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Abstract

In this thesis we present a coherent and consistent framework for explicit time-
dependence in non-Hermitian quantum mechanics. The area of non-Hermitian quantum
mechanics has been growing rapidly over the past twenty years [2]. This has been driven
by the fact that PT-symmetric non-Hermitian systems exhibit real energy eigenvalues
and unitary time evolution [1.|3}4].

Historically, the introduction of time into the world of non-Hermitian quantum me-
chanics has been a conceptually difficult problem to address [5,6], as it requires the
Hamiltonian to become unobservable. However, we solve this issue with the intro-
duction of a new observable energy operator [7]. We explain why its instigation is a
necessary and natural progression in this setting.

For the first time, the introduction of time has allowed us to make sense of the
parameter regime in which the P7T-symmetry is spontaneously broken. Ordinarily, in
the time-independent setting, the energy eigenvalues become complex and the wave
functions are asymptotically unbounded. However, we demonstrate that in the time-
dependent setting this broken symmetry can be mended and analysis on the spon-
taneously broken P7T regime is indeed possible. We provide many examples of this
mending on a wide range of different systems, beginning with a 2 x 2 matrix model [8]
and extending to higher dimensional matrix models [9] and coupled harmonic oscilla-
tor systems with infinite Hilbert space [10,|11]. Furthermore, we use the framework to
perform analysis on time-dependent quasi-exactly solvable models [12].

The ability to make sense of the spontaneously broken P7T regime has revealed a
vast array of new and exotic effects. We present the ”eternal life” of entropy [13] in
this thesis. Ordinarily, for entangled quantum systems coupled to the environments,
the entropy decays rapidly to zero. However, in the spontaneously broken regime, we
find the entropy decays asymptotically to a non-zero value.

Finally, we create an elegant framework for Darboux and Darboux/Crum trans-
formations for time-dependent non-Hermitian Hamiltonians |14]. This combines the
area of non-Hermitian quantum mechanics with non linear differential equations and
solitons.




Chapter 1

Introduction

Quantum mechanics is the science of matter microscopic scales. It describes how atoms
and subatomic particles behave and interact with extraordinary elegance and beauty. At
such small scales, classical theories break down and fail to predict many of the wonderful
phenomena observed. This became apparent in the 19th and early 20th century with the
black-body radiation problem and the photoelectric effect. The simple yet revolutionary
resolution was to hypothesise that energy is radiated and absorbed in discrete packets
or "quanta”. With this new idea, the framework of quantum mechanics was laid down
in the early 20th century and the experimental observations were matched with theory.

At the heart of the quantum mechanical framework is the description of particles and
quantum systems in terms of a wave function |¥). This mathematical object contains
all the information about the evolution of a system and is calculated using the time-
dependent Schrédinger equation with an initial starting state

ihdy W () = H U (1)), (1.1)

where |¥ (t)) is the wave function and i = 1.05457... x 10734Js is the reduced Planck
constant. In this thesis we use natural units by setting h = ¢ = 1, where c is the speed
of light in a vacuum. H is the Hamiltonian of the system. If the Hamiltonian is absent
of any explicit time-dependence then the time-dependent Schrédinger equation reduces
to the time-independent Schrodinger equation

Hly) = EY), (1.2)

which is an eigenvalue equation with E as the energy of the system. In this case
one can form a solution to the time-dependent Schrodinger equation using the time-
independent eigenfunctions of the Hamiltonian |¥ ()) = e~*¥* |¢)). Once a solution for
the wave function has been obtained, one can proceed with calculating observables of
the particular system with quantum mechanical operators

O(t) = (W ()0 (t) (1)) (1.3)

Energy, position, momentum and spin are all examples of such observables and so
obtaining solutions for the wave functions is vital for calculating such quantities.

In all standard quantum mechanics textbooks, the authors will insist on the Hamil-
tonian and any observable being a self-adjoint operator (or more widely referred to



as Hermitian). This ensures that the observables can act from both sides in (|1.3))
equivalently. Furthermore, the Hermiticity of the Hamiltonian ensures that the energy
observables are real and that the time evolution is unitary, both of which are needed in
order to proceed with a viable quantum mechanical theory set on a well-defined Hilbert
space.

However, since 1998 [1] it has been known that the condition of Hermiticity is
not required for real energy eigenvalues and unitary time evolution. Mathematically,
this had been realised before 1998 but it was [1] that drew together, interpreted and
presented these results. In fact, it is possible for the Hamiltonian to be non-Hermitian
and still possess these important qualities if there exists an anti-linear symmetry which
leaves the Hamiltonian invariant. The most common of these anti-linear symmetries is
parity-time reversal (P7) symmetry which can take many forms. For example, for a
one dimensional Hamiltonian depending on momentum p and position x, one particular
symmetry takes the form

PT: p—p xz——x i— —i. (1.4)

In the position representation the momentum operator is p = —id,. It is clear that one
can form many Hamiltonians under this symmetry. The simplest example is the system

H=7p*—(iz)N, N>0 (1.5)

with N € R. The Hamiltonian ((1.5) is invariant under the P7T-symmetry (|1.4)). There-
fore we may expect the energy spectrum to be real. In parts, this is indeed the case as
was shown in [1] in figure

Energy

¥
T
AR
-~

Figure 1.1: Energy eigenvalues for the Hamiltonian H = p? — (mc)N for varying N, taken
from [1].

As is clear, the energies are real for all values of N > 2. In fact for N = 2 the systems
reduces to the harmonic oscillator for which the spectrum is £ = 2n+1. For N < 2 the



energy values begin to coalesce at what is commonly referred to as an exceptional point.
The explanation for this is that the PT-symmetry is spontaneously broken and the en-
ergies appear in complex conjugate pairs. The Hamiltonian remains P7 -symmetric,
however the eigenstates cease to be an eigenstates of the PT-symmetry operator [15]
with a phase for an eigenvalue. This demonstrates the two part requirement for un-
broken PT-symmetry, one must have an antilinear operator that commutes with the
Hamiltonian and shares given eigenstates with the Hamiltonian (with the eigenvalue
being a phase). If both these requirements are met, then the energy eigenvalues will be
real and the time-evolution will be unitary.

[PT,H] =0, and PTo(t) =e%p(t). (1.6)

This feature of spontaneously broken P7 symmetry breaking is one of the most in-
teresting areas of non-Hermitian quantum mechanics. Figure[l.2]is a ubiquitous example
in this area of spontaneous symmetry breaking. It shows a pair of energy eigenvalues
for the non-Hermitian Hamiltonian H = o, +iao,. The system exhibits an exceptional
point at @ = 1 beyond which the energy appears in complex conjugate pairs.

E
2
o Imaginary
/”,’
/,’
-
>
Ir <
et Real
-
-
/
/
4
- ! . . e
0.5 1 1.5 2.0
\\
\\
N
.
.
-1t .
SN
.
.
L

Figure 1.2: The effect of spontaneous PT-symmetry breaking on the energies of a non-
Hermitian quantum system H = o, + tao,. The solid lines show the real part of the
energy and the dashed lines show the imaginary part. The exceptional point at o =1
is the transition between real and complex energy.

Non-Hermitian quantum mechanics became popular in 1998 with the paper by Ben-
der and Boettcher [1] in which they studied the Hamiltonian . The work was then
backed up with more mathematical rigour by [16]. Before these works there had been
acknowledgements of the utility of non-Hermitian Hamiltonians and even the basis for
performing time-independent analysis had been formed [17]. These initial works were
quickly followed by a large body of work as researchers attempted to understand the
framework and mathematical underpinning of such systems [3,/18-33]. Furthermore,
during this time, the idea of non-Hermitian Hamiltonians sparked great interest for ap-
plications to other areas such as supersymmetry [34-37|, quantum field theory [38] (this
has seen much more development in recent years [39-41]) and most drastically, classical
optics [42-49]. This particular area has grown rapidly in the past 20 years and is seen



by many as one of the most exciting areas in experimental physics [2]. As this area
has grown, there has developed a strong link to optics through the paraxial approxima-
tion which draws a comparison between the Schrodinger equation and the Helmholtz
equation under certain restrictions. In this setting the refractive index is the equiva-
lent to the quantum mechanical potential and is naturally taken to be non-Hermitian.
The complex parameters then represent gain and loss in the system. This has been
realised experimentally in classical optics [5053] with demonstrations of spontaneous
PT-symmetry breaking and the predictions of far more exotic effects [54]. Further-
more, there has been recent work applying the framework of non-Hermitian quantum
mechanics to entropy [13.[55] and the Berry phase [44,56-58] with some interesting and
potentially far reaching results.

