quantum theories,
we should endow C? with an indefinite inner product from the outset. The simplest
choice that is historically adopted and viewed, according to the above-mentioned
argument due to Pauli, as being the unique choice is 7 = 3. In this case the system
has a physical state corresponding to the state-vector e¢; and a hypothetical state
or ghost corresponding to eo. Unfortunately, the subspace of physical state-vector,
i.e. the span of {e;}, is not invariant under the action of A unless D = 1. Hence,
for D # 1, such an indefinite-metric quantum theory suffers from interpretational
problems and is inconsistent. In contrast, pseudo-Hermitian quantum mechanics
provides a consistent description of a unitary quantum theory based on the Hamil-
tonian A. This is done by endowing C? with the (positive-definite) inner product
(1), , where n/ is given by the right-hand side of (124) with 01 = o2 = 1. It
involves the free parameters 1 and ry that can be fixed from the outset or left as
degrees of freedom of the formulation of the theory. We can represent this most
general metric operator by

, coshf + s sinh 6 (129)
=T s
£ sinh 6 coshf — s

where r = 2(ri + r2)D"2 € Rt and s := 2 € (—1,1) are arbitrary. We
can use (129) to determine the most general inner product on C? that makes A
Hermitian. This is given by

(Zld),, = (Zd) = r[(Z|@),, +s(Z|d)s,], (130)
where (-[-), . and (-|-);, are respectively defined by (127) and (128).

We can relate 1y to 74 using a linear operator L : C?* — C? commut-
ing with A via n/, = LTny L. This operator has the following general form
L = 2D~ t[\/rie® [ih1) (1| + /T2e%2 |1h1 ) (61 ], where @1, ¢ € [0,27) are arbitrary.
We can represent it by

L ()\ cosh + Ay A_sinh 6 )

. (131)
—A_sinh 6 —A_coshf + Ay

where Ay = D% (V1 et £ /rye™?). With the help of (126), (129) and (131), we
have checked that indeed 7’ L= LTQ +L.
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Next, we wish to establish the quasi-Hermiticity of A for D > 0, i.e. show that
it can be expressed as A = BaB~! for an invertible operator B : C?2 — C? and a
Hermitian operator a : H — H. As we explained in Subsec. 3.2, we can identify B
with the inverse of the positive square root of a metric operator belonging to Y.

_1
A convenient choice is B = n, *, for in light of (126) we have

0 s 10
coshs  Fsinh
0 2 2

Bt = ¢F2g;, = ( .

o Fsinh§  cosh g

This leads to the following remarkably simple expression for the matrix represen-
tation of a.

. D: 0 L

a=B "AB = . | =D20s. (132)
0 -D:=

Hence, a = D%Eg.

Because every Hermitian operator o : H — H is a linear combination, with real
coefficients, of the identity operator I and the operators i, X2, and X3 that are
respectively represented by Pauli matrices 01, 02, and 03, we can express every
physical observable O : ‘H,, — H,, as O = aol + Z?:l a;S;, where ag,ay, ag, as

are some real numbers and S; := BX;B~! = n;%Ej 77% for all j € {1,2,3}. The
observables S; are represented by S; = 01, So = coshfo; — isinhfos, and S3 =
isinh 0o + cosh fos.

Next, we repeat the calculation of the Hermitian Hamiltonian and the physical
observables for the case that we choose the general metric operator 7/, to construct
the physical Hilbert space, i.e. set Hpnys = Hn;. The matrix representation of the
Hermitian Hamiltonian o’ : H — H is then given by

o = %AU/ -3 _ p} u(@,s)  v(0,s)
=T v(d,s) —u(b,s)

= Dz [v(8, 5)o1 + u(b, s)os), (133)
where u(6,s) = Vl*ﬁ;;‘;lh;ﬁ:ﬁ:: cosh® and v(f,s) = S(COShfi;thlef;; sinh? " We can

similarly express the physical observables in the form
3
O =al+ Y ;5 (134)
j=1

where S} := 772-_%23'7];%-

As seen from (133) the Hermitian Hamiltonian o’ describes the interaction of a
spin % particle with a magnetic field that is aligned along the unit vector (u, 0,v)7
in R3. As one varies s the magnetic field rotates in the z—z plane. It lies on the
z-axis for s = 0 which corresponds to using 74 to define the physical Hilbert space.
Clearly, there is no practical advantage of choosing s # 0. Furthermore, for all
s € (—1,1) and in particular for s = 0, the Hermitian representation of the physical
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system is actually less complicated than its pseudo-Hermitian representations. This
seems to be a common feature of a large class of two-level systems [149].

Next, we compute the symmetry generator C, for 0y = —o2 = 1. Denoting this
operator by C for simplicity, realizing that C = [¢1){¢1| — [1)2){¢2|, and using (122),
(123), and D = €2’ we find

cosh 6 sinh 6
C= . . (135)
—sinh @ —cosh 6

Observing that in view of (121), A% = DI, and making use of this relation and (135)
we are led to the curious relation [161]
A
=T
It is important to note that in performing the above calculation, we have not
fixed the normalization constants ¢; and ¢y appearing in (122) and (123). Therefore,
up to an unimportant sign, C is unique.

(136)

1

As we mentioned above, setting ¢ = ¢3 = D2—4 and o1 = —09 = 1, we find
the pseudo-metric operator 1, = |¢1){@1]| — |d2){d2| = X3. Because X3 is a linear
involution we can identify it with P. It is a simple exercise to show that P,C and

1+ actually satisfy
C=n;'P. (137)

We can similarly construct the antilinear symmetry generator &. It turns out
that unlike C, & depends on (the phase of) normalization constants ¢; and ¢y that

_1
appear in (122) and (123). Setting ¢; = ¢ = £5=, we find
6="T, (138)

where 7 denotes complex conjugation, 72 = Z*. In view of (138), the symmetry
condition [&, A] = 0 corresponds to the statement that A is a real operator, i.e. A
is a real matrix, which is a trivial observation.

Similarly, we can introduce an antilinear operator 7, according to (112). This
yields 7, := |¢>1>*<¢11| — |¢2) * (@2 |, which in general depends on the choice of ¢; and

cy. Forecy = ¢y = DQJ, we have 7, = P7. Combining this relation with (138) yields
6 = P7,. It is not difficult to see that indeed 7, is an involution. But it differs from
the usual time-reversal operator 7. Let us also point out that we could construct
the pseudo-Hermitian quantum system defined by A without going through the
computation of C, P and 7, operators. What is needed is a metric operator that
defines the inner product of the physical Hilbert space.

The construction of the C operator for two-level systems with a symmetric
Hamiltonian has been initially undertaken in [50]. The C operator for general two-
level systems and its relation to the metric operators of pseudo-Hermitian quantum
mechanics are examined in [149]. See also [243]. A comprehensive treatment of
the most general pseudo-Hermitian two-level system that avoids the use of the C
operator is offered in [178].
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4. Calculation of Metric Operator

A pseudo-Hermitian quantum system is defined by a (quasi-Hermitian) Hamiltonian
operator and an associated metric operator 7. This makes the construction of 74
the central problem in pseudo-Hermitian quantum mechanics. There are various
methods of calculating a metric operator. In this section, we examine some of the
more general and useful of these methods.

4.1. Spectral method

The spectral method, which we employed in Subsec. 3.5, is based on the spectral
representation of the metric operator:

N

It involves the construction of a complete set of eigenvectors ¢,, of AT and summing
the series appearing in (139) (or performing the integrals in case that the spectrum
is continuous).

4.1.1. PT -symmetric infinite square well

The first pseudo-Hermitian and P7-symmetric model with an infinite-dimensional
Hilbert space that has been treated within the framework of pseudo-Hermitian
quantum mechanics is the one corresponding to the P7-symmetric square well
potential [241, 19]:

L
—i¢ sgn(x) for |z| < 3

v(z) = 7 (140)
00 for |z| > 3

where ( and L are real parameters, L is positive, and x takes real values. This was
achieved in [175] using the spectral method combined with a certain approximation
scheme that allowed for a reliable approximate evaluation of a metric operator as
well as the corresponding equivalent Hermitian Hamiltonian and pseudo-Hermitian
position and momentum operators. A more recent treatment of this model that
makes use of the spectral method and obtains a perturbative expansion for a C
operator and the corresponding metric operator 7, in powers of ¢ is given in [51].

4.1.2. PT -symmetric barrier
In [159], the spectral method has been used for treating a pseudo-Hermitian quan-
tum system defined by the scattering potential:

—i¢ sgn(z) for |z| <

b

v(z) = (141)

0 for |x| >

b

N |
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where again (, L,z € R and L is positive. This potential was originally used in
[199] as a phenomenological tool for describing the propagation of electromagnetic
waves in certain dielectric wave guides.' It is the first example of a P7-symmetric
potential with a continuous spectrum that could be studied thoroughly within the
context of pseudo-Hermitian quantum mechanics.

Application of the spectral method for this potential involves replacing the sum
in (139) with an integral over the spectral parameter and taking into account
the double degeneracy of the energy levels. The extremely lengthy calculation
of a metric operator for this potential yields the following remarkably simple
expression [159].

im L2¢
(xInyly) = 0(x —y) +s 6 (2L + 2|z + y|
—|lz+y+ Ll —|z+y—L|)sgn(z —y) + O(C?), (142)

where 2,y € R, and O(¢?) stands for terms of order ¢? and higher.

An unexpected feature of the scattering potential (141) is that the corresponding
equivalent Hermitian Hamiltonian has an effective interaction region that is three
times larger than that of the potential (141). In other words, in the physical space,
which is represented by the spectrum of the pseudo-Hermitian position operator,

the interaction takes place in the interval [—3L, 3L rather than [—£, £].

4.1.3. Delta-function potential with a complex coupling

Another complex scattering potential for which the spectral method could be suc-
cessfully applied is the delta-function potential [165]:

v(z) = 36(x), (143)

where 3 is a complex coupling constant with a positive real part. For this system
it has been possible to compute a metric operator and show that it is actually a
bounded operator up to and including third-order terms in the imaginary part of
3. It is given by

(ol I} = 3 — 9) + s B(ay)e17 ] 4 O(—ay)e 1=+

x sgn(y” —2%) + O(¢?), (144)

where ¢ := 3(3), k := mh 2R(3), R and S denote the real and imaginary parts of
their arguments, 6 is the step function defined by 0(x) := H—Fsgz;in(z)} for all z € R,
and we have omitted the quadratic and cubic terms for brevity.

In order to determine the physical meaning of the quantum system defined
by the potential (143) and the metric operator (144), we should examine the

The use of complex potential in constructing various phenomenological models and effective
theories has a long history. For a discussion that is relevant to complex scattering potentials, see
the review article [181] and [2, 72, 63].
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Hermitian representation of the system. The equivalent Hermitian Hamiltonian
is given by [165]

2 2
- me” 3
h = o + R(3)0(x) + 2 ha + O((?), (145)
where
(ha) () := aye™ ™"l 4 by8(x), (146)
¢ € L?(R) and = € R are arbitrary, ay := 1(0), and by, := [*_e ™ "Wl(y)dy. As

seen from (145) and (146) the nonlocal character of the Hermitian Hamiltonian h
is manifested in the i-dependence of the coefficients a, and by.

A generalization of the delta-function potential (143) that allows for a similar
analysis is the double-delta function potential: v(z) = 3_d8(z + a) + 3+.0(z — a),
where 31 and a are complex and real parameters, respectively [177, 138]. Depend-
ing on the values of the coupling constants 3., this potential may develop spectral
singularities [184, 132]. These are the points where the eigenfunction expansion for
the corresponding Hamiltonian breaks down [177]. This is a well-known mathe-
matical phenomenon [184, 132] with an interesting and potentially useful physical
interpretation: A spectral singularity is a real energy where both the reflection
and transmission coefficients diverge. Therefore it corresponds to a peculiar type
of scattering states that behave exactly like resonances: They are resonances with
zero-width [172, 173].5

4.1.4. Other models

The application of the spectral method for systems with an infinite-dimensional
Hilbert space is quite involved. If the system has a discrete spectrum it requires
summing complicated series, and if the spectrum is continuous it involves evaluating
difficult integrals. This often makes use of certain approximation scheme necessary
and leads to approximate expressions for the metric operator. A counterexample
to this general situation is the quantum system describing a free particle confined
within a closed interval on the real line and subject to a set of P7-symmetric
Robin boundary conditions [128]. For this system the spectral method may be
employed to yield a closed formula for a metric operator. Other systems for which
the spectral method could be employed to give an explicit and exact expression for
the metric operator are the infinite-dimensional extensions of the two-level system
considered in Subsec. 3.5 where D is identified with a positive-definite operator
acting in an infinite-dimensional Hilbert space [150, 151]. These quantum systems
appear in a certain two-component representation of the Klein-Gordon [140] and
(minisuperspace) Wheeler-DeWitt fields [141].

55The single delta-function potential (143) develops a spectral singularity for imaginary values
of 3. For other examples of complex potentials with a spectral singularity, see [202, 172, 173].
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4.2. Perturbation theory

The standard perturbation theory has been employed in the determination of the
spectrum of various complex potentials since long ago [60]."* In the present dis-

cussion we use the term “perturbation theory” to mean a particular perturbative

method of constructing a metric operator for a given quasi-Hermitian Hamiltonian
operator. This method involves the following steps.

(1)

Decompose the Hamiltonian H in the form
H=Hy+€eHy, (147)

where ¢ is a real (perturbation) parameter, and Hy and H; are respectively
Hermitian and anti-Hermitian e-independent operators.

Use the fact that 74 (being a positive-definite operator) has a unique Hermitian
logarithm to introduce the Hermitian operator ) := —Inny, so that

ny =e 9, (148)
and express the pseudo-Hermiticity relation HY = n, H njrl in the form
H' = e “HeC. (149)
In view of the Backer—Campbell-Hausdor{f identity [200],

_ =1
e CHe® = H + E E[H,Q]g
=1

1 1
where [H,Q]¢ = [[ - [[H,Q],Q],...],Q] and ¢ is the number of copies of @
appearing on the right-hand side of this relation, (149) yields
= 1
Ht :H+ZE[H, Qle. (151)
=1

Expand @ in a power series in € of the form
Q=) Qi (152)
j=1

where ); are e-independent Hermitian operators.

Insert (147) and (152) in (151) and equate terms of the same order in powers
of € that appear on both sides of this equation. This leads to a set of operator
equations for @); which have the form [162]

[Ho, Qj] = R;. (153)

“For more recent developments, see [45, 61, 59] and references therein.
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Here j € Z* and R; is determined in terms of H; and Q) with &k < j
according to

—2H, for j =1,

P& —1)"n*m!
w= D 7 (Z1)"nm! (154)

R, = J ,
! quij for j > 2, — = 12m=Inl(m — n)!
k=2
ij = Z [[['"[H07Qsl]7Q82]7"'7]7st]~ (155)
517~~~:Sk€Z+l
S1ttsp=]

More explicitly we have

[Ho, Q1] = —2H, (156)
[Ho, Q2] =0, (157)
[Ho, Qs] = —£[H1, Q.. (159)
[Ho, Qa] = 5 ([, @11, @2] + [1H1, Q). 1)), (159)
(Ho, Q5] = 55 1. @l

— ([, @), + 11, Q1. Qs) + [F1, Qs @) (160)

5) Solve the above equations for @), iteratively by making an appropriate ansatz
J
for their general form.

A variation of this method was originally developed in [40] to compute the C
operator for the following P7 -symmetric Hamiltonians and some of their multidi-
mensional and field-theoretical generalizations.

1 1

H = %ﬁ + 3 pra? + iea®, (161)
1

H= %pQ + iex®, (162)

where i and e are nonzero real coupling constants.

4.2.1. PT -symmetric cubic anharmonic oscillator

A perturbative calculation of a metric operator and the corresponding equivalent
Hermitian Hamiltonian and pseudo-Hermitian position and momentum operators
for the Hamiltonian (161) has been carried out in [158, 118].



1242 A. Mostafazadeh

Following [40] one can satisfy the operator equations for @); by taking Q2; =0
for all 4 € Z* and adopting the ansatz

i+1
Qaiv1 = Y cije{a®, p? T}, (163)

7,k=0

where {-,-} stands for the anticommutator and ¢;;, are real constants. Inserting
(163) in (153), one can determine ¢;;; for small values of 7 [158]. See also [40, 118].

Again, to determine the physical content of the system defined by the Hamil-
tonian (161) and the metric operator n, = e~%, we need to inspect the associated
Hermitian Hamiltonian operator [158]:

1 3mpu?
h:;;-y— 2 2+m,u <{x 02} 4 patp + 2” x4)62

1

la

P__63ﬂ 22
m3

33pt 4 o

16m2

222_7_.U66 4 6
x px 1% )€ + O(e”), (164)

and the underlying classical Hamiltonian (60):

1 3 2
H, = re Sptal + s | —alpl 4 gl ) €
2m 2 2ut \'m
2 (pd 1842 5 4 Bt 4o TS 6\ 4 6
,u12 (ﬁ - m2 TePe — 4m, TePe — Txc €+ 0(6 ) (165)
If we only consider the terms of order €2 and lower, we can express (165) in the
form
2 2 2
P B 3e 4 4
H, = — — , 1

where M (z.) :== m(1 +3u~4e222)™! = m(1 — 3u~*€222) 4+ O(e*). This shows that
for small values of ¢, the P7-symmetric Hamiltonian (161) describes a position-
dependent-mass quartic anharmonic oscillator [158]. This observation has motivated
the use of non-Hermitian constant-mass standard Hamiltonians, H = m, in
the perturbative description of a class of position-dependent-mass standard Hamil-
tonians [21].

As seen from (164), the fourth-order (in €) contribution to the equivalent Her-
mitian Hamiltonian % involves p®. It is not difficult to show that h = ;2 hee?,
where hy is a polynomial in p whose degree is an increasing function of ¢. There-
fore, the perturbative expansion of h includes arbitrarily large powers of p. This
confirms the expectation that A is a nonlocal operator. The same holds for the
pseudo-Hermitian position and momentum operators [158, 118].
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4.2.2. Imaginary cubic potential

Reference [162] gives a perturbative treatment of the Hamiltonian

P2
H= -+ iex®, (167)
in which the operator equations (153) are turned into certain differential equations
and solved iteQratively. This method relies on the observation that for this Hamilto-
2
nian, Hy = £ Therefore, (z|[Ho, Q;]ly) = —2-(02 — 92)(x|Q;|y). In view of this
identity and (153), we find

(0% + B2 alQuly) = 2o (el Ry ). (168)

Because R; is given in terms of Hy and ); with ¢ < j, one can solve (168) iteratively
for (x|@;|y). Note also that this equation is a non-homogeneous (1+ 1)-dimensional
wave equation which is exactly solvable.

