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Zkoumame vztah mezi P7T-symetrii a pseudohermitovosti.
Nalezneme omezeny pseudohermitovsky operator, ktery neméa an-
tilinedrni symetrii a také operator s antilinedrni symetrii, ktery
neni pseudohermitovsky. Upozornime na kriteria podobnosti
samosdruzenému operatoru a pripomeneme metodu pro kon-
strukci metrického operdatoru. Predstavime tii typy modela -
fetézové modely, P7 -symetrické bodové interakce na piimce a su-
persymetrické bodové interakce na kruznici.
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We explore the relation between the P7-symmetry and the
pseudo-Hermiticity, we present a bounded pseudo-Hermitian op-
erator without any antilinear symmetry and also an operator with
antilinear symmetry which is not pseudo-Hermitian. We recall
criteria for similarity to self-adjoint operators and the method for
construction of metric operator. We present three types of P7-
symmetric and also quasi-Hermitian models - chain models, P7 -
symmetric point interaction on a line and supersymmetric P7 -
symmetric point interactions on a loop.
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Introduction

Quasi-Hermitian models [37] play the essential role in a so called P7-symmetric
Quantum Mechanics. With regard of the fact that quasi-Hermitian operators are
similar to the self-adjoint ones we may use them as observables. This can be done
either by already mentioned similarity transformation or by the modification of the
scalar product.

Whole P7T -symmetric Quantum Mechanics itself arised from the observation that
spectrum of P7-symmetric operators, despite they are non-Hermitian, can be real
and positive. This fact was revealed by Caliceti et al [12] studied by Bessis and Zinn-
Justin [44] and, finally, highlighted by Bender and Boettcher [5, 6]. Mostafazadeh
[26] pointed out that P7 -symmetric operators are often also pseudo-Hermitian. This
class of operators was introduced already in 1940’s by Dirac [14] and Pauli [34].

From mathematical point of view there are still more open questions. The equiv-
alence of the P7-symmetry (or more general antilinear symmetry) and the pseudo-
Hermiticity is not fully solved yet, nonetheless works [28, 38, 40] bring some results
for special classes of operators. Discussion on the definition of quasi-Hermiticity
is presented in [23], however we can find much older indeed mathematical work
by Dieudonné [13]. Definition of quasi-Hermiticity presented there is more general
then the special case usually considered within P7 -symmetric Quantum Mechanics.
Since quasi-Hermitian operators in sense of Diedonné may have much more extensive
spectral properties (e.g. non real spectrum) we do not adopt that definition in this
work and we retain the “standard physical” one which, in fact, is equivalent to the
similarity to some self-adjoint operator. Criteria for similarity to self-adjoint opera-
tors were found independently by several authors [41, 32, 25] and their importance

and also applicability in the context of P7-symmetry was stressed by Albeverio and



Kuzhel [3]. The construction of so called metric © is presented in [27], nevertheless
only for very special class of operators and with very formal proof without necessary
parts (convergence of the sums, domains of definition). Technically alternative point
of view, however leading to the same result, provides [23]. Examples of metric op-
erator (with careful verifications of all requirements) can be found in [22] and even
for operator with non-compact resolvent [3].

Our aim is to review and add some missing parts to general theoretical results on
PT-symmetry, pseudo-Hermiticity and quasi-Hermiticity. Particularly we intend to
investigate relation between P7-symmetry and pseudo-Hermiticity and formulate
more precisely the method of construction of metric © for pseudo-Hermitian op-
erators with compact resolvent. The next part consists of concrete P7 -symmetric
models - chain models, P7-symmetric point interactions on a line and supersym-

metric P7 -symmetric point interactions on a loop.



List of Symbols

[, ] the commutator

(-, ) the scalar product

B(H) bounded linear operators acting on ‘H

¢ (H) closed operators acting on H

Dom(A) the domain of A

H the separable Hilbert space

Ker(A) the kernel of A

Z(H) linear operators acting on H

Z (V) linear operators acting on V,,

X the closure of set X

Ran(A) the range of A

o(A) the spectrum of A

Odess(A) the discrete and essential spectrum of A
Oper(A) the point,continuous and residual spectrum of A
o(A) the resolvent set of A

9 Heaviside step function



w—lim, s—lim the limit in weak and strong operator topology

{,-} the anticommutator

L the orthogonal complement

A* the adjoint of A

AC? absolute continuous functions with a.c. derivative and second

derivative in L2

Cg° infinitely differentiable functions with compact support
Rx(A) the resolvent of A at A
Va the linear vector space, dim V,, = n



Chapter 1

PT-symmetry and

pseudo-Hermiticity

1.1 Basic properties

The numerical study of Hamiltonians of the type p? + m2z? — (iz)", originally for
N = 3, showed that these operators may have interesting spectral properties, i.e.
spectrum is real, discrete, positive. P7 -symmetry was suggested to be fundamental
property of Hamiltonians causing reality of spectra. Traditionally, the parity P is

represented by the linear operator acting in La(R) space
(PY)(2) = ¢(~z), P*=1, (1.1)
while the time-reversal symmetry 7 denotes a complex conjugation
(TY)(x) =4(z), T*=1, (1.2)
and P7T-symmetry of Hamiltonian is understood as
PTHy = HPTvy for all v € Dom(H). (1.3)

This relation implies a symmetry of the Dom(H) as well, i.e. ¢ € Dom(H) if and
only if P71y € Dom(H). The immediate consequence of the P7-symmetry for

eigenvalues is that, if a complex number F is an eigenvalue of H then the complex



conjugate F is the eigenvalue as well
Hyp = Evy = PTHyp=HPTyp=EPTyg. (1.4)

Moreover, if eigenfunction ¢g is also P7-symmetric, i.e. P71y p = g, then eigen-
value E is real. This elementary proposition is often stressed and we speak about
unbroken PT -symmetry if all eigenfunctions are P7-symmetric (and therefore all
eigenvalues are real). It is obvious that the particular structure of P7 operator is
not necessary for validity of these conclusions, we can generalize it in a following

way.

1.1.1 Antilinear symmetry

Definition 1.1. Let A € Z(H). We say that A has an antilinear symmetry if there

exists an antilinear bijective operator C and the relation
ACyp = CAvy (1.5)
holds for all ¢ € Dom(A).

Basic spectral properties of an operator having antilinear symmetry are given by

following proposition

Proposition 1.1. Let A € €(H) have an antilinear symmetry C. Then A € C is in
the spectrum of A if and only if X is in the spectrum of A. Moreover, this equivalence

is valid also for the disjoint parts of spectrum, i.e. X\ € opcr(A) <> X € 0per(A).

Remark 1.2. We use the definition of spectrum A.1 and its point, continuous and

residual part presented in [10].
Proof. Equation (1.5) and properties of C' yield the relation between resolvents
(A-N"t=c"lAa-N"tC. (1.6)

Hence, A\ € o(A) <= X\ € o(A). Moreover, Ker(A — \) = C Ker(4 — \) and
Ran(A — \) = C Ran(A — \), thus A € 0p.,(A) < X € 0y, (A) from the defini-
tion of spectrum A.1. O

Remark 1.3. An A € Z(H) having an antilinear symmetry is not automatically

closed.
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1.1.2 Pseudo-Hermiticity

Mostafazadeh drew attention to the class of pseudo-Hermitian [26] operators because

the studied P7-symmetric Hamiltonians possessed also this property.

Definition 1.2. Let A € Z(H) be densely defined. A is called weakly pseudo-
Hermitian, if there exists an operator n with properties

(i) .t € (M),

(ii) A =n~tA*.

If n is self-adjoint then A is called pseudo-Hermitian. If we want to specify particular
1 we say that A is n-(weakly)-pseudo-Hermitian.

Although pseudo-Hermiticity seems to be a stronger than weak pseudo-Hermiticity,
we show that assuming the latter one only is sufficient for proving basic properties.

Relation between the two properties is partly described by following theorem

Theorem 1.4 ([30]). Let A € ZL(H) be an ny,-weakly-pseudo-Hermitian operator
and the spectrum o (ny,nk) of ny,'nk does not contain the unit circle S*. Then A is

pseudo-Hermitian.

Corollary 1.5. Let A € Z(V,,). Then A is weakly pseudo-Hermitian if and only if

it is pseudo-Hermitian.

Unlike operators having antilinear symmetry the (weakly)-pseudo-Hermitian ones

are always closed.

Lemma 1.6. Let A € Z(H) be a weakly pseudo-Hermitian operator. Then A is

closed.

Proof. We consider convergent sequence {z,} C Dom(A), x,, — = for which {Ax,}

is convergent. Since n € AB(H), sequence {yn}, yn = nx, is convergent, y, —
y = nx. Since A* is closed (theorem A.1), A*y, — A*y and y € Dom(A*). Hence
r =n"'y € Dom(A) and Az, = n~ 1A%y z, = n A%y, — n A%y = Azx. O

Weak pseudo-Hermiticity implies also spectral properties.

Proposition 1.7. Let A € Z(H) be a weakly-pseudo-Hermitian operator. Then
point, continuous and residual spectrum opcr(A) of A and opcr(A*) of A* are

equal.
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Proof. Relation (i7) of the definition 1.2 yields
(A— N7t =g lAr -3y, (L7)

Since 7 is bounded and bijective, the equality of o}, ,(A) and o}, ¢ (A*) holds. [

1.2 Equivalence relations

Theorem A.2 shows that the equivalence A\ € o(A) < A € o(A) holds for every
weakly-pseudo-Hermitian operator A. When we return back to the spectral proper-
ties of operators having antilinear symmetry and when we realize known examples of
Hamiltonians which are both P7-symmetric and pseudo-Hermitian, natural ques-
tions rise. Is every P7-symmetric (or operator having an antilinear symmetry)
weakly-pseudo-Hermitian? Or, possesses every weakly-pseudo-Hermitian operator
an antilinear symmetry? We give some answers to these questions in the following.

In order to explain equivalence relations between P7-symmetry and pseudo-

Hermiticity we present another class of operators, namely J-self-adjoint ones.

Definition 1.3 ([16]). Let A € Z(H) be densely defined. Let J be an antilinear
isometric involution, i.e. J*> =1 and (Jx,Jy) = (y,x) for all x,y € H. A is called
J-symmetric if A C JA*J. A is called J-self-adjoint if A = JA*J.

.....

quate for a rigorous formulation of P7 -symmetric problems”. One of the reasons for
this conclusion is a fact that residual spectrum of J-self adjoint operator is empty
(in contrast to operators having antilinear symmetry and pseudo-Hermitian oper-
ators as we shall see later). It can be easily seen that every n-pseudo-Hermitian
operator with antilinear symmetry C satisfying n> = I, C? = I,[n,C] = 0 and
(x,nCy) = (y, x) is nC-self-adjoint.

Lemma 1.8 ([16]). Let A be a J-self-adjoint operator. Then
(i) dim(Ker(A — X)) = dim(Ker(A* — X)),
(it) or(A) = 0.

12



1.2.1 Finite dimension

At first, we explore relations between operators having antilinear symmetry, weakly-

pseudo-Hermitian, and J-self-adjoint operators in the finite dimensional spaces.