The early development of non-Hermitian quantum mechanics was primarily con-
cerned with the study of time-independent systems but it did not take long for the
question of time-dependent non-Hermitian quantum mechanics to be raised and tack-
led [5}/6,[59-68]. The regime of time-dependence still posed an interpretational difficulty
that was the cause of much disagreement and dispute within the community. The
main origin of these disputes was the realisation that in the time-dependent regime, the
Hamiltonian ceases to be an observable for the energy. However, with the publication
of several papers [7,/9,(10,/62] on the subject this dispute has been resolved and the com-
munity is now in general agreement. Having the Hamiltonian as observable is in fact
not a necessary condition in quantum mechanics. Instead one finds a new observable
energy operator that reverts to the Hamiltonian in the time-independent setting.

The starting point for a proper treatment of time-independent non-Hermitian quan-
tum systems is the time-independent Schrodinger equation. We begin with one equation
for the non-Hermitian Hamiltonian for which we will use the symbol H, and one for the
Hermitian Hamiltonian which we will denote with the symbol h.

hlg) = Elg), HIp)=Ep). (1.7)

These systems share the same real energy eigenvalues if we can relate the eigenstates
via a time-independent Dyson map 7 [69],

l9) =nlY). (1.8)

Under this mapping, the Hamiltonians are related by a similarity transformations (often
referred to as the time-independent Dyson equation)

h=nHn L. (1.9)
Furthermore, if we now take the Hermitian conjugate of both sides, we obtain the
time-independent quasi-Hermiticity equation [70]

H' = pHp™, (1.10)

where p = nfn is the time-independent metric. There have been many papers written
on the subject of solving the quasi-Hermiticity equation [71481] to name a few. The
term that has arisen to describe operators that obey a relation such as this is quasi-
Hermitian (first coined by Dieudonné in 1961 [70]). This metric is the central object



in the framework as it achieves normality of the inner product for the non-Hermitian
Hamiltonian

(0lo) = (Wl py) = (Dly), = 1. (1.11)

For this to hold, p must be positive definite. This allows us to construct a well defined
Hilbert space for the Hamiltonian. Without the metric, the inner product of the eigen-
states is in general indefinite. Furthermore, it allows one to calculate observables in the
same way as in the Hermitian system

0 = (W|Ow),. (1.12)

Observables in the non-Hermitian system O are related to those in the Hermitian system
o via a similarity transform

0o=n0n"1, (1.13)

and therefore must also be quasi-Hermitian

Of = pOp~ 1. (1.14)

In the absence of time, we can describe non-Hermitian Hamiltonians if we are able to
calculate the metric p. However, this framework is incomplete as it does not allow for
any time-dependence in the non-Hermitian Hamiltonian. Therefore we need to extend
the analysis in complete generality to the time-dependent Schrodinger equation. Once
again we begin with one for the non-Hermitian Hamiltonian and one for the Hermitian
Hamiltonian.

h()[® (1) =id |®(t)), H @)V () =i0 ¥ (1)). (1.15)

In analogy to the time-independent case, we now introduce a Dyson map between the
wave functions. However, in this case the Dyson map is now a time-dependent operator.

@ (2)) =n(t)[¥(?)). (1.16)

Substituting this expression for the wave function into the time-dependent Schrodinger
equation results in the time-dependent Dyson equation, which relates the two Hamilto-
nians

h(t)=mn(t) H &)y " (t) +idm (t) 0~ (1) (1.17)

Taking the complex conjugate of both sides, we obtain the time-dependent quasi-
Hermiticity equation,

HY (8)p(t) — p (1) H (t) = i0p (1), (118)

where the metric is now also time-dependent p (t) = nf (t)n(t). Even if H is time-
independent, these equations are already different from the time-independent treatment
as we pick up time-derivative terms. We notice immediately that the Hamiltonian H (t)
is no longer quasi-Hermitian with the addition of the i0;p term. Observables in the



time-dependent non-Hermitian regime are related to their Hermitian counterparts in
the same way as in the time-independent regime

o(t)=n(®)O )0 (1), (1.19)

and are therefore also quasi-Hermitian

O ()= p(®) O (1) p~ (1), (1.20)

In both the time-independent and time-dependent cases, the metric p and the Dyson
map 7 are not uniquely defined, however they can be made unique by choosing two
operators as observables [17]. This requirement is the same as in the Hermitian case, but
is more explicit. In the Hermitian case we choose energy and position to be observable.
This may seem obvious, but it is still a choice.

As H (t) is not quasi-Hermitian, it is not observable and we must define a new energy

operator using (1.19)),

H(t) =~ (O)h(t)n(t) = H(t) +in~ ' (£)9n(1). (1.21)

This is already a departure from standard quantum mechanics and even time-independent
non-Hermitian quantum mechanics. The Hamiltonian H (t) loses its dual nature as the
generator of time-evolution and the energy observable operator. H (t) replaces H (t) as
the energy observable operator.

The ability to perform consistent analysis on non-Hermitian quantum systems is
dependent on the ability to find a metric operator p (¢) that forms a well-defined inner
product. Furthermore, one needs the Dyson map 7 (¢) in order to relate the system to its
corresponding Hermitian system. Therefore, all problems in non-Hermitian quantum
mechanics must start with calculating p () and 7 (¢). In the time-independent case,
the problem reverts to solving a similarity transform for either p or . This is a non-
trivial problem and the process of finding such quantities is highly technical. Therefore,
even in the time-independent regime finding any new solutions for p and 7 can be
considered a worthy task as we have already shown with the number of publications on
the subject [71-81]. The problem becomes even harder once the metric and the Dyson
map are made time-dependent. The task extends to solving a differential equation in
t. However, the form of equations and hides the true complexity of the
problem as often one obtains a series of coupled non-linear differential equations in ¢ in
terms of the various parameters contained within p (¢) or n (t). As expected there are far
fewer known solutions to the time-dependent Dyson equation and the time-dependent
quasi-Hermiticity equations.

Solving the time-dependent equations has further reaching implications than simply
the ability to analyse time-dependent non-Hermitian Hamiltonians. The other main im-
portant consequence of the time-dependent framework is the ability to analyse systems
in which the PT-symmetry is spontaneously broken. In the time-independent setting
there does not exist a metric or a Dyson map when the P7T-symmetry is spontaneously
broken. In this case the energy eigenvalues become complex (as shown in figure and
so clearly there is no corresponding Hermitian Hamiltonian as both Hamiltonians share
the same energy eigenvalues (from equation ((1.7])). This is not the case for the time-
dependent regime. In the time-dependent regime it is still possible to make sense of the



spontaneously broken regime because the Hamiltonians are no longer related by a sim-
ilarity transform. Furthermore, the eigenvalues of the non-Hermitian Hamiltonian no
longer correspond to the energy observables. For this we have a new energy observable
operator H (t). Making sense of the spontaneously broken PT regime opens a whole
new area of quantum mechanics previously discarded as unphysical. This regime shows
itself to give new and exotic effects for many applicable areas of quantum mechanics.