This approach has two important advantages over the earlier perturbative cal-
culation of the metric operator for the imaginary cubic potential [40]. Firstly, it
involves solving a well-known differential equation rather than dealing with diffi-
cult operator equations. Secondly, it is not restricted by the choice of an ansatz,
i.e. it yields the most general expression for the metric operator. In particular, it
reveals large classes of CP7T and non-CP7-inner products that were missed in an
earlier calculation given in [40]. Here we give the form of the equivalent Hermitian
Hamiltonian associated with the most general admissible metric operator:

2
P 3m 6 1L o 4 1 4| 2 1
S S — 4y oop — I —
2m+16 ({x’pQ}—i— x’p4 e x7p6
14a + 1680) A8
o (oo + 1680)1°

1
o + Boh? {xg, ]ﬁ} P) €
1 44h3 1
+ RO <a3 (h {x27 Zﬁ} + pT) + 133 {x37 Zﬁ} 77) e+ 0>,  (169)

where as, as, (2, O3 are free real parameters characterizing the nonuniqueness of
the metric operator, and P is the parity operator [162].

A remarkable feature of the Hamiltonian (167) is that the underlying classical
Hamiltonian is independent of the choice of the metric operator (to all orders of
perturbation). Up to terms of order € it is given by the following simple expression.

H.

2 6

Pe 3 2 T 4

_ 2 Le _ 1
2m+8m€ e + O(e%) (170)

c

The presence of p? in the denominator of the second term is a clear indication that
the equivalent Hermitian Hamiltonian is a nonlocal operator (and that this is the
case regardless of the choice of the metric operator). Again the classical Hamiltonian
(170) clarifies the meaning of the imaginary cubic potential iex®.
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4.2.3. Other models

The perturbation theory usually leads to an infinite series expansion for the metric
operator whose convergence behavior is difficult to examine. There are, however,
very special models for which this method gives exact expressions for ) and con-
sequently the metric operator 7, = e~9. Examples of such models are given in
[35, 48, 120, 49]. The simplest example is the free particle Hamiltonian studied in
[162].

For other examples of the perturbative calculation of a metric operator and the
corresponding equivalent Hermitian Hamiltonian, see [22] and particularly [88].

4.3. Differential representations of pseudo-Hermaticity

In the preceding subsection, we show how one can turn the operator equations
appearing in the perturbative calculation of the metric operator into certain differ-
ential equations. In this subsection, we outline a direct application of differential
equations in the computation of pseudo-metric operators for a large class of pseudo-
Hermitian Hamiltonian operators H acting in the reference Hilbert space L?(R).

In the following we outline two different methods of identifying a differential
representation of the pseudo-Hermiticity condition,

H' =nHn™ L. (171)

4.3.1. Field equation for the metric from Moyal product
Consider expressing (171) in the form
nH = H'n, (172)

and viewing n and H as complex-valued functions of  and p that are composed by
the Moyal #-product:

(i

— = > k
£p) * o) = Fa e g ) = S Tk (o, oot ). (173)
=0 :

k
This yields: n(z,p) « H(x,p) = H(z,p)* * n(x,p) [206]. With the help of (173) we
can express this equation more explicitly as

S O 9h e, ok — [0 ) 06 () = 0. (174)
k=0

This is a linear homogeneous partial differential equation of finite order only if
H(z,p) is a polynomial in x and p. For example, for the imaginary cubic potential,
2
i.e. the Hamiltonian H = é”—m +dex’, it reads
[eh®0} — 3ieh*x0; — (2m)~'h*07 — 3eha®0, + im™ ' hpd, + 2iex’n(x, p) = 0.
(175)

The presence of variable coefficients in this equation is an indication that it is
not exactly solvable. Particular perturbative solutions can however be constructed.
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This applies more generally for other polynomial Hamiltonians. Explicit examples
are given in [206, 89, 15].

We should like to note however that not every solution of (174) defines a pseudo-
metric (respectively metric) operator. We need to find solutions that correspond to
Hermitian (respectively positive-definite) and invertible operators 7). Reference [206]
suggests ways to address this problem.

The above-described method that is based on the Moyal product has two impor-
tant shortcomings.

(1) If the Hamiltonian is not a polynomial of z and p, then the resulting Eq. (174) is
not a differential equation with a finite order. This makes its solution extremely
difficult. This is true unless H(x,p) has a particularly simple form. A typical
example is the exponential potential e™® treated in Reference [69]. This potential
is actually one of the oldest P7-symmetric potentials whose spectral problem
has been examined thoroughly [91]. For z € R, its spectrum includes an infinity
of spectral singularities that prevent this potential from defining a genuine
unitary evolution.""

(2) For the polynomial Hamiltonians, for which (174) is a differential equation, the
general form and even the order of this equation depends on the Hamiltonian.
In particular, for the standard Hamiltonians of the form

2

H= ;’—m + (@), (176)

they depend on the choice of the potential v(z).

We shall next discuss a differential representation of the pseudo-Hermiticity that
does not suffer from any of these shortcomings.

4.3.2. Universal field equation for the metric

Consider a pseudo-Hermitian Hamiltonian of standard form (176). Substituting
(176) in the pseudo-Hermiticity relation nH = H'n and evaluating the matrix
elements of both sides of the resulting equation in the coordinate basis {|z)}, we
find [163]

(07 + 0 + p* (2, y)n(x, y) =0, (177)

where p?(z,y) = 2% [v(z)* —v(y)], and n(z, y) := (z|nly). Equation (177) is actually
a Klein-Gordon equation for (x|n|y) (with a variable mass term). As such, it is
much easier to handle than the equation obtained for the pseudo-metric in the
preceding subsection, i.e. (174). Moreover, it applies to arbitrary polynomial and
non-polynomial potentials.

YFEor a discussion of biorthonormal systems for this potential with x taking values on a circle
(a closed interval with periodic boundary condition on the eigenfunctions), see [68].
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It turns out that one can actually obtain a formal series expansion for the most
general solution of (177) that satisfies the Hermiticity condition: n(z,y) = n(y, x)*.
This solution has the form [163]

= Z Kfu(z,y), (178)
=0

where I is the integral operator defined by

TH+y—r T4+y—s
K f(z,y) / dr/ dsv(r)f(s,r) / ds/ dru(s)* f(s,r)]|,
h2 T—y+r r+y+s
(179)

f : R? — C is an arbitrary test function, u : R? — C is defined by u(z,y) :=
uy(z —y) +u_(x +y), and uy are arbitrary complex-valued (piecewise) smooth
(generalized) functions satisfying ui (z)* = uy(Fx).

For imaginary potentials, the series solution (178) provides an extremely effec-
tive perturbative method for the construction of the most general metric operator.
For example, the application of this method for the P7-symmetric square well
potential that we discussed in Subsec. 4.1.1 yields, after a page-long straightfor-
ward calculation [163]

n(w,y) =8z —y) + ¢ lwy (@ — ) +w_ (@ +y) + 55|z + ylsen(z — y) | +O(C3),

2h2
(180)

where wy : [-£, £] — C are arbitrary functions satisfying wy (z)* = w4 (F2) and
wx (L) = 0. The metric operator associated with the CP7-inner product that is
computed using the spectral method in [51] turns out to correspond to a particular
choice for wy in (180).

A probably better evidence of the effectiveness of this method is its appli-
cation in the construction of a metric operator for the P7-symmetric barrier
potential that we examined in Subsec. 4.1.2. Again, a two-page-long calculation
yields [163]

n(z,y) =6(x —y)+¢ |wi(z—y) +w_(z+y)

+@(2Iw+y| —lz+y+L|—|z+y—L|)sgn(z —y)| + O((?).

(181)

This expression reproduces the result obtained in [159] using the spectral method
(after over a hundred pages of calculations), namely (142), as a special case.

In [163], this differential representation of pseudo-Hermiticity has been used
to obtain a perturbative expression for the metric operator associated with the
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imaginary delta-function potentials of the form""

N
v(x) =1 Z Cnd(x — ay), (182)
n=1
where (,,a, € R. The result is
ol 2mg(,
) = e = )+ 30 2 [wnslo =) + w4 9)
n=1
+ %0(.%‘ +y — 2ay) sgn(y — x)} +O(¢3). (183)
For the special case: N = 2, a3 = —ag > 0 and (1 = —(» > 0, where (182) is

a P7T-symmetric potential, a careful application of the spectral method yields a
positive-definite perturbatively bounded metric operator [24] that turns out to be
a special case of (183). The general N = 2 case, that depending on the choice of (i
may or may not possess P7-symmetry, has been examined in [177, 138].

The main difficulty with the approaches presented in this section (and its
subsections) is that they may lead to a “metric” operator that is unbounded or
non-invertible."" For example, setting N = 1 in (182), one finds a delta func-
tion potential with an imaginary coupling that gives rise to a spectral singular-
ity [165]. Therefore, the corresponding Hamiltonian is not quasi-Hermitian, and
there is actually no genuine (bounded, invertible, positive-definite) metric oper-
ator for this potential. Yet, one can use (183) to obtain a formula for a
ric operator”! This observation suggests that one must employ this method with
extra care.

“met-

4.4. Lie algebraic method

In Subsec. 4.2, we described a perturbative scheme for solving the pseudo-
Hermiticity relation,

H' = e “He@, (184)

for the operator ) that yields a metric operator upon exponentiation, n, = e 9. In
this section, we explore a class of quasi-Hermitian Hamiltonians and corresponding
metric operators for which (184) reduces to a finite system of numerical equations,
although the Hilbert space is infinite-dimensional. The key idea is the use of an
underlying Lie algebra. In order to describe this method we first recall some basic
facts about Lie algebras and their representations.

VVThe spectral properties of P7-symmetric potentials of this form and their consequences have
been studied in [117, 1, 7, 72, 226]. In particular, see [177].

WW(QOne must also restrict the free functions appearing in the formula for n(z, y) so that the operator
n they define, is at least densely-defined.
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4.4.1. Lie algebras and their representations

Consider a matrix Lie group G, i.e. a subgroup of the general linear group GL(N, C)
for some N € Z*, and let G denote its Lie algebra [83, 108]. A unitary representation
of G is a mapping U of G into the group of all unitary operators acting in a
separable Hilbert space H such that the identity element of G is mapped to the
identity operator acting in H and for all g1, g2 € G, U(g192) = U(g1)U(g2). Such a
unitary representation induces a unitary representation for G, i.e. a linear mapping
i of G into the set of anti-Hermitian linear operators acting in H such that for
all X1,Xs € G, U([X71,X2]) = [M(X71),4(X2)] [83, 85]. The mappings U and L
are related according to: U(eX) = e*X) for all X € G. Furthermore, because for
all X € G, (X)) is an anti-Hermitian operator acting in H, there is a Hermitian
operator K : H — H such that (X) =K.

Let {K1, Ka,...,Kq} be a set of Hermitian operators acting in H such that
{iK1,iKa,...,iK4} is a basis of U(G). Then K, with a € {1,2,...,d} are called
generators of G in the representation U. If U is a faithful representation, i.e. it is a
one-to-one mapping, the same holds for i, and d coincides with the dimension of
G. In this case, we refer to the matrices

Ko =471 (K,) (185)

as generators of G in its standard representation.
Next, consider the set of complex linear combinations of K, i.e. the complewifi-

cation of G: G == {3?_, caKa | ¢a € C}. We can extend the domain of definition of
U to G. by linearity: For all ¢, € C, (X7_, caKa) = S0 catl(Ko) = 320 ca Ko

—_a a=1 a=1

Similarly, we extend the definition of U to the set of elements OfEL(N ,C) that are
obtained by exponentiation of those of G.. This is done according to

UEX) =eX) | forall X €@, (186)

Next, we recall that according to Backer—Campbell-Hausdorff identity (150), for
all X,Y € Gc, e XYeX € G.. Furthermore, (150) and (186) imply

Ule X YeX) = e HEYYV) M) = U(e UN)U(EX) for all X,Y € Ge.
(187)

This completes our mathematical digression.

4.4.2. General outline of the method

Suppose that H : H — H can be expressed as a polynomial in the Hermitian
generates K, of G in a faithful unitary representation U ,** i.e.

H = Z Z )\al,az,...7akKa1Ka2 "'Kak.7 (]_88)

**In mathematical terms, one says that H is an element of the enveloping algebra of G in the
representation U.



Pseudo-Hermitian Representation of Quantum Mechanics 1249

where n € Z*, d is the dimension of G, and Aai1,as,...ar, € C. Demand that H admits
a metric operator of the form 7, = e~? with @ given by

d
Q= Z?"GKG, for some r, € R. (189)
a=1

Then as we will show below, the right-hand side of (184) can be evaluated using
the standard representation of G and readily expressed as a polynomial in K, with
the same order as H. Upon imposing (184), we therefore obtain a (finite) set of
numerical equations involving the coupling constants Ay, 4,,...a;,, and the parameters
r, that determine the metric operator via

—exp< Zra a). (190)

In order to demonstrate how this method works, we introduce the matrix n, :=

exp(—ZZ 1 7aKy), that belongs to exp(G. ) and satisfies n, = U(7, ). This together
with (185) and (187) imply o

Z Z )‘al,az,mak (77+Ka177I1)(77+Ka277I1)'"(77+Kak77+1)

k=1lazi,az,...,ap=1

= Z Z )\al,ag,...akﬂ(&&ﬂl) o L[(n+ &7}_:1) (191)

k=1a1,az2,....,ap=1

Because for all a € {1,2,...,d}, n, Ko ! belongs to G, there are complex coeffi-
cients k,p, depending on the structure constants Cyp. of the Lie algebra G and the
coefficients r, such that

d
n, Ko, ' = Z Kap K. (192)

As a result, L[(m Kqny = ZZ:1 Kap(Kyp) = Zzzl KapKp. Inserting this relation
n (191), we find

Z Z Noybyooy Ko Ky -+ Koy, (193)
k=1b1,ba,...,b=1
where S\blb2...bk = Zzl,az,...}akzl Aat,as,...ap Baiby Basbs * * * Kayb,, - Note that the coef-
ficients S\blbz...bk depend on the parameters r, of the metric operator (190).
In view of (188) and (193), the pseudo-Hermiticity relation HT = n, Hn ! takes
the form

n d
Z Z ()‘:kck 1-cacr ACICQ“‘Ck—lck)KCIKCQ T ch =0. (194)

k=1c1,c2,...,Ck—1,Ck=1

We can use the commutation relations for the generators K,, namely [K,, Kp] =
iZle CuveK e, to reorder the factors K., K, - - - K., and express the left-hand side
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of (194) as a sum of linearly independent operators. Consequently, the coefficients of
this sum must identically vanish. This yields a system of equations for r,. In general,
this system is overdetermined and a solution might not exist. However, there is a
class of Hamiltonians of the form (188) for which this system has solutions. In this
case, each solution determines a metric operator.

For the particular case that n = 1, so that

d
H=> XK, (195)

we may employ a more direct method of deriving the system of equations for r,.
This is based on the observation that, in this case, we can obtain a representation
of the pseudo-Hermiticity relation H' =7, H 77;1 in Gc, namely

H* =p, Hy; (196)

_+

whereYY

d d
=Y AaKa, H¥*:=) MK, (197)
a=1 a=1

The matrix equation (196) is equivalent to a system of d complex equations for d
real variables r,. Therefore, it is generally overdetermined.

We can use the above Lie algebraic method to compute the equivalent Hermitian
Hamiltonian h for the quasi-Hermitian Hamiltonians of the form (188). In view of
the definitions: h := pHp~! and p := VT = exp(za 15 Kqa), his given by the
right-hand side of (192) provided that we use % in place of 7.

An alternative Lie algebraic approach of determining metric operator and the
equivalent Hermitian Hamiltonian is the following. First, we use the argument lead-
ing to (191) to obtain

h = pHp~*

= Z Z )\a17a2,~~~;aku(£Kal Bil)u(p Ka2 Bil)"'u(ﬂKak 871)7

k=1a1,as,...,a,=1

(198)

where p = exp(zd, L2 K,). Then, we evaluate p K, p~' and express it as

a linear combination of K, with r,-dependent coefficients.”” Substituting the
result in (198) and using the linearity of 4 and K, = U(K,) give h =
Y oreq Zghaz“”ak:l €araz,...an Kar Kay -+ - Kqp, Where €4, a4, a, are rq-dependent
complex coeflicients. In this approach, we obtain the desired system of equations
for r, by demanding that h = h'. This is the root taken in [194] where the Lie
algebraic method was originally used for the construction of the metric operators

¥¥Unless G is a unitary group, i is not a #-representation [85], and H™ # HT.
##This is possible because p € exp (G, ).
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and equivalent Hermitian Hamiltonians for a class of quasi-Hermitian Hamiltonians
of the linear form (195) with underlying su(1,1) algebra. For an application of this
approach to Hamiltonians that are quadratic polynomials in generators of SU(1,1),
see [17].

4.4.3. Swanson model: G = su(1,1)

In this section, we explore the application of the Lie algebraic method to construct
metric operators for Swanson’s Hamiltonian [224]:

1
H = hw(aTa + 5) + aa® + ﬂaTQ, (199)

where a 1= X“p yXo= /B x, p: \/W’ o, B, w, m are real parameters, m > 0,
w > 0, and h2w2 > 4af. The latter condition ensures the reality and discreteness
of the spectrum of (199).

The problem of finding metric operators for the Hamiltonian (199) is addressed
in [118, 206, 182]. The use of the properties of Lie algebras for solving this problem
was originally proposed in [194].