Lemma 1.9. Every A € £(V,,) is similar to the J-self-adjoint operator, i.e. there
exists invertible X € £(Vy,) such that X AX 1 is J-self-adjoint.

Proof. Every matrix A can be transformed to the Jordan form, i.e. A= X"1A;X,
where A is composed of k x k Jordan blocks Ji(\)

Tr(\) = \ . (1.8)

Every Jordan block Ji(\) is J-self-adjoint [18]. We provide J in the explicit form.
J = PT, where T is a complex conjugation and Py, is a k X k parity, i.e.

1

P (1.9)

O

The above lemma is essential for the equivalence statement in finite dimensional

spaces.

Proposition 1.10. Let A € Z(V,,). Then A is pseudo-Hermitian if and only if it

possesses an antilinear symmetry.

Proof. Let A is pseudo-Hermitian, i.e. A =7n~'A*n. Using the lemma above
XAX V= A;=JA5T = J(X ) A X T = J(X Y nAn~tXx*J (1.10)

we obtain CA = AC, where C := n~ ' X*JX is the antilinear symmetry.

13



Let C be the antilinear symmetry of A. We find easily that
A=C0 ' X Ly x hHrA*X*JXC, (1.11)

hence A is n-weakly-pseudo-Hermitian, n := X*JXC. By corollary 1.5, A is pseudo-

Hermitian. 0

1.2.2 Spectral operators of scalar type

Situation in Hilbert spaces with infinite dimension is of course more complicated.
The problem is not solved even for bounded operators. Some results, however with
not very correct proofs, provide articles of Mostafazadeh [26, 27, 28] and more correct
works by Solombrino and Scolarici [40, 38]. All propositions of these articles require
operators with discrete spectrum and with eigenvectors which form biorthonormal
basis. Slight generalization is presented in [38] where operators with finite Jordan
blocks in spectrum may appear. We provide extension of the propositions and we
provide a new proof. We show that equivalence of weak pseudo-Hermiticity and
antilinear symmetry is valid for spectral operators of scalar type. Proof for all
spectral operators is not known yet (except finite Jordan blocks case [38]). See
Appendix for the definitions and basic properties of spectral operators.

Important result for spectral operators of scalar type allows us to prove the

desired equivalence very easily.

Theorem 1.11 ([15]). Let Si,...,S; € #B(H) be commuting scalar type operators
in H. Then there is a bounded self-adjoint operator X with a bounded everywhere

defined inverse such that the operators X S; X', i =1, ...,k are all normal.

Remark 1.12. We say that A € L(H) is similar to B € ZL(H) if there is a
X € B(H) with a bounded everywhere defined inverse and A = X 1BX. Thus,
the particular case k = 1 in the theorem above states that every spectral operator of

scalar type is similar to some normal operator.

Proposition 1.13. Let S € B(H) be a spectral operator of scalar type. S is weakly

pseudo-Hermitian if and only if it possesses an antilinear symmetry.

Proof. S is similar to a normal operator N, S = X !NX. Every normal operator
is J-self-adjoint [18] (proof is based on the spectral theorem for normal operators

[36]). The rest of the proof is exactly the same procedure as for matrices.
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If S is n-weakly-pseudo-Hermitian, then C' := n~' X*JX is antilinear symmetry
of S. Conversely, if C' is an antilinear symmetry of S then S is n-weakly-pseudo-
Hermitian, where n:= X*JXC. O

1.2.3 Two examples

It may seem that the weak pseudo-Hermiticity and the antilinear symmetry are
equivalent properties at least for bounded operators and only some technical proof
is needed. However, we present examples of bounded operators having an antilin-
ear symmetry which are not weakly pseudo-Hermitian and also bounded pseudo-

Hermitian operator which cannot possess any antilinear symmetry.

Example 1.1 ([35]). Let {e,}2°; be the standard orthonormal basis of H = l2(N),

i.e. e,(m) = Opm. Let T be an operator on H acting as
Te, :=ep_1, n€N, ey:=0. (1.12)

T is bounded and it possesses the antilinear symmetry 7 -complex conjugation. Ad-
joint operator T™ acts as
T* e, = e€pt+1, n€N. (1.13)

Every complex number A with absolute value |A| < 1 is in the point spectrum o, (T)
of T, corresponding eigenvector zy reads z) = Y oo, A" le,. Spectrum o,(T*) of

T* is different. If we consider equation for eigenvalues

(T* = X\) (i anen> =0, (1.14)
n=1

we arrive at

Aoy =0, (1.15)
n_1— Aoy, =0, n>1. (1.16)

Hence, the point spectrum of 7™ is empty. In fact, the set {\ € C||\| < 1} C o-(T™*)
due to theorem A.3. Operator T is not weakly pseudo-Hermitian because the neces-
sary condition is the equality of the spectrum of T' and T™* as we have already shown

(proposition 1.7).
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Example 1.2. Let H = [3(Z) and let {e;}* be the orthonormal basis, e,(m) =

Onm. Operator T acts as

Aoei +eiy1, 12>1,
0, 2=0,
Te; := 0! (1.17)
)\06—17 = _17
Xo€i +€iv1, i< —1,
Ao € C, Im Xy > % We find T* easily from the definition of the adjoint A.3,
Aodij + i1, 4,7 =1,
(ei,Tej) = q Xobij+ 0ijy1, 1,5 < —1, (1.18)
otherwise,
hence B
Aoe; +ei—1 i>1,
A =1
TFe; = 0eL, =5 (1.19)
0, =0,
o€ +ei—1, < —1.
Let P be a parity, i.e.
Pe; :=e_;. (1.20)

We may show immediately from the definitions that 71" is P-pseudo-Hermitian

T = PT*P.

(1.21)

It is obvious that Ao € 0,(T) = 0,(T*). We show that \g € o,(T) = o,(T*). We

express the equation

(T— )\0) i €, = 0

1=—00

and determine coefficients «;.

(T — Xo) Z e, =

1=—00

-2

i=—00

(1.22)

D> ai [(ho— Noei +eir] +

+a_1(Ao — Ao)e—1 — aproeo + Z ageipr,  (1.23)

16
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hence
a;, = 0 fori>0,
ai(Mdo—Xo) + ;-1 = 0 fori<O0. (1.24)

a1 (and then all ;) must be 0. If a_; # 0 then fori < —1, a; = a—1 (2iIm o) " L.
Since Im Ay > % from the definition of T',

> Jail? = +oo. (1.25)

1=—00

Hence )¢ is not an eigenvalue and Ran(7T" — \g) # H for

e1 ¢ span(e;);iz1 = Ran(T — X). (1.26)

This proves that A\g € o,(T") and there holds also A\ € o,(T™*) by proposition 1.7.
Operator T' cannot have any antilinear symmetry because the necessary condition
is that Ao € 0pcr(T) & Ao € 0per(T), by proposition 1.1.

Corollary 1.14. Weak pseudo-Hermiticity and antilinear symmetry are not equiv-

alent properties even for bounded operators on H, see examples 1.1 and 1.2.

Nonetheless, it is necessary to remark that operators from previous examples are

not spectral. To justify this take into consideration

Theorem 1.15 ([15]). If the space H is separable, then the point and residual spectra

of a spectral operator are countable.

Spaces 12(N) and [%(Z) are separable and we have already shown that the set
{Al|A] < 1} is included in the point spectrum of the operator from the example 1.1.
Similarly, the set w = {\ € C||]A — Xg| < 1} is included in the point spectrum of
the adjoint operator T* from the example 1.2. Therefore, using theorem A.3, w is
included in the union of the point and residual spectrum of T.

For sake of completeness we discuss the relations of J-self-adjointness with anti-
linear symmetry and J-self-adjointness with weak pseudo-Hermiticity.

Example 1.1 presents the operator with antilinear symmetry with non-empty
residual spectrum, thus it cannot be even similar to J-self-adjoint operator. Con-

versely, A := (i) acting in C is J-self-adjoint, where J is the complex conjugation,

17



however it cannot have any antilinear symmetry because —i is not in the spectrum
of A.

Example 1.2 presents the pseudo-Hermitian operator with non-empty residual
spectrum, which cannot be therefore similar to any J-self-adjoint operator. Again,

operator A := (i) is J-self-adjoint, however it is not weakly pseudo-Hermitian for

i o(A¥).

18



Chapter 2

Quasi-Hermiticity

2.1 Basic properties

Quasi-Hermitian operators are very special class of pseudo-Hermitian operators.
Their importance in physics was emphasized by F. G. Scholtz, H. B. Geyer and F.
J. W. Hahne in [37].

Definition 2.1. Let A € Z(H) be densely defined. A is called quasi-Hermitian, if
there exists an operator © with properties

(i) ©,071 € B(H),

(ii) © is positive,

(iii)) A =0714*0.

In mathematics, the notion of quasi-Hermiticity appeared much earlier [13].
Later, mathematically oriented discussion on the definition of quasi-Hermiticity can
be found in [23].

Remark 2.1. A more general definition of quasi-Hermiticity is presented in [13],
the inverse of © does not need to be bounded. However, we will not use this more
general definition here, one of the reasons is that spectrum of such quasi-Hermitian

operator may be non real, appropriate example is presented in [13].

Remark 2.2 ([43]). For bounded operators A € #(H), the existence of such ©
that 0 ¢ {(z,0z)| x € H, ||zl =1} and condition (iii) of the definition (2.1) is
satisfied implies quasi-Hermiticity of A.

19



Reason why are quasi-Hermitian operators so important in the P7-symmetric
Quantum Mechanics is that they are self-adjoint in a Hilbert space Hg with modified

scalar product
(e :=(,0"). (2.1)
The operator © is often called a 'metric’ or 'metric operator’ in physical litera-

ture. The properties of ©, see the definition above, guarantee that (-, -)g fulfills all

requirements for being scalar product and moreover

where m = inf{ (1, O¢) | € H, |1 = 1} and M = ||©||. Since ©~! € Z(H) and ©
is positive, m > 0. It is possible to verify directly from the definition of the adjoint
operator A.3 that quasi-Hermitian operator A is indeed self-adjoint in this scalar

product.
2.1.1 Similarity to self-adjoint operator

Another point of view on quasi-Hermitian operators provide following proposition.

Proposition 2.3 ([3]). Let A € Z(H) be a quasi-Hermitian operator with metric
operator ©. Then A is similar to the self-adjoint operator H,

A= 'Ho, (2.3)
where p = V0.

The study of the problem of similarity to the self-adjoint operators may be found

in the mathematical literature [32, 41, 25]. We recall integral-resolvent criterion

Theorem 2.4 ([32]). Let A € L(H). A is similar to a self-adjoint operator if and

only if
Sup. € / 14— AT y|Pde < Mo (2.4)
SUPsg € / (A% — A1) |2de < My|?, (2.5)

where A = € +1ie,y € H and the integration is carried along an arbitrary straight

line, parallel to the real axis, in the upper half plane.

20



This criterion is simplified when we restrict ourselves on pseudo-Hermitian op-

erators.

