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Non-Hermitian P7-Symmetric Theories

This dissertation concerns the concept of P7 symmetry as a replacement of the conventional
symmetry of the Dirac Hermiticity of the operators, in particular, for the Hamiltonian. After
solving a controversial issue surrounding the claimed violation of the special relativity by PT-
symmetric quantum mechanics, we move further to discuss P7 symmetry for the systems whose
associated time reversal symmetry is odd, i.e., 72 = —1. Our results, as published papers, are
incorporated in the subsequent chapters. Then we conclude by suggestions for future work.

Nicht-Hermitesche P7T-symmetrische Theorien

Diese Dissertation befasst sich mit dem Konzept der P7T Symmetrie als Ersatz fiir die kon-
ventionelle Symmetrie der Dirac Hermititét der Operatoren, insbesondere fiir die Hamiltonian.
Nachdem wir ein kontroverses Problem gelost haben, der behaupteten Verletzung der speziellen
Relativitatstheorie durch die P7T-symmetrische Quantenmechanik betreffend, gehen wir weiter,
um die PT Symmetrie fiir die Systeme zu diskutieren, deren zugehdrige Zeitumkehrsymmetrie
ungerade ist, d.h., 72 = —1. Unsere Ergebnisse, als veroffentlichte Zeitschriftenartikel, flieken
in die nachfolgenden Kapitel ein. Dann schlieffen wir mit Vorschldgen fiir die zukiinftige Arbeit.
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Prelude

This dissertation concerns itself with non-Hermitian quantum mechanics in the context of com-
bined symmetry of parity and time reversal, namely, P7 symmetry.

In the first chapter, we discuss the formulation of P7 symmetry in two different directions:
when time reversal is even and when it is odd. We also discuss the claimed violation of the
no-signaling principle in P7-symmetric quantum mechanics.

The subsequent three chapters are devoted to our published papers concerning P7T symmetry
for the case of odd time reversal as:

Chapter Two:
Two- and four-dimensional representations of the PT - and CPT -symmetric fermionic algebras,
Alireza Beygi, S. P. Klevansky, and Carl M. Bender, Phys. Rev. A 97, 032128 (2018).

Chapter Three:

No-signaling principle and quantum brachistochrone problem in PT -symmetric fermionic two-
and four-dimensional models, Alireza Beygi and S. P. Klevansky, Phys. Rev. A 98, 022105
(2018).

Chapter Four:
Relativistic PT -symmetric fermionic theories in 1+1 and 3+1 dimensions, Alireza Beygi, S. P.
Klevansky, and Carl M. Bender, arXiv:1904.00878.

In the following two chapters, we have studied coupled quantum systems. In the first paper,
we have considered the coupling constant as pure imaginary and introduced the concept of
partial PT symmetry; And in the subsequent paper, we have considered a general coupling and
investigated the implications of the analytic continuation of that:

Chapter Five:
Coupled oscillator systems having partial PT symmetry, Alireza Beygi, S. P. Klevansky, and
Carl M. Bender, Phys. Rev. A 91, 062101 (2015).

Chapter Six:
Analytic structure of eigenvalues of coupled quantum systems, Carl M. Bender, Alexander Felski,
Nima Hassanpour, S. P. Klevansky, and Alireza Beygi, Phys. Scr. 92, 015201 (2017).

Suggestions for future work are given in the final chapter.
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Chapter 1

Introduction

1.1 P7T symmetry with even time reversal

Dirac Hermiticity [1], which states that the Hamiltonian H describing a physical system must be
Hermitian, i.e., H = H', is a purely mathematical requirement, but has physical consequences:
the reality of the spectrum and the unitarity of time evolution are guaranteed.

To see that the spectrum is real, we note that if we consider H|E,) = E,|E,), and multiply
its Dirac conjugate by |E,), we obtain (E,|HT|E,) = (E,|E?|E,), where under the assumption
that H = H', we conclude the reality of the spectrum, i.e., E, = Er.

For the unitarity of the time evolution, first we mention that a state vector evolves in time
as [t) = e *Ht0), by exploiting z’%hﬁ) = H|t) (throughout this thesis we use natural units,
h = ¢ = 1). So, we obtain (t|t) = <0\eiHTte_th|0>, where again if H = HT, it becomes
(t|t) = (0]0). This implies that the norm of the state vector does not vary with time, or, in other
words, the probability is conserved.

In 1998, C. M. Bender et al. [2| proposed the replacement of Dirac Hermiticity by a physical
symmetry of combined parity and time reversal, namely, P7 symmetry. We illustrate this
proposed formalism with a number of examples.

First, we note that we can consider the effect of time reversal as complex conjugation. This
can be seen in two ways: if we assume the canonical commutation relation, i.e., [z,p| = i, be
invariant under time reversal, since p — —p, ¢ should also change sign; The second way to see
this is to consider the time-dependent Schrédinger equation, i /0t = {—1/(2m)V? + V }1.
Here *(—t, z) is a solution, not simply ¢ (—t,z). So, the time reversal operator is antilinear,
and here, with the implication of 72 = +1.

The effect of parity is obtained similarly, where both (¢, z) and (¢, —x) satisfy the same
equation. This implies that, as in the case of time reversal, P? = 1.

As a first illustration of the concept of PT symmetry, we consider a two-dimensional matrix

Hamiltonian as
([ Hi 0
no (M0 "

where Hi = a + ib and Hy = a — ib; Also, a and b are real numbers. If we assume that b
is positive, the subsystem 1 described by H; is growing in time, however, the subsystem 2 is
decaying.
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where it interchanges the subsystems 1 and 2. Also, S = 1, which means the system remains
invariant if the parity operator is applied twice.

: : : L 1
Now, we assume the matrix representation of the parity operator, S, is given by S = < 0 > ,

Although (1.1) is not Hermitian, it is P77 symmetric: as the parity interchanges the subsystems,
the time reversal (which changes i — —i) switches the roles of gain and loss.

Now, we couple the two subsystems through the coupling strength s,

H:(I“;1 ;2> (1.2)

This system has eigenvalues: F+ = a + v/s2 — b2. The spectrum is real if b> < s2. Here,
we note that if we define the difference of the eigenvalues as w = E, — E_, we find: w? =
4(s% —b?), which is a positive quantity only if b2 < s2. The hyperbolic nature of w? is one of the
crucial characteristics of PT-symmetric quantum mechanics. To make a comparison with the
conventional Hermitian quantum mechanics, we recall that the most general two-dimensional
Hermitian Hamiltonian has the form
S H1
o= )

for which we find: w? = (s —u)? 4 4(a? + b?). This illustrates the elliptic behavior of Hermitian
quantum mechanics in contrast to the P7T-symmetric one which is hyperbolic.

In general, if H and PT commute, i.e., [H, PT| = 0, the spectrum is real if the symmetry of the
Hamiltonian is respected by its eigenvectors; This defines the unbroken phase of P77 symmetry.
This can be seen as: H(PTv) = PT(Hvy) = E*(PT), and if PTv = 1), we obtain E = E*.
For our Hamiltonian in (1.2), the eigenvectors read

po—c( 270 =i 00 (1.3

where ¢ = [s2/{4(s2 —B2)}]V/%, o = [1/2+ (1/2){(s2 = b2) /s2}1/2]1/2, and § = [1/2— (1/2){(s? -
b?)/s2}1/2]1/2. The eigenvectors are PT symmetric if b% < s2.

For (1.2), this means that the composite system of H; and Hs, although individually are not in
equilibrium, but as a whole, the system is in a dynamical equilibrium and has real eigenvalues.
So, PT-symmetric systems, in the unbroken phase of symmetry, can be thought of as systems
which are intermediate between closed and open systems. In the broken phase, i.e., s> < b2, the
spectrum is complex, and the system is no longer in equilibrium.

To examine the unitarity of time evolution, first we should determine the inner product in this
new formulation of quantum mechanics. We replace the Dirac inner product by (¢, ¢)pr =
(PT ¢)T4p, where T denotes the transposition. This choice, for (1.3), implies that

(E(Epr=1,  (B-|Epr=-1,  (EslBEx)pr=0. (1.4)

The minus sign in the middle term suggests that our Hamiltonian possesses a hidden symmetry,
called C, which measures the sign of the norm, i.e., C|E;) = +|E. ), however, C|E_) = —|E_).
For the Hamiltonian in (1.2), the matrix representation of the C operator can be determined
and has the form

K:\/S;W(Z) _Sib>. (1.5)
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It is easy to establish that: [C,PT] = 0, [C,H] = 0, and C?> = 1. For a given problem,
we obtain C by solving these equations simultaneously. By redefining the inner product as
(¢, V)epr = (CPT$)T4p, the norm in (1.4) becomes positive. This implies that in P77 -symmetric
quantum mechanics each problem has its own inner product and the Hamiltonian determines
its own adjoint. This is a completely new notion of the inner product as is understood in the
conventional Hermitian quantum mechanics. Now, in terms of this dynamically determined
inner product, the Hamiltonian in (1.2) is selfadjoint, i.e., (Ho,¥)cpr = (¢, HY)epT-

Now that we have the inner product at our disposal, we are able to study the evolution of the
state vector, |1;) = (x,y)T. First, we note that the time-evolution operator regarding (1.2)
reads

iHt it { bsin(wt/2) + (w/2) cos(wt/2) —sisin(wt/2)
e = (2/w)e < —sisin(wt/2) —bsin(wt/2)+(w/2)cos(wt/2)) (1.6)

For the evolved vector |17) = e *tyy;), we have: (¢|[vf)epr = (Wilvi)epT = (2/w){s(|z|*> +
ly|?) — 20 Im(zy*)}, which means that the time evolution is norm preserving or the probability

is conserved.

PT symmetry enables us to consider complex Hamiltonians which in conventional Hermitian
quantum mechanics would not be allowed. For example, the Hamiltonian H = p?+iz? is complex
and not Hermitian. It can be thought of as a composite system where one of its subsystems
which is gaining energy from the environment is extremely strong at +oo, and the other one, is
losing energy to the environment in the same fashion at —oo. If P is applied, the subsystems
are interchanged, and under 7T, their roles are switched. So, the whole system is invariant under
PT. The question: is the system in dynamical equilibrium?, can be answered in multiple ways:
The energy spectrum of H, based on numerical calculations, is real (positive): Ey = 1.16 and
Ey = 4.11. This implies that the symmetry is unbroken, and the system is in equilibrium. As
expected, the corresponding eigenfunctions are also symmetric, see Fig. 1.1.

/ o
f. \ / y \\

0.2

Figure 1.1: Absolute values of the eigenfunctions for the ground state (left panel) and the first
excited state (right panel) of the potential ix3.

If we consider the system at the classical level, the unbroken symmetry implies that the particle
spends a finite time to traverse between the subsystems located at infinity: by exploiting, p = &,
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the travel time is

t—/+oodx/p—/_+oodx/\/E—7ix53—2\/?>/7F<;>F<g>E_l/6.

—00 o0

Indeed, as a general characteristic of the theory, the real spectrum at the quantum level is
manifested by the confinement of the classical particle in the complex-z plane. For H = p? +ix3,
from Hamilton’s equations we obtain: # = /1 —iz3. The classical paths are depicted in Fig.
1.2.

Im(x)

Figure 1.2: Complex trajectories of the classical particle under the influence of the potential iz3.

These closed orbits suggest that we can identify the Hamiltonian as providing a description of a
complex atom where the particle is traversing its orbits in the complex-z plane. The complexified
Bohr-Sommerfeld formula, ¢ dzp = § dev/E,, —iz3 = (n + 1/2)7, which should be integrated
along the closed paths of the particle, gives:

E, = [m/%r <161> (n+ 1/2)/F<§>} 6/5.

From this, we find Fy = 1.09 and F; = 4.09, which are good approximations to the exact
eigenvalues.

As an example of a PT-symmetric system which is not in equilibrium, we can consider H = p®+
ix. For this system, the time needed for the classical particle to travel between the subsystems
diverges; Indeed the trajectories of the particle as depicted in Fig. 1.3 are not localized in
the complex-z plane which suggests that either the energy spectrum of the quantum system is
complex or null, which in this case turns out to be null [4].

Re(x)

Figure 1.3: Classical trajectories of the particle in the potential ix.
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1.1.1 No-signaling principle and P7 symmetry

Y. Lee et al. [5], in 2014, based on their proposed thought experiment, claimed that (local) PT
symmetry (in the case of even time reversal) is false as a fundamental theory. Here, we elucidate
a different approach to the problem.

In their paper, they considered two spacelike separated parties, namely, Alice whose system is
described by a non-Hermitian P7T-symmetric Hamiltonian as

18in o 1
HAlice =S ( 1 > ) (17)

—isino
where s and « are real, and on Bob’s side, his system is governed by a Hamiltonian chosen to
be an identity matrix. We note that this particular choice of Hamiltonian for Alice is a special

case of (1.2), where a = 0 and b = ssina. For the composite system of the two, we have
Hiotal = HAalice ® IBob-

Beforehand, Alice and Bob share a maximally entangled state, i.e., |1;) = (1/v2)(| +4 42) +
| —2 —z)), where |£j) are the eigenstates of the Pauli matrices oy, k = x,y, 2. Also, the two
parties are not allowed to communicate classically.

If PT symmetry is a physically acceptable theory, Bob’s probability distribution should not
depend on Alice’s choices of measurements; In other words, whatever Alice does on her side,
should not affect the knowledge of Bob [6].

In order to examine this, the authors of [5] have considered two choices for the Alice’s measure-
ments: Ay =1 and A_ = o,.
Then, by considering the joint final states as

F) = e el Ay @ Ipop][i), (1.8)

after t = m/w, where w = E, — E_ and E are the eigenvalues of (1.7), we obtain

sin av —1

+y —1 -\ sin a
‘wf> - —q ’ |wf> - —sina ) (19)

—sin « —1

up to a normalization constant.

To consider Bob’s knowledge, the authors calculated Bob’s reduced density matrix for each case
as: pfy="Tr A(|w;{><¢;f ) and pp = Tra(|¢} ) (¥ [). Direct calculations show that py is different
from pg, that is, Bob can learn about Alice’s choices of measurements; In other words, exploiting
an entangled state, here, has resulted in a simultaneous communication between Alice and Bob.
As a result, it violates the no-signaling principle.

In their calculations, as the title of their paper suggests, i.e., Local PT Symmetry Violates the
No-Signaling Principle, the authors have considered Alice’s system as local, and all calculations
performed to obtain pj_g, and pp have been done by considering the Dirac inner product based
on the assumption that Bob’s system is Hermitian, and at the end, he is the one that is going
to measure his system.

However, the time-evolved entangled state, i.e., |@ZJ}E) = [emHatce! AL ® Igp]|1h;), has a share of
Alice, and if we use the Dirac inner product, this implies that Alice’s Hamiltonian is not selfad-
joint with respect to this inner product; In other words, the time-evolution operator e *Halice?



Chapter 1: Introduction 9

is not unitary, and her system is nonlocal and open, in conflict to what has been claimed in the
paper as Alice has a local PT-symmetric system.

An appropriate treatment of the problem should consider the calculations with respect to the
CP7T inner product. Based on that, Alice’s system becomes selfadjoint, and as a result, her
Hamiltonian generates a unitary time evolution and describes a local system. To do so, first we
note that the matrix representation of the C operator regarding (1.7) is

K=t <st@ 1 ) (1.10)

CoS & —1sin o

In order that (1.7) generates a unitary time evolution and represents a local system, we consider
the time-evolution operator of Alice’s system, which is norm preserving with respect to the Dirac

inner product, as 4
U(t) _ e—Q/ze_'LHAliceteQ/Q. (1.11)

The operator Q is defined through e? = KS, where S is the matrix representation of parity,

ie, S = < (1) (1) > We obtain @ to be

Q = tanh™!(—sina)oy,. (1.12)
Hence, for the time-evolution operator, we find

_ cos(wt/2)  m(a)sin(wt/2)
U(t) = < m(a) sin(wt/2) cos(wt/2) ) ’ (1.13)

where m(a) = (2/w)si(—1 + sina)[(1 — sina)/(1 4 sin )] /2. For any given initial state |1;),
it is straightforward to show that: (¢ r|tr) = (¥5|1hs), where [¢p¢) = U(t)[13).

Now, by taking this into account, the joint final states are calculated through
[0F) = [U(t) Az @ Tnob]|¢hi)- (1.14)

This is to be compared with (1.8). After t = 7/w, we find

0 m(a)
_ 1| m) ~_ 11 0

0 m(«)

It is straightforward now to establish that

b = TeallH0F D = o = Tealpd oD =5 (g 7 )- (1.16)

This implies that Bob is unaware of Alice’s measurements and still has a maximally entangled
state; In other words, the no-signaling principle is respected.

1.2 PT symmetry with odd time reversal

In the previous section, we assumed that the effect of the time-reversal operator is to perform
complex conjugation. In general, if we consider time reversal to be represented by a linear



Chapter 1: Introduction 10

operator followed by complex conjugation, i.e., T = Zv¢*, we can show that the time-reversal
operator comes in two different categories: even or odd. To see this, we note that if 7 is
applied twice, we obtain e’ = ZZ*, where we have assumed that 772, in general, leaves the state
invariant up to a factor €. Now, if we take the complex conjugate of e’ = ZZ*, we end up with
two equations for Z* as: Z* = €?Z~1 and Z* = e~ Z~!. From these, we obtain ¢ = +1. In
other words, 72 = +1 or 72 = —1. For the Schrédinger equation, we observed that 72 = 41.
Now, we consider the Dirac electron coupled to electromagnetic fields as

i0Y(t,x) /0t = [a{—iV — eA(t,x)} + Bm + ed(t,x)](t, %), (1.17)

where o = 7%, =10, with 7 = < ]é _0]1 >, Nt = < —?ﬂ (8 >, and o" denote the Pauli

matrices. Also, A is the vector potential and ¢ is the scalar one.

In (1.17), both %(t,x) and y'~3¢*(—t,x) are solutions. To obtain this, we have assumed that
while A changes sign under time reversal, ¢ is invariant. So, we recognize the time-reversal
operator to be Z = v'43 followed by complex conjugation. This implies that 72 = —1.

To obtain the parity operator, we note that both (t,x) and v%(t, —x) satisfy (1.17), where
we have considered A(t, —x) = —A(t,x) and ¢(t, —x) = ¢(t,x). Like the expression for parity
obtained in the previous section, the system is invariant if S = ~° is applied twice.

The most general four-dimensional traceless Hamiltonian which is invariant under P77 takes the
form

ag 0 -C_ —-B_

0 ap —B+ C+
CJr B_ —a 0 ’
B+ —C_ 0 —ap

H= (1.18)

where B4 = by £ iby and C4 = bg &£ ibg. All parameters ag, by, b1, b2, and bs are real.

The eigenvalues of (1.18), Ex = +(a — b2 — b7 — b3 — b2)'/2, are real if b3 + b} + b3 + b2 < a?.

The fact that the spectrum is twofold degenerate plays a crucial role here. When H and PT
commute, in general there are two options to have a real spectrum. The first one, that we
discussed in the previous section, was that the symmetry of the Hamiltonian be reflected in the
eigenvectors, i.e., PT1 = 1. The other option is that ¢ and P71 be degenerate eigenvectors
of H. As can be seen from H(PTv) = PT(Hy) = E*(PT1), the spectrum then becomes real.
Here, with these particular choices for parity and time reversal, if we demand P71 = 4, this
results in a vanishing . So, in order to have real eigenvalues, the Hamiltonian has to be twofold
degenerate with ¥ and P7T1; In other words, the unbroken phase of symmetry, here, is defined
primarily through the degeneracy of the Hamiltonian, not the symmetry of its eigenvectors. For
(1.18), we have

Vao + E+C_/\/b3 + b3 + b2 + b3

i FE By /\/03 + 07 + 03 + 03
‘E$)>:TE+ Vao + Ey \720\/_7%%1 203 | |Esr2)>:7)7‘|ESr1)>7
0
Vao + EZC-/ /b5 + b + b5+ b3
. 2 2 2 2
By 2;& \/WB%O\/_IJ%M 8| 1E@y = pT EW).
0

In order to incorporate the characteristics of the time-reversal operator for fermions in the inner
product, and make it consistent, we consider the inner product for PT-symmetric fermions as
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(¢, 0)pr = (PT$)T Z1 [7]. The application of this to the eigenvectors of (1.18) results in
(EPED ey = EDED)pr =1, (BB )pr = (BYED)pr = -1,

The hidden symmetry of the Hamiltonian (1.18), i.e., C, as the measure of the sign of the norm,
is
ag 0 -C_ —-B_
K — 1 0 ag —B+ C_|_
Va2 - -v-n1B-u| ¢+ B —a 0
B+ —-C_ 0 —a
The operator C has been obtained by solving the equations: [C,PT] =0, [C, H] = 0, and C% = 1.
Here, it turns out that it is proportional to the Hamiltonian. Now, it is straightforward to verify
that C]Ef)’(2)> = HES:)’@)) and C|E(_1)’(2)> = —|E(_1)’(2)>. The theory becomes consistent,
e.g., to have a selfadjoint Hamiltonian, if we assume the inner product to be (¢,¥)cpr =
(CPT ¢)T Z1. This choice for the inner product also results in the unitarity of the time evolution:
we can calculate the time-evolution operator, i.e., et for (1.18), then it is straightforward to
show that for an initial state vector |¢;) = (2,2 ,y,y)T, we have

(1.19)

(Vrlvr)epT = (Wili)epT

1 / /
= —[ao{lol? + &' [2 + yP? + Iy 1P}
+

—2h Re(zy,*) — 2by Re(x' y*) + 2b3 Re(x/y/*)
+ 2bg Im(x,y,*) + 2bo Im(a:y/*) — 2by Im(x,y*)] )

where [tp7) = e~*Ht[4;). This confirms the unitarity of the time evolution.

In the previous section for even time reversal, we mentioned how the transition from Hermitian
to PT-symmetric quantum mechanics can be realized as the transition from an elliptic to a
hyperbolic system. In PT-symmetric fermionic quantum mechanics, this behavior manifests
itself also in the anticommutation relation of the nilpotent P7 -symmetric fermionic opera-
tors, where nmF7 + nFTn = —1. In our first published paper dealing with P7 symmetry for
fermions, which is presented in the following chapter, we have demonstrated this property and
constructed a model based on that. Later, we examine the no-signaling principle and quantum
brachistochrone for the systems with odd time reversal. Therein, also, we propose a procedure
to distinguish between two nonorthogonal states with a single measurement. In our latest pa-
per on PT symmetry concerning fermionic systems, we study various extensions of the Dirac
equation to incorporate non-Hermitian P7T-symmetric terms, which paves the path for future
explorations. In the last two chapters, before Outlook, we come back to PT symmetry when
time reversal is even. First, we study coupled quantum systems with a pure imaginary coupling
constant and propose the notion of partial PT symmetry; In the subsequent paper, we consider
a more general coupling and examine the analytic continuation of that. We sow the seeds of our
future work in the final chapter.



Chapter 2

Two- and four-dimensional
representations of the P7T- and
CP7T-symmetric fermionic algebras

This chapter has been published in Physical Review A as:

Title: Two- and four-dimensional representations of the P7T- and CPT-symmetric fermionic
algebras

Authors: Alireza Beygi, S. P. Klevansky, and Carl M. Bender

Journal: Phys. Rev. A 97, 032128 (2018)

Motivation: Here, we invoke the proposed inner product for PT-symmetric fermions to study
the fermionic operator algebras and obtain the peculiar relation: nn¥7 +nFTn = —1, regardless
of the particular form of the Hamiltonian. We also construct an exactly solvable model based
on this result.
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Fermionic systems differ from their bosonic counterparts, the main difference with regard to symmetry
considerations being that 72 = —1 for fermionic systems. In 27 -symmetric quantum mechanics an operator has
both PT and CPT adjoints. Fermionic operators 5, which are quadratically nilpotent (3> = 0), and algebras
with P7 and CPT adjoints can be constructed. These algebras obey different anticommutation relations:
mPT +nPTy = —1, where 77 is the PT adjoint of 5, and nn°"T + n?Ty = 1, where 7*7 is the CPT
adjoint of 7. This paper presents matrix representations for the operator n and its P7 and CPT adjoints in two
and four dimensions. A PT -symmetric second-quantized Hamiltonian modeled on quantum electrodynamics
that describes a system of interacting fermions and bosons is constructed within this framework and is solved

exactly.