Swanson’s Hamiltonian (199) is an example of a rather trivial class of quasi-
Hermitian Hamiltonians of the standard form

o P+ A@P
2M
where A and v are, respectively, a complex-valued vector potential and a real-valued
scalar potential, and M € R7T is the mass. It is easy to see that these Hamiltonians
admit the z-dependent metric operator: 1, = exp(—2 [ dz S[A(z)]). This in turn
yields the equivalent Hermitian Hamiltonian: h = 5-(p + R[A(2)])? + v(x). The
subclass of the Hamiltonians (200) corresponding to imaginary vector potentials
has been considered in [3]. The Swanson Hamiltonian (199) is a special case of

the latter. It corresponds to the choice: M = #f[}, Alx) =i (7';“’(&75)) x, and
v(z) = 3 (17 45 > mw?x?, where

-B
o« 5 B
o= —, = 201
= = (201)
As shown in [118, 182], the Hamiltonian (199) admits other exactly constructible
metric operators. The Lie algebraic method considered in this section offers a sys-

+ v(x), (200)

tematic approach for constructing metric operators for this Hamiltonian. In order
to describe the details of this construction, we begin by recalling that the operators
a and a' are the usual harmonic oscillator annihilation and creation operators that
satisfy

[a,a'] = 1. (202)

A well-known consequence of this relation is the possibility of constructing a unitary
representation of the Lie algebra su(1, 1) using quadratic polynomials in a and af.
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To see this, consider the Hermitian operators: K := 1(a? +al?), Ky = La?— at?)
and K3 = 1(aa’ + a'a) = L(afa + %) that act in H := L?(R) [142]. In view
of (202), they satisfy the su(1,1) algebra: [Ki, K3] = —iKs, [K2, K3] = K7,
[K3, K] = iK5. Clearly the Hamiltonian (199) can be expressed as a linear combi-
nation of K1, Ko and Kj:

H = 2[(Oé + ) K1 +i(a— B)Ks + hAng]. (203)

This relation identifies the Hamiltonian (203) as a special case of the Hamiltonians
of the form (195) with G = SU(1,1), d = 3, \; = 2(a+ 3), A2 = 2i(a — 3), and
A3 = 2hw. We can further simplify (203) by introducing non-Hermitian generators
K4 := K1 £iK5. In terms of these, we have H = 2(aKy + fK_ + hwK3).

In order to apply the above method of constructing a metric operator for (203),
we need to find a set of generators K, of SU(1,1) in its standard representation and
a faithful unitary representation i of the Lie algebra su(1, 1) such that K, = U(K,)
for all @ € {1,2,3}. A simple choice is

i 1/0 i i 1(0 1
K::— = — K::_ = =
=L g% 2(@ 0)’ =27 5% 2(—1 0)’
1 1/1 0
Ks:=-03 ==
=2 g% 2(0 —1)’

where o1, 02, and o3 are the Pauli matrices. We also have

(204)

. 0 4 . 0 0
Ko Kabike= (o) KomKi-ima= (] g). @)

that fulfil 4(Ky) = Ky.
Comparing (204) and (205), we see that it is more convenient to work with
the generators Ky and K3 rather than K, with a € {1,2,3}. This, in particular,

suggests the following alternative parametrization of the metric operator (190).

n, =exp(zK)exp(2rKs)exp(z*K_), withze€ C,r e R. (206)
Clearly,
. er—e "|2|? de "z

n, = exp(zK, ) exp(2rKs) exp(2"K_) = . ] (207)

— — — ie "z e

. . e " —ie "z
n, " = exp(—2"K_)exp(—2rKs)exp(—2K ) = P I
— — — —ie """ —e"|z|
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where we have made use of (204) and (205). Also in view of (197), (201), (203), and
Ky =K, +iK, = K., we have

- 1 2ia
H = 2hwlaK, + FK_ + K] = hw ( - m) , (209)
— == 283 -1
% i ~ 1 2i3
H™ = 2hw[aK_ + K, + Ks] = hw . (210)
B— - 2t —1

Next, we insert (207)—(210) in (196). This yields the following three independent

complex equations that are more conveniently expressed in terms of s := e” and
—-Tr

wi=e"z.
s(@s —w) 4 Bw? — 1) + sjw*[w + as(|w|? — 2)] = 0, (211)
B — as® + sw*(1+ asw*) =0, (212)
fw + sw*[w + as(jw|> — 1)] = 0. (213)
To solve these equations, we rewrite (213) as: w + as(|w|? — 2) = —as — i—w*, and

use this relation in (211) to obtain

as(1 — |wl?) = b +w (214)
s

Substituting this equation back into (213), we find §(w—w*) = 0. Therefore, either

8 =0or we R. It is easy to show using (212) that the condition § = 0 implies

w € R as well. Hence, w is real and (214) reduces to a quadratic equation whose

solution is

“1% /4% + 1 — 487
w = - . (215)
2as

It turns out that (211)—(213) do not impose any further restriction on s. Therefore,
(215) is the solution of the system (211)—(213). In terms of the original parameters

\/ri \/T
_1 4 VAaZerti-da o 4 VAT tho—da . Substituting

this formula in (206), we find two one-parameter families of metric operators for

r and z, it reads z =

Swanson’s Hamiltonian.

5. Systems Defined on a Complex Contour
5.1. Spectral problems defined on a contour

Consider the Schrédinger operator —j—; + V(z), where V : R — C is a complex-

valued piecewise real-analytic potential. The study of the spectral problem for this
2

operator and its complex generalization, —f? + V(z), with z taking values along
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a contour®®® I' in C, predates the discovery of quantum mechanics.”®® The case
of polynomial potentials have been studied thoroughly in [212]. For a more recent
discussion, see [210].

The spectrum of —% + V(z) depends on the choice of the contour I'. In the
case that I" visits the point at infinity, the spectrum is essentially determined by the
boundary condition imposed on the solutions ¥ : I' — C of the following eigenvalue
equation at infinity.

[_% + V(z)} U(z) = BV(z). (216)

For an extended contour I', that is obtained by a continuous invertible deforma-
tion of the real axis in C, the eigenvalue problem (216) is well-posed provided that
we demand ¥(z) to decay exponentially as |z| — oo along I'. To make this condition
more explicit, we identify ' with the graph of a parametrized curve ( : R — C in
C, ie.

I'={((s)|s € R}. (217)

The assumption that I' is simple implies that ¢ is a one-to-one function, and we
can express the above-mentioned boundary condition as

|[W(((s))] — 0 exponentially as s — +o0. (218)
A simple consequence of this condition is
/ W(¢(s))2ds < oo, (219)

If we view C as a Riemannian manifold, namely R? endowed with the Euclidean
metric tensor, and consider I" as a submanifold of this manifold, we can use the
embedding map ¢ : R — C to induce a metric tensor (g) on I'. The corresponding
line element is given by d := \/gds = /dxz(s)? + dy(s)? = [('(s)| ds, where z(s) :=
R(¢(s)) and y(s) := 3(¢(s)). Therefore, the integral measure defined by g on I is the
arc-length element |¢’(s)| ds. This in turn suggests the following parametrization-
invariant definition of the L2-inner product on I.

<w o= [ W) B ¢ ds (220)

If we identify s with the arc-length parameter, for which [¢’(s)| = 1, and let L?(T') :=
{U:T' - C|<T|¥>< oo}, we can express (219) as

U c LA(T). (221)

This shows that the boundary condition (218) implies the square-integrability con-
dition (221) along I". The converse is not generally true; the spectrum defined by

a3aHere by the term “contour” we mean (the graph of) a piecewise smooth simple curve that need
not be closed.

bbbHermann Weyl’s dissertation of 1909 provides a systematic approach to this problem. For a
detailed discussion of Weyl’s results, see [104, §10].
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the boundary condition (218) is a subset of the point spectrum®® of the operator
—% + V(2) viewed as acting in the Hilbert space L*(T'). In the following we shall
use the term spectrum to denote the subset of the point spectrum that is defined
by the boundary condition (218).

In order to demonstrate the importance of the choice of the contour in dealing
with the spectral problem (216), consider the imaginary cubic potential V (z) = iz3.
As we mentioned in Sec. 1, the spectrum defined by the boundary condition (218)
along the real axis (((s) = s) is discrete, real and positive [79, 209]. But, the spec-
trum defined by the same boundary condition along the imaginary axis is empty. To
see this, we parametrize the imaginary axis according to z = ((s) = is with s € R.
Then the operator —j—; + iz% takes the form % + 53, and we can respectively
express the eigenvalue equation (216) and the boundary condition (218) as

d? 3
[+ vl = ), (222)
and
[(s)] — 0 exponentially as s — o0, (223)

where 9)(s) := U(is) for all s € R.994 But, it is well-known that (222) does not have
any solution fulfilling (223) for either real or complex values of E.°°¢
The imaginary cubic potential belongs to the class of potentials of the form

V,(z) = \e?(iz)”, veER, AeRT. (224)

As shown in [79, 209], for v > 0 these potentials share the spectral properties of
the imaginary cubic potential, if we impose the boundary condition (218) along a
contour T, that lies asymptotically in the union of the Stokes wedges [32]:

S = {re {05 +) |1 € [0,00), @ € (—6,,6,)}, (225)

where
+ . w . — e - ™ 29
0 =gy =0 BT bim (226)

Here by asymptotic inclusion of T',, in S, US,, we mean that if ', = {(,(s) | s € R}
for a piecewise smooth one-to-one function ¢, : R — C, then there must exist a

¢c¢By definition, the spectrum o(A) of an operator A acting in a Banach space is the set of
complex numbers E for which the operator A — ET is not invertible, i.e. one or more of the
following conditions hold: (1) A — ET is not one-to-one; (2) A — ET is not onto; (3) A — EI is
one-to-one so that it has an inverse, but the inverse is not a bounded operator [105]. The point
spectrum of A is the subset of o(A) consisting of the eigenvalues E of A, i.e. the numbers E for
which A — ET is not one-to-one [195].

dddThis was pointed out to me by Prof. Yavuz Nutku.

¢¢¢The point spectrum of % + 5% is C, i.e. (222) admits square-integrable solutions for all E € C
(this was pointed out to me by Prof. Patrick Dorey). These solutions do not, however, satisfy (223).
They do not represent physically acceptable bound states, because they do not belong to the
domain of the observables such as position, momentum or some of their powers.
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Fig. 1. A contour T'), (the solid curve) lying asymptotically in the union of the Stokes wedges (the
grey region). The dashed lines are the bisectors of the Stokes wedges Sf,t. The angle 6, between
the positive real axis and the bisector of S is also depicted.

positive integer M such that for all s € R the condition s > M implies ((s) € SiF.
Figure 1 shows Stokes wedges and a typical contour lying in S;” U S} asymptotically.
For v = 2, (224) gives the wrong-sign quartic potential,

Va(z) = =Az*, X eRT, (227)

which is known to have an empty spectrum (defined by (218) along the real axis).
Setting v = 2 in (225) and (226), we have S; = {re’ |r € [0,00),6 € (-7, —2F)}
and S5 = {re’? |r € [0,00),0 € (—%,0)}. Therefore the condition that I'y must lie
asymptotically inside S; U S5 excludes the real axis as a possible choice for I'y. It

is not difficult to see that the same holds for all v > 2.

5.2. Equivalent spectral problems defined on R

The fact that the spectrum of the potentials (224) defined by the above-mentioned
boundary condition along I',, is discrete, real and positive is by no means obvious,
and its proof is quite complicated [79, 209]. In this subsection, we will outline
a transformation scheme that maps the spectral problem for these and similar
potentials to an equivalent spectral problem that is defined on the real line [157].
This scheme provides an intuitive understanding of the spectral properties of the
potentials (224) and in particular allows for a straightforward treatment of the
wrong-sign quartic potential (227) that we shall consider in the following subsection.

Given an extended contour I', we can use x := R(z) to parametrize it. We do this
by setting I' = {{(x) | x € R} where ((z) := z+if (z) forallz € R,and f : R — Ris
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a piecewise smooth function. This implies that along ', dz = d¢(z) = [1 +if'(z)]dz
and the eigenvalue equation (216) takes the form

—g@) s - ig(a)’ (@) -+ (@) | $(2) = Bi(z), (229)
where for all z € R,
! v(x) == V(x+if(x b(x) = U (x + if (x
oe) = s 0a) = V@), D) = Ve @), (229

and a prime stands for the derivative of the corresponding function.

Next, we examine the consequences of using the arc-length parametrization of
I. If we define F : R — R by F(z) := [; \/1+ f/(u)?du, we can express the
arc-length parameter along I', which we denote by X, as X := F(z). Under the
transformation x — X, the eigenvalue equation (228) takes the form

2
e 20 —% + ia(X)% + v(x)] $(x) = By(x), (230)
wheref
§(x) == tan (' (@))la=p-1(0,  a(X) =€ (%) = % . (231)
L)1 le=F-1(x)
v(x) = eGP X)), Y(x) = P(FTHX)), (232)

The arc-length parametrization of I' is achieved by the function G : R — T
defined by G(x) := F~}(xX) + if(F~}(x)) for all X € R. This is the invertible
function that maps the real line R onto the contour I' in such a way that the
(Euclidean) distance is preserved, i.e. if X1,Xs € R are respectively mapped to
z1 := G(X1) and 29 := G(Xz2), then the length of the segment of I that lies between
z1 and 29 is given by |[X; — Xa|. In other words, G : R — T is an isometry. In light of
(229) and (232), G relates the solutions ¥ and ¢ of the eigenvalue equations (216)
and (230) according to ¥(X) = U(G(X)). We can use G to express v in terms of the
potential V' directly:

v(x) = 24PV (G(x)). (233)

Furthermore, recalling that the arc-length parametrization of I' corresponds to iden-
tifying s and ((s) of (217)—(219) respectively with X and G(x), we have

oo

<wjw-= [ jueePac= [ eePec= wle. @)

— 0o —00

This observation has two important consequences. Firstly, it implies that ¥ € L?(T")
if and only if ¢» € L?(R). Secondly, it allows for the introduction of an induced

ffBecause F is a monotonically increasing function, it is one-to-one. In particular, it has an inverse
that we denote by F~1.
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unitary operator G, : L?(I') — L?(R), namely G.(¥) := ¢ if ¢(X) = ¥(G(X)) for
all X € R.588

The above constructions show that a pseudo-Hermitian quantum system that is
defined by a Hamiltonian operator of the form —% + V (z) acting in the reference
Hilbert space L2(T') is unitary-equivalent to the one defined by the Hamiltonian
operator

2

H = ¢~ %X —% + ia(X)a;iX +v(X) (235)
that is defined in the reference Hilbert space L?(R). In terms of the unitary operator
G., we have —, + V() = G HG..

A particularly simple choice for a contour is a wedge-shaped contour: T'() .=
{z+if(z) |2 € R} where f(x) := —tanf|z| and § € [0,F). A typical example is the
contour obtained by adjoining the bisectors of the Stokes wedges (the dashed lines
in Fig. 1). For such a contour,

X = F(z) =seclz, x=F"1(X)=cosfx, (236)

ex  for x <0,
(237)

G(X) = cosfx —isinf|x| = "
e”"x for x>0,

and in view of (231), (232) and (233) the Hamiltonian operator (235) takes the
form

, d? d
_ _p2ifsgn(x) | = ; - — 7 si
H e e + 2i66(x) dx} + V(cos 0x — isinf[x|). (238)

The presence of delta-function in (238) has its root in the non-differentiability
of T¥) at the origin. One can smooth out I'®) in an arbitrarily small open neigh-
borhood of the origin and show that this delta-function singularity amounts to the
imposition of a particular matching condition at X = 0 for the solutions of the
corresponding eigenvalue problem. As shown in [157], these are given by

$(0F) = 9(0) =(07), e *(07) = ey'(07), (239)

where for every function ¢ : R — R, ¢(0%) := lim,_,o+ ¢(X).
In view of (238), we can express the eigenvalue equation for H in the form

Hivs(X) = By (x), for x € R, (240)
where
+2i0 d2 i0
= — w_—__ T
Hy 1= =20~ + V(eT'x), (241)

and ¥_ : (—00,0] — C, ¢4 : [0,00) — C are defined by 9+ (X) := ¥(X) for all
X € R*, 91(0) := ¢(0%), and ¢ (0) := ¢'(0%).

888 Equation (234) shows that G preserves the norm. This is sufficient to conclude that it is a
unitary operator, for in an inner product space the norm uniquely determines the inner product
(123, §6.1].
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In summary, the eigenvalue problem for the Schrédinger operator —% +V(z)
that is defined by the boundary condition (218) along I'® is equivalent to finding
a pair of functions ¢ satisfying

—eF20YlL (%) + V(TP X)1 (x) = B+ (X) for X € R¥, (242)
P-(0) = 94(0), e 2L (0) = >y’ (0), (243)
4 (X) — 0 exponentially as X — £o0. (244)

To elucidate the practical advantage of this formulation, we explore its application
for the potentials V, (2) = A\2%(iz)” with A € RT.

As we explained in the preceding subsection, we need to choose a contour that
belongs to the union of the Stokes wedges SF asymptotically. We shall choose the
wedge-shaped contour %) that consists of the bisectors of S*. Setting V =V},
and 0 = 60, in (241) and using (226) we find the following most surprising result.

. d?
__+2i0, v+2
Hi=¢ {——dXQ + A|x| ] (245)
Similarly, (242) becomes
— L (X) + NX|" 21 (X) = BeT20qp, (x)  for x € RE. (246)

The appearance of the real confining potential A|x|**2 in (245) and (246) allows for
an alternative proof of the discreteness of the spectrum of the potentials z%(iz)".

See [157, Appendix| for details."ht

5.3. Wrong-sign quartic potential

In the preceding section we showed how one can transform the spectral problem
for a potential defined along a complex contour to one defined along R. The form
of the transformed Hamiltonian operator depends on the choice of the contour and
its parametrization. This raises the natural question of whether one can choose
an appropriate parametrized contour so that the transformed Hamiltonian admits
an easily constructible metric operator. The wrong-sign quartic potential V5(z) =
—Az*, with A € R, is a remarkable example for which the answer to this question
is in the affirmative.
Let I's = {¢(s) | s € R} be the contour defined by [120]

((s) :=—2iv/1+1is, forallseR. (247)

If we parametrize I'y using @ = R({(s)), we find T's = {z + if (z) |« € R} where
f is given by f(x) := —va2 + 1 for all x € R. This shows that ' is a hyperbola
with asymptotes £+ := {£re~"% | € R*}. Because £ lies in the Stokes wedge S5,
(247) defines an admissible contour for the potential V5.

hhh1t would be interesting to see if this approach can lead to an alternative proof of the reality of
the spectrum.
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If we perform the change of variable z — ((s), we can express the eigenvalue
equation: [—% — \24¥(z) = EV¥(2), in the form
—(1+ is)ﬁ ST (1+1is)?| ¢(s) = Eg(s) (248)
ds? 2 ds N ’
where ¢(s) := U(((s)). We can identify s with a usual (Hermitian) position opera-
tor, introduce the corresponding wave number operator £ as (s|f := —i%(s|, and
express (248) as the eigenvalue equation for the Hamiltonian

H:=(1+is)R> + ? — 16A(1 +is)? (249)

that acts in L?(R).

As shown in [120], the application of the perturbative scheme of Subsec. 4.2
yields the following exact expressions for a metric operator and the corresponding
equivalent Hermitian Hamiltonian, respectively.

RS
= 9 2
ne = (355 -28) (250)
& R )

We shall offer an alternative derivation of these formulas momentarily.