Corollary 2.5 ([3]). Let A € Z(H) be a pseudo-Hermitian operator. A is similar
to a self-adjoint operator if and only if the spectrum of A is real and there exists a
constant M such that

SUD,5 € / 14— A1) y|Pde < M. (2.6)

—0o
where A = € +1ie,¢ € H and the integration is carried along an arbitrary straight

line, parallel to the real axis, in the upper half plane.

For purposes of P7-symmetric Quantum Mechanics this version of the theorem
may be very useful because many known and studied P7-symmetric models are
pseudo-Hermitian as well. As it is shown in [3], the latter criterion is extremely
useful for the study of point interactions.

Another characterization of similarity of P-pseudo-Hermitian operator acting in

Ls(R) to self-adjoint one is given using property of C-symmetry [7, 9, 8, 3].

Definition 2.2 ([3]). Let A € Z(L2(R)) be a P-pseudo-Hermitian. We say that
A possesses the property of C-symmetry if there exists bounded linear operator C in
Lo(R) such that the following conditions are satisfied

(i) AC =CA,

(ii) C* =1,

(iii) for each f,g € La(R) the sesquilinear form (f,g)c := [Cf,glp,

where [f,glp == (Pf.g) = [, f(=x)g(x)dz, determines a scalar product in Lo(R)

that is equivalent to the initial one.

Proposition 2.6 ([3]). Let A € Z(L2(R)) be a P-pseudo-Hermitian. Then the
following statements are equivalent
(i) A has the property of C-symmetry,

(ii) A is similar to a self-adjoint operator.

It is obvious that P-pseudo-Hermitian operator acting in Lo(R) that has the
property of C-symmetry is quasi-Hermitian with the metric © = PC.
Authors of [3] emphasized also a necessary condition for similarity to self-adjoint

operator, based on the theorem A.4.
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Proposition 2.7. Let A € £(H) be similar to a self-adjoint operator. Then there

exists real constant M such that
M

L —
1R (A < s

(2.7)

for all \g € C\ R.

Proof. 1t follows immediately from theorem A.4 and relation between resolvents of

similar operators. O

With regard to the simplicity of this proposition it can be very useful for proving

that an operator is not similar to self-adjoint one.

2.2 Metric operator

General resolvent criteria presented above do not provide any hint how to construct
the similarity transformation ¢ or the metric operator ©. Proposition 2.6 only mod-
ify the problem to the construction of C-symmetry. Partial answer to this question
can be found in [27, 31]. There is a simple criterion in finite dimensional spaces for

operators to be quasi-Hermitian.

Proposition 2.8. Let A € £(V,,). Then A is quasi-Hermitian if and only if spec-
trum o(A) of A is real and A is diagonalizable. Operator © has form

n
0= ¢(¢") b, (2.8)
j=1
where c; are positive real constants and ¢; are eigenvectors of A*.

Proof. If A is quasi-Hermitian matrix then it is similar to Hermitian one, hence it
has real spectrum and it is diagonalizable.

If A has the real spectrum and it is diagonalizable, then
A=X"'DX, (2.9)

where D is a diagonal matrix composed of real eigenvalues. If we take adjoint of
(2.9) we arrive at
XX"A=A"X"X. (2.10)

Whence © := X X* is positive and it can be expressed in the form (2.8). O
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Infinite dimensional case is of course more complicated, in fact there is no gen-
eral result for all quasi-Hermitian operators yet. Some results for operators with
pure discrete spectrum (see definition A.7) are known. We would like to present
more rigorous approach to the construction of the metric ®. In order to describe
eigenvectors of quasi-Hermitian operator we recall a notion of Riesz basis and a basic

criterion.

Definition 2.3 ([42]). Let {e,}>2, be an orthonormal basis in H. Then the set
{xn}22, CH is said to be a Riesz basis if there exists a bounded invertible operator

U with bounded inverse and x, = Ue, for all n € N.

Theorem 2.9 ([42]). Set {z,}22, is a Riesz basis if and only if there exist positive

constants m, M such that

mlel? <Y [ (@, zn) [P < Ml (2.11)

n=1

for each x € 'H.

Proposition 2.10. Let A € Z(H) be quasi-Hermitian operator with pure discrete

spectrum and metric operator ©. Let denote {1}, {pn}o>, eigenvectors of A

and A*, respectively. It is possible to normalize them in a is such way that
On = Oy, (Y4, ¢5) =6 for all i,5,n € N. (2.12)

Both {1, }5°, and {¢n}o2, are Riesz bases and

n=1
N
6= SNEEQE (65,7) &5 (2.13)
p=

Proof. We denote H self-adjoint operator which is similar to A and {e,}2°; eigen-

vectors of H,
H=pAp™ Y, 0=+VO, He,=Men, |len] =1, Vn e N. (2.14)

Since spectrum of H is pure discrete the resolvent of H is a normal compact operator,
see theorem A.10. Hence normalized eigenvectors {e, }5° ; form orthonormal basis.
Eigenvectors v, ¢, of A, A* satisfy ¥, = o0 len, ¢ = o0e,. Hence ¢, = O,
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and (15, ¢;) = 6;5. Moreover, using functional calculus for self-adjoint operators, it
follows from requirements for © (definition 2.1) that o is bounded positive operator
with bounded inverse and therefore {t¢,}>2; and {¢,}°2; are Riesz bases.

We denote Oy := Zé\;l (¢j,-) ¢j. Bach x € H can be uniquely expressed in the
Riesz basis {1, }2°

T = Zanwna Qn € (C7 (2.15)
the action of Oy then reads
N
Oz = Z (0, 2) Z Gjs ntn) @5 = Zan¢n (2.16)
Jj=1 j=1n=1
Relation
(z,On7) = Z || (2.17)

shows that Oy is positive and by similar procedure, {Oy}%_; is an increasing

sequence of positive operators. Furthermore, Oy < © for all N € N due to
(©@—On)z,z)= > |l (2.18)

Hence, {Ox} converges in a strong limit sense to some bounded positive operator
(theorem A.11). In order to complete the proof, i.e. © is limit of {Ox}, we show
that

O =w-limOy. (2.19)
We take arbitrary x,y € H, then
{O©=Onzy) | < D |wbl < | D lewl? | D 18 (2.20)
k=N+1 k=N+1 k=N+1
where
(e} o
xr = Zan¢na Yy = Zﬁn¢n (2.21)
n=1 n=1

Since oz = > o7 | apen and gy = Yo7 Bpen, the sums on the right side of (2.20)

are finite and both converge to 0 for N — oo. O
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We remark that if we insert positive constants c¢; with property
dm,M >0, m<c; <M forall jeN, (2.22)

into the sum (2.13) in the same way as in the finite dimensional case (2.8) we obtain
another metric.

It is natural to ask then, if every pseudo-Hermitian operator (or/and with anti-
linear symmetry) with real and pure discrete spectrum is quasi-Hermitian. Let us
assume that A is a pseudo-Hermitian operator with compact resolvent. Then, by
theorem A.7, the spectrum of A is pure discrete. Let us denote v, ¢, the eigenvec-

tors of A, A* respectively and A, the eigenvalues. We assume that the eigenvectors

are normalized in a special way, ||¢,|| = 1 and (¢, ¢,) = 1. Let us assume further
that
N
O =s1li D) s 2.23
%;g;lcy (95:°) &5 (2.23)

exists and it is a bounded operator for some set of positive numbers ¢,, which satisfies
the condition (2.22).

Particurlary, it is not possible that ¢, — 0 (or some subsequence ¢, — 0),
although this may seem to be useful for guaranteeing the convergence of (2.23).
However, then 0 € ¢(0©) and therefore the inverse of © is not bounded. If we

consider a sequence {&,} = {¢n/||¥n]|} of unit vectors, then

)
198ull = 11> c5 (&5 €n) &5l = len (@n,6n) dnll < cn — 0. (2.24)
j=1
Without loss of generality we will assume that ¢, = 1 for all n € N.

The crucial step is to show that eigenvectors ¢, form a Riesz basis. First of all
it is necessary that span{¢1, ¢2,...} is a dense set in H, i.e. {¢,}5°; is a complete
system in H. We can show this for example by investigating Ker(©). If the point
spectrum ,(0) does not contain 0, then each zg € {¢1,¢a,...}= is zero vector
because it follows that ©xy = 0, by inserting z( into (2.23). Feasible analysis of the
kernel of © using directly the sum expansion can be found e.g. in [22].

Further, the strong convergence of © implies the weak convergence and for all
reH

(3 (6n,2) dnsz) = 3 (w2 2 < [0 0] (2:25)

n=1
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Hence we obtained one of the inequalities (2.11). The second inequality exactly
corresponds with existence of a bounded inverse of O, i.e. whether 0 is or is not in
the continuous spectrum of ©. This is probably the most technically difficult step
in this procedure which cannot be skipped.

Nevertheless, it is satisfied automatically for n-pseudo-Hermitian operators with
antilinear symmetry C, where n and C are involutive and commuting, i.e. 72 =
I,C% =1, [n,C] = 0. Then, it is obvious that A* also has antilinear symmetry
C and we may assume that eigenvectors ¢, are C' invariant, it suffices to take

(¢n + C¢y). Furthermore, they can be normalized in such way that
(pn,nPm) =0 for n #m and (¢n,n¢,) ==£1 Vn e N. (2.26)

Since 7 is typically indefinite we cannot exclude the '—1 case’ in the latter. Properties

of n, C' and C invariance of ¢, yield

(P, NPm) = (Pn, Cidm) ¥n,m € N. (2.27)

Antilinear operator Cn is surely involutive and we can assume that the set {¢,}5°
is Cn-orthonormal,
<¢na Cn¢m> = Onm, (2.28)

)

it suffices to take i¢ when there —1 case’ occurs. The essential fact then follows

from

Theorem 2.11 ([17]). Let {u,}5°; be a complete J-orthonormal system in H, where
J is an antilinear involution. Then following assertions are equivalent

(i) for each x € H
D @ un) [P < M), (2.29)

n=1

(i3) {un}S2, is a Riesz basis with m = M~*.

Hence, the set {4y }02, with all assumptions above is a Riesz basis.
It remains to verify if relation ®@ Ax = A*Oz for all x € Dom(A) holds. We

consider p € p(A) and rewrite the condition to following equivalent form
(A*—p) ez =04 -tz VreH. (2.30)
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Now, the expansion of arbitrary = € H into the Riesz basis {y, relations

oo
n=1»

(A—p) " n = On (2.31)

1 * —1 _

>\n —H
and explicit form of © (2.23) are needed.

We may summarize the ideas above to the proposition.

Proposition 2.12. Let A € Z(H) be an n-pseudo-Hermitian operator with an-
tilinear symmetry C, where n and C' are both involutive and commuting. Let the

resolvent of A is compact for some p € C and the spectrum of A is real. If

O =s- hchj (Dj,°) bjs (2.32)

where ||¢;|| = 1 are eigenvectors of A* and c; are positive constants satisfying (2.22),
is an invertible bounded operator (i.e. 0 ¢ 0,(0©)), then A is quasi-Hermitian with
the metric ©.