In this thesis we will be exploring time-dependent non-Hermitian quantum systems
in detail. As we have discussed, this is a vast area that is growing rapidly and this thesis
represents a large contribution towards the understanding of the subject. We will begin
with a comparison of the multiple approaches that are possible to employ in order to
calculate the central objects p (t) and 7 (t). We will use these approaches frequently in
the subsequent chapters and so it is important to understand the procedures involved.
The calculation of p (t) and 7 (¢) is vital in order to proceed with more advanced anal-
ysis (although the parameters themselves are of great interest), therefore we must be
confident in evaluating them. Once we have an established framework for solving for
these quantities, we will then analyse matrix models |7-9] consisting of 2, 3 and 4 level
systems and demonstrate how the spontaneously broken PT regime can be mended with
the introduction of time. We will also show that our analysis extends to an inverted
simple harmonic oscillator. We will then move onto coupled oscillator systems [10] with
spontaneously broken PT-symmetry and demonstrate the applicability of the Lewis
Riesenfeld invariants [82]. Next we apply the time-dependent framework to three ar-
eas: quasi-exactly solvable systems [12], von Neumann entropy [13] and Darboux-Crum
transformations |14].



Chapter 2

Approaches

In this chapter we will analyse in detail the various approaches used to solve non-
Hermitian Hamiltonians. In order to make sense of these systems we need to calculate
the metric operator p(t) and the Dyson operator 7 (t) related by p(t) = n' (t)n(t).
As outlined in the introduction, these operators are needed to calculate observables in
the non-Hermitian setting and there are differing approaches to solve for them. The
approaches we will consider in this chapter are the time-dependent quasi-Hermiticity
equation

HY (8)p(t) — p () H (t) = i0p (1), (2.1)

the time-dependent Dyson equation

ht)=n(t)H @0~ () +idm () n~" (), (2:2)
and the Lewis-Riesenfeld invariants (for a detailed definition, see [Appendix A))

dly(t)

5 = Oul(t) — i [B(8), H(1)] = 0, for H=h=h",H#H'. (2.3)

where the invariants I, and Iy are related by a similarity transform with the Dyson
operator

In(t) = n(t)Ir (t)n~" (t). (2.4)

The three approaches have their own advantages and disadvantages that will become
clear as we work through an example.

In order to compare the solution approaches we will study a non-Hermitian 2 level
matrix model. Furthermore, we will consider two separate approaches to the above
equations. The first will be a straight forward matrix technique in which we consider
each component of the metric/Dyson map in matrix form. The second will be the
algebraic technique using the Baker-Campbell-Hausdorff (BCH) relation. For this tech-
nique we construct the metric in terms of generators in the algebra of the Hamiltonian.
Our metric/Dyson map is a series of exponentials such that the adjoint action on an
algebraic element is



e"Be ™ = B+ [A, B] + % [A,[A, B]] + % [A,[A, [A,B]] + ... (2.5)

In this way we can extend our findings in this chapter to generic algebras beyond matrix
models. For now, we will study the following matrix model in order to understand the
various approaches

1
H = —3 QU+ No, + ikoy], (2.6)

with o, 0y, 0, denoting the Pauli matrices, | the identity matrix and w, A, k € R

(20 (U (T ) (D 0) e

The two eigenvalues and eigenvectors for this Hamiltonian are simply

1 1 (— N2 2
Ei:—iﬁii\/)\2—/£2 and goi:<l( Ai/j ’”). (2.8)

The eigenvalues are real provided |A| > |x|. The symmetry properties of the Hamiltonian
are analysed in detail in chapter 3 where we consider the regime in which the eigenvalues
become complex |A| < |&|.

Now we introduce time into this model by setting A — ak (t) and k —  (t). This
choice is made to simplify the Hamiltonian so the time-dependence is an overall factor.
Solving for 7 (t) and p (¢) is still non-trivial in this setting. The Hamiltonian takes
the form

H(t) = —% Q1+ a (£) 0 + i (1) 0] (2.9)

We will solve for the metric and the Dyson operator using the three approaches. There
are many other quantities that we could go on to calculate, but this chapter is dedi-
cated to solving for the central quantities p (t), n (¢) and h (). We will begin with the
time-dependent quasi-Hermiticity equation, then move onto the time-dependent Dyson
equation and finally the Lewis Riesenfeld invariants.

2.1 Time-dependent quasi-Hermiticity equation

On initial inspection, the time-dependent quasi-Hermiticity equation appears to be the
most simple starting point of the three approaches as it only contains one unknown (the
metric operator p (t)). This assumes that we always take a non-Hermitian Hamiltonian
H as our initial quantity. Therefore it seems to be the natural beginning for this chapter.
However, as will become clear this is not always the case.

2.1.1 Matrix technique

In order to solve equation (2.1 for the Hamiltonian (2.9) we make the ansatz

pt)=po )1+ Y pi(t)oi, (2.10)

1=x,Y,2



where pg (t), pi (t) € R. As p(t) must be Hermitian, this ansatz is the most general
form it can take for any 2 x 2 Hermitian matrix. Substituting this and the Hamiltonian
(2.9) into (2.1) results in the following differential equations

Po = KpPz (2.11)
pe = Rlpotan,), (2.12)
py = —Qkpg, (2.13)
p. = 0, (2.14)

where the overdot signifies differentiation with respect to time. Differentiating equation
(2.12)) and substituting (2.11]) and (2.13)), yields the second order differential equation

K
Py — pm; + w?k?p, =0, (2.15)
where w = va? — 1. This is solved with the function

pu (t) = == sin[w (u (t) + e2)] (2.16)

with g (¢) = [ "k (s)ds. This leads to solutions for the other functions

po(t) = %cos[w(,u(t)+cz)]+a03, (2.17)
py(t) = == coslw (u () + )] — ez, (2.18)
pz(t) = ca, (2.19)

where ¢1 234 are constants of integration. We therefore have a solution for p(t). The
determinant is

2
det [p ()] = w? — &2 — % (2.20)
Therefore in order to be positive definite, c% > 5—‘25 + f}—i. The process to calculate the
metric above is quite straightforward, however, now we must calculate the Dyson map
n(t). To do this, we assume that 7 (¢) is Hermitian and take the square root of the
metric, n = \/p. To perform the square root we must first diagonalise the metric in the
form p = UDU™!, where U is the matrix formed of the eigenvectors of p as columns.

In this way the Dyson map is then n = UDY2U 1.

(et + pyy] + —2= ¢4 — (o, (2.21)

n(t) =3[+ 1+ =
0

G+ ¢

where the abbreviated functions are

G = \ro£ol, (2.22)

—

Co = pai+pyj+ pik, (2.23)

10



with det [ (t)] = (+(—. This calculation is rather lengthy but results in the most general
Hermitian form of 7 (t). The solution for 7 (¢) allows us to calculate the corresponding
Hermitian Hamiltonian using the time-dependent Dyson equation ([2.2)),

nity— L a1 _ 2050 (py (t) + apo (1) + 0, ()¢ (6)) 5 (1)

] N FYa O A po (D) + Gy (1) C ()

Oz|,

(2.24)
where the time-dependence has been written out explicitly. In order to determine the
constants of integration we must restrict the initial conditions. For this we set p (0) = |
and assume that [*k (s)ds+ca = 0 at t = 0 so the integral becomes p (t) = fg K (s) ds.
Under these initial conditions, we find the constants to be

(07

Ccl = —1, Cy = 0, C3 = Cqy = 0. (2.25)

w?’