Because h is a Hermitian operator that is isospectral to H, the spectrum of H
and consequently the operator — % — \z* defined along I's, is real. It is also easy to
show that the common spectrum of all these operators is positive and discrete. To
see this, we express h in its R-representation where eigenvalue equation h® = E®
reads

d? /R - ~
—16X\ o) + o 2 D(R) = ED(R), (252)

1

and ®(8) == (R| D) = (27)~= [*_dse”**®(s). The operator in the square bracket
in (252) is a Schrodinger operator with a confining quartic polynomial potential.
Therefore its spectrum is positive and discrete [139].

We can also use the same approach to treat the quartic anharmonic oscilla-
tor, V(z) = w?2? — Az Using the parametrization (247), we find the following
generalizations of (249)-(252).

H:=(1+is)8 + ? — 16A(1 +is)? — 4w?(1 +is) (253)
g3 w?
(R —aw?)? R’ )
h = oD 5 16257, (255)
2 (82 -4w?)? R/ . -
—16\ = + T — — | D(R) = ED(R). 2
e T e 2} (%) (%) (256)
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Therefore, by scaling the eigenvalues according to F — vE where v := ﬁ, we

can identify the spectrum of the operator — Ly + w222 — \z* (defined along T'3)
with that of the operator
d 2 2\2
—@—I— 4[ v(z° — dw?)* — 22] (257)

that acts in L2?(IR) [120]. This observation has previously been made in [58]. As
discussed in [11], the approach of [10] also leads to the same conclusion.

Next, we outline an alternative and more straightforward method of constructing
a metric operator for the Hamiltonian (253).

If we separate the Hermitian and anti-Hermitian parts of H, we find

H = 16)s* + &% — ? — (16X + 4w?) + %{s,ﬁQ — 4w? — 32}, (258)

We can combine the first and last terms on the right-hand side of this equation to
express H in the form
i(R2 —4w? —320)]°  (R2—4w?)? ]

H=1 _ R 9
OA |5+ 320 T 7 (259)

As seen from this relation, the term responsible for the non-Hermiticity of H may
be removed by a translation of s, namely
i(R2 — 4w? — 32))
55— s— 390 . (260)
It is not difficult to see that such a translation is affected by a R-dependent simi-
larity transformation of the form s — €9 se=9(%) Recalling that for any analytic
function g : R — R,

eI W 5690 — 5 _ g/ (R), (261)
and comparing this equation with (260), we find
ﬁ?’ 2

= 14+ — . 262

o8 = g - (1457) +e (262)

Here c¢ is an integration constant that we can set to zero without loss of generality.
In view of (261), we can map H to a Hermitian Hamiltonian h according to

(82 —4w?)? R
64\ 2"
This is precisely the equivalent Hermitian Hamiltonian given by (255). Moreover,

comparing (263) with the defining relation for the equivalent Hermitian Hamil-
', and recalling that p := /7, where 7; is a metric

H— h:= et He 90 = 1615 + (263)

tonian, namely h := pHp~
operator associated with the Hamiltonian H, we find 75 = e29(%)_ In light of (262),
this coincides with the metric operator given by (254).

Next, we wish to explore the underlying classical system for the pseudo-
Hermitian quantum system defined by the potential V(z) = w?2? — A2* along T's.
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If we view this potential as an analytic continuation of V(z) = w?2? — \z*, with
x denoting the Hermitian position operator, we should identify the Hamiltonian
operator for the system with

P2

Hr, = £ +Q*Z% — AZ*, (264)

2m
where € R and A € R are dimensionful coupling constants, and Z and Py are
the dimensionful coordinate and momentum operators along I's. Using an arbitrary
length scale ¢, we can introduce the corresponding dimensionless quantities:

A= —2m€6A7 w:i= 7\/%629, DL = &7 z = g (265)
h? h h L
In terms of these the eigenvalue equation Hp,U = £V takes the form
2
=+ w22 — A4 U(2) = EU(2), (266)
where E = 2";;;25

Now, we are in a position to apply our earlier results. Setting z = ((s) :=
—2iy/1 +is, we can identify (266) with the eigenvalue equation for the pseudo-
Hermitian Hamiltonian (253). One might argue that because z and p, represent
dimensionless position and momentum operators, the same should also hold for
s and R, respectively. This suggests to identify the dimensionful position (z) and
momentum (p) operators as

r=aols, p= %, (267)

where o € RT is an arbitrary constant. In view of (255), (265), (259) and (267),
we obtain the following expressions for the dimensionful pseudo-Hermitian and
equivalent Hermitian Hamiltonians.

,  R*H  (p*— Sml20?)?  hp

T oomez 6404 4ml
~ 2
_(2p? — 8m? — 64ml?A
164 [0+ P 8meA GameZA) | (268)
2 2 720)2\2 ~
pom S0 WSO e 62, (269)

= ome? YN Aml

where ¢ := é Note that unlike A’ that only involves the length scale l,H depends
on both ¢ and ¢. The same is true for the metric operator 7. This shows that the
pseudo-Hermitian quantum systems defined by the Hamiltonian H’ and the metric
operator 74 with different values of the parameter o are unitary-equivalent to a

Hermitian quantum system that depends on a single length scale (¢). The latter
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is not, however, fixed by the Hamiltonian (264) and the contour I's along which
it is defined.!il

Supposing that { is independent of ki, we can take i — 0,  — z., and p — p,
in (269) to obtain the underlying classical Hamiltonian. The result is

(p2 — 8m2Q?)?
G4

We can also introduce the pseudo-Hermitian position and momentum opera-
tors (55):

H! =

C

—16/%Aa2. (270)

i(072p% — 8mO2 — 64ml2A 11
( >, P:=n,*pni =p.

64mAL
(271)
As expected, in terms of X and P, the Hamiltonian H' takes the form
P2 —8mi*0%)? P .
= L Z8mOY)T hP gk, (272)

64A L4 4mf
Furthermore, the 7;-pseudo-Hermitian canonical quantization of the classical
Hamiltonian (270) yields (272) except for the linear term in P.

The fact that the pseudo-Hermitian quantum systems defined by the Hamilto-
nian (264) depend on an arbitrary length scale has its root in our identification
of s with the relevant dimensionless position operator. We will next consider an
alternative approach that incorporates the spectral equivalence of the Hamilto-
nians (264) and (257). It is based on treating & as the appropriate dimension-
less position operator. More specifically, it involves replacing (267) with x = (R
and p = —(Z—z, where [ is an arbitrary dimensionless real parameter. If we set

6= ﬁ = (32mA)_%£_3h, we find the following ¢-independent expressions for

the equivalent Hermitian Hamiltonian and the underlying classical Hamiltonian/:
2 22\? 2A ; o2

h' = Z-+4A (ac2 - H) —hy/22 z and H] = 2= +4A <x§ - H) . Note, however,

that H' still depends on ¢:

2

H = % [p—i\/g (4\/Xx2 - 3—/2_\ —8\/7\122)] + 4A <x2 —~ %)2 — h\/%x.
(273)

This is also true for n;.. Again the quantum systems determined by H’ and n with
different values of £ are unitary-equivalent to a system that is independent of /.
Similar to our earlier analysis, we can obtain an (-independent expression for H'

HiJf () £ 0, we can choose a such that ¢ = %
liiThe expression for the Hamiltonian h’ was previously obtained in [36] where the last term in

this expression is attributed to an anomaly in a path-integral quantization of the complex classical

2
Hamiltonian 2= 40222 — Az# along the contour T's. For a more careful treatment of this problem,
see [121].
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in terms of the pseudo-Hermitian position and momentum operators: X = z and

2
P =p—iy/F (4VAa? — .~ 8VAR). Theresult is H' = 2244 (X2 - &)~
hy/2A X,

6. Complex Classical Mechanics versus pseudo-Hermitian QM
6.1. Classical-quantum correspondence and observables

In Subsec. 3.1 we outlined a procedure that assigns an underlying classical system
for a given pseudo-Hermitian quantum system with reference Hilbert space L?(R?).
According to this procedure that we employed in Subsecs. 4.2.1, 4.2.2 and 5.3, the
classical Hamiltonian H,. may be computed using (60). In other words, to obtain
H_., we replace the standard position and momentum operators with their classical
counterparts in the expression for the equivalent Hermitian Hamiltonian A and
evaluate its (A — 0)-limit. We can quantize H.. to yield h, if we employ the standard
canonical quantization scheme. We obtain the pseudo-Hermitian Hamiltonian H, if
we use the pseudo-Hermitian canonical quantization scheme (58).1kk

By definition, a classical observable O, is a real-valued function of the classical
states (Ze, . ), i.e. points of the phase space R??. If we apply the usual (Hermitian)
canonical quantization program, the operator associated with a classical observ-
able O.(Z.,p.) is given by o := O.(#,p) where & and p" are the usual Hermitian
position and momentum operators. If we apply the pseudo-Hermitian quantiza-
tion, we find instead O := OC(X , P) where X and P are the pseudo-Hermitian
position and momentum operators, respectively (55). The common feature of both
these quantization schemes is that they replace the usual classical Poisson bracket,

. \d HA. OB, OB, OA. . - . .
{Ac, Beles =35, Do Dpe ~ Do Ope ), of any pair of classical observables A,

and B, with (ih)~! times the commutator of the corresponding operators A and B,
{A., B.}ps — (ih)71[A, B]. Let us also recall that given a pseudo-Hermitian quan-
tum system specified by the reference Hilbert space H, a quasi-Hermitian Hamil-
tonian operator H : H — H, and an associated metric operator 1y : H — H, the
observables of the system are by definition 7. -pseudo-Hermitian operators O acting
in 'H,

O =n,On;". (274)

It is absolutely essential to note that such an operator acquires its physical meaning
through the classical-to-quantum correspondence:

O. — O, (275)

where O, is the classical observable corresponding to the operator O. For example
in conventional quantum mechanics, we identify the operator p : L?(R) — L?(R)
defined by pyp = —iht)’, with the momentum of a particle moving on R, because

kkkClearly this is true up to factor-ordering ambiguities/terms proportional to positive powers
of h.
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p corresponds to the classical momentum p. of the underlying classical system.
Without this correspondence p is void of a physical meaning. It is merely a constant
multiple of the derivative operator acting in a function space.

The situation is not different in pseudo-Hermitian quantum mechanics. Again
the (ny-pseudo-Hermitian) operators that represent observables derive their
physical meaning from their classical counterparts through the pseudo-Hermitian
version of the classical-to-quantum correspondence. This is also of the form (275),
but the operator O is now selected from among the 7, -pseudo-Hermitian opera-
tors. As we discussed in Subsec. 3.1, if 0o : H — H denotes the Hermitian observ-
able associated with a classical observable O, the corresponding pseudo-Hermitian
observable is given by Eq. (54), i.e. O := p~lop where p:= /7], .

Whenever one deals with a symmetric, P7-symmetric, diagonalizable Hamilto-
nian H with a real spectrum, one can define the observables as operators O fulfilling
the condition [39]

OT =CcPTOCPT, (276)
where
oT .=7O'T (277)

stands for the transpose of O, and C, P, 7 are respectively the charge, parity, and
time-reversal operators that are assumed to satisfy

C2P=P*=T*=1, [C,PT]=[P,T]=]C, H]=0. (278)

As we explained in Subsec. 3.4, we can relate C to an associated metric operator
1+ according to

C=n;'P. (279)
Because C? = P2 = I, we also have
C="Pn;. (280)

Inserting (277) in (276) and making use of (278), we obtain 7O'7T =
CPTOCPT = PTCOCPT = TPCOCPT. In view of (278), (279) and (280), this
relation is equivalent to Of = PCOCP = P(Pny)O(n;'P)P = n:On;'. Therefore
(276) implies the n4-pseudo-Hermiticity of O. The converse is also true for the
cases that (276) can be applied consistently. This is actually not always the case.
For example, the application of (276) for the Hamiltonian operator that commutes
with CP7 gives HT = H. Therefore, unlike the 7, -pseudo-Hermiticity conditions
(274), (276) cannot be employed for non-symmetric Hamiltonians. This shows that
(276) has a smaller domain of application than (274).

Another advantage of the requirement of 7, -pseudo-Hermiticity (274) over the
condition (276) is that it makes the dynamical consistency of the definition of
observables more transparent. Recall that the main motivation for the introduction
of (276) in [39] is that its original variant [37, 38], namely the requirement of
CPT-symmetry of O, i.e. O = CPTOCPT, conflicts with the Schrodinger time-
evolution in the Heisenberg picture; in general the Heisenberg-picture operators
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it H it H
h

Op(t) := e n Oe # do not commute with CPT for t # 0, even if they do for
t = 0 [153]. The reason why (276) does not suffer from this problem is that it is a
restatement of the 7 -pseudo-Hermiticity of O. To see why the Heisenberg-picture
operators satisfy the latter condition for all ¢, we first recall that because H is 74-
pseudo-Hermitian, it is a Hermitian operator acting in the physical Hilbert space
Hphys defined by the inner product (- | ~>n+. This implies that the time-evolution
operator e~ is a unitary operator acting in Hpnys. Therefore, e~ " O’ acts
in Hpnys as a Hermitian operator for all ¢, i.e. it is n,-pseudo-Hermitian for all
t. Alternatively, we could argue that because H is 7;-pseudo-Hermitian, e~ s
n4-pseudo-unitary [4, 5, 159] and e Oe' T is 14-pseudo-Hermitian.

6.2. Complex classical systems and compatible Poisson brackets

In their pioneering article [32], Bender and Boettcher perform an asymptotic anal-
ysis of the spectral properties of the complex potentials V;,(z) = 22(iz)” that makes
use of the complex WKB-approximation. This involves the study of a certain type
of complex classical dynamical system Sy that Bender, Boettcher and Meisenger
(BBM) [33] identify with the underlying classical system for the quantum system
defined by V,,. This approach, which has been the focus of attention in a number
of publications [186, 43, 46, 47], is fundamentally different from the prescription
we used in Subsecs. 3.1 and 6.1 to associate a classical system S with a pseudo-
Hermitian quantum system S. In this subsection, we examine the structure of the
complex classical system Sppy. For simplicity, we consider complex potentials V'
that depend on a single complex variable 3.1!!

According to [33] the dynamics of Sppy is determined by the Newton’s equation

mi =—-V'(3), (281)

where m € RT, each overdot stands for a time-derivative, and a prime marks
the differentiation with respect to 3. We can express (281) as a pair of first-order
differential equations:

mj=p, p=-V'() (282)

This is the Hamiltonian formulation of the dynamics of Sppas; introducing the
2

complex Hamilton function b := £~ + V(3), we can express (282) as the following

pair of Hamilton equations.

._ % . 9
The variables 3 and p are the coordinates of the phase-space of the system 3 which
is as a set identical to C2 and R*. This observation suggests that, similarly to the

(283)

WThe use of complex phase-space variables in standard classical mechanics is an old idea [137].
See also [222]. The subject of the present study is to consider complex configuration variables.



Pseudo-Hermitian Representation of Quantum Mechanics 1267

quantum systems defined along a complex contour, the complex classical system
SppMm might admit a formulation that involves real variables. This is actually quite
straightforward. We can define the real variables

€= §R(5)7 Y= C\\y(5>7 pi= §R(13)7 q:= C\\y(p)7 Vi= éR(‘/)7 Vi= C\\Y(V)a
(284)

Ho=%0)=2"L +v.(zx,y), H:

2m 3(0) = 2+ Vila,y), (285)

and use the well-known relations 8% =1 (51 zgy) and % =1 (;p Zaq) to turn
the complex Hamilton equations (283) to a system of four real equations.

It turns out that the resulting system of equations and consequently the complex
Hamilton equations (283) are not consistent with the standard symplectic structure
(Poisson bracket) on the phase space C? = R* [68, 166]. To see this, let us also
introduce wy := x, wy = p, ws := y, and wy := ¢q. Then the standard Poisson

bracket on R?* takes the form

4
9A OB

(A,Bypp= > JGV = (286)
Z Ik dw; dw;’

jk=1

where J ;Zt) are the entries of the standard symplectic matrix

JEY = : (287)

and A and B are a pair of classical observables (real-valued functions of w;).m™™m™

Recall that given a Hamilton function H on the four-dimensional phase space
obtained by endowing R* with the symplectic structure corresponding to the stan-
dard Poisson bracket (286), we can express the Hamilton equations in the form
w; = {w;j, H}pp. If we express (286) in terms of the complex variables 3 and p, we
find that {3,H}pe = {p, H}ps = 0 [166]. Therefore, it is impossible to formulate the
dynamics defined by (283) using the standard symplectic structure on C2.

This observation raises the problems of the existence, uniqueness, and classi-
fication of the symplectic structures on C2> = R? that are compatible with the
dynamical Eq. (283). Reference [68] gives a family of dynamically compatible sym-
plectic structures. Reference [166] offers a complete classification of such structures.
The most general compatible symplectic structure is defined by the following non-
standard Poisson bracket

0A OB

2
dw; dw;’ (288)

By= 3 A

7,k=1

mmmgey . — Z?,k:l Jjkdw; A dwy, is the standard symplectic form on R* [137].



1268 A. Mostafazadeh

where J;; are the entries of the symplectic matrix

0 1+¢c —a —d

1] =(1+¢) 0 —d —b
J'_2 a d 0 —1+c|’ (289)

d b 1—c 0

and a, b, ¢, d are arbitrary real parameters satisfying ¢? + d? — ab # 1. Regardless of
the choice of these parameters, we have § = {{3,h}} and p = {{p, h}}. A particularly
simple choice is a = b = ¢ = d = 0 that yields

0 1

11—

J=Ty =g (290)

[ R
_ o O O

0
0
0

6.3. Real description of a complex classical system

Among the basic results of classical mechanics is the uniqueness theorem for sym-
plectic structures on the phase-space R2? [13]. In order to explain the content of
this theorem, first we recall that a symplectic structure on R?? is determined by
the corresponding Poisson bracket. Choosing a system of coordinates w;, we can
express the latter in the form {A, B} s = Z?izl ‘73"“5?_12 g_ij’ where J is a real,
antisymmetric, nonsingular 2d x 2d matrix. The above-mentioned theorem states
that there is always a system of (so-called Darboux) coordinates in which {4, B} 7
takes the form of the standard Poisson bracket. Application of this theorem for the
Poisson bracket (288) yields a description of the dynamics defined by the complex
Hamiltonian b in terms of a real Hamiltonian K.

The construction of the Darboux coordinates associated with the most general
symplectic matrix (289) is described in [166]. These coordinates take the following
particularly simple form fora =b=c=d = 0.

z1 = V2w =2z, p1i=V2wy =2p,
Ty = V2ws =V2q, p2:=+V2ws3=2y.