Typical example of operators satisfying the assumptions of the proposition are P-
pseudo-Hermitian P7 -symmetric Hamiltonians with real spectrum defined on finite
interval (a,b). We present some examples of such operators in following section.
Many more examples can be found in a literature dealing with P7 -symmetry. Let

us stress particularly the carefully and rigorously treated model [22].
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Chapter 3

Models

3.1 Chain models

An interesting class of finite dimensional models, so called chain-models, presented
Znojil in [48, 46, 47, 45]. It refers to N x N tridiagonal matrices of the form

1-N ¢ 0 0 0
-1 3-N g 0 0
. 0 —g2 5—N
H(chazn) — , (31)
0 0 —93 gN-2 0
. . N -3 gN—-1
0 0 0 —gy N—1

where g, are real parameters. For sake of simplicity the parameters are assumed to

be up-down symmetric, i.e.

IN—-k = Gk > 07 ke {1727 '--7‘]}7 (32)

where N = 2J or N = 2J 4+ 1. From the physical point of view, these tridiagonal
models may represent a nearest neighbor-interaction perturbation of a harmonic-
oscillator-like systems with shifted original equidistant eigenvalues {1,3,5,...}. It is

obvious that the finite dimensional truncated Hamiltonian H(¢"@) is not Hermitian

28



but P7-symmetric, where P corresponds to the N x N matrix
P = . (3.3)

In spite of the fact that the technical requirements for investigation of H(chain)
increase rapidly with the dimension, several important fact have been shown in
[48, 46, 47, 45].

For any dimension N there exist a J-dimensional domain D of the matrix ele-
ments for which the Hamiltonian is quasi-Hermitian. The domain D is contained in

a bigger one S defined by following inequalities

N3N = g2 N =2J
= > 2 24000 ’ 3.4
22> {293, N=2J+1. (34)

n=1

The set of intersections of D and S is finite. These points are called extremely
exceptional points, EEP, and it is possible to write their coordinates in a closed
form

g\FEP) — \/n (N —n), n=12...J. (3.5)

When we cross the boundary 9D of D, some of the energies are complexified. The
EEPs are special for complexification of all energies. Thus the presented systems
may serve as a illustration of ” quantum catastrophes”, i.e. a perturbation may cause
that we leave the domain D and some energies become complex. In the domaine D
the Hamiltonian is quasi-Hermitian, i.e. physical - we may describe the system in a
Hilbert space with modified scalar product (2.1).

Many numerical results, e.g. in [47], illustrates how energies may become com-
plex, number of energies depends on the way out of the D. Also two dimensional

domain D@ for the Hamiltonian H®) is presented,

-1 a O 1 0 O
H® = —4 1 b PO =10 -1 0 |. (3.6)
0 —-b 3 0 0
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The secular equation for H® reads
—E34+3E*+ (= +1-b0*) E—3+3ad”—b* =0, (3.7)

and EEPs have coordinates (+v/2,£v/2). The boundary 0D of the star-like shape

domain D may be parametrized in following way

a:ai:i\/;(4—3ﬂ2—ﬂ3), b:bi:i\/;(4—352+53), (3.8)

where parameter 3 € (—1,1).

Figure 3.1: Boundary D)
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3.1.1 The domain D for H®

We consider 6 dimensional model,

5 ¢ 0 0 0
— =3 b 0 0 0

go _| 0 b -1 a 0 0 59)
0 0 —a 1 b 0
0 0 0 —b 3 ¢
0 0 0 0 — 5

and try to find the domain D. EEPs (3.5) are at (a,b,c) = (+3,42v2,+/5).

Secular equation for the Hamiltonian reads

x(a,b,c, ) = det (H<6> . EI) — S L P2 Ps P =0,  s=E2 (3.10)
where
P = a®+42b% +2¢% — 35,
Py = 259 — 34a® — 4407 + b* 4 28¢% + 2a°c? + 20%¢% + ¢, (3.11)
P; = —225+ 225a% — 1506% — 25b% — 30¢? + 30a%c? — 106 — ¢* + a?c?.

Elementary analysis of the roots of (3.10) (s must be non-negative for E € R) yields
that the domain D®) is contained in the area determined by conditions P23 > 0,
see figure 3.2. In order to fully determine the domain D we analyse the qualitative
meaning of the parameter a, b, ¢, i.e. their impact on properties of the characteristic
polynomial y. H 6) ig obviously Hermitian for a = 0, b =0, ¢ = 0. E = s, hence
the complexification of energies E may occur for several reason:

(1) one or more roots s are negative,

(ii) two roots s are non-real, (complex conjugated to each other).

The second possibility may happen if the local minimum of x is below zero (or the
local maximum is above zero). Figure 3.3 illustrates, how the position of roots and
local extremes is modified with respect to change of parameters a, b, c. Thus, the
boundary of the domain D is defined by surface S; corresponding to the condition
Py = 51.59.53 = 0, where we denoted 5123 the roots of x, and surfaces S>3 deter-

mined by the condition that the local extremes of x are zero. Local extremes x are
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Figure 3.2: Areas determined by P; =0

situated at points xy 2

1
T1o = 5(35 a2 -2+

+1/448 1 3202 + o — 82 1 4a2b? + bt — 2242 — 2a2c2 + 2022 + A ) (3.12)

Hence conditions x(a, b, ¢, 12) = 0 determine the surfaces Ss 3, see figure 3.5, where
the red points are EEPs. The intersection of the surfaces illustrates figure 3.4
Answer to the question how and how many energies are complexified provide fig-
ures 3.6,3.7, where the colors of the graphs of x and areas correspond (white=black).
Two energies are complexified in the orange area - there is one negative s root. Four
energies are complexified in the yellow area - there are two negative s roots, and
in the white area - there are two complex conjugated s roots. Finally, all six en-
ergies are complexified in the green area - there are one negative and two complex

conjugated s roots.
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Figure 3.3: Characteristic polynomial x
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Figure 3.4: The intersection of S 23
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(c) Surface S3 (d) The domainD with EEPs

Figure 3.5: Surfaces Si 23 and the domain D with EEPs.
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Figure 3.6: Characteristic polynomial x
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Figure 3.7: The domain D and areas of complexification
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3.2 'PT7T-symmetric point interaction on a line

Typical one dimensional P7-symmetric physical systems are Hamiltonians acting

in Ly(R) of the form
2

d

where potential V' is a complex function satisfying

V(-z) =V(x). (3.14)

Although P7-symmetry does not guarantee the reality of spectrum, many such
systems were discovered and intensively studied. It is natural that systems with
various types of potential may be very complicated and only little of them are exactly
solvable. P7 -symmetry, in sense of non-self-adjointness, brings another difficulties.
In order to obtain some suitable solvable models we use point interactions. The
point interaction should be understood as any interaction which does not affect the
function with the support separated from the point where interaction acts. Theory of
standard Hermitian point interactions, which is based on the self-adjoint extensions
of symmetric operators, is well described in several monographs, we mention one of
them [2]. Some elementary facts about self-adjoint extensions of symmetric operators
and point interactions in one dimension can be found in Appendix. The methods
for self-adjoint operators are not applicable for P7-symmetric systems and they has
to be modified.

The most important initial work on P7-symmetric point interactions is done in
[1]. Another papers presents concrete systems on a line or finite interval [29, 49]. At
first, we summarize the main principles and results. Then, we extend the results of
[3] concerning the relation between systems with one point interaction on a line and
quasi-Hermitian operators. Next section is devoted to supersymmetrical systems
with two P7T -symmetric point interactions on a finite interval.

We consider one point interaction at the origin. More technically speaking, we

take a second derivative operator Ly = —(d?/dx?) with the domain
Dom(Lo) = Cg*(R \ {0}) (3.15)
as a starting point. The adjoint L} is again the second derivative L = —(d?/dz?),
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however with the domain
Dom(L}) = AC*(R\ {0}). (3.16)

We use the notation of [10], ¥ € AC%(Q) if 4,1/’ are absolutely continuous at  and
¢" € L?. Any PT-symmetric point interaction is represented by P7T-symmetric
extension of Ly (or restriction of L§). Thus we describe the point interactions by

boundary conditions.

Theorem 3.1 ([1]). The family of PT -symmetric second derivative operators with
point interactions at the origin coincides with the set of restrictions of the second
derivative operator Lyax = —%, defined on AC?(R \ {0}), to the domain of func-

tions satisfying the boundary conditions at the origin of one of the following two

types
( (0+) ) :B< (0-) ) (3.17)
¥'(0+) ¢'(0-)

with the matriz B equal to

1.

o [ 1+ bce'® b
B=e¢lf e 4 (3.18)
c V1 + bee™ ™
with the real parameters b >0, ¢ > —1/b, 0, ¢ € [0, 27)
2.
hoth (0+) = hye®yp(0+) (3.19)
hott (0—) = —hye~4p(0—) (3.20)

with the real phase parameter 0 € [0,2m) and with the parameter h = (hg, h1)

taken from the (real) projective space P'.

The symbols 0+ have usual meaning of limits, 1(0+) = lim, o+ ¥ (x). Boundary
conditions of the first type are called connected, conditions of the second type are
called separated. Further we deal with connected boundary conditions only because

the separated case can be decomposed to two separated systems on a half-line.
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Although the original statement of [1] includes that the restricted operators are
both P7T-symmetric and P-pseudo-Hermitian for the entire range of parameters
b, c,0, ¢, we show that P-pseudo-Hermiticity is ensured only for § = 0 (other ranges
of parameters are preserved), see Appendix for the details. Nevertheless, the oper-
ators for 6 # 0 and 6 = 0 are unitary equivalent [1].

Spectrum of Hamiltonians with P7 -symmetric point interactions is described by

following

Theorem 3.2 ([1]). The spectrum of any PT -symmetric second derivative operator
with point interactions at the origin consists of the branch [0,00) of the absolutely
continuous spectrum and at most two (counting multiplicity) eigenvalues, which are

real negative or are complex conjugated to each other.

Proposition 3.3 ([1]). The spectrum of the PT -symmetric second derivative op-
erator with connected point interaction at the origin is pure real if and only if the
parameters appearing in theorem 3.1 satisfy in addition at least one of the following
conditions

(i) besin? ¢ < cos? ¢,

(ii) besin? ¢ > cos? ¢ and cos ¢ > 0.

3.2.1 Quasi-Hermitian P7-symmetric point interactions

Our aim is to classify the Hamiltonians with one P7-symmetric point interaction
which have real spectrum according to their similarity to self-adjoint operator, i.e.
quasi-Hermiticity. Analysis of a such type has been already done in [3] for special
subclass of Hamiltonians with one P7-symmetric point interaction corresponding

to the potential composed of § and ¢’ functions
V=a(6)6+b{0,)d+c(s,)d+d{d,-)0d, (3.21)

where a,d € R and ¢ = —b. The results show that the reality of spectrum itself does
not guarantee quasi-Hermiticity.