DOI: 10.1103/PhysRevA.97.032128

I. INTRODUCTION

A complex Hamiltonian that is P7 symmetric (invariant
under space-time reflection) may exhibit two phases separated
by a phase-transition point: an unbroken-P7 -symmetric phase
in which the energy spectrum is entirely real and a broken-
PT -symmetric phase in which the spectrum is partly real
and partly complex [1]. Complex Hamiltonians have been
studied extensively in quantum mechanics and in quantum field
theory. Most of this work has been devoted to the study of
bosonic theories, for which 72 = 1. However, 72 = —1 for
fermionic theories, a crucial feature that leads to differences
in the formalism. For example, if the Hamiltonian H has
a real eigenvalue, then H has a corresponding degenerate
pair of eigenvectors, ¢ and PT ¢; this is a consequence of
Kramer’s theorem for ordinary quantum mechanics. Non-
Hermitian fermionic systems have been studied within the
wider framework of pseudo-Hermiticity [2].

A previous paper [3] investigated a matrix representation
of a nilpotent fermionic operator 7 satisfying n*> = 0 together
with an adjoint nilpotent operator, denoted generically by 7.
These operators satisfied a fermionic anticommutator relation
ni + iin = €l. The value € =0 corresponds to a Grass-
mann algebra and the value € = 1 corresponds to a standard
fermionic operator anticommutation relation. However, the
value € = —1 was obtained for this anticommutation relation
in a specific case of a four-dimensional matrix. Subsequently,
Cherbal and Trifonov formalized this result [4], making use
of the non-Hermitian formulation of quantum mechanics in
Ref. [2] and the notation of Ref. [5].

The problem with determining the value of € for the
anticommutator lies in the definition of the adjoint nilpotent
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element 7. In Ref. [3] 7 was chosen to be the PT reflection of
n; that is,

i=PTyT Pl

This paper revises the definition of 7 in order to make it
consistent with the concept of a fermionic inner product.
With this revision, the fermionic algebra using n”7, the PT
adjoint of 1, always gives rise to an anticommutation relation
with € = —1. However, if we use ncv’r’ the CPT adjoint,
the fermionic algebra becomes the conventional Hermitian
fermionic algebra e = 1.

Knowing the structural properties of the fermionic operators
is a technical but important issue as it provides the basis
for constructing theories of many-body systems in second
quantization. It is particularly useful in the context of a given
symmetry, such as P7 symmetry, because the Hamilton or
Lagrange functions constructed in this way automatically
have the symmetry properties required. The second-quantized
approach enables one to describe and analyze dynamic sys-
tems. We illustrate this formalism with an exactly solvable
model of a PT-symmetric Hamiltonian for fermions inter-
acting with bosons. This model is based on the structure of
quantum electrodynamics. We solve this Hamiltonian exactly
for the eigenvalues and calculate the renormalized mass of the
fermion.

This paper is organized as follows. In Sec. II we review the
choice of the inner product in order to set our notation and we
define the P7 and CPT adjoints using appropriate definitions
of the PT and CPT inner products. In Secs. III and IV, we
investigate two- and four-dimensional operator algebras and
seek a general ansatz for the matrix representation of 1 and its
respective P7 and CPT adjoints, which we denote as n7 and
n°PT . In Sec. V we present our calculation of a simple model
of a PT-symmetric Hamiltonian of fermions interacting with
bosons. Concluding remarks are made in Sec. VIL.

©2018 American Physical Society
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II. P77 AND CPT ADJOINTS OF FERMIONIC
OPERATORS

In this section we follow the approach of Ref. [5] and
describe the general (abstract) formulation. As the parity
operator P is linear, its action on the wave function of a
finite-dimensional system can be expressed by a matrix S,
Py = Sy. Since parity applied twice yields the identity
matrix, it follows that S = 1 and that the matrix S must have
the eigenvalues 1. In contrast, the time-reversal operator is
antilinear, so its action on the system can be expressed by a
matrix Z combined with the complex-conjugate operation on
the function it operates on, 7y = Zy*. It is assumed that
[P, 7] = 0. In terms of these symbols, the P7T inner product
for fermions is defined as

@.¥)pr = (PT) Z. M
Thus, the P7T adjoint of any operator A is defined by
AT p.9)pr = (9. AP (@)

As was done in Ref. [5], we insert the definition (1) into
the left and right sides of Eq. (2), set A = n, and extract the
operator relation

n"T = Sy's. 3)

This is the P7T adjoint for fermionic systems.
Let us examine the anticommutator of n with 7. Accord-
ing to [2], we obtain a fermionic algebra with a minus sign:

m”T + 9"y = —1. 4

The minus sign is a signal that the P77 inner product is not
positive definite.

Following [1], one needs to introduce an additional operator
C in order to change the — sign in Eq. (4) to a + sign. This
operator thus reflects the sign of the norm.! The operator C
is linear; it is thus represented by a matrix K. Then the CPT
inner product is defined as [5]

(@.V)epr = CPTP) Zy = (KSZ$*)' Zy,
and, after some algebra, this takes the form

(. ¥)epr = ' SK .

As a consequence, A°”7, the CPT adjoint of an operator A,
is defined by

(AT yepr = (@.A)epT
and thus AP7 is given by the operator relation
APT = KSATSK.
The CPT adjoint is related to the P7T adjoint by
ACPT — K APTK.

!The mathematical properties of the C operator resemble those of
the charge-conjugation operator of Dirac, but in this context C plays a
completely different role, simply forcing the norm of the state vectors
to be positive.

In accordance with [2], the anticommutator of a fermionic
operator n with its CPT adjoint should satisfy a conventional
fermionic algebra

mPT + 5Py = 1. Q)

III. TWO-DIMENSIONAL 7, n*7, y¢?7
A. Real representations of y and n*7

We seek a two-dimensional matrix representation in which
n77 is the PT adjoint of 5 in accordance with Eq. (3). A

general matrix
a b
n= ( . w), ©)

whose square vanishes, has a vanishing trace and determinant.
Let us assume that a, b, and c are real numbers. The parameter
a is fixed by the determinant condition

a® 4+ be = 0. @)

In two dimensions parity reflection P can be represented
by oy, a real symmetric matrix whose square is unity:

0 1
5= (1 0).
HPT — (—Ca 2>’ (8)

which satisfies the nilpotency condition (n77)? = 0. Now,
evaluating the anticommutator of n with n”7, we find that

We then find that

T + 3"y = diag(—4a®). ©9)

For nonvanishing values of a the anticommutator (9) is negative
and with the choice a®> = 1/4 it can be normalized to ny*7 +
UPTU = 1.

Because the right side of Eq. (9) is nonpositive the standard
fermionic algebra withe = +1 does nothavea?2 x 2 represen-
tation. But the right side of Eq. (9) can vanish if we take a = 0.
Thus, the Grassmann algebra has a nontrivial representation.
For example, we may take

(1)

This result differs from the conventional Hermitian fermionic
algebra, where the standard algebra has a representation but
the Grassmann algebra does not [3].

B. CPT adjoint

We have not specified the Hamiltonian, which is required
to calculate the CPT product. Nevertheless, we can still
determine the CPT transformed operator 7 that yields
the standard fermionic algebra (5). To do so, we first use the
fact that C and P7 commute to obtain a general form for the

matrix K
(g B
K = (A —g)’ (10)

032128-2
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where g, A, and B are arbitrary real parameters. Since K> = 1, we obtain the constraint g> + AB = 1. Hence, the CP7T adjointof 5

18

CPT _ —ag> +bgA +cgB +aAB
n - —2agA + bA? — cg?

CPT

The anticommutator of 7 and n is then

T + 0Py = diag(2a®AB + ¢ B* + b2 A?).

By using the determinant relation (7) we eliminate > and find
that (hA — c¢B)? = 1, which links the parameters A, B to b,c.
The choice bA = ¢B seems to yield the Grassmann algebra
nnFT + n°PTy = 0. However, we shall see in Sec. IIID that
because C and the Hamiltonian commute, the choice bA =
¢B is ruled out, and we arrive at the same result as in the
conventional Hermitian fermionic algebra.

C. Ground state, excited state, and number operator

We can normalize the anticommutator 77”7 + "7 nto —1

by rescaling n and n”7 by 2a. In this case Eqgs. (6) and (8)
become

_1 a b PT_I —a b
H_E(C —a)’ "=l a)

We then define the ground state |0) as that state that is
annihilated by n: n|0) = 0. Using Eq. (6), we represent this

state as
—b
0) = ( ) )

To create the P7T -symmetric state |1) we operate on |0) with
n"7 and get

We define the P77 number operator as

NPT — rIPTr]

and establish by direct calculation that

NPTI0) =0,  NPTI1) = —|1).
Evidently, N7 gives the negative of the state occupation
number. We use this fact in Sec. V in constructing a second-
quantized form of a P77 -symmetric fermionic Hamiltonian.

D. General two-dimensional P7 -symmetric Hamiltonian

A consistent fermionic P7 quantum mechanics must sat-
isfy three conditions: (i) The Hamiltonian must be self-adjoint
with respect to the P7T inner product for fermions; that is, the
definition (1) must hold; (ii) H must commute with P7; and
(iii) the P77 symmetry must be unbroken. The first two criteria
give the following general form for a real Hamiltonian:

H= (;“/ 5) (a, B,y real). (11)

The matrix representations of the parity and time-reversal
operators, that is, S and Z in Eq. (1), are given by o,.

—2agB + c¢B? — bg?
ag® —bgA — cgB —aAB)"

In Sec. IIIB we obtained the matrix representation (10)
associated with the C operator. A property of C not considered
in Sec. III B is that C commutes with H. The commutation of K
and H forces g to vanish, so the earlier constraint g> + AB = 1
reducesto AB = 1.

Sec. III B concludes that if A = c¢B, one obtains a repre-
sentation for a Grassmann algebra. However, the determinant
conditiona® + bc = 0implies that be is a nonpositive quantity.
Therefore, to have bA = ¢B, AB must also be nonpositive,
which contradicts the constraint AB = 1. Thus, as in the
conventional Hermitian case, the Grassmann algebra does not
have a nontrivial representation.

The eigenvalues of Eq. (11) are

A =a /By, 12)
and the corresponding eigenvectors are
1 (5
i =— V2] o=
V2 \/Z 2\ —ix
B B
The formula (12) indicates that if 8 and y are positive, the

symmetry is unbroken; that is, the eigenvalues are real.
It is easy to establish that

Arldp)pr =1, (A_|A)pr =—1,
At )pr = (A_|Ay)pr = 0.
We introduce C as a measure of the sign of the norm:
Clay) = IAy),  Cla) = —|Al).

The matrix representation of C is then

(i )

For the Hamiltonian (11), the annihilation operator now reads

=i )

As expected, 7 is nilpotent and
na-) =0, 7qlry) =1A-).
We now obtain the P7 adjoint of 1 as

nPTzl( -1 x/ﬂ/V).
2\—Vv/B 1
Defining the P77 number operator to be N¥7 = 7y, we can

show that

(Npby =—n,  {(N"T}p =—"7.

The minus sign implies that the 77 number operator
gives the negative of the state occupation number, as discussed
in Sec. IIIC.

NPT

032128-3
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In addition, we remark that the Hamiltonian of our P7T -
symmetric interacting fermions can be recast as a free bosonic
Hamiltonian:

H = AM-NFT)+A_1,

where AL = A — A_.
The anticommutator "7 + nP7y = —1, butif instead we
use the CPT adjoint of 1,

HCPT:l( 1 —«/ﬁ/)’)
2\Vr/B -1 )

the conventional CPT 4

we obtain
17(,’777'17 = 1.

anticommutator 9y

IV. FOUR-DIMENSIONAL 7, y*7, y¢F7

A general set of 12-parameter complex nilpotent matrices
was proposed in Ref. [3] as

—ch —bg —af f g h
—a(ch+bg+af) af ag ah

where a, b, ¢, f, g, and h are arbitrary complex numbers. This
form was constructed assuming that the trace of n as well as its
determinant must vanish in order to guarantee nilpotency. We
use the convention of Ref. [5] for the matrix representations of
S and Z; that is,

_ 1 0 _ (e 0
S‘(o —1)’ Z‘(o e2>’ (4

where [ is the 2 x 2 identity matrix, and e, is e; = (fl (1)).

The PT adjoint of 1 reads

—F* —a*F* b*F* c*F*
pr_| £ @ b =y
n = _g* _a*g* b*g* C*g* B

—h* —a*h* b*h* c*h*

n= —b(ch+bg+af) bf bg bh| (13) where F = ch + bg + af. As required, n¥7 is also nilpotent.
—c(ch+bg +af) cf cg ch One can evaluate the anticommutator of 1 and n%7. This is
found to be
|
J+|FP’PK  a*J—-F*fK —b*J—F*gK —c*J—FhK
PT 4 o PTp — alJ — f*FK |al*J +|fI’K —ab*J + f*gK —ac*J+ f*hK
m TN= N bs+ g FK  ba*J — g fK  —|b]*J —|gPK  —bc*J —g*hK |’
cJ +h*FK ca*J —h*fK —cb*J —h*gK —|c|*J —|h|*’K

where J = |F>+|f>—lgl>—1h)*> and K =1+ |a]® —
B> — lc|.

To obtain the fermionic algebras, it is necessary that the
off-diagonal terms vanish. This gives the relations

@F=—f bF=g, ¢F=h. (15)

However, these relations force the diagonal terms to vanish.
The particular choice of n in Eq. (13) proposed in Ref. [3]
is only suitable for constructing a P7 -symmetric Grassmann
algebra, where the anticommutator {n,n”7} vanishes. An
example of an n that satisfies the relations (15) and leads to
a Grassmann algebra is

Let us examine another set of matrices that cannot be
obtained from Eq. (13):

f 0 ac ab
I [ ab*  —ac*
77 - ﬂc* ﬁb _f 0 )
pb*  —pc 0 —f

where b and ¢ are complex and f, «, and B are real arbitrary
parameters. This ansatz is a block-form construct with 2 x 2
matrices that ensures that the matrix is traceless in the simplest
possible fashion. In addition, the off-diagonal elements have
been chosen to be scaled Hermitian conjugates of one another,

(16)

introducing a minimum number of parameters. Nilpotency of
n must now be enforced and leads to the requirement that

2+ aB(bl* +|c*) = 0. (17)

Using the matrix representations of S and Z in Eq. (14), we
obtain the P7T adjoint of n:

f 0 —pc  —pBb
pr_| O - B
TT | —aer —ab —f 0
—ab*  «ac 0 —f

Equation (17) implies that n”7 is also nilpotent.
The anticommutator of 7 and 7”7 is

T + 07Ty = diag{2 f* — (& + B)(IbI* + |c|M)},
and because of Eq. (17) this reduces to
T + 07Ty = —diag{(e + BY*(1bI* + |cP)}.

Thus, the anticommutator is nonpositive. The choice « = —f
gives rise to a nontrivial representation for the Grassmann
algebra. However, when o # —f, the above anticommutator
with suitable normalization can be written as

nnPT + n'PTn = _1.

To obtain the standard fermionic algebra we again consider
the CPT adjoint of 5 instead of n77. We construct the C
operator as follows. We note that the commutation of C and
PT gives

KSZ = SZK*, (18)

032128-4
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where K, S, and Z are the matrix representations of C, P,
and 7. Another characteristic of the C operator is that it
commutes with the Hamiltonian. The procedure to construct a
general P7T -symmetric Hamiltonian for fermionic systems is
described in Ref. [5]. A matrix K that satisfies the two criteria
in Eq. (18) and [C, H] = 0 is parametrized as

g 0 —yc —yb

K — 0 g —yb*  yc*
Ty vb -8 o)
yb*  —yc 0 -8

where g and y are real numbers.
The requirement K2 = 1 leads to the additional constraint

&=V (b + e =1 (19)

Having found K, we can easily obtain the CP7 adjoint of n:

D 0 —cA —bA
CPT _ 0 D —b*A c*A
T ZleB B -D 0 |

b*B  —cB 0 -D

where

D = fg* + (IbI* + [y (vf + ag — Bg),
A =2yfg—Bg* +ay*(bl* + lc*).
B =2yfg+ag”— By (bI* + Ic|).

CPT

Finally, the anticommutation of 1 and n reads

nCPT 4 nC’PT

n n

= diag{(|b|* + |c))[2yf + (« — B)gI*},

where Eqgs. (17) and (19) have been used. Note that the
anticommutator is positive and with a suitable normalization
can be written as

UUCPT + r]CPTr] =1.

For completeness, we remark that the ground state can be
defined, as in Sec. IIIC, as being the state that is annihilated
by n: n|0) = 0. Using Eq. (16), we represent this state as

f
0
Bc*
Bb*

To create the PT -symmetric state |1) we operate on |0) with
7”7 and obtain

10) =

BB + [c?)
0
fe*
I

Following the procedure in Sec. III C, after normalizing |0)
and |1) above, we ascertain by direct calculation that N PTI0) =
0and NPT|1) = —|1), where we have used N¥7 = 77y and
Eq. (17), thus illustrating again that N77 yields the negative
of the state occupation number.

1) =

FIG. 1. The fermion (solid line) can emit or absorb bosons (wavy
gray lines). These are the only possible interactions, so the fermion
number is conserved.

V. SIMPLE MODEL HAMILTONIAN

In this section we construct a P7 -symmetric model of
interacting fermions and bosons. The idea is based on the Lee
model in which the lack of crossing symmetry makes the model
exactly solvable [6]. We consider a single fermion that may
emit and absorb bosons, as shown in Fig. 1, but the bosons
may not produce a fermion-antifermion pair.

A Hamiltonian that describes this system is

H =ma'a - Mn""n— ga'n""n - gan""n,
where the operator a' creates (normal) bosons, but the
fermionic operator 77 creates a P7-symmetric fermion.
Here, m and M are the bare boson and fermion masses and g
is the coupling amplitude. This Hamiltonian is not Hermitian
but it is P77 symmetric.

A state containing a single bare fermion and any number
n of bare bosons can be written as |E) = Z;’o:() c,|1,n). We
assume that this state is normalized; that is,

(EIE) =) ¢} < o0, (20)

n=0

The annihilation and creation operators for bosons obey a|n) =
Jnln — 1y and af|n) = /n + 1|n + 1). In addition, a'a is the
boson number operator; that is, afa|n) = n|n). For the case
of fermions we have the peculiar anticommutation relation
"7 + nPTy = —1. However, as in Sec. III, we interpret 7,
as a lowering operator and "7 as a raising operator. Thus, the
fermion number operator is —%7 7.

The time-independent Schrodinger equation H|E) = E|E)
takes the form

0 )
Zmncn\l,n) + ZMCnllJl)
n=0

n=0

00
+ Zg\/”+ 1Cn|17”+ 1>

n=0

oo o0
+ D gvnellin—1) =) Ecy|ln).
n=0

n=0

We shift indices and pick off the coefficients of |1,n) to obtain
a recursion relation c,:

(mn + M)c, +g\/;lcn—l +gvn+ 1Cn+l = Ecy.

The substitution ¢, = d,~/n! gives the simpler recursion rela-
tion

(mn + M)dy + gdy—1 + g + Ddyy1 = Ed,. (21
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For large n we can neglect the Md, and Ed, terms and
obtain an approximate equation for d,, that is valid for large n:

mndn + gdnfl + g(n + 1)dn+l ~0.

There are two consistent asymptotic dominant balances for
n > 1: If the first and second terms balance for large n, then

dy = (—g/m)"/n!; (22)
if the first and third terms balance, then
dy >~ (—m/g)". (23)

(A dominant balance between the second and third terms
is inconsistent.) The norm in Eq. (20) becomes Zsio d,%n!.
Therefore, Eq. (22) is acceptable but Eq. (23) is not.

Next, we define a generating function f(x) = Z?:o d,x";
if Eq. (22) holds, then f(x) is an entire function of x, but
if Eq. (23) holds, we see that f(x) has a finite radius of
convergence with a singularity in the complex-x plane at
x=-—g/m.

If we multiply Eq. (21) by x" and sum from O to oo, we
obtain the first-order differential equation

(mx + )f(x) = (E = M = xg){ (x),
whose solution is
fx)= Kef'gx/m(mx + g)E/”’*M/ergz/mz.

As predicted, there is a singularity at x = —g/m unless the
exponent in the second term on the right side is a non-negative
integer N =0, 1,2, .... This yields the exact spectrum of

physical fermion states:

Ey=Nm+M—g*>/m (N=0,1,2,...).

Note that as a consequence of the interaction, the mass M —
g2 /m of the physical fermion is lower than the mass M of the
bare fermion.

VI. BRIEF CONCLUDING REMARKS

In this paper we have used the alternative formalism for
the fermionic scalar product in Ref. [5] to reexamine the
operator algebra for fermions in the context of P77 symmetry.
We have investigated general matrix representations of the
PT and CPT fermionic creation and destruction operators
without making direct reference to a Hamiltonian. Knowing
the behavior of such operators, especially P7T operators, can be
important for many-body theory, which often uses the operator
definitions to construct the Hamiltonian (in second-quantized
form). It can also be important in understanding the nature of
species oscillation in neutrinos [7].

We have examined the operator algebras in detail for 2 x 2
matrices and for the 4 x 4 case. Using the algebra that we have
developed, we apply the peculiar anticommutation relations
pertinent to the P7 algebra to construct a second-quantized
PT -symmetric quantum field theory, namely, a solvable low-
dimensional model of electrodynamics (a modified Lee model)
for which the renormalized energy spectrum is calculated in a
closed form and is found to be real.
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Motivation: Here, we examine the validity of the no-signaling principle for general two- and
four-dimensional Hamiltonians suitable for describing non-Hermitian P7T-symmetric fermionic
systems. In contrast to the previous results obtained by others, we demonstrate that the no-
signaling principle is upheld for P7T-symmetric systems with the caveat that the symmetry
is broken (in the two-dimensional case). We also propose a feasible procedure to distinguish
between two nonorthogonal states with a single measurement.
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Fermionic systems differ from bosonic ones in several ways, in particular the time-reversal operator 7 is odd,
T? = —1. For PT-symmetric bosonic systems, the no-signaling principle and the quantum brachistochrone
problem have been studied to some degree, both of them controversially. In this paper, we apply the basic
methods proposed for bosonic systems [Y. Lee et al., Phys. Rev. Lett. 112, 130404 (2014); C. M. Bender et al.,
ibid. 98, 040403 (2007)] to fermionic two- and four-dimensional P77 -symmetric Hamiltonians and obtain several
surprising results: We find, in contrast to the bosonic case, that the no-signaling principle is upheld for two-
dimensional fermionic Hamiltonians; however, the P7 symmetry is broken. In addition, we find that the time
required for the evolution from a given initial state, the spin up, to a given final state, the spin down, is a
constant, independent of the parameters of the Hamiltonian, under the eigenvalue constraint. That is, it cannot,
as in the bosonic case, be optimized. We do, however, also find a dimensional dependence: Four-dimensional
PT-symmetric fermionic Hamiltonians considered here again uphold the no-signaling principle, but it is not
essential that the P7 symmetry be broken. The symmetry is, however, broken if the measure of entanglement
is conserved. In the four-dimensional systems, the evolution time between orthogonal states is dependent on
the parameters of the Hamiltonian, with the conclusion that it again can be optimized and approach zero under
certain circumstances. However, if we require the conservation of entanglement, the transformation time between
these two states becomes the same constant as that found in the two-dimensional case, which coincides with the

minimum time for such a transformation to take place in the Hermitian case.

DOI: 10.1103/PhysRevA.98.022105

I. INTRODUCTION

Since the seminal work of Bender and Boettcher [1], the
properties of systems with P77 symmetry have been studied
extensively and have led to important insights [2]. For the
most part, these studies encompass bosonic systems, where
time-reversal symmetry 7 is represented simply by complex
conjugation. For fermionic systems, the situation is more com-
plicated: The fact that 72 = —1 leads to essential differences
in the formulation and the possible outcomes. One notes, for
example, that if a P77 -symmetric Hamiltonian H describing
fermions has a real eigenvalue, then H has a corresponding
degenerate pair of eigenvectors ¢ and P7T v, which is a
consequence of Kramer’s theorem for conventional quantum
mechanics. Non-Hermitian fermionic systems have been stud-
ied within the wider framework of pseudo-Hermiticity [3].