These are precisely the phase-space coordinates used in [234] to study the complex
trajectories appearing in the semiclassical treatment of the propagator for a quartic
anharmonic oscillator. They are subsequently employed in the description of P7-
symmetric models [124].

The use of the coordinates (291) together with the assumption that the potential
V' is an analytic function, i.e. the Cauchy—Riemann conditions, %’;r — %1;’ = %”yf
%i 0, hold, lead to the following remarkable observations.

L=
xr

(291)

e The equivalent real Hamiltonian K that describes the dynamics is twice the real
part of the complex Hamiltonian b [234, 166],
_pi-7

2
B xr1 P2
2V, (—7—) —2H,. 292
m + 272 (9)
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e The imaginary part of b, i.e.

H, = T2p1 1V (
2m

T p2> (293)

272
is an integral of motion; {H;, K }pp = 0 [166].

This implies that the dynamical system defined by the Hamilton equations (283) is
equivalent to a classical Hamiltonian system with phase space R* and the Hamilto-
nian K = 2H,. Furthermore, in view of Liouville’s theorem on integrable systems,
because the phase space is four-dimensional and H; is an integral of motion that is
functionally independent of K, this system is completely integrable [13, 228].

The integral of motion H; generates a certain class of transformations in the
phase space that leave the dynamics invariant. The infinitesimal form of these
symmetry transformations is given by [166]:

vy — 1 + 0wy, Owy = E{x, Hi}pp = %, (294)
. . 0 T1 P2
vy =y 0wy, Omy = E{mn Hiden =€ 5= Vo (0 55). (299)
0 T1 P2
— = H’L =S 73 VYr\l X555 /> 2
o op, o= Hides =6 Ve () (296)
p2 — p2 +0p2,  Op2:=&{p2, Hilpn = —g%, (297)

where £ is an infinitesimal real parameter.

The existence of these symmetry transformations is related to the fact that the
system involves a first class constraint. Choosing a particular value C for H;, i.e.
imposing the constraint ® := H; — C' = 0, and moding out the above symmetry
transformations by identifying each orbit of these transformations with a single
point, we can construct a reduced dynamical system & that has a two-dimensional
real phase space [166]. This procedure has been implemented for a class of monomial
potentials in [217] where the above symmetry transformations have been examined
in the Lagrangian formulation and the difficult issue of the quantization of these
systems has been addressed in some detail.™™ In general, the resulting quantum
system depends on whether one imposes the constraint before or after the quan-
tization. In the former case, the prescription used to obtain the reduced classical
system also affects the resulting quantum system. For the imaginary cubic potential
that allows for a fairly detailed analysis, one obtains a variety of quantum systems
[217]. But none of these coincides with the pseudo-Hermitian quantum system we
studied in Subsec. 4.2.2.

In summary, the identification of the complex classical system Sppy with the
classical limit of the pseudo-Hermitian quantum system S that is defined by a
complex potential V' meets two serious difficulties. Firstly, while S has a single real

nnnThe application of this approach for some multidimensional systems is studied in [95].
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degree of freedom (one-dimensional real configuration space and two-dimensional
real phase space), Sppm has two real degrees of freedom (a four-dimensional real
phase space). Secondly, the Hamilton equations (283) that determine the dynamics
of Sppm are not consistent with the standard symplectic structure on the phase
space of Sgpm. This, in particular, means that under the naive correspondence
SppMm — S, the Hamilton equations (283) are not mapped to the Heisenberg equa-
tions for S. These problems persist regardless of whether the Hamiltonian operator
for S is defined on the real line or a complex contour. In fact, the study of the
systems defined on a complex contour reveals another difficulty with the naive cor-
respondence Sy — S, namely that while the definition of S requires making a
proper choice for a contour, Sgpym is independent of such a choice.°°°

A proper treatment of the complex dynamical systems Sy requires the inves-
tigation of a dynamically compatible symplectic structure. Once such a structure is
selected, one can adopt a corresponding set of Darboux coordinates and use them to
obtain a standard (real) description of Sgpm. The use of the real description reveals
the curious fact that this system admits an integral of motion that is functionally
independent of the Hamiltonian. This has two important consequences:

(1) The system is completely integrable;
(2) The system has a first class constraint.

The choice H; = 0 that is adopted in [43, 46, 47] is just one way of imposing the
constraint. It corresponds to restricting the dynamics to a three-dimensional sub-
space of the phase space. On this subspace there acts the symmetry transformations
(294)—(297) that leave the dynamics invariant. Moding out these transformations,
one finds a reduced dynamical system & with a two-dimensional real phase space.
It is the latter that can, in principle, be related to the quantum system S. So far the
existence and nature of such a relationship could not be ascertained. For the simple
polynomial potentials that could be studied carefully, the various known ways of
constructing and quantizing & lead to quantum systems that differ from S.
Another important issue is that the above procedure of constructing complex
dynamical systems Sgpy and the corresponding reduced systems & may be carried
through for any complex analytic potential. But, not every such potential defines
a unitary pseudo-Hermitian quantum system. A typical example is the exponential
potential V(x) = e that is defined on R. It is well-known that the spectrum of the
Hamiltonian operator H = % + e’ with m € RT and ¢,k € R — {0}, includes
spectral singularities [91]. This shows that this operator cannot be mapped to a
Hermitian operator by a similarity transformation, i.e. it is not quasi-Hermitian.

©9°9The phase-space path integral formulation of the wrong-sign quartic potential defined on the
contour (247) is consistent with the standard Hilbert-space formulation, if one restricts the complex
classical Hamiltonian h to the contour (247) [36, 121]. Whether imposing this restriction would
lead to a particular reduced classical system that is identical with the classical system S defined

2 2
by the Hamiltonian H, = ;—;L + 4A(:c§ — %)2 of Subsec. 5.3 is worthy of investigation.
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Hence H is not capable of defining a unitary quantum system. Although the poten-
tial V(x) = e™** defines a complex dynamical system Sppy, it cannot be related
to a unitary quantum system.PPP

We conclude this section by underlining a rather interesting parallelism between
the quantum and classical mechanics of complex (analytic) potentials. Suppose that
a complex (analytic) potential V defines a unitary pseudo-Hermitian quantum sys-
tem, we showed in Sec. 3 that this system admits an equivalent Hermitian rep-
resentation. The above discussion reveals a classical analogue of this equivalence;
the complex dynamical system defined by the complex Hamiltonian H = J— +V
admits an equivalent description involving a real Hamiltonian. What differentiates
the pseudo-Hermitian and Hermitian representations of quantum mechanics is the
choice of the inner product (equivalently a metric operator) on the space of state-
vectors. What differentiates the complex and real representations of the classical
mechanics is the choice of the symplectic structure (equivalently Poisson bracket)
on the phase (state) space. Mathematically the equivalence of the pseudo-Hermitian
and Hermitian representations of quantum mechanics stems from the uniqueness
theorem for separable Hilbert spaces. The classical counterpart of this theorem
that is responsible for the above-mentioned equivalence of the complex and real
representations of the classical mechanics is the uniqueness theorem for symplectic
manifolds diffeomorphic to R2?.

7. Time-Dependent Hamiltonians and Path-Integral Formulation
7.1. Time-dependent quasi-Hermitian Hamailtonians

Time-dependent Hamiltonian operators arise in a variety of applications of
conventional quantum mechanics. Their time-dependence does not cause any dif-
ficulties except that, for the cases that the eigenvectors of the Hamiltonian are
time-dependent, the time-evolution operator takes the form of a time-ordered expo-
nential involving the Hamiltonian [54].999 The situation is quite different when one
deals with time-dependent quasi-Hermitian Hamiltonians.”™ As the following no-go
theorem shows, the observability of the Hamiltonian and the unitarity of the time-
evolution put a severe restriction on the way a quasi-Hermitian Hamiltonian can
depend on time [167].

Theorem 2. Let T € Rt and for all t € [0,T], H(t) be a time-dependent quasi-
Hermitian operator acting in a reference Hilbert space H. Suppose that H(t) serves

PPPFor a study of the classical dynamics generated by this exponential potential, see [68].

999 rather common misconception in dealing with time-dependent Hamiltonians is to think that
the time-reversal operator 7 changes the sign of the time variable ¢ in the Hamiltonian, i.e. H(t) —
TH(t)T = H(—t) which in view of the definition of 7', namely for all ¢» € L?(R), (7%)(z) := 1 (z)*,
is generally false. See for example [237], where the author considers a trivial non-Hermitian time-
dependent Hamiltonian that is obtained from a constant P7-symmetric Hamiltonian through a
time-dependent point transformation and a time-reparametrization.

TTime-dependent quasi-Hermitian Hamiltonians arise naturally in the application of pseudo-
Hermitian quantum mechanics in quantum cosmology [150, 151]. See also [156, 88].
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as the Hamiltonian operator for a pseudo-Hermitian quantum system with physical
Hilbert space Hpnys- If the time-evolution of the system, that is determined by the
Schrédinger equation: il (t) = H(t)(t), is unitary and H(t) is an observable for
all t € [0,T], then the metric operator defining Hpnys does not depend on time,
i.e. there must exist a time-independent metric operator 1y such that H(t) is ny-
pseudo-Hermitian for all t € [0,T].

Following [167] we call a time-dependent quasi- (pseudo-) Hermitian Hamil-
tonian admitting a time-independent metric (pseudo-metric) operator quasi-
stationary. Theorem 2 states that in pseudo-Hermitian quantum mechanics we
are bound to use quasi-stationary Hamiltonians. To demonstrate the severity of
this restriction, consider two-level quantum systems where the Hamiltonian H (t)
may be represented by a 2 X 2 complex matrix H(¢) with possibly time-dependent
entries. The requirement that H (t) is quasi-Hermitian implies that H(t) involves six
independent real-valued functions (because its eigenvalues are real)ﬂe additional
requirement that H(t) is quasi-stationary reduces this number to four.®® This is
also the same as the maximum number of independent real-valued functions that a
general time-dependent Hermitian Hamiltonian can include.

A simple implication of Theorem 2 is that the inner product of the physical
Hilbert space cannot depend on time, unless one defines the dynamics of the quan-
tum system by an operator that is not observable or allows for nonunitary time-
evolutions. In other words, insisting on observability of the Hamiltonian operator
and requiring unitarity prohibit scenarios involving switching Hilbert spaces as pro-
posed in [41].

7.2. Path-integral formulation of pseudo-Hermitian QM

Among the original motivations to consider P7-symmetric quantum mechanical
models is the potential applications of their relativistic and field theoretical gen-
eralizations [37, 38] in elementary particle physics. A necessary first step in trying
to explore the relativistic and field theoretical generalizations of P7 -symmetric or
more generally pseudo-Hermitian QM is a careful examination of its path-integral
formulation. In this section we use the approach of [169] to elucidate the role of
the metric operator in the path-integral formulation of pseudo-Hermitian QM and
demonstrate the equivalence of the latter with the path-integral formulation of the
conventional QM.

We shall first review the emergence of path integrals in dealing with a simple
conventional (Hermitian) quantum system. This requires a brief discussion of the
trace of a linear operator.

sS8This can be easily inferred from the results of [178].
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Let L : H — H be a linear operator acting in a separable Hilbert space H with
inner product (- |-). Then the trace of L is defined by
N
tr(L) =) (| Lén), (298)
n=1
where {¢,} is an arbitrary orthonormal basis of H [195]. Obviously, for N = oo,
the right-hand side of (298) may not converge, and tr(L) may not exist.
Suppose that K and L are linear operators for which tr(KX L) < co. Then invok-
ing the completeness relation for &, and using Dirac’s bracket notation, we can
show that

N N
],V )
- Z (&m|KL|&n) = tr(KL). (299)
m=1

A simple implication of this identity is that the right-hand side of (298) is indepen-
dent of the choice of the orthonormal basis {, }."**

For a linear operator L acting in L?(R), we can use the position basis {|z)} to
compute tr(L). To demonstrate how this is done, let {£,} be an orthonormal basis
of L?(R). Using (298), the completeness relation for |z) and &, and Dirac’s bracket
notation, we have

e =X [ asd e elzle) @)
n=0v ~0 V70

= [ e iy S ol

n=0

:/_O;/_dedx'7 <x|L|x’><x'|x>z/_o:odx<x|L|x>. (300)

Now, consider a quantum system defined by the Hilbert space H = L?(R) and
a Hermitian Hamiltonian H that is an analytic (or piecewise analytic) function of
the usual (Hermitian) position operator (z), momentum operator (p), and possibly
time (¢). The generating functional (also called partition function) for the n-point
(correlation) functions of the system is given by

Z07] = tr <Sexp{—%/t:2 dt[H — Jx]}>7 (301)

%t To see this, let {¢,} be another orthonormal basis of H. Then as we described in Subsec. 2.3,
(n are related to &, by a unitary operator U : H — H, (n» = U&,. This in turn implies

et (G| L) = 30 (Ubn | LUSR) = nly (n | UT(LU)En) = 200, (nl(LU)UTER) =
2712;1(5” | L&), where we have used (299) and UUT = I.
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where “Texp” denotes the time-ordered exponential, t; and ¢y are, respectively,
the initial and final times for the evolution of the system that are taken to be —oco
and oo in the scattering setups used particularly in quantum field theory, and J
stands for the (possibly time-dependent) coupling constant for the source terms Jx
[70, 231]. The latter is by definition an observable [75]. In view of the fact that z is
also an observable, this implies that .J must be real-valued.

One can easily justify the condition of the observability of the source term
by noting that Z[.J] is used to compute the n-point functions according to [70]:
(Zlz(r)a(re) - 2(m)]) = (_zl[?] 51(71)5i(TZz[5]} 5T(7n) |J or Where Ty, 7o, T, €
[t1,t2], x(7) denotes the position operator in the Heisenberg picture, i.e. z(7) :=
U, (7,t1)zU, (t1,7), and U, is the time-evolution operator associated with the inter-
acting system; for all t1,t; € R,

U, (ti,t) := Texp{ ;/Q dt[H — Jx]} (302)

t1
The n-point functions are essentially the expectation values of the observables
Flz(11) - -x(ry)] (in the groundstate of the system if to = —t; — o00). There-
fore, the observability of the source term Jz is linked to the observability of the
Heisenberg-picture position operators z(7;). The latter is ensured by the unitarity
of the time-evolution operator U, (t1,t2) and the observability of the Schrodinger-
picture position operator x.
In view of (300), we can express the partition function (301) in the form

21 :/de <x sexp{—%/: dt[H—Jx]} x>

_ / dalw, 1 |2, t), (303)

where
|z, t) == U, (0,t)"|z), (304)

are the (generalized) eigenfunctions of the Heisenberg-picture position operator
x(t). In light of (302) and (304), we also have, for all z1,20 € R, (x1,t1]22,t2) =
(21|U, (t1, t2)|z2) = (21| T exp{—% f dt[H — Jz]}|z2). Computing this quantity as a
phase-space path integral and substltutmg the result in (303), we find the following
phase-space path integral expression for the generating functional.

:// D(a)D(p)e™# I W 2070, (305)

If H is a quadratic polynomial in p, we can perform the momentum path integral
in (305) and convert it into a configuration-space (Lagrangian) path integral. This
yields

J] = / D(x)eh Jii 4L, (@it) (306)
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where L, (z,;t) :== &p— H(x,p;t)+ J(t)x, and p is to be identified with its expres-
sion obtained by solving & = w for p as a function of x, & and ¢.

Next, we consider the extension of the above constructions to a system defined
by the reference Hilbert space H = L?(R), a metric operator n, : L*(R) — L*(R),
and an 7, -pseudo-Hermitian Hamiltonian H : L?(R) — L*(R) that is again a
(piecewise) analytic function of z, p, and possibly ¢t. According to the Theorem 2,
in order for H to be an observable that generates a unitary time-evolution, it must
be quasi-stationary. As discussed in [167], this puts a severe restriction on the form
of allowed time-dependent Hamiltonians.

We can certainly work in the Hermitian representation (H,h) of the system
where h := pHp~! (with p := VT, ) is the equivalent Hermitian Hamiltonian (59).
In this representation the generating functional has the form

200 = tr (Texp{—% /tt dtfh — Jac]}) . (307)

As we showed above this quantity admits a phase-space path integral expression.
But even for the case that H is a quadratic polynomial in p, the equivalent Her-
mitian Hamiltonian A does not share this property, and we cannot convert the
right-hand side of (307) into a Lagrangian path integral in general. This provides
a concrete motivation for the derivation of the path-integral expression for the
generating functional in the pseudo-Hermitian representation of the system, i.e.
(Hpnys, H).

In [44] the authors use the expression (306) (with to = —t; — o) to perform
a perturbative calculation of the generating functional and the one-point function
for the PT-symmetric cubic anharmonic oscillator (161).Y¥V As a result, they find
an imaginary value for the one-point function. This is simply because the one-
point function they calculate corresponds to the groundstate expectation value of
the usual position operator that is indeed not an observable of the system. The
physically meaningful generating functional is [169]

210 =t (sexp{—% / " i - JX]}) 7 (308)

t1

uuu

where for every linear operator K : H — H,

N N
try, (K) =Y (o | Kby, =D (b |1, Ktbp), (309)

n=1 n=1
{%n} is an arbitrary orthonormal basis of Hppys, and X is the ), -pseudo-Hermitian
position operator (55). The n-point functions generated by (308) correspond to the

uuuly relativistic field theories, H is obtained by integrating the Hamiltonian density over a space-
like hypersurface. This makes the time-dependence of H quite arbitrary and renders the imposition

of the condition of quasi-stationarity of H an extremely difficult task.
VVVSee also [34].
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expectation value of time-ordered products of the physical position operators and
the resulting numerical values are necessarily real.

It is not difficult to show that tr, = tr. To do this, we first recall that because
p = /N : Hpnys — H is a unitary operator, it maps orthonormal bases of Hppys
onto orthonormal bases of H. In particular, &, := p,, form an orthonormal basis
of H. This together with p? =1, , p' = p, (309), (298) and (299) imply

N N
trTH—(K) Z<¢n|p2K¢n :Z P¢n|,0K¢n
n=1 n=1
N
=) (& pEp &) = tr(pKp™ ') = tr(K). (310)
n=1

This relation allows us to express (308) in the form

2] = tr <$exp {—% " - JX]}) . (311)

t1

Next, we employ the definitions of A and X, namely h := pHp~ ! and X :=
p~lzp, and the fact that n . and consequently p do not dependent on time, to
establish T exp{—+% :12 [h — Jz]} = pTexp{—+ f [H — JX]}p~ L. In view of this
relation and (299) the right-hand sides of (307) and (311) coincide. This is another
manifestation of the physical equivalence of Hermitian and pseudo-Hermitian rep-
resentations of the system.