Technically, we use the resolvent criterion, theorem 2.5, and necessary condition
for similarity to self-adjoint operator, proposition 2.7. To be able to use these criteria
we calculate resolvent Ry(H) of the Hamiltonian H = —(d?/dx?) with the domain

Dom(H) = {¢ € AC*(R\ {0}) | ¢ satisfies (3.17,3.18)} . (3.22)
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We denote k the square root of A and to obtain unique k pro every A € C we

require Im & > 0. We introduce two functions e, and e_
ey (x) =) e (x) =I(—z)e (3.23)

where ¥ is a Heaviside step function. Then resolvent Ry(H) can be written for
arbitrary f € Lo(R) in the form

g9(z) = Rx(H) f(z) = (RA(Ho) f)(2) + C(f)e+(x) + C-(f)e—(2), (3.24)
where

Ra(Ho) f () = o / ele=ul f(y) (3.25)

is well-known formula for self-adjoint free particle Hamiltonian and C1 are param-

eters to be calculated.

904) = G-+ F)FCH), O = =30 = [ +IRCL), g o
9(0-) = ([~ +f)+C(f), J0-) = —3(f- = fr)—ikC_(f),
where

f+= /R eFRY £ (1) dy. (3.27)

Function g = R)(H)f must satisfy the boundary conditions (3.18) thus

< e?(ibk — 1 +bce?) 1 ) (C_)

V(i1 +bce™ —¢) ik Cy
5 (K (f——f+)+\/1+bcei OOk (—f- + fr) +ice?(f- + f1)) (3.28)
(VT Hbee®) —1) (f- + f1) +ibek(f- — f1)) -

This system of linear equations is solvable if and only if the determinant of the

matrix is nonzero
eif (bk2 + 2kiv/T + be cos ¢ — c) £ 0. (3.29)

Then the solutions can be written as

C_(f) = % ( )[2k(\/1+bcf+cos¢ f+cosd>)+1c(f + fy)+

E2(f_ — f1) + 2ik(fy sing + V1 + be f_ sin ¢)},
: —ig )
C.(f) = 21]:p(k) [k(el¢(bk(f,—f+)~|—2\/1+bc(if,cos¢—|—f+singb))+

2f_(sin(6 + ¢) —icos(f + ¢))) —ce(f_ + f+)] : (3.30)
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where

p(k) = bk? 4 2kiv/1 + be cos ¢ — . (3.31)

Proposition 3.4. Let H € Z(L*(R)) be a Hamiltonian corresponding to one
PT -symmetric point interaction at the origin (3.22). Let parameters b,c, ¢ sat-
isfy besin? ¢ < cos? ¢ (i.e. spectrum of H is real, proposition 8.3). If in addition
one of the following conditions for parameters is satisfied

(i) ¢>0, cos¢p <0, b>0,

(ii) ¢=0, cos¢ <0, b>0,

(ii) ¢ <0, cos¢ >0, b>0,

(iv) ¢<0, cos¢ >0, b=0,

then H is not similar to any self-adjoint operator.

Proof. If H is similar to a self-adjoint operator then the inequality from the propo-
sition 2.7 holds for every g € La(R). Further, Rx(Hp) (3.25) is resolvent of the
self-adjoint operator, thus for every A € C\ R

I (RA(H) — Ra(Ho)) g]|* < gl (3.32)

(Im \)?

where M is a positive constant independent of A and g, is valid for each g € La(R),
particularly for
go(x) = D(z)e ™7, (3.33)

where 1 is a Heaviside step function, and k?> = X and Imk > 0. We calculate the

norms
1

2Im k’ 2Im k’
and together with relations (3.30) and identities (Im \)? = 4(Im k)?(Re k)? we receive

condition (3.32) in the explicit form

lgol* = lex ]I = (3.34)

S 1 —ig |2 : —i6 |2 2
i, ic+ kv1+bce ‘_1 n ke (Re/;:) < M, (3.35)
2 p(k) 2 p(k) K|

where p(k) has been already defined (3.31). If we take into account that roots of
p(k) (for non degenerate case b # 0) read

ko= —% cos ¢ (\/ 1+ bc+ \/cos2 ¢ — besin? ¢ > , (3.36)
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we may easily prove that if parameters b, ¢, ¢ satisfy at least one of the conditions
then left hand side of (3.35) tends to infinity in the neighborhood of ki 2. O

We intend to show the similarity to a self-adjoint operator for class of P7-
symmetric point interactions using criterion of the theorem 2.5. To make the proof

more technically feasible we at first modify relations (3.30) for functions f,;(x) :=

d(+x)f(x)

C(f) = 1+1c—|—k\/1—)|—bce >k_’

( it
c-(f) = (5 )

(2t

(

l\D\»—‘

l\D\»—‘

Cif) = ) L

ic + k:\/l +beel” ¢> fra

_|_

(3.37)

Proposition 3.5. Let H ¢ Z(L*(R)) be a Hamiltonian corresponding to one PT -
symmetric point interaction at the origin (3.22). Let parameters b, c, ¢ satisfy
(I) besin? ¢ > cos? ¢ and cos ¢ > 0,
or
(II) besin? ¢ < cos? ¢
with at least one of the following conditions in addition
(i) ¢>0, cos¢ >0, b>0,
(ii) ¢>0, cosp=0, b=0
(ii) c¢=0, cos¢ >0, b+#0,
(iv) ¢=0, cosp#0, b=0
(v) ¢<0, cos¢p=0,b=0
(vi) ¢<0, cos¢ <0,
then H is similar to a self-adjoint operator.

Proof. Taking into account theorem 2.5, the existence of a constant M such that for
all g € Ly(R)

sup.s < | 1 (Ra(H) — Ra(Ho)) g|de < M]lg]?. (3.38)

—00
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where A = ¢ + ie¢ and the resolvents Ry(H), R)(Hy) are defined above, already
guarantee the similarity to self-adjoint operator. At first, we consider function g,,
where g,;(z) := ¥(£x)g(x). Using relations (3.34, 3.37) and A = k%, Imk > 0 we

arrive at

| (RA(H) — Rx\(Ho)) g,|* =

. . /1 b —ig 2 . k —i0 (2 . )
— (| lerivetbee T L) L, ke e
2 p(k) 2 p(k) 2|k[*Tm k

M; (k)

where g, is defined by (3.27) and p(k) by (3.31). Since we assumed (I), or (II) with
at least one of the (i)-(vi), roots of p(k) are located in the lower complex half-plane
(Imk < 0). Thus M, (k) < M, for all k € C, Imk > 0. (Little bit more delicate case
¢ = 0 when one root is equal zero can be resolved by elementary analysis of M, (k),
the estimate is valid as well.) Next we estimate the resting parts, using changing
of integration variables, fact that g, is Fourier transformation of g, and Carleson
embedding theorem [21, 3],

5|gr+(k)\2 / 2 ™ 2
A g =4 v (K)2dRe k < = M||gy |2, 3.40
/ kPIm & 3 ; |gr+ (K)|"dRe <5 llgr ] (3.40)

where M is a constant independent of k£ and g,. All together we have

o [ ) = RaH) 0Pl < S0 Mg (3.41)

—00

We can use the similar procedure to g; and we obtain almost the same result (con-

stants can be different). Hence H is similar to self-adjoint operator. O

Using the theorem 2.5 and the same technique we may also classify all systems
with one point interaction (not necessarily P7-symmetric) on a line with real spec-
trum. It is possible to show that example of a complex delta interaction [29] is (in
therein considered setting of the parameter) similar to self-adjoint operator. This

result, in fact, justifies the effort to construct the metric for this system [29].
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3.3 Supersymmetric P7-symmetric point interactions

on a loop

We consider a system on the finite interval (—,!) and two point interactions, at
x = 0 and x = +[ (i.e. interaction at origin and between the two end points).
PT-symmetric point interaction are described by boundary conditions theorem 3.1,
however, in order to show connection with self-adjoint case [33] we rewrite these

conditions in the following form, using the same parameters b, ¢, 0, ¢

(C — D¥(a) + (C + DT (a) =0, (3.42)
where
/
v = YY) = Y E‘“L) , (3.43)
¥(a) ~Y(an)
(b—c)et®++/T+bc(e?'¢—1) 2¢(0+9)

C = (b+c)etP+v/14bc(e?®+1)  (b+c)et?++y/1+bc(e?¢+1) (3 44)

2e(—0+9) (b—c)et®—+/T+bc(e?*®—1) ’ :

(b+c)et®++/1+bc(e2i®+1)  (btc)ei®++/1+bc(e2i¢+1)

Our aim is to find P7 -symmetric systems on a loop (—I, ) with two point interac-
tions (at 0 and /) which are supersymmetric. Various supersymmetric P7 -symmetric
systems were intensively studied, e.g. [24, 4]. We would like to take advantage of
usual simplicity (exact solvability in terms of elementary functions) of Hamiltonians
with point interactions and moreover its special structure (SUSY) to find explicitly
the spectra and metric © operators for these systems.

In order to obtain supersymmetric system with supercharges (12 o d%’

{Qa, Qv} = Hap, (3.45)

we have to restrict boundary conditions (3.42)-(3.44). We expect that we receive
boundary conditions which connect values of functions and values of derivatives
separately as well as in a self-adjoint case [33].

We recall briefly the procedure of finding suitable boundary conditions compat-
ible with supersymmetry presented in [33] and we modify it to the P7-symmetric
case.

If  is an eigenfunction of H then Q¢ is also eigenfunction of H corresponding

to the same eigenvalue (or Q¢ = 0). Since it is not guaranteed for general boundary
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conditions that Q¢ satisfies (3.42) although ¢ does, supercharges cannot be only

derivatives multiplied by a scalar. We take an eigenfunction ¢ of H
Hp=FEyp (3.46)

and denote x = Q. Since the supercharge is proportional to the derivative, bound-

ary values of y are related to those of ¢/

U, (a) = ( x(at) ) - M( #lat) > , (3.47)

where M is an invertible matrix. ¢ is an eigenfunction of H, hence ¢ is proportional

v (a) = ( X/(“+)) ) - E]\7[< ‘p(“+§ > , (3.48)

—X'(a— pla—

to ¢ and

where M is an invertible matrix again. When we combine (3.42),(3.47),(3.48) we
arrive at

(C =DM W (0) + E(C+ )M '¥,(0) = 0. (3.49)

Boundary conditions have to be energy independent and ¥, ‘If;( are not zero vectors
simultaneously. Therefore (C' 4+ I') must be singular matrices, i.e. eigenvalues of C

are +1. This constraint restricts general form of C' to two possibilities

i6
y .
Co—t TR0 s ) (3.50)
§05¢ —itan ¢

i.e. parameters b, c are equal to zero however the range of 6, ¢ is preserved.

After reparametrization of C elements using new both 5 and b parameters

0 in 0
Br=bi= o By=by= " fy=iby = —itang, (3.51)
cos ¢ cos ¢
(ﬁ) 2 — b% + b% — b% =1, ﬁLQ € R, ﬂg € iR, b172,3 € R, (3.52)
we arrive at
LT g
Cy =exp <1§(I + ﬁ.a)) , (3.53)

where & are the Pauli matrices.
We use parameters (§ in order to write following expressions in more elegant way

and to show connection with the self-adjoint case, where parameters real @ are used,

46



see (3.54, 3.55). However, we move to real parameters b in the following to avoid
the tricky structure of E, (s is not real.

We summarize results for self-adjoint case in following and adapt them to the
PT-symmetric case. Fortunately, the transition from the self-adjoint case turned
out to be very easy, in fact a shift & — B is needed only. The direct connection can
be found in the relation (3.53) because it is a slight generalization of the standard
one (3.56).