This means that det [p (¢)] = 1 and the components of p (t) are

a? 1
o) = =5 — 5 coslwn(t)], (2.26)
pelt) = s sinfou (1) (2.27)
py(t) = Sseosfon(t) - =, (2.28)
pz(t) = 0. (2.29)

This completes our solution of the matrix technique for the time-dependent quasi-
Hermiticity equation. We found that the central equation was fairly straightforward
to solve. However, the process of then finding 7 (¢) was quite lengthy even assuming

n(t) =n' (2).
2.1.2 Algebraic technique

We now wish to use the algebraic technique to solve the quasi-Hermiticity equation.
For this we need to consider a metric composed of Pauli matrices,

p (t) = elfOFN oy glogld(t)]o: o [5(H)—iv ()0 (2.30)
where 3, v and 0 € R and the raising and lowering operators o4+ = 1/2 (0, & ioy) obey
the commutation relations

[02,04] =204, [0,,0-] = —20_, [0y, 0_] =0,. (2.31)

We can see that our ansatz for p(t) is Hermitian. We could have formed the ansatz
using a single exponential containing a linear combination of the generators, however
this makes calculating the time derivative extremely difficult. Therefore we form our
ansatz as a product of three separate exponentials. Now we can calculate the result of
acting adjointly with p (f) on the elements of this algebra using the BCH relation ,

11



B 1 1 , 1 .

popt = ot (Brive.— 5B+, (2.32)
_ 2 , 2

pop b = S (B—ino+ [1 +5 (B +72)] o, (2.33)

— 2(B+1) <1+512(52+72)> T4,

2

poipt = —(B—i) o —(B—i) [1 + 5% (8% + 72)] 0. (2.34)

1 2
+ <52+2 (B ++%) + = (8% ++%) > o
We now arrange the quasi-Hermiticity equation such that p (¢) acts on H (t) adjointly.

HY (#) = p () H (£) p~" (£) = idup (1) o7 (1) (2.35)

The time-derivative term pp~! is

= B+ oy (2.36)
+ e[ﬁ(t)+i7(t)]0+gaze—[ﬁ(t)ﬂ‘v(t)]cu

L B+ Jogldw)o [3 ]U_e—log[é(t)]aze—[ﬁ(t)+iv(t)]ff+.

Finally, we express the Hamiltonian (2.9) in terms of o4

H(t) = —% [QI +an (t)on+ i (1) % (o1 +0)]. (2.37)

Now we substitute our ansatz for p (¢) and use the BCH relation to act on the Hamilto-
nian and to calculate pp~!. The resulting differential equations that need to be satisfied

for equation (2.35)) are

B = %H, [1-8*+6%+9%—2a7], (2.38)
= kB (a—1), (2.39)
6 = —rpo. (2.40)

In order to solve these, we notice that we can write equations (2.39)) and ([2.40) as

64+ (a—7)6 =0, (2.41)

and so can eliminate dt and integrate with respect to dy and d§, this gives

v =a+c19, (2.42)

where ¢; is a constant of integration. Substituting this into (2.39) and solving for [
gives

12



b
=——. 2.43
5 (2.43)
Finally, substituting the expressions for § and v into (2.38) gives the following differ-
ential equation in terms of §

. 2
5= 20— o+ 5 (1) 8 —w?) =0, (2.44)

where once again w = va? — 1. This looks rather daunting at first, however with
the substitution § = 1/0?, the equation reduces to the Ermakov Pinney (EP) [83,84]
equation with a dissipative term,

. k.1 5, (1+ cf) w2
b——0+ -wrc=-—7F—
K + 4 403
The EP equation emerges in many scenarios of time-dependent quantum mechanics and

various areas in mathematics, see for instance [85] for an overview. The general solution

for (2.45)), as reported by Pinney [84], is

(2.45)

o(t) = (Au® + Bv* + 2Cuv) 12 , (2.46)

where u(t) and v(t) are the two fundamental solutions to the equation §—£&+1w?k20 =
PAPS

0 and the constants A, B, C are constrained as C? = AB — %W*Q with W =

uv — vu denoting the corresponding Wronskian. We find the functions w (¢) and v (¢) to

be
u(t):isin(;w,u,(t)), v(t):cos(;w,u(t)), (t) = /t/f(s). (2.47)

These functions give the Wronskian to be W = 1/2 and so we find the solution to

equation (2.45)) to be
o(t) = [w? sin <2UJM (t)> + B cos <2wu (t)>

Loy [AB= (Lt ) (;w (t)> . GW (t)> 2 (2.48)

w2

This can be written in a more compact and aesthetic form whilst still being general

1+C%

o(t) = \/02 cos [w (p (t) + c3)] + 1/ 3 +

o (2.49)
where
1 A 2 1+62 w AB-(l-FC%)
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Therefore the components of the metric are

cowsin [w (p (t) + ¢3)]

g = - | (251)
cocos[w (p(t) +c3)] +1/c3+ 1226%
1
5 = , (2.52)
cocos[w (p(t) +e3)] + 1/ 3+ 1:20%
v = a+ a , (2.53)

1+c%
2

cocos[w (p(t) +e3)] + /3 +

We are now in a place to calculate the Dyson map from p (t) = n' (¢) 5 (t). Unlike when
using the matrix technique, this is incredibly straight forward as we can just read it off
from the metric,

1 (t) = el/2108lb®lo BB —v(B)lo— (2.54)

Unlike the results obtained from matrix technique, this is not Hermitian. We could
have again solved p (t) = 1 (t)* by assuming 7 () is Hermitian, however this is much
harder here. The resulting Hermitian Hamiltonian is

h(t) = —% Q146 () 5 (£) oy + (7 () — ) 0] (2.55)

Once again we wish to impose the initial condition p (0) = | assuming that [ "k(s)ds+

cs = 0 such that the integral becomes () = f(f k(s)ds. Under these conditions the
constants of integration are

= —a, €2 =-= c3 = 0. (2.56)
This means the components of p (t) are
wsin [wpy (t)]
= 2.
b a2 — cos [wp ()]’ (2:57)
2
w
5 = 2.5
a2 — cos [wp ()]’ (2:58)
2
aw
= — . 2.59
7 R J— [wi (1)) (2:59)

This completes our solution of the algebraic technique of the time-dependent quasi-
Hermiticity equation. We have found that in contrast to the matrix technique the
central differential equation to be solved is rather more technical. However, once we
have solved this we are able to easily obtain the Dyson map 7 ().

2.2 Time-dependent Dyson equation

We now turn our attention to the time-dependent Dyson equation (2.2]). We used this
equation in section in order to calculate the corresponding Hermitian Hamiltonian,

14



however in this section we will use it as the central equation in order to solve directly for
the Dyson map 7 (¢) and subsequently calculate the metric p (t). This is a substantially
different order in which to proceed and it will be interesting to compare how practical
each approach proves to be. We will again compare between the matrix technique and
the algebraic technique.

2.2.1 Matrix technique

We intend to solve the non-Hermitian system (12.9)) by making a similar Hermitian ansatz
for n (t) as we did for p in section Unlike in the previous section, we also need to
make an ansatz for h (t),

1O =m@1+ Y w®e, hO)=-3@+xO0], (260

1=T,Y,2

where 7o (t), n; (t) € R and x (¢) is a generic time-dependent real function. Substitut-
ing these ansétze into equation (2.2)) results in the following differential equations and
equivalence relations

. K . X+ K K . X + oK .
Mo = Gl ="Myt 0y =T Ne =0, (261)
Mo

The overdot denotes here as usual a differentiation with respect to time. The equations

(2.61)) are solved by

K c kX X K
" c\/;’ TR <ff x) B <\/; y x) s 2o

with ¢ denoting an integration constant. Using equations (2.61)), x(¢) is found to satisfy
the nonlinear second order equation

3% 13 (/E\? k1, )
_ A 212 — 242k =
X 2X+[2<m> /@+2H( o)

Using the parameterizations x = 2/02 or k = 2/(02v/a? — 1) this equation is converted
into the Ermakov-Pinney equation for o

X+ % =0. (2.63)

5+ At)o = —, (2.64)

with time-dependent coefficient

15 3 /&\% 1 ¥ 3/%\%2 1
/\(t):ﬂ—<:> + W or )\(t):X—C(() + % (265)

respectively. Once again w = va? — 1. Thus either way given the time-dependent field
k(t) in H(t) or x(t) in h(t) the remaining field is constrained by the EP equation with
almost identical coefficients. Thus from the solution of the EP equation for fixed «