In a previous paper, we constructed two- and four-
dimensional representations of the P7 - and CPT -symmetric
fermionic algebras [4] and constructed a many-body second-
quantized non-Hermitian P7 -symmetric Hamiltonian mod-
eled on quantum electrodynamics, which we were able to
solve exactly. Based on the knowledge gained in that work, we
now study two current problems of fermionic systems, which
previously have been discussed only for bosons, notably quite
controversially in the literature. These are (a) The no-signaling
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principle and (b) the quantum brachistochrone problem. Both
have a common technical feature: The time-evolution operator
for a non-Hermitian P7 -symmetric Hamiltonian must be
considered. We discuss these problems in turn.

A. The no-signaling principle

Lee et al. [5] initiated the discussion of the no-signaling
principle by studying a two-dimensional bosonic locally P7 -
symmetric Hamiltonian H,y, attributed to Alice combined
with a two-dimensional Hermitian Hamiltonian attributed to
Bob, the latter taken trivially to be 1. The combined system is
then given as His = Hax» ® 1. Both parties start out with an
initial maximally entangled state, given by [¢) = (1/+/2)(] 4+
+x) + | —x —x)), where |£;) are the eigenstates of the Pauli
matrices oy, k = x, y, z. They then evaluate the no-signaling
condition [6,7],

Y P(a.blAy.B)=)_ P(a.blA_,B)= P(b|B), (1)

where a and b are the measurement outcomes of our two space-
like separated parties Alice and Bob and A 1 and B are different
local measurements done by Alice and Bob on their respective
sides. This condition means that the probability distribution of
Bob over his measurement outcomes is unaffected by Alice’s
choice of measurements on her side.

The first assumption made is that a local P7T -symmetric
(bosonic) Hamiltonian can coexist with a Hermitian Hamilto-
nian. The second, and perhaps more surprising assumption, is

©2018 American Physical Society
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that the authors assume that the postmeasurement probabilities
that must be computed in evaluating (1) should be performed
within the framework of a conventional Hilbert space pre-
scription, using a standard Dirac inner product. These authors
find that if one requires the condition ), P(a, b|A;, B) =
>, Pla,blA_, B) to be respected, Alice’s Hamiltonian is
forced to be Hermitian. They thus conclude that the no-
signaling principle is violated for all 2 x 2 (nontrivial) P7 -
symmetric Hamiltonians with even time reversal, 772 = +1.
Although they do not prove it explicitly, they claim that the
use of a CPT inner product does not cure this problem.

Subsequent to this, in a detailed calculation, Japaridze
et al. [8] revisited this problem and concluded that the calcula-
tions, redone using the CP7T inner product for the evaluation
of the probabilities, in fact do preserve the no-signaling
principle. In the further literature, Brody [9] discussed the
physical applicability of the claims of [5] and demonstrated
the consistency of P7T -symmetric quantum mechanics with
special relativity through the proposal that the metric operator
on Hilbert space is not an observable. In other words, the
author claimed that there is no statistical test that can be
performed on the outcomes of measurements with the aim
of distinguishing between Hermiticity and P7 symmetry of
a given Hamiltonian, at least for closed systems in finite
dimensions.

In the work presented in this paper, we return to the ansatz
of [5] and ask the question of how the outcomes will differ
for fermionic systems. To this end, we perform calculations
for both 2 x 2 and 4 x 4 PT-symmetric fermionic matrix
Hamiltonians. We arrive at the surprising results that the
no-signaling principle, as discussed in the formalism of [5],
is upheld, even with the unusual calculational constraints of
using the conventional Dirac inner product. In addition, we also
discuss this by calculating the marginal probabilities and also
show that the measure of entanglement is conserved. However,
we find that P7 symmetry is broken in the two-dimensional
case, while this symmetry breaking is not essential in four
dimensions unless the requirement of conservation of the
entanglement is imposed: In this case, the P7 symmetry of
the Hamiltonian is broken.

B. The P7 -symmetric fermionic quantum
brachistochrone problem

The quantum brachistochrone problem is an attempt to find
the minimal time required to transform a given initial state
to a given final state in a system governed by a parametrized
Hamiltonian H, while the difference between the largest and
smallest eigenvalues is held fixed [10,11]. This has been
studied by Bender et al. [10], who chose a (bosonic) PT -
symmetric matrix Hamiltonian and studied the optimal time
required to evolve a spin-up state to a spin-down one. These
authors found the intriguing result that the evolution time can
approach zero, provided that the elements of the Hamiltonian
are extremely large.

For our case, we find a surprising result, viz., that the
time to transform a spin-up state to a spin-down one, under
the same eigenvalue constraint, is a constant, independent
of the parameters of the Hamiltonian. This constant is the
same as the optimal time for such a transformation in the

Hermitian case [10]. We make the crucial observation that in
the two-dimensional case, the spin-up and spin-down states
are, in fact, orthogonal to each other with respect to the CPT
inner product. In four dimensions this is not the case, and then
a dependence on the parameters of the Hamiltonian arises,
so that the required time can be optimized and can be made
arbitrarily small. However, if we take the conservation of the
entanglement into account, the transformation time becomes
the same constant as in the two-dimensional case.

This paper is structured as follows. In Sec. 11, we discuss the
no-signaling principle and the quantum brachistochrone prob-
lem for the 2 x 2 PT -symmetric fermionic Hamiltonians. In
Sec. Il both are elucidated for the 4 x 4 case. We provide some
further notes on P77 -symmetric quantum state discrimination
in Sec. IV and make some concluding remarks in Sec. V.

II. TWO-DIMENSIONAL MODEL
A. No-signaling principle

A general PT-symmetric fermionic two-dimensional
Hamiltonian is described by [4]

H= (;’j 5) (a, B, y real), 2)

which is self-adjoint with respect to the P77 inner product for
fermions, and it commutes with P7T .

We recall that the fermionic P77 inner product is defined
as [12]

@IW)pr = (PT$) Zy, 3)

where the parity P, being a linear operator, can be represented
by a matrix S as Py = Sy, and time-reversal 7, being an
antilinear operator, can be represented by a matrix Z combined
with the complex conjugation operation, i.e., Ty = Zy*.

Alice and Bob are two spacelike separated parties who wish
to communicate with each other without using any classical
protocol. Without loss of generality, we can assume that Alice’s
system is governed by a special case of (2) as

1 sin o
H = (cosoz 1 ) )

and Bob’s is governed by the identity matrix. The two parties
do not interact with each other.
The eigenvalues of (4) read

Ax=1=£,/3sin2e, 3)

with the corresponding eigenvectors

o) = L Jtan o
v2\ Jcota )’

) = Jtano
- —Jcota )’

The eigenvalues of H in (5) are real, provided that sin 2« > 0.
This inequality defines the region of unbroken P7 symmetry.

We note that the eigenvectors of H are not orthogonal to
each other with respect to the conventional Dirac inner product,
however, it is easy to establish that (A_|A;)p7r = 0.

V2
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The time-evolution operator regarding Alice’s Hamiltonian
can be evaluated as

U=e it — _

2i e*i”/”’( 0 sin a)ﬁ ©)
+/2 sin 2« coso 0
where @ = A, — A_ and we have sett = 7/w.

If Alice performs the measurement 1 with respect to the
information that she wants to send to Bob, the state vector of
the composite system of Alice and Bob after t = 7 /w evolves
to

7)) = UL DY), )

where |) is the shared maximally entangled state described
in terms of the eigenvectors of o, as

1
V2
which is used by the two parties to discuss their communication

protocol beforehand.
The measure of entanglement [13],

W) = —=(+x) @ |+x) + [—2) ® =), ®

E = —try(palog, pa) = —trz(pp log, pp), ©)
implies that £ () = 1, where

I/1 0

Thus, the final state reads
0

+\ _ e —in/w sin &
Yr)=—ie cosa |- 11)

0

We note that (11) is normalized with regard to the conventional
Dirac inner product for Hermitian quantum mechanics.

Now, if Alice performs the measurement o, the final state
of the composite system after ¢+ = 7 /w becomes

Wr)=Uox @ DY), (12)
which is given explicitly as
sino
! -\ _ . —im/w 0 13
Yy)=—ie o | (13)
cosa

where it is normalized as before.
Bob’s density matrix when Alice performs the measurement
1is

P = TeaQ WD (14)

which takes the form
o= (0 ) as)
For Alice’s second measurement, Bob’s density matrix reads
P5 = <Sin;“ cog2 > (16)

In order for the no-signaling principle to be respected, Bob’s
density matrix should not be dependent on Alice’s choice of

measurements, that is,

pi = 0p a7

which can be fulfilled if cos « = — sin «, implying that Alice’s
Hamiltonian, (4), is still non-Hermitian and P7 symmetric.
However, the symmetry is broken.

Now, if Alice and Bob measure their corresponding subsys-
tems with the conventional quantum projectors |£,)(Z£,|, we
find

P(a,blAs, B) = (¥7|(la)(al ® [B)(BDIYF)  (18)

for the joint probabilities, where A, correspond to the mea-

surements 1 and o,, performed by Alice, and @ and b are the

possible outcomes =+, i.e., the eigenvectors of o,.
The two marginal probabilities are found to be

1

D Pl tylAyBY= ) Pla,+]A- B) =

a=+y a=+y

(19)

The above calculation shows that Bob’s probability distribution
over his local measurement outcomes is not altered by Alice’s
choice of measurements on her side; that is to say, the no-
signaling principle is respected.

We conclude that whether the symmetry is broken or not,
Alice’s Hamiltonian remains P77 symmetric without violating
the no-signaling principle.

As a side remark, we note that the measure of entanglement
isalso conserved. Our starting point was a maximally entangled
state, and in the end we still have a maximally entangled one.
To see this, first, we obtain Bob’s reduced density matrix pp.
To do so, we calculate the density matrix of the composite
system after time t = 7 /w, that is,

p =3 W+ D, (20)
which reads
sin 0 0 sin o cos o
_1 0 sinfa sinacosa 0
p= 2 0 sina cos o cos? 0
sina cosa 0 0 cos’
(€3]

By taking the partial trace over A, we obtain pp as

1/1 0

Equation (9) implies that the entanglement measure is still
unity, although our time-evolution operator (6) is not unitary
in the context of conventional Hermitian quantum mechanics.

B. Quantum brachistochrone problem

Given the initial and final states, we now investigate which
PT-symmetric fermionic two-dimensional matrix Hamilto-
nian H can achieve the transformation between these two
states in the least time, provided that the difference between
the largest and smallest eigenvalues of H is held fixed. To
approach this problem, one can determine the optimal time for
the Hamiltonian acting in the subspace spanned by the given
initial and final states [14].

First, we note that the difference between the largest and the
smallest eigenvalues of (2), that is, the eigenvalue constraint
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E. — E_ = Q, reads

Q=2,By. (23)
Here Q? is positive if the symmetry is unbroken.
The time-evolution operator with regard to (2) is
U = e—iHt
) cos %Qt —i\/Esin %Qt
— e—laf Y
. 1 1
—z\/%sm 58 cos 5 Q1
(24)

The initial state, chosen arbitrarily to be spin up, |/) = ( (1) ),
evolves to the final state, [/7) = (}), as
cos %Qt

a 1 —iat
(b) = U(o) = (—i\/gsin;szz)‘ 25)

We note that the time-evolution operator preserves the
CPT norm of the initial state, (Vo|¥o)epr = (Wl fepr =
v /B, where the CPT inner product is defined as (¢| ¢ )epr =
(CPT )T Zy [12]. The C operator reflects the sign of the P T
norm and forces the norm of the state vectors to be positive.
Thus, the Hamiltonian plays a key role in determining the
operator C. For the problem at hand, its matrix representation
K can be found to be

. 0
k= (Fy/ﬂ 0

Now, let us assume that a = 0 and b = 1, that is, we flip the
spin-up state to a spin-down one. To obtain the time required
for this process, we solve for the first component of (25),
finding

27

which is not dependent on the parameters of the Hamiltonian
under the eigenvalue constraint. We also note that this constant
is the minimum time for such a transformation in the Hermitian
case, also called the passage time [10,15].

In addition, one can also show that ((1)) and (?) are indeed
orthogonal to each other with respect to the CPT inner product,

ie., (Yrlvo)epr = 0.

cos %Qt— Z%Sinéﬂt 0
U — o-iH 0 cos %Qt — % sin%
—% sin%Qt _255, sin%Qt
—% sin %Qt z’g’ sin %Qt

III. FOUR-DIMENSIONAL MODEL
A. Quantum brachistochrone problem

A four-dimensional five-parameter Hamiltonian which sat-
isfies all the criteria of P7 -symmetric fermionic quantum
mechanics, i.e., self-adjointness and invariance under P7, can
be written as [12,16]

ap 0 —C_ —B_

_ 0 ap —B+ C+
H=1c. B  —a o0 | (28)

B+ —C_ 0 —do

where By = b; £ib; and C+ = b3 £ iby. The parameters ay,
by, by, by, and b3 are real.

Here the parity operator is taken to be the Dirac matrix yy,
and the time-reversal operator is taken as the matrix Z followed
by complex conjugation, where Z = diag[io,]. Note that with
these choices P and 7 commute, P> =1, and 72 = —1.
These choices for the parity and time-reversal operators are
similar to those of Bjorken and Drell [17] derived in the context
of coupling the Dirac electron to electromagnetic fields.

The eigenvalues of (28) read

E. = +,/a} — b} — b} — b} — b3, (29)

which are twofold degenerate. The eigenvectors corresponding
to the positive energy are

Vao+E,

— et (C_
A/ DR+bI+bIAD3
i Vao+Ey B
ﬁ /B3 +bi+b3+b3
+ E
ap — Ly
0

while those corresponding to the negative energy are

Vao+E_

—=—C_
A/ DR +bI+bI 43
i Vao+E_ B
ﬁ b3 +b}+b34b3
ap — E_
0

The above degeneracy is the P77 analog of the phenomenon
of Kramer’s theorem in conventional Hermitian quantum
mechanics, where the Hamiltonian is invariant under odd time
reversal.

The eigenvalue constraint, £, — E_ = 2, given in terms
of the parameters of the Hamiltonian, reads

Q? = 4(af — b — b} — b3 — b3),

1Y) = W) =PTlyn), (30)

[¥3) = + 1Y) =PTls). 31

which is a positive quantity when the symmetry is unbroken,
that is, the eigenvalues are real, a3 > b3 + b? + b3 + b3.

Then the time-evolution operator for the Hamiltonian (28)
is evaluated to be

2iC_ 2iB_

o sin %Qt o sin %Qt
Qr 28 sin 1 Q1 — 2 sin 1Qr
.(32)
cos %Qt + 2’5" sin %Qt 0
1 2iag iy L
0 cos 52 + =3¢ sin 5 Q21
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The initial state, which we arbitrarily choose to be

1
0
woh =[]
0
evolves to the final state
a
b
=]
d
through U as
4 1 cos %Qt— %sin %Qt
b 0 0
c| ™ v o] — —z’g* sin %Qt ’ (33)
d 0 ;
—2'3* sin %Qt

To investigate whether the norm of the initial state is conserved
or not, we examine the CP7 inner product for fermions as
defined in Ref. [12], (¢|¥)cpT = (CPT¢)" Z3r. One can also
obtain the matrix representation of C for the problem at hand
as 2H /2. Then it is easy to establish that the probability is
conserved, that is, (Yo|Yo)cpr = (V¥ rlepT = 2a0/S2.
Equation (33) indicates that the final state cannot be a spinor
of a particle, so we consider it to correspond to that of an
antiparticle and choose, say,a =0,b =0,c=0,and d = 1.
(This is reminiscent of the fact that the quantum states of a
particle and an antiparticle can be interchanged by applying the
charge conjugation C, parity P, and time-reversal 7 operators.)
The first component implies that

2 Q
= — — . 4
t arctan <2a0> (34)

To optimize this result over all positive ag, ¢ can approach zero
as ap goes to infinity. This result requires that |B| is also
extremely large, as can be seen from the fourth component
of (33). Thus, we can perform a spinor flip from a particle
to that of an antiparticle in an arbitrarily short amount of time
under the given eigenvalue constraint, provided that at least two
parameters of the five-parameter P7 -symmetric Hamiltonian
in (28) are extremely large.

We recall at this point that the time for evolution between
two orthogonal states in conventional quantum mechanics is
limited by the uncertainty principle [18]. We note, however,
that the initial and final states, [vo) and [ /), are not orthogonal
to each other with respect to the CP7T inner product, that is,
(Y rlodepr = —2B1 /2.

It is interesting to note that a tunable passage time could
also be found numerically in the context of dissipative systems
using the time-evolution operator associated with a non-
Hermitian, non-P7 -symmetric Hamiltonian [19]. This study
deals with bosonic systems.

B. No-signaling principle

For simplicity, we assume that Alice’s system is governed
by a special case of (28) as

ap 0 0 —B_
_ 0 ap —B+ 0
H=1o B _—4 o0 35
B+ 0 0 —day

After time t = /<2, the time-evolution operator with regard
to Alice’s system reads

_ 2iag 2iB_
Q 0 0 Q
0 _ 2iag 2iB, 0

U= b f (36)
0 __2iB_ 2iag 0
Q Q

_ 2By 2iag

Q 0 0 Q

As in the two-dimensional case, we assume Alice and Bob
share a maximally entangled state to discuss their communi-
cation protocol beforehand:

V) = 2(+)1 ® )1 + Hx)2 ® a2 + =01 ® [—a )
+|_x>2® |_x>2)v (37)

where |+£,); ; are the eigenvectors of X, = ((‘)" 00 ).
If Alice performs the measurement 1, after r = 7/ the
state vector of the composite system reads

Iy ) = UL DY), (33)
which becomes
V+
2 _ 2|l Wt
+ ay — |b]

= | ——— |, 39
23 ‘/a§+|b|2 W (39)

V+

where |b]> = b} + b} and

_ia 0
Q iag
vt = 8 . Wt = _f . (40)
o 0
Also,
00 0 0
S L T
00 0 0
and
00 0 1
vt = 8 8 8 8 ans (42)
1 0 0 0

Now, if Alice performs the measurement %,, the final state
of the composite system of Alice and Bob after time t = 7 /Q
becomes

W) =UZ: @ D)Iy), 43)
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which is given explicitly as

w-
2 2 -
_ a0_|b| v
= [5—— _ |, 44
= | v (44
w-

where W~ is obtained by replacing B, in W+ by B_and V~
is obtained by replacing B_ by B, in V™.

When Alice performs the first measurement, Bob’s density
matrix reads

Py = TeaQ WD @5)
where
2ag B
1 0 , OB ag-z\blz
apgB_
,0+ — l 0 ! ag+|b? 0 (46)
B74) o0 2008 1 o |
B az+|b|?
a&iu;\z 0 0 1

For Alice’s second measurement, Bob’s density matrix be-
comes

2a¢0B_
1 0 , OB a%i\hlz
1| o AW
- b]
Pp =7 2a9B_ 0 . 47)
4 0 aéilb\z 0
2008, 0 0 1

ag+bP?

The no-signaling principle is respected if pj} = pj. This
requires that B, = B_, which implies that b, must vanish.
Under this constraint, the Hamiltonian that governs Alice’s
system, (35), is still non-Hermitian and P77 symmetric, and
its eigenvalues are also real, provided that a3 > b3.

To investigate the conservation of the entanglement mea-
sure, we first construct the density matrix of the composite
system as before, according to (20). Then we calculate the
reduced density matrix and by using (9) arrive at the measure
of entanglement as being

2a0b, 2(ad + b?)

E=1+ 0
2+

aob (48)
The measure is no longer conserved; in fact, it has been
increased. However, this measure can still be unity if ag
approaches zero. This also implies that the eigenvalues are
no longer real and thus that the P7 symmetry is broken.
Another implication of this is that now the time required
to transform between the initial and final states mentioned
in the brachistochrone problem, (34), approaches /2 as ag
approaches zero. This value is again, as in the two-dimensional
case (27), the optimal time for such a transformation in the
Hermitian case.

IV. ANOTE ON PT-SYMMETRIC QUANTUM STATE
DISCRIMINATION

Itis well known that if a system is in one of two nonorthogo-
nal quantum states, |v;) and |,), itis not possible to determine
with absolute certainty which state the system is in with just
one measurement [20]. This has been challenged by Bender
et al. [21] by exploiting the features of a non-Hermitian

PT-symmetric Hamiltonian. A key point is that the inner
product of such a problem is determined by the Hamiltonian at
hand; that is, it is determined dynamically. Thus, it is possible
to introduce a Hamiltonian in such a way that relative to its
inner product the two states [v;) and |y,) become orthogonal.

The general P7 -symmetric Hamiltonian which they con-
sidered is built on the assumption that the time-reversal
operator is just complex conjugation, and as a result of this,
they arrived at a complex Hamiltonian. And they concluded
that this ability to distinguish between a pair of nonorthogonal
states with a single measurement is due to the complex degrees
of freedom made available by P7 symmetry.

We show that their results are still valid for the fermionic
case for which it turns out that the non-Hermitian P7 -
symmetric Hamiltonian is real [see (2)].

First, we consider the two states |1/;) and |y,) on the Bloch
sphere that are separated by the angular distance 2¢ as

__( cos ¢ _ cos(? +€)
= (%) = () @

For definiteness, we choose ¢ = 7 and 0 = 27/3 — €.

These two states are not orthogonal in the conventional
sense, i.e., (Y¥1|y2) # 0. Now, by considering (2), (26), and
the inner product (V;|¥s)epr = (CPT¥:)' Zyy, we can
construct the bra vector corresponding to |¥) as

T
\/%cos(% -35) 50)
—/Esin(z - %)

Then we require that (¥1|¥»)cpr vanishes, which results in
the condition

(Yilepr =

2 € y + 38

an” — = .

2 3y+8

Now, to distinguish between the two states, we need the
projection operators

W) (Wilerr,  W2)(W2lepr- (52)

Thus, by applying one of these projection measurements, we
can distinguish between states |y/;) and |y,) with absolute
certainty.