Boundary conditions for the self-adjoint case are described by unitary matrix U
and real parameter Ly in equation (C.4) where ¥, ¥’ are correspond to (3.43). We

may use an exponential form of unitary matrix
U=Uy(0y,0-) =exp{id P +i0_P,}, (3.54)

where PgjE are orthogonal projectors
1
Py = ;I +g), g=dd, dc R3, (a)* =1,
£\2 _ pt _ £\ % + _ + -
(Py)" =Py = (Py), PngijO, P+ P =1 (3.55)

Supersymmetry restricts (proof in [33]) these general conditions to

U,(m,0) = exp {ig(I + &.&)} . (3.56)

Although we cannot use the exponential form for the general matrix C' (3.44), both
matrices Uy(m,0) and C with restricted parameters may be written in the exponen-
tial form (3.53), (3.56). We note that the only difference between Uy (w,0) and Cy
is the structure of @ and ﬁ This fact allows us to obtain supercharges, eigenvalues
and eigenfunctions of Hamiltonian very easily from the self-adjoint case.

In order to express boundary conditions in more convenient way we use operators

P? Q7 R?
(PY)(x) = ¢(—x), (R)(z) = () —I(-2z))d(z), Q=—iRP, (3.57)
where 9 is a Heaviside step function. The operators are labeled in following way

PI=P, Po=0Q, P3=R. (3.58)
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The set of these operators forms an algebra of Pauli matrices, i.e.

[Plapm] = 215lmn7)na
(PP} = 201 (3.59)

Next, operator G associated to g = B.&’ is introduced
G =437, (3.60)
obeying G2 = I, G* # G, [G,PT] = 0. (In the self-adjoint case is ﬁreplaced by @ and

G is self-adjoint.) It allows us to decompose any function v into two eigenfunctions
of G .
Ve =S £G), =1y +9, G = £y, (3.61)

Boundary conditions at x = a corresponding to CL are now expressed in the

form
type +: ¢i(a+) =9 (a—) =0, type —: ¢ (at+)=1v_(a—)=0. (3.62)

Hence we study two types of models: (++) and (+—). (++) denotes the interaction
of the type + at x = 0 and of the type — at = [ (at * = [ boundary conditions

connect z = —[ and x = [). The other combinations provide equivalent models.

3.3.1 Model of the type (++)

We work in the Hilbert space L?(—I,1). The domain of definition of our Hamiltonian
Hy=H,, = —% consists of functions ¢ € AC%(Q), where Q = (—1,0) U (0,1),
which obey boundary conditions (++) at z = 0 and x = +I.

Dom(H;): v € AC?*(Q),
(b1 +1ib2)(0+) + (1 —ibg)ip(0—) =
(b1 + ibo)®' (0+) + (1 +1ibg)y'(0—) =
(b1 + ib2) (1) + (1 — ib3)ep(—1)

(b1 +ib2)y'(1) + (1 +ibg)' (=) =

bioz€R, b2 403 —b2=1,

(3.63)

(

o o o o

where b1 23 € R and b2 + b3 — bg = 1. Since the fractions (1 £ ib3)/(b1 + ibz) have

absolute values equal to one, boundary conditions may be rewritten as

P(0+) = eMp(0-), ¢/ (0+) =™y (0-), T2 €R, (3.64)
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for x = =+l similarly. Parameters 7 are different if b3 # 0, the case b3 = 0
corresponds to the self-adjoint setting.
It is not difficult to find the adjoint operator H{ directly from the definition of

adjoint operator A.3, i.e. using standard technique, integration by parts etc.

Dom(Hj): 1 € AC*(Q),
(b1 +1b2)Y(0+) 4 (L +1ib3)p(0-) =
(b1 +ib2)0 (0+) + (1 —ibg)v/(0—) =
(b1 +iba)h(1) + (1 4 ib3)y (=) =
(b1 +ib2)y' (1) + (L —ib3)y' (1) =
1)17273 € R, b% + b% — b% =1.

(3.65)

o O O O

Since Hy is equal to H*,  (we change a sign of b3 in (3.63) and take the adjoint)
it is closed. We remark that H; is P-pseudo-Hermitian only for bs = 0. It is clear
from the theorem A.8 that H; is operator with compact resolvent.

Eigenvalues of Hy are the same as in self-adjoint case [33], eigenfunctions differ

only in the substitution & — l;, ie.

bo- ()"

boile) = Cn (ﬁ(z)—ﬂ(—aa)

by + 1b2> ¢ nm

1+ibs )0 T
UYp—(z) = Cy (19(36) —J(—x) bll +f2> cos ?m, n € Ny, (3.66)
by

where () is a Heaviside step function and C), are normalization constants. Eigen-
functions of Hamiltonian 1,1 are eigenfunctions of operator G (3.60) as well, corre-
sponding to eigenvalues 1 (the generalization of the proof from the self-adjoint case
is straightforward). Figures 3.8, 3.9 illustrate eigenfunctions 5, point interactions
at the origin and end points rotate wavefunction in the complex plane.

Energy levels are doubly degenerate except the lowest one as we expected for the
supersymmetric system. Supercharges ()12 may be obtained from the self-adjoint

case [33] easily again, by substitution & —

V2 d
Q12 = 1791,27’3%, (3.67)

where
Gio="2P, (Fr2)?=1 and F12.6=F1.72 = 0. (3.68)

49



~

Re

I'm

Figure 3.8: Figenfunction s, b= (10.000,5.600,11.417), l ==

Figure 3.9: Figenfunction 15—, b= (10.000,5.600,11.417), l =7

Eigenfunctions of Hamiltonian have very simple form and this fact allows us to
construct metric © operator using (2.23).

We denote ¢, eigenfunctions of H* and normalize them in a special way

burla) = 7 () = 0= 2 Y sin
B 1 b1 + by
b-e) = 7 (900) - o) R
On—(x) = % <19(x) — -z bf:;:;) cos nllm (3.69)
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Sets {eX}oo {1,

ef(x) = \/?ﬁ(ix) sin ?m,

fE@) = 219&1:), f$<x>=ﬁﬁ<ix>cos%,

(3.70)

form orthonormal bases of L2(—1,0) and L2(0,1). We express ¢+ in terms of e, f

and calculate

b ib
Gnet)bue = (e )i +(emihen + T (en. PU) ey +
bf;ffj e PU)er,
(G t) S = () FF 4 (fr o) f = LT 202 e iy e
n— n— - n n n n 1—|—ib3 n n
b1 —ib
~ o (PO A

Finally, we calculate the sum (2.23)

1 N N
0 = 81\7_13(1)101 9 (Z (Prty ) Pt + Z (Pn—,") ¢n—> =
n=1 n=0
ibs i, b

= I—
b1 + by by — iby

PP,
where P is a parity and PT are orthogonal projectors

(PF¢)(x) = d(+a)p(x), (PF)?=P* = (PY)*, P*P~ =P P"=0.

3.3.2 Model of the type (+—)

The domain of definition of Hamiltonian Hy = H,_ reads

Dom(Hz) : v € AC?*(Q),
(b + b2 b(04) + (1 — by (0-) =
(b1 + ib2)y' (0+) + (1 +ib)y'(0—) =
(br +1b2)y (1) — (1 + ib3)ih(—1)

(br + b2 (1) — (1 — Wby (—1) =

bros€R, b2+b2—b2=1.

o o o o

(

o1

(3.71)

(3.72)

(3.73)
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H, is also operator with compact resolvent, eigenvalues and eigenfunctions are
o _ (@n-Dr 2
n - 2l 9

Yne(e) = Ca (ﬁ(z)—ﬂ(—)

Zz,

1+ ibs 21

by + ibo (n—1)m
COS —————

1-— 1b3 21

by + lbg) sin (n — 1)7T

Yp—(z) = Cyp <19(x) —J(—x) z, n e N.  (3.75)

Supercharges have exactly the same form as in previous case (3.67), however super-

symmetric structure of this model is different because zero energy level is absent.
We use analogous procedure to obtain metric operator. We express eigenfunc-

tions of H5 in terms of ey, f,

eo(x) = \/1277 eop—1(z) = \1/l sin (2k2—ll7rx, ear(z) = %cos km
for-1(z) \1[1008 2k 2_l DW&:, for () 7 kTﬂm, (3.76)

where sets {€,}% ¢, {f 152, form orthonormal bases of L?(—[,1). Summation (2.23)

in the strong limit sense yields

by — ib
© = PHO1+0)P" + P (01 +02)P™ — 5= llb?Pm P -
3
by +1iby by — iby _ by +iby
- P O1Pt — ——=PT0,P™ — P~O9P*, (3.77
1 —ibs ! 1 — ibs 2 T ibg 2P, (377)
where Oy 2 are orthogonal projectors
Ore9r, =0, Oregr—1 = egk—1,
Oafor =0, Oafor—1= for—1. (3.78)

This result is derived directly from the sum (2.23), nevertheless operators O, O

are projectors respectively on the odd and even part of the function, i.e.
1 1

Hence metric operator © has exactly the same form as in previous case (3.72).
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3.3.3 Metric operator

According proposition 2.12 it is needed to show that Ker(©) = {0}. This is obvious

from the following estimations.

ibs ib

2 3 7
— — >
ib by +iby J
> 2 103 2 2J )
- Hw” ‘bl—i-ibQHJHI by —iby JI (380)
where .
J = /0 @) (—x)dz (3.81)
l 1 l
< [ @il < 5 [ el + o) de <
1 _ 1
< 5 (IPTI*+1P79l%) < Il (3.82)
These estimates yield all together
w,60) > (1- —A2L_) )20, (3.83)
vV1+ ’b3‘2

co

In fact, this estimation shows more, 0 ¢ o(©), thus ©~! € Z(H).
We can also easily directly verify [39] that © maps domains of definition of Hj o
and Hi, correctly, i.e. ©Dom(H;2) = Dom(H{,). Moreover, we can explicitly

express the similarity transformation ¢ = v/0,

o0=a1l+aP P +a@P P, (3.84)
where
a >0 a2—1<1+\/1—|k|2> gy = F =103 (3.85)
! ’ 1_2 ’ 2_2(11’ N bl—i-ibg. '

To verify that indeed o = /O, it suffices to show that p? = ©, what is very easy with
help of identities PP+ = PTP and PT + P~ = I, and that p is positive. Slightly
modified estimations (3.80)-(3.82) yield

(W, o) > (a1 — |az))||]1?, (3.86)
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and a; — |az| > 0.

The presented metric operator (3.72) is suitable also for the model Hs = —%
on La(—1,1) [39].
Dom(Hs) : v € AC*(Q),
(b1 +1ib2)1(0+) + (1 —ibg)ip(0—) = 0,
(by +1b2)y'(0+) 4+ (1 +ib3)y'(0—) = O, (3.87)
(=) =) =0,

1)17273 € R, b% + b% — b% =1.