As we emphasized in the preceding sections the metric operator plays a funda-
mental role in the operator formulation of pseudo-Hermitian quantum mechanics.
The same is true about the path-integral formulation of this theory. To elucidate
this point we examine the nature of the dependence of the generating functional on
the choice of a metric operator 7, .

x> . (312)

A simple consequence of (300) and (311) is
[e’e] . to
Z[J) = / fu <x Texp{—%/ dt[H — JX]}
— 00 tl
Clearly, Z[0] does not depend on 7, [169]. This explains the results of [113] pertain-
ing the metric-independence of thermodynamical quantities associated with non-

interacting pseudo-Hermitian statistical mechanical models. However, in contrast
to the view expressed in [122], the metric-independence of Z[0] does not extend to
Z[J] with J # 0. This is actually to be expected because the knowledge of Z[J]
allows for the calculation of the n-point functions that are expectation values of
the time-ordered products of the Heisenberg-picture 7, -pseudo-Hermitian position
operators X (7;).

The dependence of Z[J] on the choice of 7, is rather implicit. In the Her-
mitian representation, 7, enters the expression for Z[J] through the equivalent
Hermitian Hamiltonian h. In the pseudo-Hermitian representation, this is done
through the source term JX. The presence of X in (312) prevents one from
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obtaining a Lagrangian path integral for Z[J] even for the cases that H is a
quadratic polynomial in p. Therefore, contrary to claims made in [44], in general,
the pseudo-Hermitian representation is not practically superior to the Hermitian
representation. There are certain calculations that are performed more easily in the
pseudo-Hermitian representation, and there are others that are more straightfor-
ward to carry out in the Hermitian representation [154].

8. Geometry of the State-Space and the Quantum Brachistochrone
8.1. State-space and its geometry in conventional QM

In conventional quantum mechanics the states are not elements of the Hilbert space
‘H, but the rays (one-dimensional subspaces) of the Hilbert space.""" The space of
all rays that is usually called the projective Hilbert space and denoted by P(H) has
the structure of a manifold. For an N-dimensional Hilbert space H, P(H) is the
complex projective space CPV~!. This is a compact manifold for finite N and a
well-known infinite-dimensional manifold with very special and useful mathematical
properties for infinite N [54].

The projective Hilbert space P(H) is usually endowed with a natural geometric
structure that is of direct relevance to physical phenomena such as geometric phases
[189] and optimal-speed unitary evolutions in quantum mechanics [9]. To describe
this structure, we need an appropriate representation of the elements of P(H). This
is provided by the projection operators associated with the states.

Consider a state Ay represented by a state-vector ¢p € H — {0}, i.e. Ay =
{cy | ¢ € C}, and the projection operator

Ay o PO

(W)

Clearly the relation between states Ay and state-vectors ¢ is one to (infinitely)

many. But the relation between the states Ay and the projection operators Ay is

one-to-one. This suggests using the latter to identify the elements of the projective

Hilbert space P(H). This parametrization of P(H) has the advantage of allowing

us to use the algebraic properties of the projection operators (313) in the study of

states.

An important property of (313) is that it is a positive operator having a unit

trace. The positivity of Ay is a simple consequence of the identities

A=Ay, A% =Ay (314)

(313)

We recall from Subsec. 7.2 that the trace of a linear operator J : H — H is
defined by

N
= (a1 En), (315)
n=1

WWWThroughout this article the word “state” is used to mean “pure state”.
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where {{,} is an arbitrary orthonormal basis of H [195]. If L : H — H is a linear
operator such that tr(LTL) < oo, L is said to be a Hilbert-Schmidt operator. In
view of (313)—(315) and (19), we have

tr(AfAy) = tr(A%) = tr(Ay)

N
[(&n [P
ZN: {n 1) wgm_g _ e

Wlv)y @l @ly)

Therefore, Ay is a Hilbert—Schmidt operator with unit trace.

The set Bo(H) of Hilbert-Schmidt operators forms a subspace of the vector
space of bounded linear operators acting in H. We can use “tr” to define the fol-
lowing inner product on Ba(H).

(316)

(L|J):=tr(LTJ) forall L,.J € By(H). (317)

This is called the Frobenius or Hilbert=Schmidt inner product [106, 195]. It has
the appealing property that given an orthonormal set {x,} of state-vectors the
corresponding set of projection operators {A,, } forms an orthonormal subset of
Bo(H); (Xm | Xn) = Omn implies (Ay, |Ay,.) = Omn-

The set $2(H) of Hermitian Hilbert—Schmidt operators to which the projection
operators Ay belong is a subset of B9 (H) that forms a real vector space with the
usual addition of linear operators and their scalar multiplication. It is not difficult
to see, with the help of (299), that (317) reduces to a real inner product on 9o (H),
namely

(L|J):=tr(LJ) for all L, J € $:(H). (318)

Therefore endowing $o(H) with this inner product produces a real inner product
space.

By identifying states Ay with the projection operators Ay, we can view the
projective Hilbert space P(H) as a subset of $3(H) and use the inner product
(318) to endow P(H) with a natural metric tensor. The corresponding line element
ds at Ay is given by

(@ | ¥){dp | dip) — [ | )|
(W19 ’

where we have inserted a factor of % to respect a mathematical convention and used
(313), (315), (318), and the fact that {&,} is an orthonormal basis of H.

For N < oo, we can identify ¢ with a nonzero complex column vector 3 with
components 31,32, .. .,3~. In terms of these we can express (319) in the form ds? =

Zi\szl Jabd3ad3; where

s2(Ay) == (dAw |dAy) = (319)

512000 — 3530
gue = B0 —3ad HE dadb. (320)
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This is precisely the Fubini-Study metric on the complex projective space CPN~!
[82].

As a concrete example, consider the case that H is two-dimensional, i.e. N = 2.
Then using the standard basis representation of operators acting in C2, and noting
that in this case all operators are Hilbert—Schmidt, we can infer that $2(H) is
equivalent to the set of all Hermitian matrices. This is a four-dimensional real
vector space which we can identify with R*. Specifically, we can represent each
J € $2(H) using its standard matrix representation:

4:( 2 ac—iy)’ s2)

T+ 1y w
and observe that these matrices are in one-to-one correspondence with (z,y,
z,w) € R4
The projective Hilbert space P(H) is a two-dimensional subset of the four-
dimensional real vector space $2(H). To see this let us choose an arbitrary state-
vector ¢ € C? — {0}. Then ) = (;;) for some 31,32 € C such that [31|* + [32]% # 0,
and in view of (313) we can represent Ay by

1 2 *
Ad, _ <|31| 3132) ] (322)

— 5P+ 12 3152 152)?
Using the parametrization (321), we find that for J = Ay,
_ _hsstaie o 63 —ai) 311 o 132
2([31% + [321?) 2([311% + [321%) 3112 + [32]* |311% + [32[?
(323)

Therefore as expected, w = 1 — z, so that

_ z T — 1Y
A¢_<x+iy l—z)’ (324)

and the condition A7 = Ay takes the form

1

2
1
22 497 + (z - 5) =7 (325)

This defines a two-dimensional sphere S? that we can use to represent P(H).

If we endow R3, that is parametrized by the Cartesian coordinates (x, v, z), with
the Euclidean metric, we can identify S? with a round sphere of unit diameter. We
will next obtain an expression for the metric induced on S? by the embedding
Euclidean space R3.

Let N and S respectively denote the north and south poles of S?, i.e. N :=
(x=0,y=0,z=1)and S:= (z =0,y =0,z = 0), and consider the stereographic
projection of S? onto the tangent plane Il at N, as depicted in Fig. 2. The line
connecting S to an arbitrary point p = (z,y,2) on S? — {S} intersects IIN at a
point p. If we set up a Cartesian coordinate system in Il with N as its origin
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Fig. 2. Stereographic projection of the sphere S2 defined by x? + y2 + (2 — %)2 = i: N and S

are respectively the north and south poles of S2. Il is the tangent plane at N. p is a point on
82 — {8}, and p is its stereographic projection on IyN.

and axes parallel to the z- and y-axes, and denote by (X,y) the coordinates of p

in this coordinates system, we can uniquely identify the points p € S? — {S} with

(X,y) € R2. Using simple methods of analytic geometry, we can easily verify that

T Y X y 1

X:—, = -, =, =, =
2 YT ° 1+x2+y2 Y 14+ x2+y? : 14+ x2+y?

(326)

We can employ the last three of these relations to compute the line element over the

sphere in the (X,y)-coordinates. A rather lengthy but straightforward calculation
yields

dx? + dy?
2 __ 2 2 2 __
This relation together with ds* = Zij:l ggfs)dxidxj, where X' := X and

x? 1=y, gives the following local coordinate expression for the Fubini-Study metric
tensor [82],

(F8) _ i 328
T e P 925
Expressing X and y in terms of the spherical coordinates,
@ :=tan" ! <ﬂ> , 0:=cos (22— 1), (329)
x
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of §2, we find

X = tan (g) cosp, V= tan (g) sin . (330)

Substituting these in (327) leads to the following familiar relation for the line ele-
ment of a sphere of unit diameter.

1
ds* = Z(de2 + sin? Odp?). (331)

In order to make the relationship between (319) and (327) more transparent,
we recall that the south pole S of S? corresponds to the projection operator A,
represented by

A, = (8 ‘1)) (332)

and the state e, := {cez|c € C}, where e := ((1)) The coordinates (X,V)
parametrize all the states except A.,. These are represented by the state-vectors

= (g;) with 31 # 0. (333)

Introducing z := g—f, we can simplify the expression (322) for the corresponding

projection operator. In terms of z, the coordinates x, y, z appearing in (324) take

the form z = 18_3(‘927 Y= ﬁ(é?% z= 1+\1Z|2' Comparing these with (326) reveals
x=R(2z), y=32). (334)

Now, we are in a position to compute the line element (319). Inserting (333) in
(319), setting 32 = 312, and using (334) and (330), we find
dz*dz, dx? + dy?

1
2 2 2 2
W= TPy = e ryrp — 1 st 0d). (335)

Therefore, as a Riemannian manifold the state-space P(H) is identical to a two-
dimensional (round) sphere of unit diameter.>

8.2. State-space and its geometry in pseudo-Hermitian QM

The construction of the space of states in pseudo-Hermitian quantum mechanics is
similar to that in conventional quantum mechanics. Again, the states are rays in
the (reference) Hilbert space H which are identical with the rays in the physical
Hilbert space Hpnys. The only difference is in the way one associates projection

**XThe above calculation of the metric tensor on S2? makes use of the stereographic projection of
S2 — {S} onto the plane Iy which is a copy of R? = C. We could also consider the stereographic
projection of S? — {N} onto the tangent plane Ilg at S. Using both the projections we are able
to describe all the points on S2. This is a manifestation of the manifold structure of S2.
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operators to states and defines an appropriate notion of distance (metric tensor)
on the state-space.

In the following we shall use P(Hpnys) to denote the state-space of a pseudo-
Hermitian quantum system with physical Hilbert space Hpnys. The latter is obtained
by endowing the underlying vector space of H with the inner product (-|-),,,
where 1, : H — 'H is a given metric operator rendering the Hamiltonian of the
system 7, -pseudo-Hermitian. We shall also introduce the following notation that
will simplify some of the calculations: For all £, ¢ € M, |(>:= [¢) = (, <(| == (¢|n, .
<& == (€, Q) = (€m0 = (€ Oy -

First we define, for each pair of linear operators L, J : H — 'H,
(L T}y, = try, (LET) = te(LET), (336)
where L stands for the 7 . -pseudo-adjoint of L:
LF=n Ly, (337)

try, is defined by (309), and we have used (310). The linear operators A : Hpnys —
Hphys for which (A|A), is finite together with (336) form the inner product space
B2 (Hphys) of Hilbert-Schmidt operators acting in Hpnys. Substituting (337) in (336)
and using p? =17 , and pt = p, we also have

(LI )y, = te(n; 'Ly, J) = te(p~ ' LTp?Tp™")
= tr((pLp~ ) pJp™") = (pLp~" | pJp™ ). (338)
These calculations show that p : Hpnys — H induces a unitary operator U, :
Bo(Hphys) — Ba(H) defined by
Uy(L) = pLp~*, for all L € By (Hpnys)- (339)
Now, consider a state Ay, := {ci)|c € C} for some ¢ € Hpnys — {0}. Because

< -|-> is the inner product of Hpnys, the orthogonal projection operator onto Ay
is given by

A [om=el [0 @ln, _ @lv)Aen,

) e O O S T Pt (340)

2
A quick calculation shows that Af:*) = Af:*). Furthermore, using the arguments

leading to (316), we have

()t (ny) (n;)
try (A TTA, ) =t (A,T)

N N
R K N S o R b
:nzl _ n=1 :1

<t |- TR

This shows that AEZ*) S %g”), and also, because tr,, = tr,

tr(AY)) = 1. (341)
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Another direct implication of (340) is Af:*” = 77+Af:+)n;1. Hence Af:*)

belongs to the subset $2(Hpnys) of 7, -pseudo-Hermitian elements of By (Hpnys)-
We can view this as a real vector space. Equation (336) defines a real inner product
on this space, and the restriction of (339) onto $2(Hphys) that we also denote by U,
yields a unitary operator that maps $2(Hphys) onto H2(H). In fact H2(Hphys) and
$2(H) are real separable Hilbert spaces and the existence of the unitary operator
Uy : 92(Hphys) — $H2(H) is a manifestation of the fact that real separable Hilbert
spaces of the same dimension are unitary-equivalent.

The set of the projection operators (340) that is in one-to-one correspondence
with the projective Hilbert space P(Hpnys) is a proper subset of $o(Hpnys). Simi-
larly to the case of conventional quantum mechanics, we can define a natural metric
on this space whose line element has the form

_ =Y |Y-=dy|dy -~ |dy -]
* < |2

_ ln, )y, dp) — |0, A0 12

(@ ]n,1)? '
It is important to note that as smooth manifolds P(H) and P(Hpnys) are the
same, but as Riemannian manifolds they are different. While P(H) is endowed
with the Fubini-Study metric, P(Hphys) is endowed with the metric corresponding
to (342). For N < co we can obtain a global expression for the latter in terms of the

coordinates 31,32, - - .,3n of the state-vectors 1) = 3 € C. This yields the following

generalization of (320) that satisfies als?H = fob:l giZi)dga;,Z.

1, ) (ny)
dsy (Ay) = §(dAw+ [dA, ")y

N

Z (14 edNyba = Ny calybd)dedd

o) o d=l . (343)

N 2
( > mrsa;‘zs>

r,s=1

Here 7, 45 are the entries of the standard representation 7, of 7, [168].
For two-level systems where N = 2, we can easily obtain an explicit expression
for the line element (342). In general, the metric operator 7, is represented by

7}+: ( a bl—Zb2>7 (344)

—_ b1 + iby c

where a, by, ba, ¢ € R are such that

a+c=tr(n.) >0, d:= ac—(b%—l—b%):det(ni) > 0. (345)

In view of (340) we can again parametrize Af;’*) using the Cartesian coordinates

2,7, z of the sphere S? defined by (325). For the states differing from \.,, we can
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alternatively choose the coordinates « and y of (334) and show using (333), (340),
and (344) that
d(daz? + dy?
ds? = (da” +dy) : (346)
T a4+ 2(bix + bay) + c(2? + y?))?

It is easy to see that for n, = I where a = ¢ = 1 and by = by = 0, (346)
reproduces (335).

To gain a more intuitive understanding of (346), we next express its right-hand
side in terms of the spherical coordinates (329). Inserting (330) in (346) and carrying
out the necessary calculations, we find

s k1 (d6? + sin? Odp?) k1 (d6? + sin” 0dp?)

prmd = 4
v (14 kacosf+ g(@)sinb]?2  [1+ kg cos + ks cos @ sin 6]? (347)
where we have introduced
det(n, ) - 21/b2 + b2
P S N L Y e VU S (348)

(a—|—c)2_tr(77_+)27 a+c’ a+c

_2(bicosp+bosing) 1 (b2

glp) == R , @:=@—p0F, [:=tan <a) . (349)
Note that the change of coordinate ¢ — ¢ corresponds to a constant rotation about
the z-axis, and because of (345) we have k1 > 0, —1 < ks < 1 and 0 < k3 < 1.

The projective Hilbert space P(Hpnys) is the Riemannian manifold obtained
by endowing the sphere S? with the metric g("+) corresponding to the line ele-
ment (347).

Next, consider the general case where N need not be two. In order to compare the
geometric structure of P(Hpnys) and P(H), we recall that P(Hphys) C Ba(Hphys),
P(H) C B2(H), and that the linear operator U, of Eq. (339) maps Bo(Hphys) onto
Bo(H). It is easy to check that the restriction of U, on P(Hpnys), i-e. the function
up : P(Hphys) — P(H) defined by

wp(AT) 1= pAT o1 for all AT € P(Hpnye), (350)

is a diffeomorphism. Furthermore, in view of (313), (340), and p' = p = /77, we
have

)y plo)ln e plY)Wlp U]
s = TR T el e (89D

where U := pyp € H. A straightforward consequence of (319), (318), (338), (342),
(350) and (351) is

(n,) 1 1 (n,) _ (ny) _
ds*(up(Ay, 1)) = ds*(Aw) = 5(dAy [dAy) = S(pdA, ™ p Hlpdhy )
1o ) () (ny)
= §(dA¢+ [dA, ")y, = ds?7+ Ay ). (352)

This shows that u, : P(Hpnys) — P(H) is an isometry, i.e. it leaves the distances
invariant. Therefore, P(Hpnys) and P(H) have the same geometric structure. In
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particular, for N = 2, we can identify P(Hpnys) with a sphere of unit diameter
embedded in R? with its standard geometry.

This result is another manifestation of the fact that pseudo-Hermitian quan-
tum mechanics is merely an alternative representation of the conventional quan-
tum mechanics. Because the geometry of the state space may be related to physical
quantities such as geometric phases, we should not have expected to obtain different
geometric structures for P(Hpnys) and P(H).

8.3. Optimal-speed evolutions

Let H : ' H — H be a possibly time-dependent Hermitian Hamiltonian with a
discrete spectrum. Suppose that we wish to use H to evolve an initial state Ay, €
P(H) into a final state Ay, € P(H) in some time 7. Then the evolving state-vector
Y (t) € H satisfies

Hy(t) = ifp(t),  (0) =1, 9(r) = vr, (353)
and the corresponding state Ay ;) traverses a curve in the projective Hilbert space
P(H).