15



we can obtain now a specific solution for the Dyson map (2.60). For definiteness, we
assume that « (t) is given and we must determine y (¢) as we have initially defined a
non-Hermitian Hamiltonian in terms of  (¢). We find the solution to be

1/2
1 4
t) = — |¢ t)+¢ &t + — 2.
o(t) o) [clcos[w(u()+cz)]+ cl+w2 ) (2.66)
with ¢ 2 as constants of integration and p (t) = [ "k (s)ds. Therefore the components
of n(t) are
1/2
= ercosw (u(t) + @) + /& + — (2.67)
Mo = NG 1 K 2 17T 3 ) .
cwey sin [w (p () + é2)
V2 [51 cos [w (p (t) + &) + /& +
c [aél cos [w (1 (t) + G2)] + ay /& + 5 — 2}
ny = — R (2.69)
V2 [él cos [w (p (t) + ¢2)] + 1/ + %]
n. = 0. (2.70)

As we have 7 (t), we can straightforwardly calculate the metric p (t) = n' (t) 7 ().

p=[ng+n2+n2] 1+ 2n0 [eow + nyoy) . (2.71)

By construction we already have the corresponding Hermitian Hamiltonian h (¢) and
So we are in a position to compare the results of this approach with that of the quasi-
Hermiticity equation in section [2.1} To do this we impose the same initial conditions
p(0) =1, and find that

Cc = \/&, 51 = - 52 =0. (2.72)

With these constants the components of 7 (t) are

1/2
m::ip—m%}m@], (2.73)
- sin (wp (1)) )
P 2o () (274)
~ al —cos(wpu(t))
YT [02 — cos? (Swp ()] (2.75)
o (2.76)

and the expression for p (t) matches that in section This completes our solution
to the matrix technique of the time-dependent Dyson equation. We have shown that
solving directly for the Dyson map 7 (t) results in a rather technical formulation of
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the EP equation. However it has a straightforward solution and results in a complete
solution for 7 (t). Furthermore, the process of obtaining p(t) from 7 (¢) is trivial in
comparison to the reverse calculation.

2.2.2 Algebraic technique

Now we turn our attention to the algebraic technique that was introduced in the previous
section to solve the time-dependent quasi-Hermiticity equation. For this we formulate
the Hamiltonian and the ansatz in terms of the Pauli raising and lowering operators o4
once more. In contrast to the matrix technique, we do not begin with the assumption of
1 (t) being Hermitian, however this is a choice and we could indeed assume 7 (t) = 1T (¢).
In addition we do not need make an ansatz for h (t)

0 (t) = ele®=ir]os Jogld(B]o: 8E) (Do (2.77)

where €, 7, 9, f and v € R. Similarly to the time-dependent quasi-Hermiticity equation,
we substitute this expression for 7 in the time-dependent Dyson equation and use the
BCH relation to expand the expression in terms of the algebra. The resulting expression
must be h (t) and therefore is Hermitian. This creates restrictions on the parameters
in 7 (¢) in the form of differential equations. What is clear when substituting in this
ansatz, is that either the parameters ¢ and 7 are superfluous or § and ~, therefore we
can set either pair to zero. We could also choose them such that 7 (¢) is Hermitian, but
in this case the resulting equations are significantly more complicated. In order to differ
from the Dyson map in section [2.1.2] we set the parameters 8 and 7 to zero such that
our Dyson map takes the form

n(t) = ele(®)—ir(t)]o Jlog[d(t)]o= (2.78)

In this setting, we obtain the following differential equations when requiring h (t) to be
Hermitian.

(1+€2+192+T2—205T’l9)l€

. _ 2.

é 59 ; (2.79)
o= ek, (2.80)
U = ek (2.81)

The final two equations can be combined in order to eliminate dt and find 7 in terms
of 14,

dr = add, (2.82)

therefore

T =2¢1+ ad, (2.83)

where ¢; is a constant of integration. Furthermore, we have

7'_
= —. 2.84
=" (2:84)
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Finally, substituting these expressions for ¢ and 7 into the first equation gives us the
underlying differential equation to be solved

o UR (2.85)

where w = Va2 — 1. Now if we make the change of variable ¥ = o2 we once again
obtain the EP equation with a dissipative term.

. /'43 1 2 92 (1+6%)/€2
O'—EO'"‘ZCUK]O'—T

This is solved with the function

52
o (t) = \/52 cos [w (1 (£) + &)] + /> e gy (2.87)

with éo 3 as constants of integration and p (t) = [ "k (s)ds. Therefore the expressions
in our Dyson map are

= 0. (2.86)

€ = —cowsinw (u(t)+cs)], (2.88)
By 3 3 1+
T = acécos(w(pu(t)+é)+é+a 7 +c3, (2.89)
N N 1+é
¥ = éacosfw(p(t)+és)] + w201 + é3. (2.90)

The corresponding Hermitian Hamiltonian is

h(t) = —% 21+ %0y + (a= ) o] (2.91)

Finally, the metric operator p (t) =0 (t) 75 (t) is
p (t) = elald@loz gle)+ir(B)]o— le(t)—ir(B)]oy glogld(B)]o= (2.92)

which we can see clearly differs from the form of the metric in section However
they are equivalent expressions when taking into account the initial condition p (0) = I
that fixes the constants of integration to

1
C1 = — Co = ——5 c3 =0 2.93
C1 «, C2 w2) C3 ( )
The components of the Dyson map then become
1.
e = —sinfwu(t)], (2.94)
w
@ o
T = 5T acos [wi (2)], (2.95)
o? 1
v o= 3~ 3008 [w (2)]. (2.96)

This completes our solution for the algebraic technique to the time-dependent Dyson
equation. We have shown that in this setting the EP equation emerges once again.
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In addition the difference in approaches highlights the fact that the Dyson map 7 (t) is
not unique and can take many forms, both Hermitian and non-Hermitian. Furthermore,
the differing Dyson maps result in different corresponding Hermitian Hamiltonians h (¢).
However, all approaches are correct, equivalent and lead to a consistent description of
the time-dependent non-Hermitian quantum system.

2.3 Lewis Riesenfeld invariants

The final solution approach we will consider in this chapter is the Lewis Riensenfeld (LR)
invariant approach. The LR invariants are operators used in time-dependent quantum
mechanics in order to break down the process of solving the time-dependent Schrédinger
equation into more manageable steps [82]. The invariant Ij, (t) is defined for Hermitian
systems via Heisenberg’s equation of motion as follows

dIp(t)
dt

Therefore, given a Hamiltonian h (¢), we can solve for the invariant using (2.97). Once
we have the invariant, we can then construct the time-dependent wave functions of the

Hamiltonian h (t) from the equations (for more detail see |[Appendix Al

In(t) |on (8)) = Anlén (D)), [®a(t)) = e |, (1)), (
Gp = <¢n (t)‘ 10 — h(t) ‘an (t)> ) Ap=0. (

Where the wave function can then be constructed from the dynamical modes |® (t)) =
Y nCn |®n (t)). We can see that the utility of the invariant is that it has time-independent
eigenvalues by construction. We can therefore solve for the eigenstates of Ij (t) with
less difficulty than solving directly for the wave functions of the Hamiltonian |® (t)).