(61

V. CONCLUDING REMARKS

In this paper, we have applied the procedures suggested
by [5,10] for studying the no-signaling principle and the quan-
tum brachistochrone problem in P7T-symmetric fermionic
two- and four-dimensional models. The results show several in-
teresting properties. First, a dimensional dependence emerges.
For the quantum brachistochrone problem, the time required
to transform a spin-up state to a spin-down state in the two-
dimensional case, unlike its bosonic counterpart, shows no de-
pendence on the parameters of the Hamiltonian, and it is a con-
stant under the eigenvalue constraint, where this constant coin-
cides with the minimum time for such a transformation in the
Hermitian case. A parameter dependence, however, reemerges
as a feature of the analysis of the four-dimensional system,
and it can approach zero provided that some parameters of
the Hamiltonian are extremely large. In this case, however,
one again recovers the same constant for the transformation
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time as in the two-dimensional case by taking the conservation
of entanglement into account. In general, the brachistochrone
itself may be related to the orthogonality or alignment of
the initial and final states within the chosen theory. Second,

the no-signaling principle is upheld in the two-dimensional
system, with the caveat that P7 symmetry is broken. In four
dimensions, however, it is again upheld, but P77 symmetry is
broken only if the conservation of entanglement is enforced.
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Chapter 4

Relativistic PT-symmetric fermionic
theories in 1+1 and 3+1 dimensions

This chapter presents work that is at the stage of being currently under review:

Title: Relativistic PT-symmetric fermionic theories in 141 and 3+1 dimensions
Authors: Alireza Beygi, S. P. Klevansky, and Carl M. Bender

Reference: arXiv:1904.00878

Motivation: Here, we investigate the possible extensions of the Dirac equation to incorporate
non-Hermitian P7T-symmetric terms that result in real eigenvalues. To what extent these systems
could describe physical fermionic systems is still an open question.
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Relativistic PT-symmetric fermionic interacting systems are studied in 1+1 and 3+1 dimensions.
The noninteracting Dirac equation is separately P and 7T invariant. The objective here is to include
non-Hermitian P7T -symmetric interaction terms that give rise to real spectra. Such interacting sys-
tems could be physically realistic and could describe new physics. The simplest such non-Hermitian
Lagrangian density is £ = Lo + Lint = Y(id — m)p — gy®1p. The associated relativistic Dirac
equation is P7T invariant in 141 dimensions and the associated Hamiltonian commutes with P7T.
However, the dispersion relation p? = m? — g* shows that the PT symmetry is broken (the eigen-
values become complex) in the chiral limit m — 0. For field-theoretic interactions of the form
Lint = —g(¥7°)N with N = 2, 3, which we can only solve approximately, we also find that if the
associated (approximate) Dirac equation is P7T invariant, the dispersion relation always gives rise
to complex energies in the chiral limit m — 0. Other models are studied in which z-dependent
PT-symmetric potentials such as iz®, —2*, ix/x, Hulthén, or periodic potentials are coupled to the
fermionic field ¢ using vector or scalar coupling schemes or combinations of both. For each of these
models the classical trajectories in the complex-z plane are examined. Some combinations of these
potentials can be solved numerically, and it is shown explicitly that a real spectrum can be obtained.
In 3+1 dimensions, while the simplest system £ = Lo + Liny = ¥(id — m)¢ — gipv*4 resembles the
1-+1-dimensional case, the Dirac equation is not PT invariant because 72 = —1. This explains the
appearance of complex eigenvalues as m — 0. Other Lorentz-invariant two-point and four-point in-
teractions are considered that give non-Hermitian P7-symmetric terms in the Dirac equation. Only
the axial vector and tensor Lagrangian interactions Lin = 71'1/_)Bu75'y”1/; and Liny = 77;’(/;TW,O'“V11ZJ
fulfil both requirements of P77 invariance of the associated Dirac equation and non-Hermiticity. The
dispersion relations show that both interactions lead to complex spectra in the chiral limit m — 0.
The effect on the spectrum of the additional constraint of selfadjointness of the Hamiltonian with
respect to the P7 inner product is investigated.

Keywords: PT symmetry, relativistic fermionic theories, Dirac equation

I. INTRODUCTION

A non-Hermitian quantum-mechanical Hamiltonian H
that is invariant under combined parity (space reflection)
P and time reversal 7 can have real eigenvalues |1, 2].
If the spectrum is entirely real, we say that H has an
unbroken PT symmetry. However, if H has complex
eigenvalues, we say that H has a broken PT symmetry.
Numerous theoretical studies of classical and quantum-
mechanical PT-symmetric systems have been done and
many experiments on such systems have been performed.
The remarkable features of P7T-symmetric include P7T
symmetry breaking in coupled wave guides, unidirec-
tional invisibility, enhanced sensing at exceptional points,
level bifurcation in superconducting wires, and robust
wireless power transfer [3-10].

In quantum mechanics * — —x under parity P and

*Electronic address: beygi@thphys.uni-heidelberg.de
fElectronic address: spk@physik.uni-heidelberg.de
fElectronic address: cmb@wustl.edu

i — —i under time reversal 7. Thus, the quantum-
mechanical Hamiltonian H = p? + 22%(izf) (¢ real) is
PT invariant; H has a real positive discrete spectrum
when ¢ > 0 [1]. This quantum theory generalizes to rel-
ativistic quantum field theory if the operator z(t) is re-
placed by the pseudoscalar field ¢(¢,x) so that ¢(t,x) —
—¢(t,—x) under P and ¢(t,x) — ¢*(—t,x) under 7.
The analogous bosonic field-theoretic Hamiltonian den-
sity (0¢)2+¢2(i¢)¢ also appears to have a real spectrum;
this was shown to first order in € for 0 < D < 2 [11].

While PT-symmetric bosonic systems have been stud-
ied heavily (there are over 4,000 papers on such systems),
only a few papers have been written on P7T-symmetric
fermionic systems. Early work on matrix models of
fermionic systems can be found in Refs. [12-15]. The La-
grangian density for a free relativistic fermionic field with
mass m was extended by including a non-Hermitian axial
mass term Ly, = —ghy°1, where g is a real mass param-
eter [16]. Further developments were made in Ref. [17] in
which quantum electrodynamics was extended to include
such a term and the restoration of gauge symmetry was
investigated. In Ref. [18] the relationship between con-
served currents and invariances of the Lagrangian in the




Chapter 4: Relativistic PT-symmetric fermionic theories ... 33

framework of non-Hermitian field theories was examined.
An application of PT-symmetric fermionic field theory
to neutrino species oscillation was proposed in Ref. [19]
in which an 8-dimensional Dirac equation was analyzed.
Neutrino oscillations in the context of P7T symmetry were
studied further in Ref. [20].

PT-symmetric fermionic field theories in 1+1 dimen-
sions share the property with quantum-mechanical and
bosonic field theories that 72 = 1 [16]. However, in
Ref. [13] it was noted that PT-symmetric fermionic sys-
tems in 3+1 dimensions have the propery that 72 = —1.
To explain this we first examine what happens in 1+1
dimensions, where the gamma matrices are [21]

70:(?(1))’ 1:(91(1))‘ (1)

Note that (70)2 =1, (71)2 =1, and 7% = 129! = —03,
where o3 is a Pauli matrix. Let us identify the discrete
spatial symmetries of the free Dirac equation

[i7°00 + iv' 01 — m]y(t,z) = 0. (2)

(Here 0y = 0y and 0y = 9,,.) To determine the effect of a
space reflection we let x — —z and then multiply (2) on
the left by v° to get

[moao +iylo) — m} YOu(t, —x) = 0.

Because this equation has the same form as (2) we iden-
tify that the action of parity reflection P on the spinor
(t, x) is given by

P(t,a) = Pyt )P~ =10t —2).  (3)
Next, to determine the effect of time reversal 7 we let
t — —t in (2), take the complex conjugate of the resulting
equation, and again multiply on the left by v°. We get
[moao +iyto, — m] YO (—t, ) = 0.
Again, from form invariance we conclude that time re-
versal for spinors in 141 dimensions is given by

Tt o) = T, z)T ! = 4%*(—t, x). (4)

Since 70 is real we see that applying P or T twice leaves
¥(t, ) invariant. Thus, P2 = 1 and 72 = 1. (Interest-
ingly, this property of time reversal in 141 dimensions
implies that the Dirac electron behaves like a boson [22].)

In 3+1 dimensions the Dirac representation of the
gamma matrices is [23]

0 _ 1 0 i O O'i
’Y - 0 7n ) fy - 70_1, 0 ’
. : 01
7 =iy = (1 0 > (5)

where ¢ are the Pauli matrices. The actions of parity
and time reversal obtained similarly, are now [23]

P ’¢(t7 X) - Pl’/}(tvx)p_l = 70’1/}(757 *X),
Tt x) = Tot,x)T " =iy " (~t,x). (6)

If we apply T twice, we observe a change of sign: P2 =1,
but now 72 = —1. This underscores the different nature
of fermions in 341 dimensions.

The purpose of this paper is to investigate the behavior
of 1+1- and 3+1-dimensional relativistic P7T-invariant
fermionic theories. An exploratory study in Ref. [24]
examined in part the properties of a PT-symmetric
fermionic Lee model. This paper begins by reexamin-
ing the results in [16], where it was assumed that for real
g the Lagrangian £ = ¢ (id—m—g~°)y is PT symmetric.
We find that including the axial term gives a dispersion
relation p? = m? — g2 that yields a real value for the
physical mass only when m? > g2. This implies that the
spectrum is not real in the chiral limit m — 0. This
result holds for Lagrangians in both 1+1 and 3+1 di-
mensions. We ask, Why is this so and under what condi-
tions is it not so? Obtaining spectral reality in the chiral
limit is part of the motivation for this paper. One of our
long-range goals to construct a P7T-symmetric version of
the Thirring and Nambu-Jona-Lasinio models. The chal-
lenge is to identify additional non-Hermitian terms that
are both PT symmetric and chiral and give rise to a real
spectrum in the chiral limit [25].

Two ingredients are required for a precise analysis of
fermionic systems: (i) Care must be taken in analyzing
time reversal, which is nontrivial for fermionic systems;
(ii) care is needed in deciding on the form of PT-adjoint
operators. In this paper we focus first on time reversal
and then address the constraint of selfadjointness with
respect to the PT inner product for fermions.

For various interactions in 141 and 3+1 dimensions
we use the Euler-Lagrange equations to construct the
Dirac equation that results from a Lagrangian den-
sity and investigate whether this (quantum-mechanical)
Dirac equation is form invariant under the actions of P
and 7. This enables us to identify the transformation
properties of the interaction term and also to calculate
the dispersion relation associated with plane-wave solu-
tions of the Dirac equation. In addition, by rewriting the
Dirac equation in the form i0;% = Ht, we identify the
effective Hamiltonian H [23] associated with the interac-
tion. We will see that the form invariance of the Dirac
equation under PT is equivalent to the statement that
H commutes with PT.

In analyzing the case of 141 dimensions, we find the
surprising result that for complex fermionic fields, the
bilinear interaction form —giyy°1) gives a Dirac equation
that is odd under time reversal and also odd under par-
ity. Thus, the Dirac equation with the interaction term
is form invariant under P7. The P7T symmetry can also
be verified by determining the Hamiltonian H associated
with this Dirac equation i0;¢p = H1. The 2 x 2 matrix
representation clarifies this result. Comparing with the
general result for a 2 x 2 PT-symmetric fermionic Hamil-
tonian in 1+1 dimensions [24], it becomes evident that
in 1+1 dimensions the P7T symmetry is broken when m
vanishes. In a second example, due to the similarities
in the transformation properties of this interaction with
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those of ¢(t,x), we surmise that higher integer powers
of the interaction Lagrangian density —g(1y°%)" might
lead to a spectral relation that has real energies; we in-
vestigate this for N = 2 and 3. We find that the PT
symmetry is always broken if we assume that the expec-
tation value (1y°1)) is negative imaginary. There are no
other matrix potentials in 1+1 dimensions.

We then turn to further examples for which z-
dependent PT-symmetric potentials iz, —z*, and ix/x
introduced via vector or scalar coupling various combina-
tions, as well as the complex PT-symmetric lattice po-
tentials ix cot(z) + 7% sin(z) and the Hulthén potential
are included in the Dirac equation of motion. In order to
gain some understanding of these systems, we construct
the analogous classical systems for which a classical phase
structure can be obtained.

The situation in 3+1 dimensions is different because
72 = —1. Studying the algebra in 341 dimensions, we
confirm that the interaction term —g+°+ in the equation
of motion is even under time reversal. Since the parity
transformation is still odd in 3+1 dimensions, we con-
clude that the interaction term in the Dirac equation is
not invariant under P7. While the dispersion relation is
superficially the same as for the 1+1-dimensional case,
which implies that there is no region in which the spec-
trum is real in the chiral limit, the associated interaction
Hamiltonian is anti-P7 symmetric, which is consistent
with the complex nature of the spectrum.

In 3+1 dimensions, we search for other bilinear com-
binations of fermionic fields with the aim of determining
all possible combinations that give a Dirac equation that
is form invariant under P7 and that are not Hermitian.
We find two types of terms having either an axial vec-
tor or a tensor structure. The spectra of both of the
non-Hermitian P7-symmetric interactions are analyzed.
Here too we find that the P7T symmetry is always broken
in the chiral limit. We also look at the consequences of
imposing an additional condition that the Hamiltonian
be selfadjoint under the P7T inner product for fermions
[13, 14] and investigate the restrictions that this implies.
We demonstrate that the PT symmetry is always broken
in the chiral limit, a feature that prevails in the analysis
of the Dirac equation in the dimensions studied.

This paper is organized as follows: In Sec. II we in-
vestigate possible PT-symmetric interactions in 1+1 di-
mensions. We analyze Liny = —g¢py°9 in Subsec. ITA
and extensions to this as —g(1)y°¢)" in Subsec. IIB. We
introduce the spatially dependent potentials ixz®, —z?,
and ix/x, and the lattice and Hulthén potentials in Sub-
sec. ITC. In Sec. III we analyze 3+1-dimensional interac-
tions, starting with Li,, = —gtyy®¢ in Subsec. IITA and
other two-body (four-point) interactions in Subsec. III B.
Our conclusions and outlook are presented in Sec. IV.

II. NON-HERMITIAN P7T-SYMMETRIC
FERMIONS IN 141 DIMENSIONS

A. Axial bilinear fermionic interaction

We start with the Lagrangian density for a conven-
tional Hermitian free fermionic field theory,

[/O = QZJ(Z@ - m)i/)v (7)

where ¢ = 1149 and ¥ is the Hermitian conjugate of 1.
In 1+1 dimensions the gamma matrices are given in (1).
We have shown that the free Dirac equation (2) associ-
ated with (7) is form invariant under the operation of P
in (3) and of 7 in (4). Note that (2) is also form invari-
ant under the combined operations of P and T because
the functions ¢ (¢, z) and PT (¢, x) = y00¢9*(—t, —x) =
*(—t,—z) both satisfy (2). A plane-wave solution to
(2) gives the dispersion relation E? = p% +m?. Finally,
we read off the effective or quantum-mechanical Hamilto-
nian H from the free Dirac equation i0;1p = H) in (2):
H = —ir°y10; + mA°. (This form is often written using
the definitions a = 7%y and 8 = " [23]).

We observe that the form invariance of the Dirac equa-
tion under PT is equivalent to the statement that H
commutes with P7T: H(PTvy) = PT(Hvy). This is so
because the left hand side is

H(PTy) = H(y’y*y*) = Hy",
and the right hand side is
PT(HY) =4°9" (= in"y'01 +m°)y* = Hy".

Next, we examine what happens if a pseudoscalar bi-
linear term in included in the Lagrangian density £ =
Lo + Ling, where Liy, = —gipy®1p and g is a real pa-
rameter. Now the associated quantum-mechanical Dirac
equation is altered to read

(i —m — g7°)ip = 0. (8)
Parity transforms this equation into
(i —m + g7° )V (¢, —x) =0, 9)

and time reversal has the effect
(id —m + g7° )" (—t,x) = 0. (10)

This Dirac equation is not invariant under P or 7 sep-
arately but it is invariant under P7T because the axial
interaction term changes sign twice; it is odd under both
P and T. So this axial non-Hermitian term is P7T sym-
metric.

We can formulate this differently: We identify the ef-
fective quantum-mechanical Dirac Hamiltonian associ-
ated with the Dirac equation as

H = Ho + Hiny = —ir"7' 01+ my” + 97°7°,
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where Hy = —iv%y10; + mA? and Hiyy = g7%9°. We
have shown that Hy commutes with P7, and from the
effect of P and 7 in 141 dimensions and the reality of
Hi,, we see that Hj, also commutes with P7. Thus,
the effective Hamiltonian H reflects the symmetry of the
Dirac equation.

For this case the dispersion relation is obtained from a
plane-wave solution ¢(t,x), and multiplying (8) by (p +
m + g7°), where P = 7°po + vip1, yields the result [16]
p> = m? — g%, which is positive only when m2? > g°.
Thus, in the chiral limit m — 0 the spectrum is complex
and the PT symmetry is broken in this limit.

The matrix representation makes this result clearer.
Recall that a general two-dimensional P7-symmetric
fermionic Hamiltonian, which is selfadjoint with respect
to the PT inner product for fermions and which com-
mutes with P7, can be written as [24]

HPT = (; 2) , (11)

where a, b, and f are real numbers. The eigenvalues are
E+ =a=4+/bf. Thus, if b and f have the same sign, the
spectrum is real and the P7T symmetry is unbroken.

Now, if the interaction Lagrangian density is —g1py®e,
the quantum-mechanical interaction Hamiltonian is

0 1
Hiy = 97075 =9 (_1 0) .

Comparing this with (11), we confirm that Hiy is PT
symmetric and that this symmetry is always broken.
Note that Hj,; is non-Hermitian.

If we add the conventional mass term to the interac-
tion, the effective Hamiltonian in matrix form becomes

_ 0 0.5 0 m + g
H =my +gw’y—(m_g 0 )
We see immediately that it is P7 symmetric and that
the P7T symmetry is unbroken if g2 < m?2.

Observe that the equation of motion resulting from the
Dirac equation with an imaginary axial term,

(i — m —igy")y = 0, (12)

gives the dispersion relation p? = m? + g2. So m is real
for all g, including the chiral limit m — 0. However, this
axial term is not PT symmetric. In fact, it is ant-PT
symmetric, so that (12) is not form invariant under P7.

B. Approximate solution for higher-power
field-theoretic interactions

This section explores the effect that higher-power in-
teraction terms have in 1 + 1-dimensional systems. Our
starting point is the general Lagrangian density

L(N) = Lo+ Line = $(idd — m)v — g(by )N,

The Euler-Lagrange equations give the corresponding
Dirac or single-particle equation of motion as

[i) — m — Ngv° (py )Ny =0,

which is nonlinear if N > 1. The case N = 1 reduces to
that examined in Sec. ITA. In the following we examine
the cases N =2 and N = 3.

1. N=2

When N = 2, £(2) = ¥(id — m)y — g(xpy°9)?, and
the interaction term is P7T symmetric. The associated
Euler-Lagrange equation is

[i) — m — 297" (V") ¥ =0, (13)

from which we deduce that the Hamiltonian H satisfying
10 = Hyp is

H = —iy"y' 01 +my° +297°7°(07°9).

To solve (13) approximately we replace 1)y°% by its av-
erage value (%) = (¢). Furthermore, by operating on
the approximate version of (13) by (id — m — 2gv%(¢))
we can solve for the spectrum. In the chiral limit m — 0
this is

p* = —4g%(9)*. (14)

Now, noting that the expectation value of a bosonic pseu-
doscalar field should be negative imaginary [11],

where A is a constant, it follows from (14) that p? =
492 A? is real. However, with this choice of (¢), Hin =
297°95({¢) is anti PT symmetric, as is the interaction
term in (13). Thus, the quantum-mechanical Dirac equa-
tion is no longer form invariant under PT; also PT does
not commute with H. Yet we obtain a real spectrum be-
cause now Hi, is Hermitian. The opposite case, namely,
when the Dirac equation is P7 symmetric and H com-
mutes with P7T, can be simulated by letting ¢ — ig.
Then p? < 0 so, as in Sec. ITA, PT symmetry is again
realized in the broken phase.

2. N=3

When N = 3, £(3) = ¢(i¢ — m)y — g(py°w)3. This
resembles the case for N = 1. The Euler-Lagrange equa-
tion now reads

[id —m — 397 (¥7°)? ]9 = 0. (15)
It follows that the interaction part of the Hamiltonian is
Hine = 3977 (97°9)*. (16)
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Again, to find an approximate solution we replace

(¥y°)? by its average value {(1y°1)2). Solving (15)
we get
p* = —-9g%((¥°¥)*)?

in the chiral limit. We expect ((¢y%1)2) to be real, so
p? < 0 and the PT symmetry is always broken. We
can confirm this explicitly by noting that (16) is simply
proportional to y' and thus only has off-diagonal values
of opposite sign, see (1). Comparing this with (11), we
note that (16) is manifestly P7 symmetric.

We conclude that (i) If we construct a 1+1-dimensional
Lagrangian density containing the axial P7T-symmetric
interaction (1)v°¥)™ (N odd), our approximation scheme
shows that we obtain an equation of motion that is
form invariant under P7, and correspondingly a P7T-
symmetric Hamiltonian. The P7T symmetry is broken in
the chiral limit. (ii) For even N the equation of motion
contains an anti-P7T-symmetric term and the associated
interaction Hamiltonian is also anti-P7 symmetric but
we obtain a dispersion relation that has real masses as
a result of Hermiticity. If we modify the interaction by
replacing g — ig, we obtain a P7T-symmetric system but
once again the P7T symmetry is broken.

C. Dirac particle in P7-symmetric potentials

In 141 dimensions there are no other y-matrix-based
interactions. However, in addition to these, we can in-
clude PT-symmetric potentials having a spatial depen-
dence such as iz3, —z*, ix/x, or even periodic poten-
tials into the relativistic Dirac equation and study the
effects of these. Unlike nonrelativistic potentials, which
are scalars and can only be included as such in the
Schrédinger equation, in the Dirac equation, such po-
tentials can be incorporated either as the nonvanishing
scalar part of the 4-vector potential (which we refer to
as vector coupling), or as pure scalar interactions, or as
combinations thereof. We consider some examples below.

1. Vector coupling with iz3

The 1-+1-dimensional Dirac equation that includes the
non-Hermitian P7-symmetric vector-coupled potential
iz3 reads

(i — iz*y°)p(t,x) = 0. (17)

This is form invariant under P7 and the associated rel-

ativistic Hamiltonian
H = —iad, +iz® (a=+%"),

is also P7 invariant. If we look for solutions of the
form v (t, x) = e~ "F*1)(x), we arrive at the corresponding
eigenvalue problem

Hy = (—iad, +iz®)p = Eip.

Im(z)

Figure 1: Stokes sectors in the complex-z plane for ¢; with
an opening angle of m/4 for the massless Dirac particle in
the vector coupled potential iz%; 11 vanishes exponentially as
|z] = oo inside these sectors.

Im(z)

Re(z)

Figure 2: Stokes sectors in the complex-x plane for s with
an opening angle of 7/4. In this case, the sectors rotate below
the real-z axis; 12 vanishes exponentially as |z| — co inside
these sectors.

The eigenvectors 11 (x) and 12 () that solve this equation
have the asymptotic behavior

e~ (") e~ ().

The convergence domain for v (z) and w(x) in the
complex-z plane are the PT-symmetric Stokes sectors
shown in Figs. 1 and 2 respectively. In these sectors
11,2(x) vanish exponentially as |z| — oo.

To obtain the selfenergy of the propagating particle we
apply i@ to (17) and obtain the differential equation

(E2 + 85)1/1 = 7(3:6 + 3224140 + 2:L’38I7170)1p. (18)

Since the matrix y'7° = diag(1, —1) is diagonal, the two-
component equations in (18) decouple. Although they
are not Schrodinger-like, each is individually P7 sym-
metric. We first examine the classical analog of these
equations obtained by replacing —id, by p,

E? — ]02 0 .
0 E?—p? )~
—x8 — 2ipx3® — 322 0
0 —8 + 2ipx3 + 322 )
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Im(x)

_4F

Figure 3: Classical trajectories in the complex-z plane de-
scribed by Hy = \/p2 — 2ix3p — 28 — 3x2.

The classical Hamiltonian associated with 1, is H; =
\/p2 — 2ia3p — 2% — 322. The equation of motion of a
classical particle described by H; is obtained by combin-
ing Hamilton’s equations dz/dt = 0H,/dp and dp/dt =
—0H;/0z: dx/dt = £4/1 + 322/E?. By rescaling both
z and t this equation becomes

dx

@
We find that x(¢) forms open trajectories in the complex-
x plane, as shown in Fig. 3.

The open classical trajectories of the particle in the
complex-z plane reflects the behavior seen in the quan-
tum case: By setting p = 0, we observe that the selfen-
ergy Y; of the particle corresponding to v is given by
%2 = —2% — 322, which implies that ¥; cannot be real
[28].

On the other hand, the trajectories of the classical par-
ticle in the complex-z plane that are associated with the
classical Hamiltonian Hy = \/p? + 2ix3p — 26 + 322, are
closed, as can be seen in Fig. 4. In the quantum system,
the selfenergy corresponding to v is ©3 = —a% + 322
By parametrizing x as —i(y/1 +ir — 1) where r is real,
1o vanishes exponentially as r — +o0o0. We note that the
ends of this path lie in the left and right Stokes sectors of
Fig. 2 as |z| — co. When —v/3 < x < v/3, ¥3 is positive.
Thus, the selfenergy associated with the particle is real.