The instantaneous speed for the motion of Ay« in P(H) is

ds
Vg 1= pre (354)

where ds is the line element given by (319). In view of this equation,

W) [LO) D) | () — [ @) [P _ AEy(t)
(W) (1) R

vy, = (355)

where

AB, (7 e WOLEY) )] Hu@) (3569

(W) (1)) (W) [¥(t)?
is the square of the energy uncertainty, and we have used (353) and the Hermiticity
of H. We can employ (354) and (355) to express the length of the curve traced by
Ay(t) in P(H) in the form [9]:

s % /0 " AE (). (357)

Because AE,, is non-negative, s is a monotonically increasing function of 7. This

makes 7 a monotonically increasing function of s. Therefore, the shortest travel
time is achieved for the paths of the shortest length, i.e. the geodesics of P(H).

For a time-independent Hamiltonian H we have () = e*%wf and as seen
from (356), AEy, is also time-independent. In this case, (357) yields

= —) 358
= AE (358)
and the minimum possible travel time is achieved when s is identified with the
geodesic distance between ¢y and ¥p.
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Because of the particular structure of P(H), the geodesic(s) connecting any
two states Ay, and Ay, lie entirely on a two-dimensional submanifold of P(H)
that is actually the projective Hilbert space P(H r) for the subspace Hr g of
‘H spanned by v; and t¢p. If the time evolution generated by the Hamiltonian
minimizes the travel time, the evolving state Ay, should stay in P(H; r) during
the evolution. This means that the problem of determining minimum-travel-time
evolutions [90, 227, 135, 55, 64] reduces to the case that H is two-dimensional [56].
As we saw in Subsec. 8.1, in this case P(H) is a round sphere of unit diameter and
the geodesics are the large circles on this sphere.

Next, we study, without loss of generality, the case N = 2. It is easy to show
the existence of a time-independent Hamiltonian that evolves Ay, to Ay, along a
geodesic. We will next construct such a Hamiltonian.

Consider a time-independent Hamiltonian H acting in a two-dimensional Hilbert
space. We can always assume that H has a vanishing trace so that its eigenvalues
have opposite sign, By = —E; =: EYYY Because AL, is time-independent we
can compute it at ¢ = 0. Expanding ¥ (0) = ¢ in an orthonormal basis {1, 2}
consisting of a pair of eigenvectors of H, i.e. writing it in the form

Y1 =11 +catha, 1,0 €C (359)

we find [171]

|ea]? + [eaf?

1|2 = eal?\?
AE,=E\1- (2 —=L) <E. (360)

Therefore, the travel time 7 satisfies

hs

T Z Tmin ‘= E7 (361)

where s is the geodesic distance between Ay, and Ay, in P(H). Equation (361)

identifies Tnin, with a lower bound on the travel time. Next, we shall construct a

Hamiltonian H, with eigenvalues +F for which 7 = 7. This will, in particular,
identify 7y, with the minimum travel time.

In order to determine H, we only need to construct a pair of its linearly inde-

pendent eigenvectors 1 and 12 and use its spectral resolution:

Hy = E(=[t1) (1] + [1h2) (¥2])- (362)

As seen from (360), to saturate the lower bound on 7, we must have |¢1| = |cz2|. In
view of time-independence of AE,, we could also use 1) to compute this quantity.

Y¥¥This is true for general possibly time-dependent Hamiltonians H(t). Under the gauge trans-
ia(t)
formation (t) — ¥'(t) — e 5 W(t) with a(t) = N~1 fg tr[H (s)]ds, the Hamiltonian H(t)
t))1.

transforms into the traceless Hamiltonian H'(t) := H(t) — N~ 1tr[H(
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If we expand the latter as
Yp = di1 +datpe, di,da €C, (363)

we find that AE, satisfies (360) with (c1,c2) replaced by (dq,dz). Therefore, by
the same argument we find |dy| = |da|. This in turn means that there must exist
0Br1, Br € R such that

co =%y, dy=ePFd;. (364)
Inserting these relations in (359) and (363) gives
Y1+ ePlapy = ey Mpr, by + PP ihy = d R (365)
Solving these for 11 and 12, we obtain

V21 — % p) V2P (g + e )

’(/}1 = 1 o 6“9 b 1/)2 - 1 _ eiﬁ k) (366)
where we have introduced
- Ur 5 eTYp
19 = _ , = R = . 367
Br — Br, Y1 Jaer YF ads (367)

Clearly @n determines the same state as ¢, for n € {1,2}. Also in view of
(362), the presence of S in (366) does not affect the expression for H,. The only
parameter that has physical significance is the angle 9. The orthonormality of i,
and 1 implies that 1&1 and zﬁ r have unit norm, and more importantly, that ¢ fulfils

IS 0
(W1 |Yp) = cos<§) ) (368)
In terms of ¢; and ¥p this equation takes the form
(1 |p) = cidy (1 + e ™). (369)

Note that because ¥; and ¢p have unit norm, according to (367), (11 | ;) = 2|c1|?
and (Yr |Yr) = 2|d1|?. These relations together with (367) and (368) imply

2 (9N _ (Wi [¥r)?
o (2) ~ (Wr [ ) (e | vr) (870)

Therefore whenever ¥; and ¢ p are orthogonal, ¥ = 7. Furthermore, as discussed
in [9], (370) shows that o is related to the geodesic distance s between Ay, and Ay,
according to”**

¥ = 2s. (371)

In the case that t; and 1 are orthogonal, Ay, and Ay, are antipodal points on
P(H). Therefore their geodesic distance s is half of the perimeter of a large circle.
Because P(H) is a round sphere of unit diameter, we have s = 7, which is consistent
with (371).

722 Note that the metric on P(H) that is used in [9] differs from our metric by a factor of v/2.
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Having calculated the eigenvectors ¥; and 19, we can use (362) to obtain an
explicit expression for the Hamiltonian H, that evolves Ay, into Ay, in time 7pip.
Substituting (366) in (362) and using (367), (368) and (371), we find [64, 56, 171]

_E([dr) (Wr| — [90)(Wr|) _ i cot(s) <|¢F><1/)I| YD) @Wr|
(rlyr)  (Wr 1)

4sin(2) 4
The last equation shows that H, depends only on the states Ay, and Ay, and not
on the particular state-vectors one uses to represent these states. Note also that
this equation is valid generally; it applies for quantum systems with an arbitrary
finite- or infinite-dimensional H.
This completes our discussion of the quantum Brachistochrone problem in con-

H, ) . (372)

ventional quantum mechanics. We can use the same approach to address this prob-
lem within the framework of pseudo-Hermitian quantum mechanics [168]. This
amounts to making the following substitutions in the above analysis: [10,,) — |1, >,
(Vn] —==<1pl, and s — sy, In particular, the minimum travel time is given by
o) _ Bsn
min E ’
and the 7, -pseudo-Hermitian Hamiltonian that generates minimal-travel-time evo-
lution between Ay, and Ay, has the form

(373)

()  Ecot(sn ) (|pp=<ur|  |r==<yp|
= 4 <<¢I|¢F>_<¢F|¢I>)’ (874)
where
2 _ <1 | Yr >
cos”(sy, ) = DT PR P (375)

Equation (374) gives the expression for the most general time-independent optimal-
speed quasi-Hermitian Hamiltonian operator that evolves 17 into 1. Similar to its
Hermitian counterpart, it applies irrespective of the dimensionality of the Hilbert
space.

In [41], the authors show, using a class of quasi-Hermitian Hamiltonians, that
one can evolve an initial state Ay, into a final state Ay, in a time 7 that violates
the condition 7 > 7. They actually show that by appropriately choosing the
form of the quasi-Hermitian Hamiltonian one can make 7 arbitrarily small. This
phenomenon can be easily explained using the above treatment of the problem. The
minimum travel time for an 7, -pseudo-Hermitian Hamiltonian is given by (373). In
view of (347), depending on the value of k; = det(n, )/tr(n, )* one can make Sn,

(ny) . . .
and consequently 7, .'” as small as one wishes. This observation does not, however,

seem to have any physically significant implications, because a physical process
that involves evolving Ay, into Ay, using an 7, -pseudo-Hermitian Hamiltonian H
can be described equally well by considering the evolution of A,y, into Ay, using
the Hermitian Hamiltonian h := pHp~'. In light of the existence of the isometry
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up : P(Hpnys) — P(H), the distance between Ay, and Ay, in P(Hpnys) is equal to
the distance between A,y and A,y in P(H). It is also easy to show that the travel
time for both the evolutions are identical. Therefore as far as the evolution speed
is concerned, there is no advantage of using the 7, -pseudo-Hermitian Hamiltonian
H over the equivalent Hermitian Hamiltonian h [168].

We wish to emphasize that the existence of a lower bound on travel time
is significant, because it limits the speed with which one can perform unitary
transformations dynamically. Such transformations play a central role in quan-
tum computation. For example, the construction of efficient NOT-gates involves
unitary transformations that map a state into its antipodal state. The distance
between antipodal states in P(Hpnys) is the same as in P(H). Hence, for such

(ny)
states 7,:," = Tmin-

The situation is quite different if we consider the evolution generated by the
7, -pseudo-Hermitian Hamiltonian Him’) in the standard projective Hilbert space
P(H). In this case, we can indeed obtain arbitrarily fast evolutions, but they will
not be unitary [16]. The possibility of infinitely fast non-unitary evolutions is actu-
ally not surprising. What is rather surprising is that one can achieve such evolu-
tions using quasi-Hermitian Hamiltonians; there are arbitrarily fast quasi-unitary
evolutions [171].

A scenario that is also considered in [41] is to use both Hermitian and quasi-
Hermitian Hamiltonians to produce an arbitrarily fast evolution of Ay, into Ay,.
This is done in three stages. First, one evolves the initial state Ay, into an auxiliary
state )\w} using a Hermitian Hamiltonian h; in time 7y, then one evolves )\w} into
another auxiliary state Ay using a quasi-Hermitian Hamiltonian H in time T,
and finally one evolves Ay, into the desired final state Ay, using another Hermi-
tian Hamiltonian hs in time 7. By choosing the intermediate states Ay and Ay,
appropriately, one can make 71 and 7o as small as one wishes. By choosing H to
be an 7, -pseudo-Hermitian operator of the form (374) with the parameter k; of
7, sufficiently small, one can make the total travel time 7 := 71 + 7' + 7 smaller
than 7yin. In this scenario, both the initial and final states belong to P(H), but
to maintain unitarity of the evolution one is bound to switch (the defining metric
of) the physical Hilbert space at t = 73 and t = 7y + 7'. Therefore, this scheme
involves a physical Hilbert space with a time-dependent inner product. As discussed
in Subsec. 7.1, the latter violates the condition that the Hamiltonian is an observ-
able. Therefore, there seems to be no legitimate way of lowering the bound on travel
time between two states of a given distance except allowing for non-unitary (possibly
quasi-unitary) evolutions.

9. Physical Applications

Since its inception in the form of P7-symmetric models in the late 1990’s and later
as a consistent quantum mechanical scheme [175], pseudo-Hermitian QM has been
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the subject of extensive research. The vast majority of the publications on the sub-
ject deal with issues related to formalism or various (quantum mechanical as well
as field theoretical) toy models with mostly obscure physical meaning. There are
however, a number of exceptions to this general situation where concrete problems
are solved using the methods developed within the framework of pseudo-Hermitian
QM. In this section, we outline the basic ideas upon which these recent develop-
ments rest. Before engaging into a discussion of these, however, we wish to list some
of the applications that predate the recent activities in the field.

9.1. FEarlier applications
9.1.1. Dyson—Boson mapping

Among the earliest manifestations of pseudo-Hermitian operators is the one appear-
ing in the context of the Dyson mapping of Hermitian Fermionic Hamiltonians to
equivalent quasi-Hermitian bosonic Hamiltonians [81]. Dyson mapping has subse-
quently found applications in nuclear physics [115] and provided the basic idea
for the formulation of quasi-Hermitian QM [207]. For a brief review of the Dyson
mapping method, see [92].

9.1.2. Complex scaling and resonances

Consider the one-parameter family of operators: ru, = exp(%{x,p}) with a € C,
that act in the Hilbert space L?(R). We can easily use the Backer—Campbell-
Hausdorff identity (150) together with the canonical computation relation [z, p] =
ih to show that U, induces a scaling of the position and momentum operators:
r — UurU,! = e and p — UypU,t = e . For a € R, U, is a unitary
transformation, and one can use the latter property to show that (U,v)(z) =
e~ 2q(e%x) for all ¥ € L2(R).

For oo € C — R, the transformation ¢ — U, is called a complex scaling trans-
formation. In this case, U, is no longer a unitary operator. In fact, neither U, nor
its inverse is bounded. This implies that its action on a Hermitian Hamiltonian
H, namely H — H' = U,HU!, that (neglecting the unboundedness of U, and
U, ') maps H into a quasi-Hermitian Hamiltonian H’, can have dramatic effects
on the nature of its continuous spectrum. This observation has applications in the
treatment of resonances (where one replaces « with the radial spherical coordinate
in R3). The main idea is to perform an appropriate complex scaling transformation
so that the non-square-integrable wave functions representing resonant states of H
are mapped to square-integrable eigenfunctions of H'. For details, see [214, 133, 12]
and references therein.

9.1.3. Vortex pinning in superconductors

. N2
Consider the Hamiltonian: H, = % + v(z), where g is a real constant and

v is a real-valued potential. This Hamiltonian can be mapped to the Hermitian
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Hamiltonian Hy by the similarity transformation:
Hy — e % Hye'n = Hy. (376)

This in turn implies that Hy is 7, -pseudo-Hermitian for the metric operator
n, = e~ %, This is to be expected, because (376) is an example of the quasi-
Hermitian Hamiltonians of the form (200) that admit a-dependent metric operators.
In [101, 102] the Hamiltonian H, (with random potential v) is used in modeling a
delocalization phenomenon relevant for the vortex pinning in superconductors. A

review of the ensuing developments is provided in [100].

9.2. Relativistic QM, quantum cosmology, and QFT

The issue of constructing an appropriate inner product for the defining Hilbert
space of a quantum mechanical system, which we shall refer to as the Hilbert-space
problem, is almost as old as quantum mechanics itself. Probably the first serious
encounter with this problem is Dirac’s attempts to obtain a probabilistic inter-
pretation of the (first-quantized) Klein-Gordon fields in the late 1920’s. The same
problem arises in the study of other bosonic fields and particularly in the appli-
cation of Dirac’s method of constrained quantization for systems with first class
constraints [78]. This method defines the “physical space” V of the state-vectors
as the common null space (kernel) of the constraints, but it does not specify the
inner product necessary to make V into a Hilbert space. Often the inner prod-
uct induced from the auxiliary Hilbert space of the unconstrained system is not
physically admissible, and one must find an alternative method of constructing an
appropriate inner.

In trying to deal with the Hilbert-space problem for Klein—Gordon fields, Dirac
was led to the discovery of the wave equation for massive spin-half particles and the
antimatter that earned him the 1933 Nobel prize in physics. Another major histori-
cal development that has its root in attempts to address the Hilbert-space problem
is the discovery of the method of second quantization and eventually relativistic
quantum field theories. These developments did not bring a definitive resolution for
the original problem, but diminished the interest in its solution considerably.

In the 1960’s the discovery of the Hamiltonian formulation of the General The-
ory of Relativity [14] provided the necessary means to apply Dirac’s method of con-
strained quantization to gravity. This led to the formulation of canonical quantum
gravity and quantum cosmology [74, 232] and brought the Hilbert-space problem
to forefront of research in fundamental theoretical physics for the second time. In
this context, it emerges as the problem of finding an appropriate inner product
on the space of solutions of the Wheeler-DeWitt equation. Without such an inner
product, these solutions, that are often called the “wave functions of the universe”,
are void of a physical meaning. The lack of a satisfactory solution to this problem
has been one of the major obstacles in transforming canonical quantum gravity and
quantum cosmology into genuine physical theories [130, 107].
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A widely used approach in dealing with the Hilbert-space problem for Klein—
Gordon and Proca fields is to use the ideas of indefinite-metric quantum theories.
These fields admit a conserved current density whose integral over space-like hyper-
surfaces yields a conserved scalar charge. This is however not positive-definite, and
as a result, cannot be used to define a positive-definite inner product and make the
space of all fields V into a genuine Hilbert space directly. This makes one pursue the
following well-known scheme [230]. First, one uses the conserved charge to define
an indefinite inner product on V, and then restricts this indefinite inner product to
the (so-called positive-energy) subspace of V where the inner product is positive-
definite. The common practice is to label this subspace as “physical” and define
the Hilbert space using the fields belonging to this “physical space”.

This approach is not quite satisfactory, because even for physical fields the
above-mentioned conserved current density can take negative values [23]. Therefore
it cannot be identified with a probability density. There are also other problems
related with the observables that mix “physical fields” with “unphysical fields” or
“ghosts”.

The application of pseudo-Hermitian QM in dealing with the Hilbert space
problem in relativistic QM and quantum cosmology [150, 151, 161, 179, 114, 238],
and the removal of ghosts in certain quantum field theories [35, 119] relies on the
construction of an appropriate (positive-definite) inner product on the space of
solutions of the relevant field equation.?®®

The basic idea behind the application of pseudo-Hermitian QM in dealing with
the Hilbert-space problem in relativistic QM and quantum cosmology is that the
relevant field equations whose solutions constitute the state-vectors of the desired
quantum theory are second-order differential equations in a “time” variable.PPPP
These equations have the following general form.

%1#@ + Dy(t) =0, (377)

where ¢ denotes a dimensionless time variable, ¥ : R — L is a function taking values
in some separable Hilbert space £, and D : L — L is a positive-definite operator
that may depend on t.

We can express (377) as a two-component Schrodinger equation [87],

d
o V() = Hy(t), (378)
where U : R — £2 and H : £? — £? are defined by [140, 141]

U(t) := (w(t) +“/}(t)> , H:= ! ( bt bl ) , (379)
p(t) — i)(t) 2\-D+1 -D-1

aaaaThig should be distinguished with the treatment of the Pais—Uhlenbeck oscillator proposed in
[49], because the latter involves changing the boundary conditions on the field equation which in
turn changes the vector space of fields.

bbbbThis is the physical time variable in an inertial frame in relativistic QM or a fictitious evolution
parameter in quantum cosmology which may not be physically admissible [151].
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L£? stands for the Hilbert space £® £, and a dot denotes a t-derivative. The Hamil-
tonian (379) can be easily shown to be quasi-Hermitian [150].