Eigenvalues and eigenfunctions of Hs read

B, - <n7r>2,

20
o b1 + iby . onm
Pop(x) = Cop—1 (19(1‘) Y(—x) 1510 ) sin —-,
by +ib 2n+1
o1 (1) = Con (9(2) = 9(—2) 2102 0o BPEDT e g, (3.88)
1-— 1b3 21
Furthermore, if we consider Hilbert space L*(R) and Hy = —%

Dom(H,) : ¢ € AC*(R\ {0}),
(b1 +1ib2)9(0+) + (1 —ibs)ip(0—) = 0,
(b1 +1b2)Y"(04) + (1 +ib3)y'(0—) = 0,
bi23 € R, b% + b% — b% =1.

(3.89)

we may show that already found © (3.72) is the metric operator for Hy which has

empty point spectrum.
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Chapter 4

Conclusions

The relations between P7-symmetry and pseudo-Hermiticity are not simple even
for bounded operators. We presented a bounded pseudo-Hermitian operator which
cannot have any antilinear symmetry and also a bounded operator with antilinear
symmetry which cannot be pseudo-Hermitian. Nevertheless, both these operators
are not spectral. On the other hand, we extended the proof of equivalence of pseudo-
Hermiticity and antilinear symmetry for spectral operators of scalar type. We would
like to stress the importance of J-self-adjoint operators. It is possible to show the
mentioned results on equivalence using this notion very easily. Moreover, it theory
of J-self-adjoint operators turned out to be helpful also for construction of metric
operator ©.

We presented three types of models - finite dimensional chain models, P7-
symmetric point interaction on a line and supersymmetric point interactions on
a loop. We find the domain D of quasi-Hermiticity for the chain model H®) using
the same procedure we can obtain also results for H(T). We corrected the range of
parameters for which P7-symmetric point interaction is P-pseudo-Hermitian. We
extended classification according to quasi-Hermiticity to all systems with one P7 -
symmetric point interaction on a line with real spectrum. Finally, we found suitable
boundary conditions for P7-symmetric Hamiltonians with two point interactions
compatible with supersymmetry. These boundary conditions turned out to be qual-
itatively the same as for self-adjoint systems - they connect values of functions and

values of derivatives separately. We constructed metric operators together with its
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square root for these systems. Both operators can be written in a closed formula
form. Constructed metric operator turned out to be applicable also for next, how-
ever no more supersymetric, systems on a loop and even on a line (with empty point

spectrum).
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Appendix A

Selected parts of the spectral
theory

Definition A.1 ([10]). Let A be a linear operator on a Banach space X. A is said
to be closed if for every sequence {x,} C Dom(A), which is convergent x,, — x and
Azy, — y, holds x € Dom(A) and y = Ax.

Definition A.2 ([10]). Let A be a closed linear operator in a Banach space X.
A complex number X is said to be in the resolvent set po(A) of A if A — X is a
bijection with a bounded inverse. Ry(A) = (A — X))~ is called resolvent of A at \.
If A ¢ 0(A), then X is said to be in the spectrum o(A) of A. X\ € o(A) is in the

(1) point spectrum o,(A) of T, if A — X is not injective,

(ii) continuous spectrum o.(A) of A, if A— X is injective and Ran(A — XI) = X,
(ii) residual spectrum o,(A) of A, if A — N is injective and Ran(A — X) # X.

The spectrum is divided to three disjoint parts
o(A) =0p(A)Uoc(A)Uor(A). (A.1)
Definition A.3 ([35]). Let A € Z(H) be densely defined. Let
Dom(A*) = [t € H|(3 € H)(Vy € Dom(A)) ({6, Ag) = (n,¢)}  (A2)

For each ¢ € Dom(A) we define A*) :=mn. A* is called adjoint of A.

o7



Definition A.4 ([35]). Let A € Z(H) be densely defined. We say that
(i) A is symmetric if A C A* or equivalently (¢, Ap) = (A, ), Y, € Dom(A),
(ii) A is self-adjoint if A = A*.

Definition A.5 ([10]). A symmetric operator A is called essentially self-adjoint if

its closure A is self-adjoint.
Theorem A.1 ([10]). Let A € L (H) be densely defined. Then A* is closed.

Theorem A.2 ([35]). Let A € Z(H) be densely defined. Then o(A*) = {A|X € o(A)}.

Theorem A.3 ([35]). Let A € €(H) be densely defined.
(i) If X\ € 0,(A) then X € o,(A*).
(ii) If X € o,(A) then X € 0,(A*) or X € o,.(A*).

Theorem A.4 ([42]). Let A € Z(H) be a self-adjoint operator. Then

1

Al < ——
15 (Al < e

for all \g € C\ R.

Definition A.6 ([10]). Let A € €(H). A complex number X is said to be in the
essential spectrum oess(A) of A if there exists a sequence {x,} C Dom(A) of unit

vectors for which ||(A — XN)zy|| — 0 and the set {x,} is not compact.

Proposition A.5 ([10]). Let A € €(H). Then

0(A) = op(A) U o, (A) Uoess(A), (A.4)
0c(A) = 0ess(A) \ (0p(A) U, (A)). (A.5)

Remark A.6 ([10]). The decomposition (A.5) is not disjoint in general, e.g. each

eigenvalue of infinite multiplicity is included in oess(A).

Definition A.7 ([20]). Let A € €(H). A complex number X is said to be in the
discrete spectrum oq4(A) of A if X is an eigenvalue with finite multiplicity and it
the isolated point of the spectrum. We say that A is an operator with pure discrete
spectrum if o(A) = o4(A).
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Theorem A.7 ([20]). Let A € € (H) such that the resolvent Rx(A) exists and is
compact for some X. Then the spectrum of A is pure discrete and Ry(A) is compact
for every \ € p(A).

Definition A.8 ([20]). T € Z(H) is called a finite extension of S € £ (H) and S
a finite restriction of T if S C T and dim(Dom(T")/Dom(S)) = m < co. m is the

order of the extension or restriction.

Theorem A.8 ([20]). Let Th, Ty € € (H) have non-empty resolvent sets. Let Ty, T
be either extensions of a common operator Ty or restrictions of a common operator
T, with order of extension or restriction for Ty being finite. Then T1 has compact

resolvent if and only if To has compact resolvent.

Remark A.9 ([10]). Let A € L(H) is self-adjoint. Then
04(A) = 0(A) \ 0ess(A). (A.6)

Theorem A.10 ([10]). Let A € Z(H) be self-adjoint. A has pure discrete spectrum
if and only if for all p € o(A) (A — p)~! is compact. Operators with pure discrete

spectrum are called operators with compact resolvent.

Theorem A.11 ([10]). Let {A,}52, be a non decreasing sequence of bounded self-
adjoint operators and B is bounded self-adjoint operator such that A,, < B for alln €
N. Then there exists bounded self-adjoint operator A such that A = s—lim,_ .o An.
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Appendix B

Spectral operators

Definition B.1 ([19, 15]).

(1) A spectral measure E in H is a homomorphic map of a o-algebra A of sets into
a Boolean algebra of projection operators in ‘H such that the unit of A is mapped
to identity I in H. The spectral measure E is called bounded if for some C > 0,
Bl < C forallw € A.

(i7) If T € €(H)), then o C o(T) is called a spectral set if o is both open and closed
in the topology of o(T).

We use Q = C and ¥ is g-algebra B¢ of Borel subsets of C in following.

Definition B.2 ([19, 15]). Let T € A(H)).
(1) A projection-valued spectral measure E on B is called a resolution of the identity

(or a spectral resolution) for T if
B(w)T =TE(w), a(T\E(w)H) Cw, weBc. (B.1)

(1) A projection-valued spectral measure E in H defined on B¢ is called countably
additive if for oll f,g € H, (f, E(-)g) is countably additive on Bc.

(131) T is called a spectral operator if it has a countably additive resolution of the
identity defined on Bc.

Basic properties of spectral operators are given by following lemma

Lemma B.1 ([19, 15]).

(1) Any countably additive projection-valued spectral measure E on Bc is countably
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additive in the strong operator topology and bounded.

(13) Let T € B(H) be a spectral operator, then E(o(T)) = 1.

(7i1) Every bounded spectral operator has a uniquely defined countably additive res-
olution (denoted Er) of the identity defined on Bc .

Definition B.3 ([19, 15]).
(1) Let S € B(H) be a spectral operator with spectral resolution Es defined on Bc.

Then S is said to be of scalar type (or a scalar spectral operator) if

S:/CAdES()\). (B.2)

(i) N € B(H) is called quasi-nilpotent if lim, ., |N"|"/" = 0.

Lemma B.2 ([19, 15]).
(1) If E is a countably additive projection-valued spectral measure on Bc which van-

ishes outside a compact subset of C, then

S = AdE(N) (B.3)
supp (dE)

1 a bounded spectral operator of scalar type whose spectral resolution is E.

(i1) N € B(H) is quasi-nilpotent if and only if o(N) = {0}.

Theorem B.3 ([19, 15]).
Let T € B(H). Then T is a spectral operator if and only if T = S + N, where
S € B(H) is a bounded spectral operator of scalar type and N is a quasi-nilpotent

operator commuting with S. This decomposition is unique and
o(T) =o(9). (B.4)

Moreover, T and S have the same resolution of the identity.
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Appendix C

Basics of point interactions

Definition C.1 ([10]). Suppose that A € L (H) is a symmetric operator. Let
K, :=Ker(i — A*) = Ran(i — A)*,
K_ :=Ker(i+ A*) = Ran(—i+ A)*+
K+ and K_ are called the deficiency subspaces of A. The pair of numbers ni,n_

given by ny(A) = dim(K;),n_(A) := dim(K_) are called the deficiency indices of
A.

Theorem C.1 ([10]). Let A € Z(H) be a symmetric operator. Then the following
assertions are equivalent

(i) A is essentially self-adjoint,

(i) ny =n_ =0,

(iii) Ran(A £1) are dense.

Theorem C.2 ([10]). Let A € L (H) be a closed symmetric operator with deficiency
indices ny andn_. Then A has self-adjoint extension if and only if n,. =n_. There
is one-to-one correspondence between self-adjoint extension of A and unitary maps
from K4 onto K_. If U is such an map then the corresponding closed symmetric

extension Ay has the domain

Dom(Ay) = {¢ + ¥+ + Uyp4|¢p € Dom(A), 1 € K1}

and
Av( + Y4 + Uthy) = A +ipy — iUy
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Definition C.2 ([10]). An antilinear map C : H — H : C(ap + Bp) = aCp + BC

is called a conjugation if it is norm-preserving and C? = I.

Theorem C.3 (von Neumann’s theorem, [10]). Let A € Z(H) be a symmetric
operator and suppose that there exists a conjugation C with C : Dom(A) — Dom(A)
and AC' = CA. Then A has equal deficiency indices and therefore has self-adjoint

extensions.