14 22,

2. Scalar coupling with iz® and vector coupling with i/

In the previous subsection we treated the PT-
symmetric potential iz3 in a vector-coupling scheme; now
we consider it as a scalar potential, where, in addition,
the Dirac particle is also under the influence of a complex
PT-symmetric Coulomb potential. The non-Hermitian
PT-symmetric Dirac equation now reads

(i — (ir/2)y° —ia®)p(t,x) =0, (19)

Im(x)

Figure 4: Classical trajectories in the complex-z plane de-
scribed by Hy = \/p2 + 2ix3p — a8 + 322,

where k is a real parameter. The associated relativistic
quantum-mechanical Hamiltonian is

H = —iad, +ir/z + Biz®  (8=17").

Again, looking for solutions of the form w(t,z) =
e~ Pt (x) leads to an eigenvalue problem

Hip = (—iad, +ik/z + Biz®)h = Ey.

Writing the eigenfunction () in terms of its two spinor
components, ¥ (z) = (¢1(z), p2(x)) [33] we find two cou-
pled differential equations for the scalar functions ¢ o(x)

iy +ikpy/x +ixdpy = E¢y, (20)
—igh +ikda/x +ircd1 = Eds. (21)

We can eliminate the second component ¢ from (20)
by exploiting (21), and after rescaling ¢, and choosing
K to be —3/2 for convenience, we obtain the simple form

— ¢ — a1 = B¢y, (22)

which is a Schrédinger-like equation with a —2% poten-
tial. On the real-z axis this upside-down potential is
unstable, but by imposing appropriate P7T-symmetric
boundary conditions we can obtain a real spectrum. As
in the previous subsection, we find that to have a con-
vergent eigenfunction, we must treat the problem in the
complex-z plane.

The WKB approximation for the solutions of (22) to
leading order is [29]

dwis(x) = CL[Q(z)) V4 [™ dV/RM) (23

where Q(x) = E? + 25. For large |z| the exponential
component of this asymptotic behavior is

b1 ~ etiat/4 (24)
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Im(z)

Re(z)

Figure 5: Stokes sectors in the complex-z plane for ¢, in (22).
¢1 vanishes exponentially inside these sectors.

There are eight Stokes sectors in the complex-z plane,
each with an opening angle of 7/4. To have a PT-
symmetric pair of Stokes sectors, we choose the minus
sign in (24) for the right Stokes sector, which is located
just below the positive-real-z axis. For the left Stokes
sector we choose the positive sign in (24), which deter-
mines a sector located just below the negative-real-z axis.
These two Stokes sectors are depicted in Fig. 5.

We can also approximate the eigenenergies of (22). To
do so, we first find the two turning points which are de-
termined by E = —2° and which lie in the Stokes sectors
in Fig. 5. These two points are

xy = VEe "m/6 zo = VEe /6,

The WKB quantization condition is

T2
/ ds\/E2+s6 = (n+3)m (n— o).

1

Thus,

E, = i[4\/7%r(§)(2n n 1)/F(%)]3/4 (n — o).

For n = 0 or 1, we obtain Ey = +1.0 and Fy = £2.27.

An exact calculation of the eigenvalues can be made
on parametrizing x as —i(y/1 + ir — 1), where r is a real
variable. As depicted in Fig. 6, the ends of this path
lie inside the Stokes sectors as |z| — oo, so we pose the
eigenvalue problem for the differential equation in (22) on
this contour. We determine the ground-state and first-
excited-state energies numerically as

Eo=+1.16, FE;=+2.29,

which illustrates the accuracy of the WKB approxima-
tion. Thus, the energy spectrum of the Dirac particle in
the combined non-Hermitian P7-symmetric potentials
iz® and ir/x is real and discrete.

The trajectories of a classical particle in the complex-
x plane described by the classical Hamiltonian H =

Im(x)
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Figure 6: The contour (solid line) on which the eigenvalue
problem in (22) is posed (blue online). The dashed lines (red
online) denote the edges of the sectors.

Im(x)

Re(x)

Figure 7: Classical trajectories in the complex-z plane de-

scribed by H = /p? — 6.

\/p? — x0 obtained from (22) are shown in Fig. 7. These
trajectories are closed, which reflects the reality and the
discreteness of the spectrum at the quantum level.

3. Vector coupling with —z*

Next, we consider a massless Dirac particle under the
influence of the upside-down quartic potential —z*. In
the vector-coupling scheme, the relativistic Dirac equa-

tion is modified to read
(id + x4y (t, z) = 0. (25)

As in the previous examples, this equation is form invari-
ant under P7 and the associated Hamiltonian

H = —iad, — z*,

commutes with P7. Looking for solutions of the form
P(t,x) = e Ph)(z) leads to an eigenvalue equation
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.

R —

Figure 8: Classical trajectories in the complex-z plane de-
scribed by H = \/p2 + 2x4p + a8 — 4ix3.

H+vy = Ev, whose eigenvectors behave asymptotically as

—iz®/5 0
1/’1"*(60 )7 7/)2N(6iz5/5)~

Note that 1; vanishes exponentially in a Stokes sec-
tor with opening angle 7/5. This sector contains the
negative-imaginary-x axis, so it vanishes exponentially
as x — —ioo. The function 1), also vanishes exponen-
tially in the same Stokes sector, but one that has rotated
upward; that is, ¢ — 0 as z — ico.

Following the analysis given in Subsec. 1, we iteratively
apply i@ to the corresponding Dirac equation and find the
decoupled system of equations

(EQ—p2 0 .
0 E? —p?

28 4 2px?t — dig? 0
( 0 ¥ — 2pxt + dix® ) (26)

The selfenergies 31 and Y5 of the particle corresponding
to 91 and 1y are given by X2 = 2% — 4i2® and X2 =
28 +4ix3. As 1, and 1)y converge on z = —ir and x = ir,
the selfenergies become real.

The trajectories of the classical particle described by
both of the classical Hamiltonians obtained from (26) are
closed in the complex-z plane. In Fig. 8, this is shown for
the classical Hamiltonian H = /p? + 2z%p + 28 — 4ia3.

4. Scalar coupling with —z* and vector coupling with ik/x

We now treat the upside-down potential —2* as a
scalar potential and, in addition, we consider the effect
of a complex PT-symmetric Coulomb potential on the
Dirac particle in a vector-coupling scheme, satisfying the
modified Dirac equation

(i — (ir/z)7° + a*)o(t,x) =0,

where k is a real parameter. This equation is form in-
variant under P7 and the associated Hamiltonian

H = —iad, + ir/z — fz*,

commutes Wi_th PT. The search for solutions of the form
Y(t,x) = e Pt (x) requires solutions of the eigenvalue
equation

Hy = (—iad, +ir/z — Ba*)y = Erp.

As in Subsec. 2, it is convenient to write ¢ () in terms
of its (scalar) components, ) = (¢1,¢2) and derive the
coupled equations that ¢; and ¢9 satisfy. Following the
procedure outlined in Subsec. 2, we eliminate ¢» and ar-
rive at a Schrédinger-like equation for ¢4,

— ¢ + 2% = E?¢y, (27)

where, for convenience, we have set K = —2. We have
thus found an octic potential with positive sign. Hence,
we pose the eigenvalue problem on the real-x axis. As be-
fore we use the WKB approximation to obtain the eigen-
values for large n,

4/5
B, = [VAr )+ @) o o)
From this equation we find that Fy = +0.87 and F; =
+2.10. A direct numerical calculation gives Fy = +1.11
and F; = £2.18. Thus, once again, we find that the en-
ergy spectrum of a Dirac particle in the presence of com-
bined non-Hermitian P7-symmetric vector and scalar
potentials ix/x and —z* is real and discrete.

Here again, we see that the reality and discreteness of
the spectrum is evident at the classical level with closed
trajectories in the complex-z plane. We recognize the
classical Hamiltonian of the system from (27) as being
H = \/p? + 28. Figure 9 shows that the classical trajec-
tories described by this Hamiltonian H are closed.

5. Complex PT -symmetric lattice potentials

The methods in the previous subsections are general
enough to be applied to a Dirac particle in complex PT -
symmetric lattices. The relativistic Dirac equation

(id — i cot(x)y® — isin(x))y(t, ) = 0, (28)

with s real, has non-Hermitian interaction terms, but
is form invariant with respect to P7. The associated
Hamiltonian,

H = —iad, + ik cot(x) + if sin(z),

commutes with P7T.

As before, we can search for time-independent solu-
tions of (28). Writing (¢, z) = e *F!y)(x), we obtain
coupled equations for the components of the spinor eigen-
function ¢1 and ¢o, where ¥ = (¢1, ¢2). Eliminating ¢o,
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Figure 9: Classical trajectories in the complex-z plane de-

scribed by H = /p? + 8.

Im(x)

Figure 10: Classical paths for H = y/p? — sin®(z).

we find a Schrodinger-like equation for the ¢;, which af-
ter suitably rescaling, is

—¢! —sin®(z)¢1 = E%¢y,

where we have set Kk = —1/2.

The spectrum of the operator —d?/dz? — sin’(x) is
real and consists of spectral bands separated by infinitely
many spectral gaps [26]. The absence of discrete energies
and the reality of the band-structure manifest itself via
periodic, open trajectories of the classical particle de-

scribed by H = 1/p? —sin®(z) in the complex-z plane,

as depicted in Fig. 10.

Before closing this subsection, we make a side remark:
We note that the (quantum-mechanical, nonrelativistic)
Hamiltonian H = p? + isin(z) describes a particle sub-
ject to the periodic potential V(z) = isin(z) in a PT-
symmetric crystal. As was shown in Ref. [27], by exam-
ining a discriminant, one can conclude that this Hamilto-
nian has real energy bands. However, to verify that the
band structure is real, one can alternatively show that

the eigenfunctions are PT symmetric; that is, that the
PT symmetry of the Hamiltonian is unbroken. To this
end we plot the absolute values of the eigenfunctions of
the two states of H = p? +isin(x) in Fig. 11 and observe
that both are in fact symmetric. The energy bands are
real, and are shown in Fig. 12. We use this technique in
the next subsection.

6. Scalar coupling with complex PT -symmetric Hulthén
potential

The complex PT-symmetric Hulthén potential is

—ix

e
Ve ===
If we regard V(z) as a potential in the nonrelativistic
time-independent Schrédinger equation, Hiy = E1), with
H = p? + V(x), we find that the band structure for the
energies is entirely complex, and, as is the case with P7-
symmetric potentials in the broken-symmetry phase, the
eigenvalues occur in complex-conjugate pairs. We illus-
trate this by plotting the absolute values of the eigen-
functions of the two states of the Hamiltonian that cor-
respond to the complex-conjugate pairs of the band-edge
energies £ = 0.75 £ 0.597, see Fig. 13. Note that the
eigenfunctions display no symmetry, which implies the
complex nature of the band structure.

We now consider the relativistic Dirac equation that
includes the P7T-symmetric Hulthén potential in a
scalar-coupling scheme, together with an additional PT-
symmetric vector potential:

1 e—'LfE
7= 1—e i

(i - v Jutt.z) =0, (29)
with k being a real parameter. This equation has been
constructed so as to be form invariant with respect to

PT and the associated Hamiltonian

1 e—iz
1—eix +'Bl — ez’

H=—iad, + &

once again commutes with P7T. Following the same pro-
cedure as in the last subsections, we search for time-
independent solutions of the Dirac equation, and find
the equations for the components of ¥ = (¢1,¢2). On
eliminating ¢-, we obtain a Schrédinger-like equation for
the first component of the two-component spinor eigen-
function as
SO = B2 (30
1 (1 — eiz)2 1= 1,

where we have set kK = —1/2 for convenience.

By using spectral methods, we determine numerically
that the band structure in (30) is entirely real; that is,
the symmetry is unbroken. We have shown the absolute
values of the first two eigenfunctions in Fig. 14, which are
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Figure 11: Absolute values of the eigenfunctions corresponding to the band-edge energies of 1.08 (left panel) and 3.97 (right

panel) of H = p® + isin(z).
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Figure 12: The energy bands associated with the potential
isin(z) in the first Brillouin zone.

clearly symmetric as expected. The (real) energy bands
corresponding to this potential are shown in Fig. 15.

The classical Hamiltonian associated with this system
is H=4/p?+1/(1 — e**)2. The trajectories of the clas-
sical particle, as shown in Fig. 16, are periodic and open.
This appears to correspond to the fact that the quan-
tum Hamiltonian has real energy bands but no discrete
eigenvalues.

IIT. NON-HERMITIAN PT7-SYMMETRIC
FERMIONS IN 341 DIMENSIONS

A. Acxial bilinear fermionic interaction

In 3+1 dimensions, we again start with the free
fermionic Lagrangian Lo = (i@ — m)y of (7) and the
Dirac equation of motion,

(i —m)(t, x) =0, (31)

and recall that the actions of P and T are given in (6),
where the gamma matrices are given in (5). Equation
(31) is form invariant under the combined operations P
and 7 because the functions 9(t,x) and PT¥(t,x) =

YO (ivty3)p* (—t, —x) satisfy the same equation. For the
free Dirac equation, this is true for Py = 7% (t, —x) and
T = iy y3*(—t,x) individually. By setting x — —x
in (31), it becomes

(790 — iv'0; — m)Y(t, —x) = 0,

where ¢ = 1,2,3 denote the spatial components. Mul-
tiplying this result from the left with 4° and using the
anticommutation relations {y*,~v"} = 2¢g"”, with g"* =
diag(1,—1,—1, —1) results in

(i@ — m)YOp(t, —x) = 0.

On the other hand, taking the complex conjugate of (31)
and replacing t — —t gives

[—i( =% + 7' 01 — 7202 +7°03) — m]|*(—t,x) = 0
because (72)" = —2. Multiplying this equation from the

left by i7'y3 and using the anticommutation relations for
the gamma matrices then gives

(i — m)iy' y*y*(—t,x) = 0.

The form invariance of the equation satisfied by
PT(t,x) then follows.

Next we include an axial non-Hermitian bilinear term
into the Lagrangian density, £ = Ly + Lin, where Ly =
—gpy®1p. The corresponding Euler-Lagrange equation

(’L(? —-—m— 975)1/)(757 X) =0, (32)

superficially resembles the 1+ 1-dimensional case. How-
ever, here, while parity transforms this equation into

(i@ —m+ g7°) " (t, —x) = 0, (33)
time reversal transforms it into
(id — m — g7°)iry'y**(t, —x) = 0. (34)

Note the minus sign before the last term in (34): While
parity flips the sign of the axial term, time reversal in 3+1
dimensions does not. Parity is odd, but time reversal is
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Figure 13: Absolute values of the eigenfunctions corresponding to the band-edge energies 0.75+0.59 (left panel) and 0.75—0.59¢

(right panel) for H = p? + e~ /(1 — e~ ™).
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Figure 14: Absolute values of the eigenfunctions corresponding to the band-edge energies of E = 0.65 (left panel) and E = 0.98
(right panel), obtained from (30). The symmetry of the eigenfunctions implies the reality of the energy band.
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Figure 15: The energy bands for the potential (1 — e**)~2 in
the first Brillouin zone.

even in 3+1 dimensions. So the combination of P7T does
not lead to a form-invariant Dirac equation. The axial
term by itself is anti-P7 symmetric. This differs from
the 1+1-dimensional case [see (9) and (10)].

The dispersion relation that one obtains from (32) is
formally the same as in the 1+1-dimensional case; as-
suming plane-wave solutions of the form ¢ = e ®"%n
and multiplying (32) by (p +m + g7°), we arrive at the
same spectral relation as in 1+1 dimensions,

-2F

_4f

Figure 16: Classical trajectories in the complex-z plane de-

scribed by H = 1/p? + 1/(1 — ei®)2.

which is positive only when m? > ¢2 and is complex in
the chiral limit m — 0.

As before, the form invariance of the Dirac equation
unter P7T imples that H(PTvy) = PT(Hv), where H
is the Dirac Hamiltonian identified through 01 = H1.
Thus, we can ascertain the properties of various interac-
tion terms by testing them with this commutation rela-
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tion. For (32) the associated Hamiltonian is
H =« (—iV) + fm+ Bgy>.

Let us check the symmetry of the axial interaction term
Hine = g7°9° under P and 7. Using (6), we evaluate
PT(t,x) =7%iv'y*)*(—t, —x) and apply Hin:

Hins(PTY) = 97°7° v y°0" = 1%y g7 070"
= —PTHu* = —PTH;
= _PT(Hint¢)~ (35)

Hiye anti-commutes with P7T, confirming that this term
is not P7T symmetric. It thus explains the complex na-
ture of the dispersion relation in the chiral limit. By
contrast, if Hi, is imaginary, that is Hiy, = igy°y°, we
have a PT-symmetric Hamiltonian, which is also Hermi-
tian, and does have a real spectrum for all g, p?> = g2 in
the chiral limit.

Once again, to clarify this point, we turn to an explicit
matrix representation. Then Hj,; becomes

Hint =g (36)

1

0 0
0 O
-1 0
0 -1

10
01
00}’
00

which is not Hermitian. By comparison, a general four-
dimensional PT-symmetric fermionic Hamiltonian that
is invariant under P7T and also selfadjoint under the PT
inner product has a matrix form [13, 14, 30],

ap 0 -C_ —B_

0 ap —B+ C+
C, B. —ay 0 |’
B+ —C_ 0 —agp

H= (37)

where B4 = by +iby and C = b3 +iby. The parameters
ag, bo, b1, ba, and b3 are real. This matrix has twofold
degenerate real eigenvalues

By =+ \Ja3 — 08— b3 — b3 — 12, (38)
|
‘E(1)> 1 —vm+w(m—w)/g
B V2w 0
m + w
0

The spectrum is twofold degenerate and is real if g2 <

12

for a2 > Z?:o b2 [32]. Equation (36) is not a special
case of (37), so it is does not represent a P7T-symmetric
fermionic Hamiltonian.

Evidently, the symmetry properties of the axial term
—g7°¢ in the Dirac equation in 141 dimensions differ
from those in 3+1 dimensions. The Dirac equation is
form invariant in 1+1 dimensions under P7, but not
in 3+1 dimensions. This corresponds to a relativistic
PT-symmetric quantum-mechanical Hamiltonian in 141
dimensions, but not in in 3+1 dimensions. This differ-
ence is caused by the different effect of time reversal in
1+1 and 3+1 dimensions. The spectrum obtained in
both cases is formally the same, so we conclude that the
PT symmetry is always broken in 141 dimensions when
m — 0. However, in 34+1 dimensions the Hamiltonian
is anti-P7 symmetric in the chiral limit, which explains
the complex nature of the spectrum when m — 0.

Interestingly, if we include the conventional mass term
m~°, (36) becomes

m 0 0
. 0 m 0 g
Hmt - —g 0 —m 0 (39)

which is neither Hermitian nor P7-symmetric. However,
Hiyn is pseudo-Hermitian in the sense of [31] because
HiTnt = " H; ()™, Hence, this Hamiltonian can be
used to describe pseudo-Hermitian fermions.

We can construct fermionic creation and annihilation
operators which are quadratically nilpotent, and investi-
gate their anticommutation relations. First, we note that
the eigenvalues of (39) are

Ei:j:w:i

m2 _92,

with corresponding eigenvectors

) = = o
- V2w m+w
0

m?. This degeneracy is the analog of the phenomenon
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of Kramer’s theorem in conventional Hermitian quantum
mechanics, where the Hamiltonian is invariant under odd
time reversal, as is the case with (39).

We introduce the annihilation operator for the Hamil-
tonian (39) as

g 0 m—w 0
1 0 g 0 m-w
nfﬂ —-m —w 0 —g 0 ’
0 —-m —w 0 —qg

which is nilpotent (n? = 0) as required. We verify that

n|EY) = | BP) =0,

WED) = |ED),  |E®) = |52,

The creation operator reads

g 0 m+w 0
, 1 0 g 0 m+w
T=50 | -m+w 0 —g 0

0 —-m 4w 0 —g

One can now establish the anticommutation relations

{N.n}=—n {N.n'} =0,
where N is the number operator, N = 7'y, as well as
the peculiar anticommutation relation nn’ + n'n = —1.

The minus sign indicates that the number operator gives
the negative of the state occupation number. For further
illustrations of this in the context of P7 symmetry see
Refs. [15, 24].

Finally, we comment that in terms of the number op-
erator N, we can write the four-dimensional pseudo-
Hermitian fermionic Hamiltonian in (39) in the form of
a free (bosonic) harmonic oscillator as

H=Aw(—N)+w_1,

where Aw = wy —w_ and 1 is the four-dimensional iden-
tity matrix.

Hine 1 (PTY
Hing o(PTY
Hine 3(PT
Hine s (PT
Hine 5(PTY

We conclude that
[PT,Hinti) =0 (i=1,---

ut
=

) = 97"y " =iy P9 0" = PTHine190* = PT (Hine19)), (40)
) = By 'y iy vyt = 4%y By Oyt = PTH 500" = PT (Hine 29, (41)
) = T 0"y iy = A iy i, et = —PTin 0" T 0™ = PT (Hin3¢),  (42)
) = iB "y iyt = 2 iy (—i) Bun Py YT = PTH 0" = PT (Hin ), (43)
) = igay’y° i P = 4%y P (—i)gay "y e = PTH 500" = PT (Hin 50). (44)
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B. Other matrix-type two-body (four-point) P7-
and anti-P7-symmetric interactions and the
resulting P7T-symmetric Hamiltonians

Having determined that an axial non-Hermitian inter-
action Lagrangian density of the form —giyy®¢ in 3+1
dimensions does not give rise to a Dirac equation that
is form invariant with respect to PT, we seek other
types of interactions that are P7 symmetric but non-
Hermitian. Usually, the standard method of analyzing
two-body (four-point) interactions involves constructing
the 16 independent bilinears from the 16 4 x 4 inde-
pendent matrices and considering the Lagrangian den-
sity associated with each of these. The standard Her-
mitian combinations are (1) 1), (2) ¥y, (3) ot ,
(4) ¥y°~y*4p, and (5) i4py>¢. This Lagrangian-density ap-
proach is suitable for a discussion of symmetries that lead
to conserved currents through Noether’s theorem, but the
analysis of PT symmetry is most simply done by exam-
ining the form-invariance of the appropriate Dirac-like
equation that can be derived using the Euler-Lagrange
equations. Since this in turn tranlates into a commuta-
tion relation of the Hamiltonian with P7T, in a form of re-
verse engineering, we only need to identify possible P7T-
symmetric forms of the interaction Hamiltonians. Thus,
we consider the five interaction Hamiltonians below and
show that these combinations are all P77 symmetric:

HintA,l = 9707
Hint,? = Bu’YO’Y'u:
Hint,3 = iTuV'YOUlwv

Hint,4 = iBu’}/Of}ﬁf}/p‘?
HintA,S = igA’YO'st

where g, B, Ty, B,L, and g4 are taken to be real.

Using the procedure in (35) in which Hiy; is applied
to PT, we evaluate the commutator of Hi,,; and PT
using (6), and where necessary, make use of the relation
yiylyd = iyly?’y;. Then

Thus, the general form of a relativistic quantum-
mechanical Dirac equation, which is form invariant under
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PT transformations, reads
(i) — g — Buy" =T 0™ —iBun®y" —igay® )i (t,x) = 0.

A brief analysis shows that Hiny3 and Hine 4 are anti-
Hermitian, while Hiy,1, Hing,2, and Hing 5 are Hermitian.
So we have identified two types of terms that give rise
to non-Hermitian but P7-symmetric Hamiltonians. We
consider each of these in turn.

1. Hines = il 0™

To understand the structure of Hiy3 we write it in
matrix form:

iqq  —¢st+ige  —q3  —q1+ige
Hoowe | BT ige  —iqa  —q1 —1q2 q3
int,3 — s s s )
q3 q1 — g2 244 g5 — 146
Gtige —q3 —¢5—ige (o
(45)
where the coefficients ¢;, i = 1,...,6, are abbreviations
for combinations of the T},
@1 =To1 —Tho, g2 =To2 —T20, g3 = Toz — T30,
g1 =Tio —To1, ¢5="Tiz—Ts51, g6 ="Taz— T3o.