In order to see how invariants are related between Hermitian and non-Hermitian
systems, we substitute the time-dependent Dyson equation into . After some
manipulation, we find an equivalent relation for the invariant I (¢) of the non-Hermitian
system H (t)

= Oun(t) =i [In(t),h (1) =0, I}(t) = In(t). (2.97)

8)

2.9
2.99)

= Ol (t)—i[lu(t), H(®)] =0,  I(t)# Iu(t), (2.100)

when the invariants are related by a similarity transform in 7 (t)

I(t) = 0O e (O~ (0). (2.101)

This is a remarkable property in the time-dependent setting as we do not encounter any

time derivatives in the relation between the invariants [68]. The time derivatives are

in fact hidden in the process of determining the invariant from the Hamiltonian (2.97)),

(2.100). Furthermore, it is easy to see that I (t) is quasi-Hermitian with respect to the
metric p (t)

I &) =pt) I () p~" (1) (2.102)

Therefore the problem reduces to solving a similarity transform or a quasi-Hermitian
relation much like the time-independent case once the invariants are known.
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We once again consider the time-dependent Hamiltonian ([2.9]) as our starting point.
From here we now wish to calculate the invariant I (¢). As this can also be non-
Hermitian, we must take our ansatz to be a general non-Hermitian matrix

Ig(t) = [a*(t)+z'aﬂ‘(t)]|+%[br(t)+ibi(t)} O (2.103)

+

N =D =

(" (t) +ic" (t)] oy + % [d" () +1id" (t)] o2,

where a”%, b ¢t d™* € R. Substituting this into the invariant equation (2.100) and
collecting real and imaginary terms, we obtain the following differential equations

i = a = 0, (2.104)
b= akd, b = ard, (2.105)
¢ = —k(ab" +d), ¢ = —k(abt —d), (2.106)
d = —kd, d' = kd, (2.107)

where the variables separate into two independent sets. If we look closely we see that
these equations take the same form as the equations (2.61)) for the metric. We see there-
fore an equivalence in these approaches already. Differentiating the equations ([2.106])

and substituting in equations ([2.105) and (2.107) we get the two separate governing
differential equations.

d ol L2 =0, @ —dl L2k =, (2.108)
K K

where again w = va? — 1. From these equations, we find the solutions for the parame-
ters of the invariant.

ar(t) = é, (2.109)
) = L sinfw (u () + &) — s, (2.110)
c"(t) = ércosfw(p(t)+é), (2.111)
di(t) = —;51n[w(u(t)+62)]+a63 (2.112)
a(t) = ég, (2.113)
B = P sinf (u (1) + )] (2.114)
) = éscosw(p(t)+é), (2.115)
d (t) = éjsin[w(u(t)—i—(%)]—aé% (2.116)

w

with u(t) = [*#(s)ds. This looks like a large amount of information initially, how-
ever we can make some vast simplifications if we consider the eigenvalues of this non-
Hermitian invariant. Because the invariants of the Hermitian and non-Hermitian system
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are related via a similarity transform, it follows that the eigenvalues are the same, there-
fore the eigenvalues of Iy must be real to match the real eigenvalues of I,. We compute

1
Ay =c¢4+icg £ 5\/@% — 652) + 2i¢1 65 COS [(62 — 66) w} —w? (63 + ié7)2. (2.117)

Therefore to ensure the reality of these eigenvalues, we set ¢35678 = 0. We of course
may choose these constants differently, but that is not of great importance at this stage
as we are mainly interested in the solution for p (¢). Under these choices, the invariant
becomes

Iy (t) = f% (4l + 57 (£) 0 + & (8) 0y +id' () 03] (2.118)

We now will proceed to solve the quasi-Hermitian invariant relation using the matrix
technique, and the algebraic technique.

2.3.1 Matrix technique

Next we make the ansatz for p (t) as we did earlier,

pt)=po W1+ > pi(t)os, (2.119)

I=T,Y,2
where pg (t), p; (t) € R. From here we solve the quasi-Hermiticity relation (2.102)) for
p (1),

A~

Pu (t) _ (apy (t) + Po (t))(ian [w (:u (t) + 62)] ’ (2120)

p-(t) = 0. (2.121)

As is clear we do not have a full solution, only p, in terms of py and p,. Therefore,
to complete the solution we substitute our partial solution into the time-dependent
quasi-Hermiticity equation and obtain the following relations,

py = —apo+ g (2.122)

. man[w(u(t)+zz)] (g2 = w*po) (2.123)

the latter of which is solved with

«
po = % + % cos [w (u (t) + é2)] - (2.124)

Therefore the other components are

po = —Lsinfw (u(t) + )], (2.125)
py = —%—%Cos[w(u(t)Jrég)]. (2.126)



If we again fix the initial condition at p (0) = | then we find the constants of integration
are

62 = 0, q1 = —1, q2 = Q. (2.127)

Under these conditions it is easy to see we match the metric calculated in section [2.1.1
This completes the solution for the matrix technique of the LR invariants. This calcu-
lation is rather long but not so technical in comparison the other approaches considered
in this chapter. The most difficult differential equations we were required to solve were
, which are on the same level as those in section m However, we are still
required to take the square root of the metric to obtain the the Dyson map, so in this
sense we do not avoid the additional technicality.

2.3.2 Algebraic technique

We now wish to solve the quasi-Hermitian relation (2.102)) using the alegbraic technique.
For this we make the same ansatz as in section [2.1.2)

p (t) = elPO+n@los logldt)]os o[B(t)—iv(B)]o— (2.128)

where 3, v and 0 € R. Furthermore, we write the invariant Iz (¢) in terms of the raising
and lowering operators

I (t) = f% [a4| () % (04 +0) +ic (1) % (0 —oy)+id (o],  (2.129)

Now we substitute our ansatz for p(¢) into the relation (2.102)) and solve for the com-
ponents 3, v and §. We obtain the following expressions

5 = (1—a7)tan([f(u(t)+02)]’ (2.130)

;o \/(0—7)2—(1—047)8602 o (1 (1) + &)]

w?

(2.131)

Once again we do not have the full solution. To obtain the expression for v we substitute
our partial solution into the time-dependent quasi-Hermiticity equation and obtain the
differential equation

~

¥ —(a—7) (1 —ay)rtan [w (u(t) é2)]

—0, (2.132)
w
which, when taking the initial condition p (0) = | gives the solution
2
aw
= — 2.133
TTYT A2 “cos [wu (1)) ( )
and therefore the other components of the metric are
i t
g = _wsinlen® (2.134)
a? — cos [wp (t)]
2
w
§ = 2.135
a? — cos [wu (t)] ( )
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which matches the results from section This completes our solution of the alge-
braic technique for the LR invariants. In comparison to the matrix technique here we
are able to read off the Dyson map trivially in the same way as in section In this
sense we reduce the complexity of the problem as we do not encounter the EP equation
at any point here. However, the trade off is a calculation with many more steps. We
have used the Lewis Riesenfeld invariants here to solve the quasi-Hermiticity relation
IL = plp~'. However, we could of course just as well solve the similarity transform
I}, = nIgn~" for the invariant of the Hermitian counterpart and the Dyson map. We will
demonstrate this approach in chapter 4 when we consider coupled harmonic oscillator
systems.

2.4 Comparison

We have analysed in detail six different ways to derive the metric and the Dyson operator
with the initial condition p (0) = |. Each approach and technique gives a valid metric
and we demonstrate the non-uniqueness of the Dyson map by explicitly taking varying
anzatze. However, all approaches are indeed equivalent. The origin of this variation
is the fact that the corresponding Hermitian Hamiltonian is not fixed. We have only
analysed a matrix model in this chapter and so we have not compared the applicability
of each approach to a variety of systems (as we will come across in the later chapters).
Therefore an approach that seems disadvantageous for this particular matrix model may
be the most applicable approach for a system with infinite dimensional Hilbert space.

Solving the time-dependent quasi-Hermiticity equation using the matrix technique
results in the simplest differential equation (we do not encounter the EP equation) in
terms of p (¢). However, when we come to calculate the Dyson map 7 (), the calculation
is lengthy and tedious. When we solve the same equation using the algebraic, we obtain
a version of the EP equation with a dissipative term. This is a much more technical
equation to solve but the return is that we are able to easily deduce the Dyson map.

Moving onto the time-dependent Dyson equation, we approach the problem from
a new direction by solving for the Dyson map 7 (t) directly. When using the matrix
technique, we make an ansatz for the corresponding Hermitian Hamiltonian A (¢) which
results once again in a version of the EP equation. When using the algebraic technique
we do not require an ansatz for h (t) but do obtain an EP equation. In comparison
to the time-dependent quasi-Hermiticity equation, we are able to obtain 7 (t) directly
so that we can easily calculate p (t). However, the problem of making a useful ansatz
becomes apparent as we are not restricted to a Hermitian operator. This is apparent
as we see that 7 (¢) from the matrix technique is Hermitian, whereas from the algebraic
technique it is not. Therefore if one wants to make a totally general ansatz, the problem
can become vastly complex.