We consider one point interaction at z = 0. Corresponding Hilbert space is
H = L?*(R) and starting Hamiltonian reads

d2

with the domain
Dom(Hy) = C5°(R \ {0}). (C.2)
Hj is symmetric operator and
Dom(Hy) = {t: € H | ¥ € AC*(R\ {0})}. (C3)

It follows from von Neumann’s theorem that deficiency indices are equal and explicit
calculations yield ny = n_ = 2. Hy, the closure of Hy, may be found easily with
help of A = A** (valid for every symmetric operator A). Theorem C.2 and vanishing
limits of the functions from Dom(Hj) at x = 0 provide the result that all self-adjoint
extensions of Hy, denoted by Hy, are restrictions of H

Dom(Hy) = {4 € Dom(Hg) | (U — I)W(0) +iLo(U + D)W (0) =0},  (C.4)

where Ly is arbitrary non-zero real constant, U € U(2) and

_ [ ¥(0+) iy [ ¢'0+)
w-(207), wo-(00). e

Symbols 0+ denote limits lim,_.g+.
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Appendix D

The correction of the ranges of

parameters

Boundary conditions according to theorem 3.1, part 1 :

¢ € Dom(L) (D.1)
e(0+) = VT 1be p(0-) + b ¢ (0-)
O0+) = € p0-)+ V1 +be ¢ (0-)

Equality
(¥, Lo) = (L™, p) (D.2)

holds for all ¢ € Dom(L*) and ¢ € Dom(L). We express (D.2) and use integration
by parts

I R X
/Rw 4 /RWP o)
—/ ) 0 , a_ N
_/chp = —GIE{}O</_GW +/0 W)—
- ah—>Holo <[¢‘Pl]0_a + [@90/]84_ — [ng}‘l; — [J(P]S_F + 1/1/190) _
B0 ¢’ (0—) +@(0+)§0’(0+) +W(0—)(p(()_ — P (0+)p(0+) —

—(0-)
—/Rw"sa
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Inserting the boundary conditions for ¢ € Dom(L) into (D.4) yields
#(0-) [(0-) = $(0+)e @ IVT+ b+ ¢/ (0+)e 7] + (D.4)
+3(0—-) [—@/)’(0—) —(04)e e+ ¢ (04)e T T £ be } = 0,

where boundary values of ¢ at z — 0— may be chosen arbitrarily (we have already
used (D.2) ). We conclude that ¢ € Dom(L*) must satisfy

WO0=) = »(04+)e' @D+ be — o (0+)e Pb (D.5)
P'(0-) = —(0+)e e+ (0+)e D1 1 be. (D.6)

If L is P-pseudo-Hermitian then L* = PLP and hence Dom(L*) = PDom(L).

Boundary conditions corresponding to PDom(L) read

Y(0-) = »(0+)e DT be — ' (0+)eb (D.7)
W(0-) = —p(0+)e’c+ ¢/ (04)e VT + be. (D.8)

Hence the equality of the domains is satisfied only if § = 0.

65



Bibliography

[4]

[5]

ALBEVERIO, S., FEI, S. M., AND KURrRASOV, P. Point Interactions: PT-Hermiticity and Reality
of the Spectrum. Letters in Mathematical Physics 59 (2002), 227-242.

ALBEVERIO, S., GESzZTESY, F., HEGH-KROHN, R., AND HOLDEN, H. Solvable Models in
Quantum Mechanics. Springer, New York, 1988.

ALBEVERIO, S., AND KUZHEL, S. One-dimensional Schrédinger operators with P-symmetric
zero-range potentials. Journal of Physics A: Mathematical and General 38, 22 (2005), 4975~
4988.

BaccHI, B., MALLIK, S., AND QUESNE, C. PT-symmetric square well and the associated
SUSY hierarchies. Modern Physics Letters A 17 (2002), 1651-1664.

BENDER, C. M., AND BOETTCHER, S. Real Spectra in Non-Hermitian Hamiltonians Having
PT Symmetry. Physical Review Letters 80 (1998), 5243-5246.

BENDER, C. M., BOETTCHER, S., AND MEISINGER, P. PT-Symmetric Quantum Mechanics.
Journal of Mathematical Physics 40 (1999), 2201-2229.

BENDER, C. M., BRODY, D. C., AND JONES, H. F. Complex Extension of Quantum Mechan-
ics. Physical Review Letters 89 (2002), 270401.

BENDER, C. M., Bropy, D. C.; AND JoNES, H. F. Must a Hamiltonian be Hermitian?
American Journal of Physics 71 (2003), 1095-1102.

BENDER, C. M., BRODY, D. C., AND JONES, H. F. Erratum: Complex Extension of Quantum
Mechanics. Physical Review Letters 92 (2004), 119902.

BLANK, J., EXNER, P., AND HAVLICEK, M. Hilbert Space Operators in Quantum Physics
(Computational and Applied Mathematical Physics). American Institute of Physics, 1999.

Borisov, D., AND KREJCIRIK, D. PT-symmetric waveguide. 0707.3039, 2007.

CALICETI, E.; GRAFFI, S., AND MAIOLI, M. Perturbation theory of odd anharmonic oscilla-
tors. Communications in Mathematical Physics 75 (1980), 51-66.

DIEUDONNE, J. Quasi-Hermitian operators. Proceedings Of The International Symposium on
Linear Spaces (July 1961), 115-123.

66



[25]

[26]

[27]

28]

[29]

Dirac, P. A. M. The Physical Interpretation of Quantum Mechanics. Proceedings of the
Royal Society of London A 180, 980 (1942), 1-40.

DUNFORD, N., AND SCHWARTZ, J. T. Linear Operators Part III Spectral Operators. Wiley-

Interscience, 1971.

EpmunDps, D. E., AND Evans, W. D. Spectral Theory and Differential Operators (Ozford
Mathematical Monographs). Oxford University Press, USA, 1987.

GARcIA, S. R. The Eigenstructure of Complex Symmetric Operators. Proceedings of the
Sizteenth International Conference on Operator Theory and Applications (IWOTA 16) 179
(2008), 169-183.

GARCIA, S. R., AND PUTINAR, M. Complex symmetric operators and applications. Transac-
tions Of The American Mathematical Society 358 (2006), 1285-1315.

GESZTESY, F., AND TKACHENKO, V. A Criterion for Hill Operators to be Spectral Operators
of Scalar Type. math/0610502, 2006.

Karto, T. Perturbation theory for linear operators. Springer-Verlag, 1966.
Koosis, P. Introduction to H, Spaces. Cambridge University Press, 1980.

KRrEJCIRIK, D., BfLA, H., AND ZNoJiL, M. Closed formula for the metric in the Hilbert
space of a PT-symmetric model. Journal of Physics A: Mathematical and General 39 (2006),
10143-10153.

KRETSCHMER, R., AND SZYMANOWSKI, L. Quasi-Hermiticity in infinite-dimensional Hilbert
spaces. Physics Letters A 325 (2004), 112.

LEeval, G., AND ZNoJIL, M. The interplay of supersymmetry and PT symmetry in quantum
mechanics: a case study for the Scarf II potential. Journal of Physics A: Mathematical and
General 35 (2002), 8793 — 8804.

MALAMUD, M. A criterion for a closed operator to be similar to a selfadjoint operator.
Ukrainian Mathematical Journal, English translation 37 (1985), 41-48.

MOSTAFAZADEH, A. Pseudo-Hermiticity versus PT Symmetry I: The necessary condition for
the reality of the spectrum of a non-Hermitian Hamiltonian. Journal of Mathematical Physics
43 (2002), 205-214.

MOSTAFAZADEH, A. Pseudo-Hermiticity versus PT-Symmetry II: A complete characterization
of non-Hermitian Hamiltonians with a real spectrum. Journal of Mathematical Physics 43
(2002), 2814-2816.

MOSTAFAZADEH, A. Pseudo-Hermiticity versus PT-Symmetry III: Equivalence of pseudo-
Hermiticity and the presence of antilinear symmetries. Journal of Mathematical Physics 43
(2002), 3944-3951.

MOSTAFAZADEH, A. Delta-Function Potential with a Complex Coupling. Journal of Physics
A: Mathematical and General 39 (2006), 13495-13506.

67



MOSTAFAZADEH, A. Is Weak Pseudo-Hermiticity Weaker than Pseudo-Hermiticity? Journal
of Mathematical Physics 47 (2006), 092101.

MOSTAFAZADEH, A. Metric Operators for Quasi-Hermitian Hamiltonians and Symmetries of
Equivalent Hermitian Hamiltonians. Preprint 0707.3075, 2007.

NABOKO, S. Conditions for similarity to unnitary and selfadjoint operators. Functional Anal-
ysis and its Applications 18 (1984), 13-22.

Nacasawa, T., SAKAMOTO, M., AND TAKENAGA, K. Supersymmetry in quantum mechanics
with point interactions. Physics Letters B 562 (2003), 358-364.

Pauri, W. On Dirac’s New Method of Field Quantization. Reviews of Modern Physics 15, 3
(1943), 175-207.

REED, M., AND SIMON, B. Methods of Modern Mathematical Physics, Vol. 1: Functional
Analysis, revised and enlarged edition ed. Academic Press, 1980.

RuUDIN, W. Functional Analysis. McGraw-Hill Book Company, 1973.

ScHoLTZ, F. G., GEYER, H. B., AND HAHNE, F. J. W. Quasi-Hermitian operators in quantum
mechanics and the variational principle. Annals of Physics 213 (1992), 74-101.

ScOLARICI, G., AND SOLOMBRINO, L. On the pseudo-Hermitian nondiagonalizable Hamilto-
nians. quant-ph/0211161, 2002.

SIEGL, P. Supersymmetric quasi-Hermitian Hamiltonians with point interactions on a loop.
Journal of Physics A: Mathematical and Theoretical 41 (2008), to appear.

SOLOMBRINO, L. Weak pseudo-Hermiticity and antilinear commutant. quant-ph/0203101,
2002.

VAN CASTEREN, J. A. Operators similar to unitary or selfadjoint ones. Pacific Journal of
Mathematics 104, 1 (1983), 241-255.

VILENKIN, N. Y., GoriN, E. A.; KOSTYUCHENKO, A. G., KRASNOSEFSKII, M. A., KREIN,
S. G., MasLov, V. P., MitvaciN, B. S., PETuNIN, Y. I., RuTIiTsKII, Y. B., SOBOLEV,
V. 1., STETSENKO, V. Y., FADDEEV, L. D., AND TSITLANADZE, E. S. Functional Analysis.
Wolters-Noordhoff Publishing, 1972.

WiLLiams, J. P. Operators Similar to Their Adjoints. Proceedings of the American Mathe-
matical Society 20 (1969), 121-123.

7ZNOJIL, M. Private communication.
ZNoJIL, M. Conditional observability. Physics Letters B 650 (2007), 440-446.

ZNOJIL, M. Maximal couplings in PT-symmetric chain models with the real spectrum of
energies. Journal of Physics A: Mathematical and Theoretical 40, 18 (2007), 4863—4875.

ZNOJIL, M. A return to observability near exceptional points in a schematic PT-symmetric
model. Physics Letters B 647 (2007), 225-230.

68



[48] ZNoJiL, M. Tridiagonal PT -symmetric N-by-N Hamiltonians and a fine-tuning of their ob-
servability domains in the strongly non-Hermitian regime. Journal of Physics A: Mathematical
and Theoretical 40, 43 (2007), 13131-13148.

[49] ZNoJiL, M., AND JAKUBSKY, V. Solvability and PT -symmetry in a double-well model with
point interactions. Journal of Physics A: Mathematical and General 38, 22 (2005), 5041-5056.

69