The eigenvalues of (45) are

H-QE2(F+B)E+ (G +B)E+ (B +8)a

1/241/2
+24243G445 + 291420596 — 24193946 | / } /

’

where Q? = 25:1 q2. Thus, the eigenvalues are complex
and the PT symmetry is broken. Including a finite mass
term m~° in general does not change this result. The
eigenvalues of Hiye 3 + m~" are modified to read

+{m? - Q* £2[(¢f + 3 —m*)a; + (6§ + a5 —m?) @S

+(3 + a5 — m?) ¢ + 242439445 + 201924506
1/21/2
—2q143944s) / } 2,
As we have already argued, only if the spectrum is
twofold degenerate, can the eigenvalues be real [32].
If we compare (45) with (37), we see that both have
a quaternionic structure. However, in addition to be-
ing PT symmetric, (37) fulfills the additional condition
that this Hamiltonian is selfadjoint with regard to the
PT inner product according to [13]. This means that,

in addition, Hin,3 should fulfill the condition Hiz;rg =

PH:m’gP = Hin,3. If we construct Hﬁg}), we find that

qa=qs =qs =0,

for this condition to hold. The eigenvalues are twofold
degenerate and if a mass term is included, they are

By =+\/m?—qf — a3 — ¢,

which is real provided that m? > ¢? + ¢3 + ¢3. Thus, PT
symmetry is broken in the chiral limit. The regions of
unbroken P77 symmetry for the Hamiltonian Hjy 3+m~y°
for some specific parameters are shown in Fig. 17.

14
2. Hint,4 = iBu’YO’YS'}/M

We now consider the equation of motion resulting from
the non-Hermitian P7T-symmetric Hamiltonian Hjy, 4 (as
well as its corresponding Lagrangian Liyg 4),

(id — i B)y = 0.

The spectrum associated with this equation can be ob-
tained by calculating the poles of the associated Green
function in momentum space, which satisfies

(p— " B)S(p) = 1.

Rationalizing this expression for S(p), we identify the
dispersion relation as

(P> — B*)?+4(p- B> =0.

This has no real solutions for all py. Thus, again we
find that the P7 symmetry of the Hamiltonian is broken.
We also notice that an anti-P7T-symmetric but Hermitian
Hamiltonian would give a real spectrum with dispersion
relation (p? — B2)2 —4(p- B)? = 0.

Note that the matrix form of the Hamiltonian Hjn 4,
with components fﬁ’u = (B’O, Bl,BQ,Bg) is

Hint,4 =
—iBy —iB; — By —iBy 0
By —iB; iBs 0 —iBy
—iBy 0 —iBy —iB; — By |’
0 —iBy By—iB; iBs

which has complex eigenvalues for all Bu real,
E1o = iBy+i\/B? + B} + B},
Esy4 = —iBy+i\/B? + B3 + B2.

If, as in Subsec. II1IB1, we demand that the Hamilto-
nian Hipg 4 satisfies the selfadjointness condition accord-

ing to [13, 14, 24|, that is, H[, = PH], ,P = Hina,

we calculate that By # 0 and By = By = B3 = 0. The
resulting twofold degenerate energies are

Ey = 44\/m? — B2, (46)

where we have included a mass term. This implies a real
spectrum for m? > B2. Once again, in the chiral limit
the PT symmetry is broken.

IV. MAIN CONCLUSIONS AND OUTLOOK

Our focus in this paper has been on investigating non-
Hermitian P7-symmetric extensions to fermionic sys-
tems in 141 and 341 dimensions. The main findings
are the following:
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Figure 17: Parametric regions of unbroken P7 symmetry (shaded regions) for the Hamiltonian Hing,3 +m~°, where g4 = g5 =
gé = 0. Left panel: in the (m, q1) plane, g2 = 1 and g3 = 2. Right panel: g3 = 2.

a) Usually, we explore the symmetries of a field the-
ory by examining the Lagrangian density. However, the
properties associated with P7 symmetry are more eas-
ily found by forming the Euler-Lagrange equations and
demanding form-invariance of the relativistic equation of
motion with respect to P7. This is equivalent to con-
structing the quantum-mechanical relativistic Hamilto-
nian and investigating its commutation relation with P7T.

b) For a pure axial interaction the symmetry properties
in 141 dimensions differ from those in 3+1 dimensions
even though the formal structure of the energy relation
is unchanged. This can be traced back to the different
transformation properties of time reversal in 1+1 and
3+1 dimensions and is ultimately due to the fact that
72 = —1 in 3+1 dimensions.

c¢) In 141 dimensions including a complex PT-
symmetric position-dependent potential in both scalar-
and vector-coupling schemes and combinations thereof
can result in real and discrete eigenvalues, when searching
for plane wave solutions. For appropriately chosen com-
binations of scalar and vector couplings, a Schrédinger-
like equation can be found and the spectrum can be de-
termined numerically. The analogous classical systems
give information about the nature of the spectrum. They
display closed contours when the eigenvalues are real and

discrete and they are periodic and open if there is a real
band structure. If the eigenvalues are complex, the paths
are open and nonperiodic.

d) In 3+1 dimensions only two possible Lorentz-
invariant two-body combinations are P7T symmetric and
not Hermitian. These, however, give rise to a complex
spectrum in the chiral limit. Including a mass term can
result in a real spectrum. In addition, further constraints
are placed on the parameters if the condition of selfad-
jointness with respect to the P7T inner product is placed
on the Hamiltonian. This does not change the conclu-
sion.

It remains an open question as to whether including
non-Hermitian P7-symmetric terms can play a role in
physical fermionic systems, for example, affecting chiral
symmetry restoration within the Nambu-Jona-Lasinio or
Thirring models, or in weak interactions.
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This paper examines chains of N coupled harmonic oscillators. In isolation, the jth oscillator (1 < j < N)
has the natural frequency w; and is described by the Hamiltonian %pf + %wijz The oscillators are coupled
adjacently with coupling constants that are purely imaginary; the coupling of the jth oscillator to the (j + 1)th
oscillator has the bilinear form iy x;x;, (y real). The complex Hamiltonians for these systems exhibit partial
‘PT symmetry; that is, they are invariant under i — —i (time reversal), x; — —x; (j odd), and x; — x; (j even).
[They are also invariant under i — —i, x; — x; (j odd), and x; — —x; (j even).] For all N the quantum energy
levels of these systems are calculated exactly and it is shown that the ground-state energy is real. When w; =1
for all j, the full spectrum consists of a real energy spectrum embedded in a complex one; the eigenfunctions
corresponding to real energy levels exhibit partial P7 symmetry. However, if the w; are allowed to vary away
from unity, one can induce a phase transition at which all energies become real. For the special case N = 2,
when the spectrum is real, the associated classical system has localized, almost-periodic orbits in phase space and
the classical particle is confined in the complex-coordinate plane. However, when the spectrum of the quantum
system is partially real, the corresponding classical system displays only open trajectories for which the classical

particle spirals off to infinity. Similar behavior is observed when N > 2.

DOI: 10.1103/PhysRevA.91.062101

I. INTRODUCTION

There are many experimental and theoretical studies of P7T -
symmetric coupled-oscillator Hamiltonians [1-6]. In most
cases the starting point is either a coupled set of P77 -symmetric
equations of motion, or a P7 -symmetric Hamiltonian that
governs such a system. It has been established that such
PT-symmetric systems exhibit a rich phase structure with
phase boundaries depending on the number of oscillators, how
they are coupled, and the values of the coupling parameters
[5].

In a recent paper on radiative coupling and weak lasing of
exciton-polariton condensates, Aleiner et al. [7] considered a
Hamiltonian function that governs condensation centers that
are bilinearly coupled by a term of the form igzz*, where each
center is described by the complex coordinate z and g is a
coupling strength. They investigated the classical dynamics of
the system. While there is no obvious underlying symmetry,
the authors found closed paths in their spin trajectories. This
intriguing result motivates the current study of an unusual
type of oscillator system, namely, a chain of N harmonic
oscillators with pure imaginary coupling. The Hamiltonian
for the jth oscillator (1 < j < N) has the form %p? + %a)?x/z.,
where the natural frequency w; is real and positive. The jth
oscillator is coupled to the (j 4 1)th oscillator by an imaginary
coupling constant iy, where y is real and independent of j. The
coupling term is bilinear; that s, it has the form iy x;x ;.. The
Hamiltonian that governs this system of N adjacently coupled
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oscillators has the form

N N—1
Y (2 wid) +iy Y s (N2, (D)
j=1

j=1

Hy =

| =

This complex Hamiltonian is not P77 symmetric because
i changes sign under time reversal 7 and it is assumed that
every coordinate x; changes sign under parity P. However,
Hy is partially PT symmetric; that is, it remains invariant
if we change the sign of i and simultaneously reverse the
sign of only the odd-numbered or only the even-numbered
coordinates. To illustrate, we define P; as the operator that
reverses the sign of x; but does not affect any other coordinate.
Then, H, is partially P7 symmetric with respect to P;7T
and also with respect to 7,7 . Similarly, Hj is partially P7T
symmetric with respect to ;P37 and also with respect to
P>T. Note that reversing the signs of an even number of
coordinates is achievable by a rotation but reversing the signs
of an odd number of coordinates is not achievable by a rotation.
For example, for N = 2, x; —> —x;, X = —Xx; is merely a
rotation by an angle of 7 in the x;,x; plane, but x; — —xi,
X — Xxp cannot be achieved by a rotation. For N = 3, P, Ps
is a rotation but P, and also P;P,P5 are not.

Systems having partial P7 symmetry have remarkable
properties. In Sec. II we set w; = 1 for all j and show that
for small N and for all values of the coupling parameter
y the ground-state energy of the quantum system is real
and positive. Then, in Sec. III we present the exact solution
for the complete quantum spectrum for all N. We find that
the ground-state energy is always real, but that the full
spectrum is partly real and partly complex. For each energy,
we calculate the corresponding eigenfunction and demonstrate
that simultaneous eigenfunctions of the Hamiltonian and the
partial PT operator have real energies, while those that are not
partially P77 symmetric are associated with complex energies.

©2015 American Physical Society
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Thus, partial P7 symmetry is associated with a partially
real energy spectrum. In Sec. IV we relax the constraint that
w; = 1. We show that for N = 2 it is possible to choose the
natural oscillator frequencies to make the energy spectrum
completely real. Thus, there is a phase transition from a
partially real to a completely real spectrum. This result is
shown to hold in a modified form for N =3 and N = 4.
Next, in Sec. V, we investigate the classical solutions for
the N =2 and N =3 systems and find no remnant of the
partially P7 -symmetric phase; that is, all classical orbits are
open unless the quantum spectrum is entirely real, in which
case the orbits are all closed and periodic. Brief concluding
remarks are given in Sec. VI.

II. GROUND-STATE ENERGIES OF N COUPLED
OSCILLATORS WITH w; =1

In this section we show that the ground-state energy of
a quantum system of N coupled oscillators with natural
frequency w; = 1 is real and positive.

A. Two coupled oscillators

Let us consider the quantum-mechanical Hamiltonian
of two coupled oscillators [8,9] H, = %pz + %qz + %xz +
%yz +iyxy, where x and y are the coordinates, p and ¢
are the conjugate momenta, y is a coupling strength, and
) = wp = 1. This Hamiltonian is partially P7 symmetric
because it is invariant under the transformations P, 7 or P, T,
where P, : (x,y) = (—x,y), Py : (x,y) = (x,—y),and T :
i — —i. The Schrodinger equation associated with H, is

(=102 — 102+ L2 + 12 +iyxy) v(x.y) = Ey(x.y).
©)

The ground-state eigenfunction has the (non-nodal) Gaussian
form

Yo(x,y) = exp (—3ax® — ay* + bxy), A3)

where a and b are constants. Note that ¥y(x,y) is PT
symmetric in either x or y. Inserting (3) into (2) and matching
powers of x and y gives the three equations Ey = a,a’ + b =
1, and 2ab = —iy.

The physically acceptable solution to these equations

requires that b be imaginary, b = —i i, and that Ey = a be
the real and positive solution to a* — a®> — y2/4 =0,

Eo=a=(+1/1+y29)"% @)

Note that because b is imaginary and a is real and positive,
Yo(x,y) vanishes as x* + y> — oo.

B. Three coupled oscillators

For three oscillators the Hamiltonian H3 in (1) with w; = 1
has the form

Hy = 3p* +3¢° + 3 + 30 + 39 + 32° + iy (xy + y2).

(&)

Again, Hj is partially P7 symmetric; it is invariant under
P,T (and also P,P.T). The lowest-energy eigenstate has

PHYSICAL REVIEW A 91, 062101 (2015)

the form yo(x,y,z) = exp[—%a(}c2 N %by2 + c(xy +
yz) +dxz], where a, b, ¢, and d are constants. Solving
the Schrodinger equation H3Yo(x,y,z) = Evo(x,y,z) and
comparing powers in x, y, and z gives the five equations
Eo=a+1ib, 1=a>+d*+c* 1=22+b% iy =cld—
a — b), and 2ad = c*. We solve these equations and verify
that the eigenfunction is normalizable [y/(x,y,z) vanishes as
x% + 3% 4+ 722 — oo] and that, even though Hj is complex, the
ground-state energy is real and positive,

Eo=!+1i2+2/1+2y2)" (6)

The ground-state eigenfunction vo(x,y,z) has partial PT
symmetry. Also, in the limit y — 0 the oscillators decouple
and we recover the expected result that £y = 3/2.

C. Four coupled oscillators

For four coupled oscillators the coordinates are x,y,z,w,
the canonical momenta are p,q,r,s, the Hamiltonian H; with
wj = 11is partially P7 symmetric in the variables x,z or y,w,
and reads

Hy =30+ ¢+ 77 +5) + 307 +y* + 22 +w?)
+iy(xy + yz + zw). @)

We solve the Schrodinger equation Hyyo = Evy with the
ansatz for a partially P7T -symmetric ground-state wave func-
tion of Gaussian form

a
wo(x,y,z,w)=6Xp[—*x —FY T 33 W

+cxy +zw) +d(xz + yw) +exw + fyz],

®)

where a,b,c,d,e, f are six arbitrary constants. This leads to the
conditions Eg=a+b, f2+d*+2+b>=1, & +d*+
2 +a’=1, iy =2cd —2bf, cf +ce=bd +ad, iy =
df +de — cb — ca, and ae = cd. Clearly, the complexity of
the coupled nonlinear system of equations increases rapidly as
the number of coupled oscillators increases.

For the case of N coupled oscillators with w; = 1, we show
in Sec. III that the ground-state energy Ej is

N
1
Ey = E;\/l—{—Ziycos[jﬂ/(N-i-l)]. )
By setting N =2 or N = 3, we readily recover (4) and (6).
For N =4, (9) yields the value

12
EO:[%+% 1+y2(3+ﬁ)/2]
1/2
+ [%+% 126 -Vl . 0

Closer inspection of (9) reveals that the ground-state energy
of such coupled oscillators is always real. Indeed, (9) can be
rewritten as

len(1 1 2
E():2;(24—2\/1+4VZCOS2[17I/(N+1)]) .

an
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FIG. 1. (Color online) Real parts (left) and imaginary parts (right) of the first 11 energy levels of H, (N =2,y = 1).

III. EXACT EIGENFUNCTIONS AND SPECTRA OF N
COUPLED OSCILLATORS

A. Two coupled oscillators

Let us return to the two-coupled-oscillator system governed
by the Hamiltonian H, with w; = 1. The transformation
x1 = (x + y)/v2,x = (x — y)/~/2 decouples the oscillators,
leading to the Hamiltonian H = %p% + %(1 +iy)d+ %p% +
1(1 — iy)x3, which has complex-conjugate frequencies v} =
1+iyand v% = 1 — iy. Apart from a normalization constant,
the eigenfunctions are

llJm,nz(-xl ,.Xz) = Hlll (\/ﬁxl )an(\/EXZ)E_U]XIZ/ZE_UZX%/Z
(12)
with corresponding energy eigenvalues E,, ,, = vi(n; + %) +
va(ny + %). (Here, H,, are Hermite polynomials [10].) In terms
of the coupling parameter y the frequencies are

1/2 1/2

vi=1v=G+3VI+y) +i(-1+ 31+,
whose real parts are positive. The general result for the energy
spectrum is

Enl.nz = (% + %V 1 + y2)]/2(nl +n2 + 1)
+i(=1 + VT2 0 = no).

Note that the spectrumisreal ifn; = ny. If ny =ny =0, we
recover the ground-state energy in (4). In addition, we obtain
the corresponding eigenfunction from (12),

1/2
Woo(x,y) = exp[—3(5 + 31+ 7?) P2+ y?)
. 1/2
—i(= 3+ 31+ "),
which verifies the ansatz (3) and explicitly demonstrates that
an eigenfunction having the partial P77 symmetry of the
Hamiltonian is associated with a real eigenvalue. Note also
that the real spectrum is part of a larger spectrum containing

complex-conjugate pairs. This can be illustrated by the choice
ny=1landn, =0orn; =0andn, = 1:

Eno=(2+2/1+)" +i(-1 + /142"

and W, o(x,y) = V2(1 + iy)4(x 4+ y)Wg0, which is neither
P,T mnor Py7 symmetric. In addition, Eo; = EY, and
Wo.1(x,y) = Wy o(x,y)*. The real parts of the energies are
(ny 4+ ny + 1)-fold degenerate, as shown in Fig. 1.

The nature of the eigenfunctions associated with the first
few energy levels is depicted in Fig. 2. The ground-state (n; =
ny = 0) and the third-excited-state (n; = n, = 1) eigenfunc-
tions are partially P77 symmetric, as can be seen in the
left-hand upper and lower diagrams, while the eigenfunctions
corresponding to the first and third (complex) eigenvalues
(ny =0,ny =1 and ny = 0, n, = 2), which are not partially
PT symmetric, are shown on the right-hand diagrams.

B. Three coupled oscillators

To find the exact solution to the Schrodinger equation for
Hs in (5) with w; = 1 we make the transformation x; = (x —

D/V2 = y/N2+ (x +2)/2, x3=—y/V2+ (x +2)/2,

which decouples the oscillators, giving H = % pl+ %vllez +
%pg + %v%x% + %p% + %v%x% with v2 =1, v} = 1 +iy+/2,
and v32 =1-i y«/i. Thus, the unnormalized eigenfunctions
are

W(x1,X2,x3) = Hu, (X1) Ha, (VV2x2)Hy, (/V3X3)
X exp [—(xl2 + X3 + U3X32)/2]

and the energies are £ = n; + % + v(ny + %) + v3(nz + %),
where

V3 = (% + %W)lﬂ :l:j(_% + % 1 +2y2)1/2‘

Thus, the energy spectrum can be expressed as
_ 1 1,1/ 2 1,1 2
E—n1+§+\/§+§ 142y +\/§+§ 142y
><(n2+n3)+i,/—%+%\/1+2y2 (ny —n3).

Evidently, if the second and third oscillators are in the same
state (np, = n3), the energy is real and the corresponding
eigenfunctions are partially P7 symmetric. In particular, the
ground-state energy (6) is recovered and the ground-state
eigenfunction is

Wo 0,0(x,y,2) = exp[—(1 + a)(x* + z%)/4 — ay*/2
—(a — Dxz/2 — ib(xy + y2)//2],

where a = Re vy, b = Imv,. The first ten energies of Hj for
y = 1 are shown in Fig. 3.
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FIG. 2. (Color online) Absolute value of the eigenfunction for the ground state (upper left), n; = n, = 1 (lower left),n; = 0, n, = 1 (upper

right), and n, = 0, n, = 2 (lower right) for y = 1.
C. Four coupled oscillators

For the Hamiltonian (7), which governs four linearly
coupled oscillators, the transformation

x1,2=%[\/S—ﬁ(xiw)iM(yiz)],
x3,4=2—\1/5[\/5+~/§(x:;:w)j:\/5—7«/§(y:|:z)i|

exactly decouples the oscillators. The new Hamiltonian takes
the form

12,122 1.2, 1,22 1.2
H = 3pi +3vixi + 305+ 3V3% + 315
122 01 2 1,22
+ 333 + 3Py + 345,
Re(F)
4y L. e e
3
2l

. . . . L State
1 2 3 4 5 6 7 8 9

vi=13=1+1iy( ++/5) and v}=1}=
1+ %i y(—=1++/5) are complex frequencies. Let Rev; =
Rev, = A, Rev; =Revy = C, Imv; = —Imv, = B,
Imv; = —Imvy = D, where

where

(A.B) = \/:I:% +3/1+ 3723 +V5),

(C,D) = \/i% + 31+ 323 = V5).

In terms of these variables and the quantum numbers ny, ns,
ns, ng, the total energy is
Enl,nz,n3,n4 = A(nl +ny + 1) + C(I’l3 +n4 + 1)
+ iB(nl — }'lz) + iD(n3 — n4).

Im(E)
1.
0.5¢ * *
State
1 2 3 4 5 6 7 8 9
-0.5} . .
—1t

FIG. 3. (Color online) Real parts (left) and imaginary parts (right) of the first ten energies for Hz (y = 1, N = 3).
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Thus, if n; = ny and n3 = n4, the energy is real. When the

energy is real, the corresponding eigenfunction is always P, T

PHYSICAL REVIEW A 91, 062101 (2015)

or Py, T symmetric. For example, the ground-state energy is
Eo0.00 = A+ C and the corresponding eigenfunction is

1 C—A\ , A=C\ , o 1
‘110,0.0,0=€XP[—Z(A+C+7£ >(X +w)—Z A+C+7\f5 )(y +Z)—E(A—C)(Xz+yw)
_5(3_5_0_2)xw_5(3+3—o+3> ~ B+ D +w>] (13)
2 NG V5 2 NG 5T e

This eigenfunction displays the symmetries assumed in the
ansatz (8).

As another illustration, we consider the case in which the
first two oscillators are in the first excited state, and the other
two are in the ground state (n; = ny, = 1, n3 = ny = 0). The
energy is Ej 190 = 3A + C and the eigenfunction is

Y1100 = ém[(S — V52 — 0?)

— (5 + «/g)(yz - Zz) + 4\/§XZ — 4\/§yw]\llo,0’0,0.

Once again, the energy is real and the eigenfunction is P,,7 or
PywT symmetric. A complex energy Ej o0 =2A+ C+iB
arises for the choice ny = 1, n, = n3 =ny4 = 0.

D. Five coupled oscillators

The Hamiltonian for five coupled oscillators is
Hs = 3(p" + 4"+’ +5 +1%)
+%(x2+y2+zz+w2+u2)
+iy(xy 4+ yz + zw + wu).

Rather than decoupling the oscillators we treat this case by
constructing the secular equation

det(Mj; — v*8;1) = 0, (14)

where M j is the tridiagonal matrix defined as

1 iy 0 0 0
92U iy 1 iy O 0
My = =lo iy 1 iy of, a9
J
9q;9qx |y 0 ;
0

0 iy 1 iy
0 0 iy 1
U is the potential, and g; and g are coordinates.

The solution to the secular equation (14) gives complex-
conjugate pairs of frequencies and one real frequency:
vi2 =1+iy/3, vZ, = 1 £iy,vs = 1. Thus, the decoupled
Hamiltonian is

1.2, 1.22, 1.2, 1.22, 1.2, 122,12
H = 3pi+3vixi + 305+ 3vix; + 505+ 3v5x5 + 50

+hied + 4o+ 4
and the energy of the system reads
E=vi(n+35)+v(na+3)+vs(ns+3)
+v4(n4+ %) +ns + %

where ny, ny, n3, n4, ns are non-negative integers.

\
E. General case: N coupled oscillators with w; =1

In this section we consider the Hamiltonian (1) for
N linearly coupled oscillators with w; = 1. To obtain the
frequencies of the decoupled oscillators we use (14) to
construct the N x N tridiagonal matrix secular equation,
det(M — v2I) = 0, which has the form

1—v2 iy

iy 1—v iy
iy 1—ve iy

2

iy

iy 1—v?
Because this matrix equation is tridiagonal, Dy satisfies the
three-term recurrence relation

Di+ (W = DDy —y*Dyrs =0 (k=12,...,N),

where Dy = 1 and D_; = 0. We solve this difference equation
to obtain the frequencies

v2=1+42iycos[jm/(N+ 1] (j=12,...,N).

Thus, the exact expression for the total energy of the system
of N oscillators is given by

N
E=Y"J1+2iycosljn/(N + D] (n; +1),

j=1

where n; > 0(j =1,...,N). Choosing n; = 0 for all j, we
find the exact ground-state energy in (11), which has been
shown to be real.