Approaching the problem using the Lewis Riesenfeld invariants is a slightly more
lengthy approach. The advantage is that the differential equations are not as technical
as in the other approaches (we do not encounter the EP equation). Furthermore at
the end of the calculation, we already have defined important quantities that lead to
the solutions for the wave functions for our system. However, the process involves
significantly more steps and this can create difficulty keeping track of all the quantities
involved.
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Overall, there is no one approach that has a clear advantage over the others. Each
has its own merit depending on the system under analysis. In the particular 2-level
system studied in this chapter the Lewis Riesenfeld invariants do not show any clear
advantage, however as we will see in chapter 4, they work well for a specific 2 dimensional
coupled harmonic oscillator. As we move on from matrix models, the algebraic technique
becomes the necessary approach in each case. Ultimately however, the choice between
the 3 approaches is a preference rather than a directive.

Approach

Advantages

Disadvantages

Time-dependent quasi-
Hermiticity equation

Simpler differential equa-
tion

No ansatz for h

Ansatz for p is Hermitian

Taking square root of p

Time-dependent Dyson
equation

Immediate solution for 7
(n — p simple)

Not restricted to an Her-
mitian ansatz

Ansatz for h

Unclear form of n as not
restricted to be Hermitian

Lewis Riesenfeld invari-
ants

Simpler differential equa-
tions

Greater number of steps

Can choose to solve for 7
or p

Already have tools to
solve for i

Table 2.1: Comparison of the solution approaches: time-dependent quasi-Hermiticity
equation, time-dependent Dyson equation and the Lewis-Riesenfeld invariants.

2.5 Summary

We have used a simple but non-trivial matrix model as an example system in this
chapter. Using this example, we demonstrated the various solution approaches available
to solve for the metric p (t) and the Dyson map 7 (¢). Furthermore, we elaborated on
each approach by solving the equations using both a matrix approach and an algebraic
approach. Finally, we showed that each approach is indeed equivalent when the same
initial conditions are applied to the metric operator. The Dyson map is not unique and
we have seen this explicitly with it taking many different forms and resulting in a variety
of corresponding Hermitian Hamiltonians. However, as outlined in the introduction,
the Dyson map can made unique by forcing two operators to be observable. Table
highlights the differences between the approaches compactly.
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Chapter 3

Mending the broken P7 regime

It is well known that non-Hermitian Hamiltonians that commute with an antilinear
operator and for which its eigenfunctions are eigenstates [15] possess real eigenvalue
spectra. This concept was introduced and explained in the introduction. P7T-symmetry
[1] is a specific example of such an antilinear symmetry for which many examples have
been worked out in detail, see e.g. [32]. As we have seen in chapter 2, it is possible
to make sense of such non-Hermitian systems in a quantum mechanical framework
with the introduction of a metric operator that defines the inner product on the specific
Hilbert space. However, it is possible for this PT-symmetry to be spontaneously broken
for some region of the system’s parameter set. In this case the wave functions in the
broken regime become unbounded, with exponential growth in the time evolution and
complex energy eigenvalues. While such a situation is the most interesting one in optical
settings [45,48,86], where different channels of gain and loss may be constructed, the
development of infinite growth in energy means it is usually discarded as being non-
physical in a quantum mechanical framework.

The spontaneously broken regime arises when the wave functions cease to simultane-
ously be eigenfunctions of the PT operator and satisfy the time-dependent Schrédinger
equation for H (¢). In this chapter we will provide an explanation and interpretation
for the spontaneously broken regime by introducing a time-dependence into the central
equations and ultimately find a time-dependent metric operator p (t). This metric allows
us to construct a well-defined Hilbert space with the inner product (-[-), = (:[p(¢) ).
This regularisation of the inner product opens up the broken regime for analysis as all
quantities involved become well defined.

The introduction of time leads to another remarkable property, that is the non-
Hermitian Hamiltonian ceases to be observable. This follows from asserting that ob-
servable operators O in the non-Hermitian system need to be related to a self-adjoint
operator o(t) in the Hermitian system as o(t) = n(t)O(t)n~'(¢). Under this assumption
the observable energy operator is in fact

H(t) =0~ (Oh(t)n(t) = H(t) + il (£)9n(1). (3.1)

The original Hamiltonian H (¢) defines the time-dependent Schrédinger equation and
generates the time-evolution, H (t) is the energy operator and does not define this
equation. We will show that even in the spontaneously broken PT regime, the en-
ergy operator has real expectation values and obeys a new PT-symmetry that remains
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unbroken.

3.1 A two-level system with spontaneously broken P7-
symmetry

To illustrate our point we revisit the simple time-dependent two-level spin model anal-
ysed in chapter 2, described by the non-Hermitian Hamiltonian,

H(t) = [Ql + ak(t)o, + ik(t)oy], (3.2)

1
2
with o, 0y, 0, denoting the Pauli matrices, | the identity matrix and o, w, s (t) € R.
Solving the time-dependent Schrodinger equation using the Lewis Riesenfeld invariants
(as outlined in for this Hamiltonian we obtain the time-dependent wave

functions

1 e%i(Qti\/oﬂfl It ﬁ(s)ds) (

(t) = ' . (3.3)
- \/m(a;m) ‘aiva?_l)

from which we can form a general wave function. Using Wigner’s argument [1,/15] the
reality of the energy spectrum for |a| > 1 is easily explained by identifying an antilinear
symmetry operator, denoted here as P7T , that commutes with the Hamiltonian and
for which ¢4 (t) are eigenstates of PT and solutions to the time-dependent Schrodinger
equation

[PT,H ()] =0, and  PTes(t) =Dy, (1), (3.4)

with ¢ € R. When |a| > 1 in our example the symmetry operator is easily identified
as PT = 1o, with 7 denoting complex conjugation. When |a| < 1 the last relation
in no longer holds and the eigenvalues become complex conjugate to each other,
this is precisely what we described above as spontaneously broken P7T-symmetry. For
the parameter range of the latter situation this Hamiltonian would be regarded as non-
physical from a quantum mechanical point of view as it possesses channels of infinite
grows in probability, such that the corresponding time evolution operators would be
unbounded.

However, when one introduces an explicit time-dependence into the Hamiltonian,
H(t), it no longer plays the role of the observable energy operator and so we are not
presented with an interpretational obstacle. For a meaningful physical picture one only
needs to guarantee now that the expectation values of H (t), as defined in , are real
and instead identify a new %—symmetry to be responsible for this property

PT.H®B| =0, and  PTo. () = Do, (1), (3.5)
with @ (t) denoting the wave functions of H and ¢ € R. Notice that P7 and PT are

only symbols here to denote different types of antilinear operators, which however do
not send t to —t as the time is only a real parameter in this context.
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In order to proceed we use the solution for the Dyson map we obtained by solving
the time-dependent Dyson equation directly in section using the initial condition

p(0) =1

— 1[042—(:032 (;W(w)]m, (3.6)

_ sin (wp (t)) i
N 2[@2—0082 (%Wu(t))}1/2’ (3.7)
_ a [l —cos (wpu (t))]
Y oo ()] 59
b (3.9)

where w = va? — 1 and u(t) = fg k(s) ds. In addition we have the counterpart Hermi-
tian Hamiltonian

1 aw’k
ht) = 2 o+ a? — cos? (Jwp (t)) UZ] (310)
and importantly, the energy operator H (t)
H(t) = —% {QI + X <in0nyax — N0y + (77(;777; — ;) azﬂ ) (3.11)
with )
X (1) = il (3.12)

a? — cos? (Swpu (1))

The characteristic w = Va2 — 1 appears prominently in the parameters and it is clear
that the behaviour must change as we pass through the exceptional point at |a| = 1.
Therefore we now analyse in detail the qualitatively different regimes || > 1, |a] < 1
and « = 1 corresponding to the original P7T-symmetry of the non-Hermitian Hamilto-
nian.