In Subsec. 3.5, we examined in detail the quantum system defined by the Hamil-
tonian (379) for the case that £ is C with the usual Euclidean inner product and D
is multiplication by a positive number. In this case, the field equation (377) is the
classical equation of motion for a (complex) harmonic oscillator with frequency v/D.
It turns out that most of the practical and conceptual difficulties of addressing the
Hilbert-space problem for Klein—Gordon, Proca, and Wheeler—-DeWitt fields can be
reduced to and dealt with in the context of this simple oscillator.€““ In particular,
the cases in which D is t-dependent (that arises in quantum cosmological models)
require a more careful examination. We will not deal with these cases here. Instead,
we refer the interested reader to [151] where a comprehensive discussion of these
issues and their ramifications is provided.

Following the approach taken in Subsec. 3.5, one can construct a metric operator
Ny : L2 — £2? and a new inner product (- | ~>,,+ on £? that renders H Hermitian.
This defines a physical Hilbert space K of two-component fields ¥(¢). Because
H : K — K is Hermitian, it generates a unitary time-evolution in K. In particular,
for every initial time ¢y € R, every pair Wy and Ws of solutions of the Schrédinger
equation (378), and all ¢ € R,

(W) [ Wa(t))n, = (Valto) | ¥2(to))s, - (380)

As a vector space K (and L£?) are isomorphic to the space of solutions of the
single-component field equation (377), ie. V := {¢p : R — L | (t) + Dy(t) =
0 for all t € R}. We can obtain an explicit realization of this isomorphism as
follows. Let ¢y be an initial time and U, : V — K be defined by

Uy, (¢) == W (to). (381)

According to (379) and (381), the effect of Uy, on solutions ¢ of the field equa-
tion (377) is to map them to the corresponding initial conditions v (to) and t(to).
Because the field equation is linear and second order, this mapping is a linear bijec-
tion. Therefore, Uy, is a vector space isomorphism. This is an important observation,
because it allows us to use Uy, to induce a positive-definite inner product (-, ~),,+ on
V form the inner product (- | ~>,,+ on K. The induced inner product is defined by

(W, 2l = WUrg (V1) | Uny (2)), . for all 4,152 € V. (382)

Note that in view of (381) and (380), the right-hand side of (382) is independent of

the value of ¢y. This makes (-, -)77+ into a well-defined inner product on V and gives

it the structure of a Hilbert space.dddd

¢cccFor a discussion of this particular quantization of the classical harmonic oscillator, see [159].
ddddgtrictly speaking, one must also perform a Cauchy completion of the inner product space

obtained by endowing V with (-, ~)n+.
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In principle different choices for 7, give rise to different inner products (-, -)77+7
but the resulting Hilbert spaces Hy,, := (V,(-+)y, ) are unitary-equivalent. The
arbitrariness in the choice of 7, can be restricted by imposing additional physical
conditions. For example in the case of Klein—-Gordon and Proca fields, the require-
ment that (-,-),, be Lorentz-invariant reduces the enormous freedom in the choice
of 77, to a finite number of free numerical parameters [150, 238].

The most general Lorentz-invariant and positive-definite inner product on the
space of (real or complex) Klein-Gordon fields has the following form [179]

1hk — <—>
(W10, = =5 | do” [01(0)" 0, Coa(@) + atpr(2)* D a(w) |, (383)

where ¥ is a space-like Cauchy hypersurface in the Minkowski spacetime, = =
(20,21, 2%, 2®) are the spacetime coordinates in an inertial frame, v; and v are
a pair of solutions of the Klein-Gordon equation: h?[—93 + V2] (z) = m2?c*y(z),
such that for all 2° € R, ¥(2%, 7) and dytp(2°, T) define square-integrable functions
of = (21,22, 23), 0, = 3%, V2 = 0?7 + 93 + 03, for any pair of differentiable
functions f and g, fa(—;g = foug — gO.f, k € RT and a € (—1,1) are arbitrary
dimensionless free parameters demonstrating the arbitrariness in the choice of 7,

and C is the grading operator defined by

() (@) 1=i<—V2+m262>2¢(x) = [ [ aay CEE DY §)
R3JR3

h? / EQ + ﬂ’;;c2

Note that —V? + mh; is a positive operator acting in £ = L?(R?) and that C is

c2
Lorentz-invariant [179].

According to (382), as a linear operator mapping H,y, to K, Uy, is a unitary

(384)

operator. Similarly, p := /I is a unitary operator mapping K to L?. Therefore
pZ/lm:H,,+ — L£? is also unitary. Usually £ is an L?-space with well-known self-
adjoint operators. This allows for a simple characterization of the self-adjoint oper-
ators o acting in £2. We can use these operators and the unitary operator pZ/[,,+ to
construct the self-adjoint operators O : H,,+ — H,,+ that serve as the observables
of the desired quantum theory. This is done using

0= (pum )710:0“77+ : (385)

The application of this construction for Klein—-Gordon [161, 179] and Proca [238]
fields yields explicit expressions for the corresponding relativistic position operators
and localized states, a problem that has been a subject of ongoing research since the
1940’s [193, 188]. A natural consequence of these developments is the construction
of a set of genuine relativistic coherent states for Klein—Gordon fields interacting
with a constant magnetic field [180].
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9.3. Electromagnetic wave propagation

An interesting application of pseudo-Hermitian QM is its role in dealing with a
more than a century-old problem of the propagation of electromagnetic waves in
linear dielectric media [176]. Unlike the applications we discussed in the preceding
section, here it is the spectral properties of quasi-Hermitian operators and their
similarity to Hermitian operators that plays a key role.

Consider the propagation of the electromagnetic waves inside a source-free
dispersionless (linear) dielectric medium with dielectric and permeability tensors

€ = € (&) and W = ¥ (%) that may depend on space & € R? but not on time
t € R. Maxwell’s equations in such a medium read [111]
V.-D=0, V-B=0, (386)
B+VxE=0, D-VxH=0, (387)

where E and B are the electric and magnetic fields, a dot means a time-derivative,
and
D:=%E H.=%"B (388)

Equations (386) and (387) are respectively called the constraint and dynamical
equations. The former may be viewed as conditions on the initial values of the
electromagnetic field, because once they are satisfied for some initial time, the
dynamical equations ensure their validity for all time.

Similarly to Klein—-Gordon equation, we can express the dynamical Maxwell
equations (387) as first-order ordinary differential equations for state-vectors
belonging to a separable Hilbert space. To achieve this, we introduce the complex
vector space V of vector fields F : R3 — C3 and endow it with the inner product
(Fy | Fy) := Jps dB3aFy (Z)* - Fy(Z), for all Fy, Fy € V), to define the Hilbert space of
square-integrable vector fields: H := {F : R® — C3 | (F | F) < co}. The operation of
computing the curl of the (differentiable) elements of this Hilbert space turns out to
define a linear Hermitian operator ® : H — H according to (DF)(Z) := V x F(&).
We can use D to write (387) in the form: B(t) + DE(t) = 0 and D(t) — DH (t) = 0.
Evaluating the time-derivative of both sides of the second of these equations and
using the first of these equations and (388), we find

E(t) + Q?E(t) = 0, (389)

where Q2 : H — H is defined by Q2 := Tl D,
In view of the fact that (?, WZ and consequently Q2 are time-independent, we
can integrate (389) to obtain the following formal solution

B(t) = cos(Qt) By + 0 sin(21) By, (390)
where Ey := E(0), EO = E(O) = €' % 'B(0), and
= (=1)" . = (=1)n .
cos(2t) =Y ((2n;| (203", Q 'sin(Qt) =t ﬁ (202", (391)
n=0 ' n=0 :
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Given initial values of the electric and magnetic fields £(0) and B(0), we can use
(390) and (391) to obtain a series expansion for the evolving electric field. One can
select specific initial fields so that this expansion involves a finite number of nonzero
terms, but these are of little physical significance. In general, the resulting solution
is an infinite derivative series expansion that is extremely difficult to sum or provide
reliable estimates for. A crucial observation which nonetheless makes this expansion
useful is that, for the cases that T and ¥ are Hermitian, the operator ? : H —
H is ?—pseudo—Hermitian: 2= 027 m particular, for lossless material
where € is a positive Z-dependent matrix, Q2 is a quasi-Hermitian operator®®®®
that can be mapped to a Hermitian operator h by a similarity transformation,
namely h = pQ2p~! where p:= € 7

In terms of A the solution (390) takes the form: E(t) = pY[cos(hzt)pEy +
h~2 sin(h2t)pEy). Therefore,

E(Z,t) = (¥| E(t))

=@ [y [ m 0o Bo@)+ S@ 700 )] (692)

Nl

where
C(&,§:t) = (Fcos(h3 1)), S(T,§:t) = (F|h~* sin(h30)|F).  (393)

The fact that h is a Hermitian operator acting in H makes it possible to compute
the kernels C(Z, 7; t) and S(Z, 7: t) of the operators cos(h2t) and h~ 2 sin(h2t) using
the spectral representation of h:

N
h - Z Z En|wn,a><¢n,a|7 (394)

n=1 a

where the sum over the spectral label n should be identified with an integral or a
sum together with an integral whenever the spectrum of A has a continuous part,
E, and |1, ) denote the eigenvalues and eigenvectors of h respectively, and a
is a degeneracy label. In view of (394), for every analytic function F' of h, such as
cos(h2t) and b3 sin(h=t), we have (Z|F(h)|7) = SN | S F(En)tn o(@)tn.q(9)*.
In the scattering setups where € and % tend to constant values as |Z| — oo, h
has a continuous spectrum and one finds integral representations for the kernels
(393) that reduce the solution (392) of Maxwell’s equations into performing certain
integrals (after solving the eigenvalue problem for h).

Reference 176 outlines the application of this method for the cases that the
medium is isotropic, the initial fields as well as the dielectric and permeability con-
stants change only along the z-direction, and the WKB approximation is applicable

€ee€ As an operator acting in H, the dielectric tensor e plays the role of a metric operator. This
is one of the rare occasions where a metric operator has a concrete physical meaning.
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in dealing with the eigenvalue problem for h. Under these conditions, one can com-
pute the kernels (393) analytically. This allows for the derivation of the following
closed form expression for the propagating electromagnetic field in terms of the

initial fields Eo, Em and the z-dependent dielectric and permeability constants €(z)
and p(z).

) —l ’u(z) % E(w*(%t)) %ﬂ z E( +( ,t iﬂ wilz
E(z1) = 5 [a(z)} {[u(w_(z,t))] Eo(w-(z,1)) + [u(w+(z,t ] Eo(wy (2,1))
w+(z:t) 1 3 5
gy et ot >},
where w4 (z,t) = v~ (u(z) £ 1), =/ d3\/2(3)u(3), and u! stands for the

inverse function for u [176].
The possibility of the inclusion of dispersion effects in the above approach of
solving Maxwell’s equations is considered in [174].

9.4. Other applications and physical manifestations

The following are some other areas where pseudo-Hermitian operators arise and/or
the methods of pseudo-Hermitian QM are used in dealing with specific physics
problems.

9.4.1. Atomic physics and quantum optics

Effective quasi-Hermitian scattering Hamiltonians arise in the study of the bound-
state scattering from spherically symmetric short-range potentials. As shown by
Matzkin in [136], the use of the machinery of pseudo-Hermitian QM in the study of
these Hamiltonians leads to a more reliable quantitative description of the scattering
problem. It also provides a better understanding of the approximation schemes used
in this context in the past and allows for their improvement.

The relevance of pseudo-Hermitian operators to two-level atomic and optical sys-
tems has been noted in [27, 26, 204], and their application in describing squeezed
states is elucidated in [73, 25]. The optical systems provide an important arena for
manufacturing non-Hermitian and in particular pseudo- and quasi-Hermitian effec-
tive Hamiltonians. Recent experimental studies of P7-symmetric periodic poten-
tials that make use of P7-symmetric optical lattices is based on this observation
[134]. See also [52].

9.4.2. Open quantum systems

The emergence of non-Hermitian effective Hamiltonians in the description of the
resonant states, that is based on Feshbach’s projection scheme [86] is a very well-
known phenomenon [181]. The application of a similar idea, that replaces the pro-
jection scheme with an averaging scheme, for open quantum systems also leads to
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a class of non-Hermitian effective Hamiltonians (usually called Liouvillian or Liou-
ville’s super operator) [57]. These Hamiltonians that determine the dynamics of the
reduced density operators can, under certain conditions, be pseudo-Hermitian or
even quasi-Hermitian. In [220, 112, 221], Stenholm and Jakob explore the applica-
tion of the properties of pseudo- and quasi-Hermitian operators in the study of open
quantum systems. The key development reported in these articles is the construc-
tion of a metric operator, that uses the spectral method we discussed in Subsec. 4.1,
and the identification of the corresponding norm with a viable candidate for a gen-
eralized notion of entropy.

9.4.3. Magnetohydrodynamics

Pseudo-Hermitian effective Hamiltonians arise in the study of the dynamo effect
in magnetohydrodynamics [96, 97]. These Hamiltonians are typically non-quasi-
Hermitian and involve exceptional points. Therefore, they can only be treated in the
framework of indefinite-metric theories and using the properties of Krein spaces [18].

9.4.4. Quantum chaos and statistical mechanics

n [71], Date et al. study the spectrum of the Hamiltonian operator: H = 1(p, +
)2 + L(py — 24)?, where a is a real coupling constant and r := /z?+ y2.
This Hamﬂtoman that is Hermitian and P7-symmetric describes a rectangular
Aharonov-Bohm billiard. Here, note that the spectrum is obtained by imposing
Dirichlet boundary condition on the boundary of the rectangular configuration
space, that is defined by |z| < a and |y| < b for some a,b € RT, and also at the
location of the flux line, namely x = y = 0. The main result of [71] is that the near-
est neighbor spacing distribution for this system has a transition that interpolates
between the Poisson (level clustering) and Wigner (level repulsion) distributions.
In an attempt to obtain a random matrix model with this kind of behavior, Ahmed
and Jain constructed and studied certain pseudo-Hermitian random matrix models
in [4, 5].

9.4.5. Biophysics

n [84], Eslami-Moossallam and Ejtehadi have introduced the following effective
Hamiltonian for the description of the dynamics of an anisotropic DNA molecule.
J? J2 Jz
H = 3 Ja — S 395
2A1+2A2+2C+w03 fcosﬂ, (395)
where Ay, Ay, C,wp, and f are real coupling constants, a, 3,y are Euler angles, and
J1, Ja2, J3, that satisfy the commutation relations for angular momentum operators,

are defined by Jy 1= —i(—F3 2 +sm79ﬁ + COt500579 ), J2 = (::Egaaa +
cos 'ya—aﬁ — cot Bsin 7%)7 and J3 = —za Clearly, the Hamiltonian (395) is non-

Hermitian, but it is at the same time real i.e. it commutes with the time-reversal
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operator 7. In light of the fact that 7 is an antilinear operator, this implies that H is
a pseudo-Hermitian operator [145]. It would be interesting to see if this observation
has any physically interesting implications, besides the restriction it puts on the
spectrum of H.

10. Summary and Conclusions

In this article, we addressed various basic problems related to what we call pseudo-
Hermitian quantum mechanics. Our starting point was the observation that a given
quantum system admits an infinity of unitary-equivalent representations in terms
of Hilbert space-Hamiltonian operator pairs. This freedom in the choice of repre-
sentation can be as useful as gauge symmetries of elementary particle physics.

We have surveyed a variety of mathematical concepts and tools to establish
the foundations of pseudo-Hermitian quantum on a solid ground and to clarify the
shortcomings of the treatment of the subject that is based on the so-called charge
operator C. We showed that it is the metric operator 7, that plays the central role
in pseudo-Hermitian quantum mechanics. Although one can in general introduce a
C operator and express 77, in terms of C, the very construction of observables of the
theory and the calculations of the physical quantities requires the knowledge of 7, .
This motivates addressing the problem of the computation of a metric operator for
a given quasi-Hermitian operator. We have described different approaches to this
problem.

We have discussed a number of basic issues related to the classical-to-quantum
correspondence to elucidate the status of the classical limit of pseudo-Hermitian
quantum mechanics. We have also elaborated on the surprising limitation on the
choice of time-dependent quasi-Hermitian Hamiltonians, the role of the metric oper-
ator in path-integral formulation of the theory, a treatment of the systems defined
on complex contours, and a careful study of the geometry of the space of states that
seems to be indispensable for clarifying the potential application of quasi-Hermitian
Hamiltonians in generating fast quantum evolutions.

Finally, we provided a discussion of various known applications and manifesta-
tions of pseudo-Hermitian quantum mechanics.

Among the subjects that we did not cover and suffice to provide a few references
for are pseudo-supersymmetry and its extensions [146, 215, 203, 216], weak pseudo-
Hermiticity [219, 20, 242, 164], and the generalizations of P7-symmetry [31, 170].
This omission was particularly because of our intention not to treat the results or
methods with no direct or concrete implications for the development of pseudo-
Hermitian quantum mechanics. We particularly avoided discussing purely formal
results and speculative ideas.

Appendix. Reality of Expectation Values Implies
Hermiticity of the Observables

Theorem 3. Let H be a Hilbert space with inner product (-|-) and A : H — H
be a (densely-defined, closed) linear operator satisfying D(A) = D(AT), i.e. A and
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its adjoint AT have the same domain D(A). Then A is a Hermitian operator if and
only if (| A) is real for all € D(A).

Proof. If A is Hermitian, we have (¢ | Ay) = (A¢p| ) for all ¢, ¢ € D(A). Then
according to property (i) of Subsec. 2.1, (¢ | Ayp) € R for all ¢ € D(A). Next,
suppose that for all ¢ € D(A), (¢ | AY) € R. We will show that this condition
implies the Hermiticity of A in two steps.

Step 1: Let Ay = 1(A+ AT) and A_ := (A — AT). Then A = A, +iA_,
D(A1) = D(A), and AL are Hermitian operators. In view of the first part of the
theorem, this implies that

(| Asv) €R, for all 1 € D(A). (396)

Furthermore, according to A = Ay +iA_ and the hypothesis of the second part of
the theorem, (| A1) + (¢ | A_y) = (| AY) € R. This relation and (396) show
that

(W] A_p) =0 for all v € D(A). (397)

Step 2: Let ¢,1 be arbitrary elements of D(A), £+ = ¢ £ ¢, and (+ = ¢ £ ).
Then a direct calculation, using the property (iii) of Subsec. 2.1, shows that
(61 A ) = 264 | A1) — (€ [ A€ ) —i(Cy | A_Co)+ilC | A_C_)) = 0, where
the last equality follows from (397) and the fact that £4,(x € D(A). This estab-
lishes ¢ | A_v) = 0 for all ¢,¢p € D(A). In particular, setting ¢ = A_1), we find
(A_v| A_2p) = 0 which in view of the property (i) of Subsec. 2.1 implies A_t =0
for all ¢ € D(A). Hence A_ = 0, and according to A = Ay +iA_, we finally have
A= Ay. But A, is Hermitian. O
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