IV. COUPLED OSCILLATORS WITH ARBITRARY
FREQUENCIES

In Secs. II and III the oscillator frequencies multiplying
sz. were set to unity. Our conclusion in the foregoing analysis
was that a real spectrum is embedded in a complex spectrum
containing complex-conjugate pairs of energies. We now relax
this constraint on the natural frequencies. For the two-, three-,
and four-coupled-oscillator systems, we demonstrate that for
an appropriate choice of w; the spectrum can be entirely real.

A. Two coupled oscillators with general natural frequencies
®, and w,
The Hamiltonian H, in (1) reads H, = % P>+ %qz +

2
v

1,22, 1
FW X"+ Fw

3 y2 +iyxy. The frequencies of the decoupled
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E .

1 4

0 -
FIG. 4. (Color online) First ten energies of H, for
the parameter choice @}=3, w;=1, and y=1/2.
These  states have the quantum numbers (ny,n;) =
(0,0),(0,1),(1,0),(0,2),(1,1),(0,3),(2,0),(1,2),(0,4),(2,1).

oscillators in this case are
V12,2 = % (a)ﬁ + wf, +4/(w? — a))z‘)2 — 4y2> (16)

and the energies of the system are E,, ,, = vi(n + %) +
v(n, + %), where ny,n, > 0.

In contrast to the results found in Sec. 111, the entire energy
spectrum can be real for specific values of wy, w,, and y. For
this to be so, the parameters must satisfy the condition

o} — )] > 2]y]. a7

The case considered in Sec. [l had wy = w, =1and y =1,
which does not satisfy this condition and, as we saw, the energy
spectrum was only partially real.

3.0F T T T T T T
2.5¢

2.0

0.5k ‘ §

U.D-, 1 n i 1 1 1]
0.0 0.5 1.0 1.5 2.0 25 3.0

Wi
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To have real eigenvalues the associated eigenfunctions must
all be partially P7 symmetric. This can be seen explicitly by
decoupling the oscillators with the transformation

x1 =~vA+ B(Dx+ Ex+iCy)/(2CE),
X2 =+vA—B(—Dx+ Ex —iCy)/(2CE),

where A =8y? —2(w; —w})’, B =2w;— w)l(w} —
wﬁ)2 — 4;/2]1/2, C=2y,D= wf. — wi, E = [(wﬁ — w}z,)2 —
4y2]1/2 leading to the Hamiltonian H = %pf + %v%x% +
%p% + %v%x%, where v; and v, are given in (16). Up to a
normalization constant, the eigenfunctions are

“Ijnl‘nz(-xl ,.Xz) = Hnl(«/V»lxl)an(«/TZXZ)
X €Xp (_%Ul,xlz - %sz%) .

Note that A + B and A — B have opposite signs in the P7 -
symmetric phase and that A — B < 0. Rewriting \W,,, ,,,(x1,x2)
in terms of the original variables x and y, one can show that the
eigenfunction W, ,,(x,y) has partial P7 symmetry because

(PXT)‘Vn,‘nZ(X,Y) = (_l)nl\ljm,nz(-xvy)v
(P)'T)\I}n],ng(xay) = (—1)"2‘1’n1,n2(x’y)-

To illustrate, we consider the case wﬁ =3, w* =1, and
y = 1/2. The relation (17) is satisfied and we find the purely
real nondegenerate spectrum shown in Fig. 4. When |w? —
a)§| < 2|y|, the energy spectrum is only partially real. Thus,
there is a phase transition from the unbroken partially P7 -
symmetric phase to the broken one. For example, keeping
wy, = 1 and y = 1/2, but adjusting ? so that it passes 2, the
first-excited-state energy becomes complex.

B. Three coupled oscillators with general natural frequencies
@y, ®y, and o,
For the three-oscillator Hamiltonian Hs = p?+
%qz + %’,2 + %a)_%xz + %a)gyz + %a)?zz +iy(xy+yz) the

3.0F T T ‘ T T T T
25¢

2.0

FIG. 5. (Color online) Unbroken partial P77 -symmetric phases of H; depicted as shaded areas for the parameters y = 1/12 and wf, =2/3

(lefty and y = 1/3 and w} = 1 (right).
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; ’

FIG. 6. (Color online) Unbroken partial P7 -symmetric phases
of H; for y = 1/12 depicted as colored volumes.

frequencies v> = A of the decoupled oscillators satisfy the

cubic equation f(A) = 0, where

2

FO) =27 = (0} + 0] + 02) A + (0]o] + wjo?
2= (0 +a2) y2

2 2 2 2 2
+oyo; + 2y )A — wiw;
If the discriminant associated with this equation is positive,

three real distinct roots can emerge, giving a real spectrum. To
guarantee that the roots are positive, it is necessary that

f(o) < 0: )"max > 0; )‘-min > 07
f()\max) > 0, f()\min) <0

3.0f] ' ' ' ' ‘ '
25}
20}
2 15} ]

1.0}

0.5F ‘ ‘ 8

0.0f our . " i ; ]
0.0 0.5 1.0 15 2.0 25 3.0

PHYSICAL REVIEW A 91, 062101 (2015)

are all fulfilled, with Ap;, and Anax being the extrema of
the polynomial. Figure 5 displays the regions in which the
frequencies of the decoupled oscillators are all real (blue
shaded areas) in the parametric space of w, and w, for fixed
values of y and 2. This figure shows that several regions of
unbroken symmetry exist. This is in contrast to the case of the
two coupled oscillators.

For example, Fig. 5 shows that w? = 1/3, w% =2/3,
a)f =1, and y = 1/12 gives an unbroken symmetry phase.
‘We obtain three different real positive (decoupled) frequencies

n=v2/3, =B+ V14/12, vi=y/@-VId/12.

Thus, the spectrum is entirely real with energies given by
Enmymy = vi(n1 + 3) + v2(na + 1) + v3(n3 + 3). By fixing
only y we can find regions in the three-dimensional parameter
space of wy, wy, and w, for which unbroken symmetry (and
therefore a real spectrum) exists. This is shown in the colored
volumes depicted in Fig. 6 for the specific choice y = 1/12.

C. Four coupled oscillators with general natural frequencies
@y, @y, @7, and @,

The previous analysis can be applied to the four-coupled-
oscillator Hamiltonian

Hy=3p +3q° + 577 + 357 + Joix” + S0))°
+ 102 + Lot w? +iy(xy + yz + zw),

where w,, w,, w;, and w,, are real frequencies and y is a real
coupling parameter.
The eigenvalues of the matrix

@ iy 0 0
JY 4 wf iy 0
0 iy wf iy
0 0 iy o}
10F - T T - T .
25+
2.0+
$1sf i
1.0} E
0sf -
oob o !

FIG. 7. (Color online) Unbroken partial P T -symmetric phases of Hy depicted as shaded area. Left: y = 1/5, »? = 1, and a)? = 1. Right:

y =3/10,0? = 1,and 2 = 4.
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FIG. 8. (Color online) Unbroken partial P77 -symmetric phases of H, in the (w,,w,) plane depicted as shaded areas for the parameter

choices w? = 1 and w? = 4 for nine values of y.

are the squares of the corresponding decoupled-oscillator
frequencies. The eigenvalues v> = A satisfy the fourth-order
equation f(A) = A* —aA® +bA% — cA +d = 0, where

_ 2 2 2 2
a_a)x—f—a)y—l—wz_—l—a)w,

_ 2.2 2 2 ) 2 2 2 2 2 2 2
b = w0y + 0] + wiw, + Y E; + Ve, + o o, + 3y”,

_ 2.2 2 2.2 2 2 2 2 2.2 2 2.2
€ =0, 00; + 0,0, + oo, + o e, + 2y o,

+ 2y2w§, + yzwi + yza)f_,

2 2 2 2.2 2 2.2 2 2

d =a)§w),wzww + v wiwy + v wiw, +y a)gwi + y4.

Regions in which all decoupled oscillator frequencies are
real give a completely real energy spectrum, which means
that partial P7 symmetry is unbroken. This requires that
f () have four positive roots, which is the case if f(0) > 0.
In addition, if f’(1) has three positive roots, the extrema of
f(A) lie on the positive abscissa. To have four real roots the
minimum value of f(1) must be negative, and the maximum
value must be positive. Figure 7 shows the regions in which
these conditions are fulfilled (that is, the regions in which
the partial P77 symmetry is unbroken) for specific choices
of the parameters. Fixing the values of »? =1 and w? = 4
as in the right-hand panel of Fig. 7, we can investigate the
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FIG. 9. (Color online) Left: Classical trajectory in the complex-x plane for H, with wf = wi = 1 with the initial conditions x(0) = y(0) =
—1—iand %(0) = y(0) = 1 +i/2, and y = 1. Right: Classical trajectory in the complex-x plane for H, with w? = 2, a)% =l,andy =1/2
for the initial conditions x(0) = y(0) = —1 +i and x(0) = y(0) =2 — i /4.

development of the phase boundaries as a function of the
coupling strength y. This is shown in Fig. 8.

V. CORRESPONDING CLASSICAL THEORY

In this section we investigate the features of par-
tially P7-symmetric classical theories. We begin with
the two-coupled-oscillator Hamiltonian H, with frequen-
cies w, = w, = 1. Hamilton’s classical equations of motion
lead to

Y'() +y(®) +iyx(t) =0
and combining these equations gives the fourth-order differ-
ential equation

x"(t) +2x"(t) + (1 + yH)x(t) = 0.

We seek solutions x(7) = ¢'* and find that A = v? satisfies the
quadratic equation A2 —2A 4+ 1+ y2 =0,s0v = /T £ iy.
Thus, the characteristic frequencies are always complex. By
decomposing /1 + iy = a + ib into its real and imaginary
parts we can write the general solution as

x(t) = [(A 4 D)e™ + (B + C)e” ] cos(at)
+i[(A = D)e ™ + (B — C)e”sin(ar),

X" +x@)+iyy@) =0,

where A, B, C, and D are arbitrary constants. Therefore, for
any initial conditions, the real and imaginary parts of x(¢) are
oscillatory and growing (or decreasing). As a consequence, the
trajectories in the complex-x plane spiral outward (or inward).
Hence, the classical paths are open (see Fig. 9, left-hand
panel). Thus, although the quantum spectrum is partially
real, this partial reality does not give rise to closed classical
trajectories.

More generally, if the coupled oscillators described by
H, have natural frequencies w, and w,, we obtain the
equation

x"(t) + (wi + w)z) x"(t) + (wﬁwi + Vz) x(1)=0.

Again seeking solutions x(¢) = ¢**, we find that v> = %w% +
%wi + %[(w}% — w§)2 — 49212, We deduce that four real

values of v exist when |a)§ — wfl > 2|y|, whichis precisely the
condition that guarantees a fully real spectrum in the quantum
system [see (17)]. Thus, the transition from the broken
partial-P7 -symmetric phase to the unbroken phase occurs
at the same point as for the quantum case. For the parameter
choice @? = 2, a)i =1, and y = 1/2 the classical trajectory
depicted in Fig. 9 (right-hand panel) spirals outward, which
indicates that P77 symmetry is broken even though the system
is partially P77 symmetric. The behavior of the trajectories in
the unbroken phase is illustrated in Fig. 10. Here, one sees that
while the classical trajectory is not closed it is confined to a
compact region in the complex-x plane. We thus observe the
phase transition at the classical level; that is, we observe the
transition from spirals (broken phase) to localized trajectories
in the complex-x plane (unbroken phase), which happens at
o} — )| =2|y|.

In addition to studying the trajectory in the complex-x
plane, one can study the trajectories in phase space by plotting

|
i
FIG. 10. (Color online) Classical trajectory in the complex-x
plane for H, with the parameter choice w? =3, w; =1, y = 1/2,
with the initial conditions x(0) = —1+1i, y(0) =2 —2i, x(0) =

L+i/2, $0)=3/2+i (left) and x(0) = 1 +2i, y(0) =2 +i/4,
#(0) = —3+1i, (0) = 1/2 + 5i (right).

062101-9




Chapter 5: Coupled oscillator systems ...

59

ALIREZA BEYGI, S. P. KLEVANSKY, AND CARL M. BENDER

FIG. 11. (Color online) Poincaré section of the classical trajec-
tory in phase space for H, with the parameter choice w? = 3, w% =1,
y =1/2 and initial conditions x(0) = 1+4i/2, y(0) = —2 + 2i,
X(0)=1+i/2, y(0)=—-3/2—3i/2 (left) and x(0) =2+ 5i/2,
y(0)=2—-3i,%(0)=1—-1i/2, y(0) = 2 — 2i (right). The structure
of this plot indicates that the orbits are almost periodic.

a Poincaré section. From the structure of the Poincaré plot
we conclude that the confined trajectories are almost periodic
[11]. This is illustrated in Fig. 11. The appearance of open
almost-periodic trajectories occurs because the number of
degrees of freedom exceeds one; if N =1, the classical
orbits associated with real quantum energies are closed
[12].

A similar analysis can be done for the three-coupled-
oscillator Hamiltonian H3 with general natural frequencies.
The classical equations of motion are

x"(t) + wlx(t) + iyy(t) = 0,
Y'(0) + @} y(0) + iy (x(t) + 2(1)) = 0,
() + lz(t) + iyy(1) = 0.

Seeking solutions of the form x(t) = Ae', y(t) = Be', and
z(t) = Ce'"', we obtain a cubic equation for A = v2:

23— (a)f + a)§ + a)g) 22+ (wiwi + wiwﬁ + a)f,a)f + 2)/2) A

— a)ia))z,a)f — (a)z + wf) yr=0.

The characteristic frequencies are real if and only if the cor-
responding quantum system is in an unbroken P7 -symmetric
phase (all eigenvalues are real); the criteria for real eigenvalues
are given in Sec. IV. To illustrate, recall that in Sec. IV the
parameter choice w} = 1/3, w; =2/3, w2 =1,y = 1/12lies

FIG. 12. (Color online) Classical trajectory in the complex-x
plane for H; with the parameter choice w? = 1/3, w2 =2/3,y =
1/12, w? =1 (left) and w? = 13/20 (right) with the initial condi-
tions x(0) = =2 4+, y(0) =3 — 3i,z(0) =3+ 2i,x(0) = —1 + 3,
¥(0) =3+42i,2(0) = -2 +1i.

PHYSICAL REVIEW A 91, 062101 (2015)

FIG. 13. (Color online) Poincaré section of the classical trajec-
tory for H; with the parameter choice w? = 1/3, w2 = 2/3, 0? = 1,
y = 1/12 and the initial conditions x(0) = —2 + i, y(0) = 3 — 3i,
2(0) =3 +2i, x(0) = —1 4+ 3i, y(0) = 3+ 2i, z(0) = —2 +i. This
figure indicates that the orbit is almost periodic.

in the unbroken phase and gives a real energy spectrum.
Figure 12 shows that for this parameter choice the classical
trajectory is confined to a compact region in the complex-x
plane, whereas for the choice w)% =1/3, wg =2/3, wf =
13/20, and y = 1/12, for which the quantum symmetry is
broken, the classical trajectory spirals outward to infinity. A
Poincaré section is given in Fig. 13 for the parameter choice
of Fig. 12 (left-hand panel).

VI. BRIEF CONCLUDING REMARKS

In this paper we have examined systems of N linearly
coupled oscillators that are partially P7 symmetric. In the
quantum-mechanical analysis we have found that the ground
state of each of these systems is always real. We have
shown that the entire spectrum may in fact be completely
real depending on the values of the natural frequencies w,
®y, @, ... and their relation to the coupling strength y.
This happens even though the system is only partially P7T
symmetric. We have studied this in detail for systems of
two and three coupled oscillators. A phase transition point
exists beyond which the energy spectrum is only partially
real.

For the two and three classical oscillator systems, we
find a phase transition at exactly the same point as the
quantum-mechanical oscillator systems. When the eigenvalues
of the quantum system are all real, the classical trajectories are
confined and almost periodic, but when the quantum eigen-
values are partly real and partly complex, the corresponding
classical system always has open trajectories that spiral out to
infinity.

Finally, we comment that while it is not obvious what kinds
of experiments can be performed to verify the results obtained
in this paper, it is very likely that in the area of experimental
optics it will be possible to mimic partially P7 -symmetric
Hamiltonians, to study their behavior directly, and to access
their physical properties (see, for example, Ref. [9]).
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Abstract

CrossMark

By analytically continuing the coupling constant g of a coupled quantum theory, one can, at least
in principle, arrive at a state whose energy is lower than the ground state of the theory. The idea
is to begin with the uncoupled g = 0 theory in its ground state, to analytically continue around an
exceptional point (square-root singularity) in the complex-coupling-constant plane, and finally to
return to the point g = 0. In the course of this analytic continuation, the uncoupled theory ends
up in an unconventional state whose energy is lower than the original ground-state energy.

However, it is unclear whether one can use this analytic continuation to extract energy from the
conventional vacuum state; this process appears to be exothermic but one must do work to vary

the coupling constant g.

Keywords: analytic continuation, coupled quantum systems, unconventional quantum states

(Some figures may appear in colour only in the online journal)

1. Introduction

The analytic structure of eigenvalues of self-coupled systems,
such as the quantum anharmonic oscillator, has been studied
in great depth. Singularities in the coupling-constant plane
have been identified as the cause of the divergence of per-
turbation theory [1, 2]. These singularities are typically
square-root branch points and are associated with the
phenomenon of level crossing. These singularities are some-
times referred to as exceptional points [3]. Studies of cou-
pling-constant analyticity have revealed a remarkable and
generic phenomenon, namely, that the eigenvalues belonging
to the spectrum of the Hamiltonian are analytic continuations
of one another as functions of the complex coupling constant.
Thus, the energy levels of a quantum system, which are
discrete when the coupling constant is real and positive, are
actually smooth continuations of one another in the complex-

4 Author to whom any correspondence should be addressed.

0031-8949/17/015201+07$33.00

coupling-constant plane [4], and a simple geometric picture of
quantization emerges: The discrete eigenvalues of a quantum
system are in one-to-one correspondence with the sheets of
the Riemann surface. The different energy levels of the
Hamiltonian are merely different branches of a multivalued
energy function.

While this picture of quantization has emerged from
studies of coupling-constant singularities of self-coupled
systems, this paper argues that an even more elaborate picture
arises from studies of coupled quantum systems. Consider, for
example, the simple case of two coupled quantum harmonic
oscillators, one having natural frequency v > 0 and the other
having natural frequency w > 0. For definiteness, we assume
that v > w. The Hamiltonian for such a system has the form

H=p> + 2% + ¢* + vy + gxy, ey
where g is the coupling parameter. For sufficiently large |g|
the eigenvalues of H become singular. To demonstrate this we

© 2016 The Royal Swedish Academy of Sciences Printed in the UK
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rewrite the potential V (x, y) = v*? + w?y? + gxy as

2 2
8y 2,2 g
—| + w*— —|
21/2) Y ( 41/2)
We see immediately that on the line x + gy/2v? = 0 in the
(x,y) plane V(x,y) becomes unbounded below if g2>

412w?%. Thus, while the potential has a positive discrete
spectrum when the coupling constant g lies in the range

Vx,y) = 1/2(x + (2)

3

we expect there to be singular points at g = +2pw in the
coupling-constant plane. This result raises the question, What
is the nature of the singular points at +2vw?

Coupled-oscillator models have been studied in great
detail in many papers [5—11] and in particular for oscillator
models of the type in (1). The presence of singularities at
g = +2ww was noted in [6]; however, the nature of singu-
larities and the Riemann sheet structure was not identified in
any of these papers.

In this paper we show that the Riemann surface for the
coupled-oscillator Hamiltonian (1) consists of four sheets.
The singularities at g = +2pw are square-root singularities,
like the exceptional-point singularities of self-coupled oscil-
lators. However, if we cross either of the square-root branch
cuts, we enter a second sheet of the Riemann surface on
which two new square-root branch points appear. These new
branch points are located at g = +i(w? — v2). If we cross
either of the branch cuts emanating from these new branch
points, we enter a third sheet of the Riemann surface where
there are yet another pair of square-root singularities at
g = +2ww, unconnected with the singularities on sheets one
and two. Crossing either of the branch cuts emanating from
these singularities at g = +2ww takes us to a fourth sheet of
the Riemann surface. Not all energy levels of the coupled
harmonic oscillator mix among themselves as g varies on this
four-sheeted Riemann surface. Rather, each energy level
belongs to a quartet of energies that are analytic continuations
of one another. We find that the four sheets of the Riemann
surface correspond to four distinct spectral phases of the
coupled oscillator system (1).

We give a detailed description of these spectral phases in
section 2. We explain below how such spectral phases arise.
Let us consider a single harmonic oscillator, whose dynamics
are defined by the Hamiltonian

2w < g < 2w,

H = p* + %2 “4)

This simple quantum system actually has two spectral phases
characterized by two distinct spectra. To understand why, we
assume that v is a positive parameter and we note that the nth
eigenvalue E,, which is defined by the eigenvalue problem

2
~Lb )+ 10 = @) () Oasx — +o0),
(%)
is given by
En:(2”+1)1/ (n:0,1,2,3,..‘).

In [12] it was observed that if we analytically continue v in a

semicircle in the complex-v plane, that is, if we let v = rel? (r
real) and allow ¢ to run from O to m, the eigenvalues change
sign even though the Hamiltonian remains unchanged. By
this analytic continuation we reach a new phase of the har-
monic oscillator whose spectrum is negative and unbounded
below. Thus, the Hamiltonian (4) of the harmonic oscillator
has two distinct and independent real spectra that are related
by analytic continuation in the natural frequency v of the
oscillator.

How can one Hamiltonian (4) have two different spectra?
The answer to this question is that the positive spectrum is
obtained by imposing the boundary conditions in (5) in a pair
of Stokes wedges [4, 13—15] centered about the positive-real-
x and negative-real-x axes. We refer to the positive spectrum
as the conventional one. These wedges have angular opening
m/2. The negative spectrum is defined by imposing the
boundary conditions in a pair of Stokes wedges containing
and centered about the upper and lower imaginary-x axes. We
refer to the negative spectrum as the unconventional spectrum
of the harmonic oscillator. These Stokes wedges also have
angular opening of 7/2. To understand the configuration of
the wedges we examine the WKB geometrical-optics
approximation [4]

W~ etm?/2 (6)
to the solutions of the harmonic-oscillator eigenvalue
equation (5). On the basis of (6) we can see that the 90°
wedges in which the eigenfunctions vanish rotate clockwise
through an angle of 7/2 as v rotates anticlockwise through an
angle of 7. Thus, these two phases are analytic continuations
of one another and are analytically connected by rotations in
the complex-frequency plane.

A principal result of this paper is that, if we analytically
continue the physical system consisting of two coupled har-
monic oscillators described by the Hamiltonian in (1) in the
coupling constant parameter g, we obtain all four possibilities
for the phases of the two oscillators in which each oscillator is
in a conventional or an unconventional phase. Thus, all four
phases are analytically connected on the Riemann surface of
the complex coupling constant g, even though the frequencies
v and w are held fixed and positive.

In section 2 we construct analytically the four-sheeted
Riemann surface for the coupled harmonic oscillator model
(1). In section 3 we examine the Riemann surface defined by
the partition function for some zero-dimensional quantum
field theories. In general, the number of sheets in the complex
Riemann surface for these theories is smaller than the number
of sheets for the corresponding quantum-mechanical problem.
For example, for the zero-dimensional quantum field theory
that is analogous to the quantum-mechanical oscillator model
of (1), the Riemann surface only has two sheets and not four
sheets. For a coupled pair of sextic models, the Riemann
surface has six sheets, indicating that this theory has six
different phases. Section 4 gives some brief concluding
remarks.
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2. Energy levels of the coupled harmonic oscillator

In this section we examine the analytic structure of the
eigenvalues of the coupled harmonic oscillator Hamiltonian
(1). We begin by examining the ground state, whose eigen-
function has the general form

’l/) (x’ y) — e*llXZ/Z*h)’z/Z‘F(fxy’

@)

where a, b, and ¢ are constants to be determined. We sub-
stitute (7) into the eigenvalue equation Hiy) = E1p, which has
the explicit form
— o + VR — Yy + WY+ gxyh = By, (8)
We then equate the coefficients of x°, y?, xy, and x%y0 and
obtain the four equations
V2 =a*+ c?,
w2 =b* + 2,
0=2ac + 2bc + g,
E=a+b.

®
10

Subtracting the first equation from the second and combining
the result with the third and fourth equations allows us to
calculate a, b, and ¢, which we then eliminate in favor of a
single quartic polynomial equation for the eigenvalue E:

E* — 207 + WHE?+ (2 — WD) + g2 = 0. (11)
The solution to this equation involves nested square roots,
E(9) = [V + w? + (417w — g2)!/?] /2 (12)

and from this equation we see that E(g) is a four-valued
function of the coupling constant g.

Let us make a grand tour of the Riemann surface on
which E(g) is defined. We begin on Sheet 1, where both
square-root functions are real and positive when their argu-
ments are real and positive. There are two obvious square-root
branch points (zeros of the inner square root) and these are
located at g = +2ww. Square-root branch cuts emerge from
each of these branch points and, as shown on figure 1, we
have chosen to draw these branch cuts as vertical lines going
downward. On Sheet 1

EO)=v+w (13)

and because we assume that v and w are real and positive we
see that both oscillators are in their conventional ground
states.

There are no other singularities on Sheet 1 that allow us
to change the sign of the outer square root. This is because at
such a singular point the argument of the outer square root
function would have to vanish:

V2 4w+ 4w —gr = 0.

The solution of this equation is obtained by squaring
V2 4+ W= —4r? — g%

—g* =@ - W, 15)

so —g? is positive. The solution in (15) is spurious because
both terms in (14) are positive.

(14)

Sheet 1:
Complex-g plane

-2vom +2vm
b 4 .
] 1
| 1
I 1
| 1
] 1
] ]

] 1
1 1
I 1
| 1
| 1
¥ v

Figure 1. Sheet 1 of the complex Riemann surface of E(g) in (12).
On this sheet both the inner and outer square roots are positive when
their arguments are positive. Branch points are indicated by blue dots
and branch cuts by red dashed lines. On this sheet E(0) = v + w.

If we analytically continue E(g) through either of the
branch cuts on Sheet 1, we arrive on Sheet 2, where the inner
square root changes sign. Therefore, on this sheet

EQO) =v — w, (16)

assuming that v > w. Thus, the x oscillator is in its conven-
tional ground state but the y oscillator is in its unconventional
ground state. Because the inner square root returns negative
values when its argument is positive, the solution for —g? in
(15) is not spurious. Therefore, there are new branch cuts
associated with the sign change of the outer square root; these
branch cuts emanate from branch points located at

g = £i(? — W?). (17)

All four branch cuts on Sheet 2 are shown on figure 2. If we
now pass through a branch cut emanating from +2vw, we
return to Sheet 1 but if we pass through a branch cut ema-
nating from either branch point in (17), we enter Sheet 3.

On Sheet 3 there are two pairs of square-root branch cuts.
The branch points on the imaginary axis coincide with those
on Sheet 2. However, there is a new pair of branch points on
the real axis at ¢ = +2ww. Although these branch points
appear at the same locations as on Sheets 1 and 2, they are
unrelated to those branch points. We show this explicitly in
figure 3 by drawing the associated branch cuts differently. On
this sheet both the inner and outer square-root functions in
(12) are negative and

EOQ)=-v+w (18)

when v — w is positive. Now the x oscillator is in an
unconventional ground state and the y oscillator is in a con-
ventional ground state.

If we now pass through a branch cut emanating from
(17), we return from Sheets 3 to 2. However, if pass through a
branch cut emanating from +2uw, we enter Sheet 4. On this
sheet there are only two branch points, which are located at
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A
1
1
1
Sheet 2: : o ,
Complex-g plane @ +i(vi - w?)
-2vw +2vo
b ¢
l :
! 1
! 1
! 1
! 1
! 1
! 1
| |
: Q-ivi-w?) !
v v

|
I
1
v

Figure 2. Sheet 2 of the complex Riemann surface of E(g) in (12).
On this sheet the inner square root in (12) is negative and the outer
square root is positive when their arguments are positive. On this
sheet E(0) is ¥ — w (assuming that ¥ — w is positive).

) ——>

Sheet 3: o
Complex-g plane @ +i(vi- 0?)
-2V +2vo
Iy %\
/’/ \\\
o \\\4
@ -i(v2- w?)

1
1
|
v

Figure 3. Sheet 3 of the complex Riemann surface of E(g) in (12).
On this sheet both the inner and outer square roots are negative when
their arguments are positive and thus E(0) = —v + w.

+2ww (see figure 4). On Sheet 4
EO0)=—-v—w (19)

Both oscillators are now in unconventional ground states.

To summarize, figures 1-4 describe each of the four
branches of the function E(g) in (12). On these four branches
E(0) takes the values given in (13), (16), (18), and (19). From
these four values of E(0) we infer that by analytically con-
tinuing the two-coupled-oscillator system in (1) through the
entire Riemann surface we access both phases, conventional
and unconventional, of both oscillators, even though the two
frequency parameters v and w are held fixed.

Sheet 4:
Complex-g plane

-2vm +2vw
bud d
/ Y

’ A Y

P \
P \
P \
. \
P \
/ Y
/ Y
‘! Y

Figure 4. Sheet 4 of the complex Riemann surface of E(g) in (12).
On this sheet the inner square root is positive while the outer square
root is negative when their arguments are positive. On this

sheet E(0) = —v — w.

The four-fold structure of the ground-state energy is
repeated for all of the energy levels. To verify this, we con-
struct the eigenfunctions associated with the other energy
levels of the theory. These eigenfunctions consist of the
exponential in (7) multiplied by a polynomial P (x, y). If
P (x, y) has the form

P(x,y) =Ax + By + Cxy + D, (20)

the eigenvalue equation (8) leads to the three coupled
equations (9) together with four alternatives for E:

ED = (a + b)D, @1
EA = A(3a + b) — 2Bc, (22)
EB = B(a + 3b) — 2Ac, (23)
EC = D(g + 2bc + 2ac) + 3C(a + b). 24)

For the quartet of ground-state energy levels described above,
D=1,A=B=C=0,sothat P(x, y) = 1. We assign the
label (0, 0) to this quartet because it reduces to the (con-
ventional and unconventional) ground states of the x and y
oscillators when g = 0 and ¢ = 0. We use the designation
(0, 1) for the quartet P(x,y) =y, (1,0) for the quartet
P(x, y) = x, and (1, 1) for the quartet P (x, y) = xy that give
rise to spectra in the decoupling limit g = 0, ¢ = 0. In this
limit, it follows again that a> = v and b* = w?, leading to
four quartets with the additional three spectra arising from
(22) for (1,0) when B = C = D = 0, (23) for (0,1) when
A=C=D =0 and (24) for (1,1) when A= B =D = 0.
These four quartets are illustrated in figure 5 for the case
v =2 and w = 1. We emphasize that the energy levels of
different quartets are not analytic continuations of one another
but the elements of each quartet are analytic continuations of
one another and branches of a four-valued function defined on
exactly the same the Riemann surface pictured in figures 1-4.
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w 3v+3m
— 3Vv+m
— V30— 3v-@
V+® — 3v-3w
v-m = -V+3m
-Vt  ——— v-30
V- =3v+3m
—-v30 —3v+n
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(0,0) (0,1) (1,0) (1,1)

Figure 5. First four quartets of energy levels associated with the
Hamiltonian (1). The quartets are labeled (mm, n), and the quartets
shown are for m = 0, 1 and n = 0, 1. We have chosen the values
v =2 and w = 1 and have plotted the values of E(0) to scale. Note
that each energy eigenvalue corresponds to the lowest such state on a
different Riemann sheet.

3. Partition functions for zero-dimensional field
theories

3.1. Interacting quadratic field theory

Let us examine the zero-dimensional field-theoretic equiva-
lent of the Hamiltonian (1). The partition function for this
field theory is given by the integral

2@ = [ [axayer

le—wzyz—gxy’ 25)
where both integration paths run from —oo to co. We can
evaluate the integral exactly by rearranging the terms in the
exponential as we did in (2):

Z(g) = ffdx dy e/’ [trey/@AOP -y W=/ @] (26)

Simple transformations then reduce this to a product of two
gaussian integrals,

Z(g) = ffﬂefxzavz, Q7
422 — g2
which evaluate to
2w

Z(g) = (28)

This partition function is a double-valued function of g
and is defined on a two-sheeted Riemann surface. Like the
coupled harmonic oscillator discussed in section 2 the square-
root singularities are located at g = +2ww. However, unlike
the case of the coupled harmonic oscillator, the Riemann
surface has two sheets and not four; these sheets correspond
to the two possible signs of Z(g) and these two sheets cor-
respond to the analogs of the conventional-conventional
theory and the unconventional-unconventional theory. (To
obtain the unconventional-unconventional theory from the
conventional-conventional theory we replace x by ix and y by

iy and this changes the sign of the partition function.) There is
no analytic continuation to the partition function for a mixed
unconventional-conventional theory. This is because the path
of integration is included with the integral that defines the
partition function. Given an eigenvalue differential equation
we are free to choose the boundary conditions (we can require
that the eigenfunctions vanish as x — £o00 or as x — +io0)
but there is no such freedom in the case of an integral. To
obtain other phases we would have to change the path of
integration in the definition of the partition function.

We can generalize this calculation by including in the
partition function external fields J and K coupled to the x and
y fields:

20,K: ) = [ [ ay e,

Evaluating this integral by following the same procedure as
above, we now find a more elaborate singularity structure,

Z(g) =

s J2? + KW? — gKJ

exp )
420% — g2 dot? — g2
which is again defined on a two-sheeted Riemann surface but
in addition has essential singularities at the square-root branch
points. Consequently, all of the Green’s functions, which are
obtained by taking derivatives with respect to the external

sources, have increasingly stronger singularities at g = +2uw.

3.2. Interacting sextic field theory

A higher-power selfinteracting field theory that possesses a
conventional real spectrum and in addition possesses a real
PT -symmetric spectrum has a sextic interaction of the form
¢°. We thus examine a field theory that describes the coupling
of two sextic oscillators and we choose a symmetric form for
the coupling. The partition function for the zero-dimensional
version of this coupled quantum field theory is

(@ = [ [dray ete

This sextic theory is more difficult to examine analytically.
We begin by expanding the coupling term as a series in
powers of g:

Z(g) = Z—(jﬁ) ffdx dy efx"f_v"x3ny3n_

n=0

(29)

(30)

Since the x and y integrals run from — o0 to co, only even
values of n contribute to the partition function. When n is
even, we have

f Cdr ey = lF(ﬁ + l),

—co 3 \2 6

but if n is odd, the integral vanishes. Thus, we make the
replacement n = 2m and re-express the partition function as a
sum over m:

Z(g) = L3 31

2m
! g—Fz(m + l)
9 o (2m)! 6
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This sum is a hypergeometric series:

1 1.

1 g°
Z(g) = —F2(1/6)2F (— =5 —) (32

6°6 2 4

In general, the hypergeometric series has a radius
of convergence of 1. (This is easy to verify by using the
Stirling approximation for the Gamma function.) This implies
that Z(g) has a singularity on the circle |g| = 2.

It is important to identify the precise location and nature
of this singularity. To do so we use the linear transformation
formula [16]

I'(c)I'(c — a — b)

Fi(a, b;c;z) =
e bre D) = 5 T R e b

X Fia,b;a+b—c+1;1—2)
(1 = geerl@OI@tb =0
IN@OINO)]

X Fi(c —a,c —b;c—a—-b+1;1—2).

This transformation makes the singularity explicit because the
hypergeometric function is analytic in the unit circle.
Applying this transformation gives

JTT3(1/6 115 2
2= 0O gL L3, &
9r2(1/3) 666 4
2\1/6 _
+(1_g_] JET(-1/6)
4 9
(L L7 g (33)
N3 3’6 4)

from which we conclude that Z(g) is defined on a six-sheeted
Riemann surface and that the branch points on all six sheets
of the Riemann surface are located at g = 42, which corre-
sponds with the singularities of the coupled harmonic oscil-
lator model at +2vw with v = w = 1.

More generally, we can examine the Green’s functions
G, of the theory, which are defined as integrals of the form

Ga,ﬂ = ffdx dy xayﬁefx(’fyéfgﬁy}’

where « and (3 are integers. It is necessary that o + 3 is even
for the Green’s function to be nonvanishing. Following the
same analysis as above, we find that all Green’s functions are
defined on a six-sheeted Riemann surface and that the sin-
gularity in the complex-g plane has the form

1—a—pB)/6
- g_z ( )/
4

Thus, like the Green’s functions for the coupled harmonic
oscillator, we see that the singularity becomes stronger with
increasing « and (3, but the Green’s functions are always six-
valued functions of g.

(34

4. Conclusions

We have shown that a coupled quantum theory has a rich
analytic structure as a function of the coupling constant.

By analytically continuing in the coupling constant we can
obtain different spectral phases of the uncoupled theory.
Indeed, if we think of the coupling constant as an external
classical source, then by varying this external source in a
closed loop in the complex-coupling-constant plane we can
even imagine extracting energy from the conventional ground
state of such a theory, at least in principle. For example, we
can begin with the uncoupled harmonic-oscillator system (1)
in its conventional ground state (13). We then turn on the
source g, smoothly and continuously vary g, and finally turn
off g again when the system is in the unconventional ground
state (19). Such a process appears to be exothermic because it
extracts an amount of energy equal to 2v + 2w. However,
varying the coupling constant may require that we do work on
the system. Until now, it is not clear what it means to vary a
coupling constant through complex values. However,
remarkable progress on this is currently being made from an
experimental point of view. It is experimentally possible to
vary the parameters of a system and by doing so to analyti-
cally continue from one energy state to another. Such a pro-
cess has actually been achieved in the laboratory by smoothly
varying the parameters of a microwave cavity [17] and, in
doing so, going continuously from one frequency mode to
another. More recently, experiments have been performed in
which an exceptional point is dynamically encircled [18, 19].
That is, a combination of physical parameters is varied in real
time, and the system response is measured, allowing one to
access different Riemann surfaces. While [19] emphasizes
robust switching, [18] concerns itself with energy transfer
between different states of a system, such as has been con-
sidered here in our illustrative prototypical system. An
experimental approach, whether optomechanical or using
light, acoustic, matter waves, or microwaves may in the future
yield experimental verification of the analytic continuation
discussed in this work.

Finally, these studies have been performed for linear
couplings between the oscillators, which led to the four-fold
structure shown here. It is to be expected that other types of
couplings lead to different, possibly more complicated Rie-
mann surfaces.
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Chapter 7

Outlook

In the previous chapters, many non-Hermitian P7T-symmetric systems which we studied were
complex. We can consider these systems as extension of real theories to the complex plane;
This can be viewed as one of the applications of P7T symmetry, that is, to consider complex
deformation of the known theories which are described on the real axis: P7 symmetry provides
this freedom to alter the formalism by, for instance, including terms which are complex and non-
Hermitian but PT symmetric; So, we could build more general physically acceptable complex
theories, where the conventional Hermitian case is a limit of that. In this dissertation, we mainly
examined the characteristics of the PT-symmetric fermionic (and bosonic) systems but still it
poses an open question how this formalism could be exploited to affect the known physical
fermionic (and bosonic) theories. One such example is given in the following.

Complex Nambu-Jona-Lasinio model

One of the fermionic models studied in the literature is the Nambu-Jona-Lasinio model [8], where
its Lagrangian density in SU(2) reads

L = Pidy + Gl(P)? + (Yin )7, (7.1)

where G is the coupling strength and 7’s are the Pauli matrices. This model enables one to
study how the mechanism of chiral symmetry breaking functions within a theory of interacting
fermions.

In the covariant regularization scheme the gap equation, which rises to the dynamically generated
mass of the particle, takes the form [§]

212 /(NeNpGA?) = 1 — (m*/A)* In[1 + 1/(m*/A)?, (7.2)
where A and m* are the regulatory cut-off and the constant value of the self-energy, respectively.

In the conventional (real) Nambu-Jona-Lasinio gap equation, m* is real. This demands that the
left hand side of (7.2) should not be greater than one; In other words, 272 /(N.Ny) = n%/3 <
GA?. Thus, the real solutions lie in the strong coupling regime. The usual choices for the
regulatory cut-off as A = 1015 MeV and the coupling as GA? = 3.93 [8] satisfy this inequality.
With these parameters we obtain for m* the values +238.486 MeV, which give a good estimate
for a constituent quark mass.

The objective here is to generalize the real gap equation to the complex plane through treating
the coupling strength G as a variable and look for the solutions of the gap equation as a function
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of that. Although, it is not yet feasible to vary the coupling strength of the interaction for
fermions at the level of quarks, however, it still is a curious question to study the implications of
such a procedure. This is the first step to understanding how to handle a complex gap equation.

If we assume G to be a parameter which can vary arbitrarily, we are forced to consider m* in
general to be a complex number and denote (m*/A)? as w, where w = u + iv.
Thus, (7.2) can be written as

|1+ w|
|w]

where the left hand side of (7.2) is designated as C, tan¢ = v/u, and tanf = v/(1 4+ u). The
value of s determines the Riemann sheets, i.e., s = 0: the first sheet, s = —1: the second sheet,
and so on. We note that the branch cut has been chosen on the u-axis which connects —1 and
0. Also, ¢ and 6 vary between 0 and 27.

As it is shown in Table 7.1 and illustrated in Figure 7.1, decreasing the coupling strength, G,
results in a decrease in the dynamically generated mass on the first sheet, then, after reaching
a critical point, the mass becomes complex on the second sheet.

C =1—|w[e®[ln

+ (0 — ¢) + 2ims], (7.3)

GA’ | C Uy Uy m* =m — iy
7'&'2/3 1.00 | 0.0000 0.0000 0.0000 — 20.0000
2.84 | 1.16 | —0.0195 | —0.0224 | 72.4807 — 2159.1940
2.19 | 1.50 | —0.0471 | —0.0916 | 169.6900 — i278.0620
1.64 | 2.01 | —0.0654 | —0.1970 | 270.6190 — ¢374.9820
1.32 | 2.49 | —0.0719 | —0.2946 | 345.2820 — 2439.6510
1.10 | 2.99 | —0.0736 | —0.3904 | 408.3260 — 492.4980
0.94 | 3.50 | —0.0728 | —0.4846 | 463.5990 — 1538.4470
0.82 | 4.01 | —0.0709 | —0.5766 | 512.5710 — 4579.4590
0.73 | 4.51 | —0.0684 | —0.6636 | 555.3430 — i615.5270
0.66 | 4.98 | —0.0658 | —0.7462 | 593.2740 — 1647.8910

Table 7.1: Quark masses, m*’s, in the weak coupling region, i.e., 1 < C, for different C’s in (7.3)
on the second sheet of the Riemann surface: s = —1. A has been set to 1015 MeV.

Quark mass [(MeV)

500

L Coupling [(C)
5

-500|

It

Figure 7.1: Quark mass versus C' = 72/(3GA?%) > 1 on the second sheet of the Riemann surface.
For comparison the normal solution for C' < 1 on the first sheet is also given. The mass scale
has been set using A = 1015 MeV.

In order to investigate the stability of solutions against the choice of the regularization scheme,
we study the gap equation this time in the Pauli-Villars regularization scheme.
In this regularization scheme the gap equation takes the form

212 /(NN GA?) = [2 + (m* /A)* In[1 +2/(m* /A)?] — 2[1 + (m* /A)* In[1 + 1/(m*/A)?]. (7.4)
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The right hand side of (7.4) has a global maximum at 21In 2, so in order to have a real mass, the
left hand side should not be greater than this maximum, that is, 72/(61n2) < GA?, in other
words, if we assume that we are in the strong coupling regime. The usual parameters’ choices
for the regulatory cut-off and the coupling strength as A = 859 MeV and GA? = 2.84 satisfy
this inequality, so we find a real mass which it reads m* = 240.334 MeV.

As done before, we consider the quark mass in general to be a complex number and we denote
(m*/A)? as w = u + iv. Thus, we write (7.4) as

C = |2 +w|e®[In|2 + w| + i(€ + 27q)]
— 2|1 4+ w|e?[In |1 4 w| 4 i(6 4+ 27m)] (7.5)
+ wle™[In [w] + (¢ + 2mn)],

where C, 0, and ¢ are as before. Also 0 < £ < 27 which tan& = v/(2 + u). The values of g,
m, and n determine the Riemann sheets, i.e., ¢ = m = n = 0: the first sheet, ¢ = m = —1 and
n = 0: the second sheet, and so on. The branch cut connects —2 and 0 on the u-axis.

It can be seen in Table 7.2 and Figure 7.2 that the masses have the same behavior both in the
Pauli-Villars and covariant regularization schemes.

GA’ | C Uy Uy m* =m — iy
2.37 | 1.39 | 0.0000 0.0000 0.0000 — ¢0.0000
2.05 | 1.60 | —0.0269 | —0.0311 | 72.4305 — 7158.4150
1.58 | 2.08 | —0.0648 | —0.1273 | 169.6860 — i276.7820
1.19 | 2.76 | —0.0890 | —0.2698 | 268.2920 — ¢371.0150
0.95 | 3.46 | —0.0981 | —0.4094 | 345.1480 — 1437.6220
0.79 | 4.16 | —0.1004 | —0.5434 | 408.4530 — 490.8330
0.68 | 4.84 | —0.0995 | —0.6676 | 460.7770 — 1534.5420
0.59 | 5.58 | —0.0969 | —0.7999 | 511.4290 — ¢577.1130
0.53 | 6.21 | —0.0941 | —0.9107 | 550.5140 — 2610.3280
0.47 | 7.00 | —0.0901 | —1.0475 | 595.5260 — 1648.9480

Table 7.2: Quark masses, m*’s, in the weak coupling region, i.e., 2In2 < C| for different C’s in
(7.5) on the second sheet of the Riemann surface: ¢ = m = —1 and n = 0. The cut-off A has
been set to 859 MeV.

Quark mass (MeV')

s00f
Coupling (C)

-500(

Figure 7.2: Quark mass versus C for both the covariant and Pauli-Villars regularization schemes.
The blue curves correspond to the covariant regularization scheme and the red one to the Pauli-
Villars. The solution on the third sheet in the case of the covariant regularization scheme, as a
dashed curve, is also shown.

The mass of the pseudoscalar isovector meson associated with the Nambu-Jona-Lasinio La-
grangian is determined in [8]. We replace m* by m — i in Equations (4.17) and (4.18) of [§],
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and find
d*p 1

(2m)4 p2 — (m — i)

(1/i)ILps(k?) = 4NNy / 5 — 2N NpEI (), (7.6)

where

oy _ [ d'p 1
I(k%) = / 2m)2 [(p+ k/2)% = (m —iv)2][(p — k/2)% — (m — i7)?] (7.7)

By exploiting the gap equation, we find
1 — 2GMs(k?) = 4iGN N E* I (K?). (7.8)

When k? vanishes, the above has a real root corresponding to a real pseudoscalar mass. Thus,
the Goldstone mode is not affected by the possible complex nature of the constituent quarks’
masses.

The mass of the scalar isoscalar meson is given in [8]. As before, by the usage of the gap equation
we arrive at

1 — 2GTI4(k?) = 4iGN Ny [k* — 4(m — iy)*|T(K?). (7.9)
Thus, the mass of the scalar meson is given as
me = £2(m — i). (7.10)
Hence, if the constituent quarks have complex masses, the scalar meson mass gains a width.

Now that we have a sketch of complex Nambu-Jona-Lasinio model at our disposal, it is an
interesting and open question how we could extend this model to incorporate complex non-
Hermitian P7T-symmetric interaction terms and study the effects of this extension on the spec-
trum; In Chapter 4, we presented non-Hermitian P7-symmetric fermionic interaction terms like
Hiy = iTHV’}/OJ“V and Hiy = iBHyofy‘r’fy“. The effects of these terms on the gap equation and
dynamically generated mass could lead to strange and interesting results.

Final comments

PT symmetry as a complex extension of conventional Hermitian quantum mechanics is still in its
infancy. It is difficult to imagine what exciting new complex theories have yet to be discovered.
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