3.1.1 The unbroken P7T regime of H (t)

In this section we will consider the regime with || > 1. As we saw in section
under these conditions the P7-symmetry of H (t) is unbroken and we have unitary
time-evolution. The Dyson map and the metric are real for any given initial condition.
The observable energy eigenvalues coming from the energy operator and wave functions

{pxlp () H (1) |px) are

- 1 aw?k
Ei(t)=— Q=+
£ () 2 a2 — cos? (Swpu (1))

(3.13)

This is to be expected as even in the time-independent case the energy expectation
values are real when the P7-symmetry is intact. This is however a new time-dependent
energy expectation value that differs from the time-independent case. Figures and
(3.2) show plots of these energies for varying values of o and the function k = 1 and
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k = cost. We see that in both cases the behaviour is oscillatory with o determining the
period and magnitude of oscillation.

E
~ N | .,
5 10 15 20 — E,,e=2
\_/ \/ — E_,a=2
-0.5 — E., =12

AVAVAVAVAVE

Figure 3.1: Energy observables Ey (t) for x = 1 and w = 1 with |a| > 1, corresponding
to the PT unbroken regime.

Figure 3.2: Energy observables E (t) for k = cost and w = 1 with |a| > 1, correspond-
ing to the P7 unbroken regime.

3.1.2 The broken PT regime of H ()

We now turn our attention to the regime with |a| < 1. This is the most interesting
case because of the fact that time-evolution becomes non-unitary in the non-Hermitian
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system. As we have discussed this would usually mean the regime has unbounded
probability. However we will show in this section that the introduction of time mends
the broken P7-symmetry with the introduction of a new PT-symmetry for the energy
operator H (t). In this case the components of 7 (t) take the form

n = % [coshQ (;wu (t)) — oﬁ} 1/2, (3.14)

_ sinh (op (t))

Ne = 2 [cosh? (Lap (1)) — a2]1/2’ (3.15)
_ o [1 — cosh (@pu (1))]

v _2&3 [cosh? (3apu (1)) — a?] 1/2° (3.16)

where @ = /1 — a?. These are real for all values of || < 1 and so we can define a metric
and therefore an inner product. We see that the behaviour changes from trigonometric
to hyperbolic evolution in time. Therefore the reality of the expectation value of H (t)
is preserved and so the energy observables are

- 1 QWK

Ba ()= sl 0O 11 (0) o) = =5 | 0%
Figure and show the energy expectation values in the broken regime for
various values of & < 1 and the function Kk = 1 and k = cost. We see substantially
different behaviour for x = 1. In this case the energy expectation values decay to —w/2.
For k = cost we once again see oscillations on the energy, but in this case the amplitude
is smaller than in the unbroken regime.

(3.18)
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Figure 3.3: Energy observables E. (t) for k = 1 and w = 1 with |a| < 1, corresponding
to the PT broken regime.

— E,, @=0.2
— E_, a=0.2

E,., =05
— E_, a=0.5

: ‘ ‘ —

5 10 15 20

Figure 3.4: Energy observables E (t) for k = cost and w = 1 with |a| < 1, correspond-
ing to the PT broken regime.

We now wish to find the PT—symmetry that explains the reality of th1s observable.
To do this, we make an ansatz for P7T and solve the first equation in . Indeed we
find as the unique solution the antilinear operator

1
PT = E [2iamonzoy — (2nomy — @) 0] T, (3.19)
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with

€ = \Jor(a — dnomy) + 47 (~a22 +12). (3.20)

We verify that PT is involutionary with PT = |. Furthermore we verify that PTo,PT =
—o® and PT o, PT # 0,. Thus when a # 0 the new PT—symmetry is not a symmetry

of H(t), i.e. we have {PT,H( )} # 0 but {PT,H( )] = 0. In order to guarantee that

this symmetry is unbroken we also need to satisfy the second equation in (3.5). We
determine the eigenstates of H(t) as

_ _ 2 _ 2,120,2
g~0:|: N ( (2770773; a) =+ 4 /5 4o Moy ) , (321)

20 (12 + iny)

where the square root is always positive and verify that these vectors are indeed PT-
eigenstates - N

PToy =e“*o,, (3.22)
with

4 gy
— (2nomy — @) /€2 — da?nin? £ &2

Thus for the regime stated above the %—symmetry is unbroken and the eigenvalues of
H(t) are therefore guaranteed to be real. We notice that for |«| > 1 the Hamiltonian
H(t) is in its PT-symmetric phase, but P7T is still not a symmetry for H(t).

(3.23)

w4+ = arctan

3.1.3 The exceptional point of H (t)

The value a = 1 is an exceptional point for H(t) as it marks the transition from real
to complex conjugate expectation values and at the same time the two expectation
coalesce. For H it also indicates the boundary of the expectation values, but they do
not become complex conjugate to each other and the two expectation values remain
different. In this case we reconsider our solution to the EP equation we initially
solved in chapter 2

5+ \t)o = =, (3.24)

with the time-dependent coefficient now

At = 2R3 <“>2 (3.25)

The solution to this EP equation is radically different to our previous solution, with the
initial condition p (0) =1, o is

1/2
o(t) = % [M )2 + 2} , (3.26)
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where p (t) = fg k (s) ds. This gives the solutions for the components of 7 (¢)

1/2
m = [iu(t)zH] : (3.27)
31 (1)
b2 +1]"
1 2
ny = - 4M2(t) 7 (3.29)
[%u(t) +1]
n. = 0. (3.30)

So rather than being either trigonometric or hyperbolic, at the exceptional point the pa-
rameters are linear in the quantity f(f Kk (s) ds. Using these new Dyson map components

we find the PT operator to be the same as 1) with o = 1,

— 1
PT = g [2inonzoy — (2n0my — 1) 0] T (3.31)
with
€= /(L —4nomy) + 42 (—n2 + 12). (3.32)
The energy operator is
. 1 ) . 1
H(t) = —3 {QI + x (znonyax — iNoNeoy + (77077y — 2> azﬂ ) (3.33)
and the Hermitian Hamiltonian is
1 4K
h(t)=—= [QI + az} . 3.34
6= |2+ (3.34)

Therefore we calculate the energy expectation values for the wave functions ¢4 (t) to
be

~ 1 4k
Ey(t)= —3 [Q + 44—#(75)2} . (3.35)

Figure and show the energy expectation values at the exceptional point
o = 1 for the function k = 1 and kK = cost. Once again we see some very interesting
and unique behaviour here. For x = 1 the energy decays asymptotically to —w/2. For
Kk = cost the energy oscillates between 0 and —1.
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Figure 3.5: Energy observables F. (t) for k = 1 and w = 1 with @ = 1, corresponding
to the exceptional point.

-1.0

Figure 3.6: Energy observables E. (t) for k = cost and w = 1 with a = 1, corresponding
to the exceptional point.

3.1.4 The special point at « =0

The value oo = 0 is special as in this case the 7/7\’7/'—0perator commutes with both H(t)
and H(t), but the eigenvalues of the latter are complex conjugate in this case. In
addition, we are unable to satisfy the initial condition of p (0) = | without the system
becoming trivial as this would mean h (¢) o |. This means we expect the wave functions
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of H(t) not to be eigenstates of the ﬁ-operator. It is instructive to verify this in detail
and since the formulae simplify substantially in this case, it is also useful to have a
simpler example at hand. The energy operator simplifies to

7 1 , . 0
H(t) = 3 [wl + % <Z77077y0'z —MoNzOy — (ng + 2) az>] ; (3.36)

and the ﬁ'—operator reduces to
PT = [isinh (i () + &) oy + cosh (u (t) + &) 0.] 7. (3.37)

Now both Hamiltonians are ﬁ’—symmetric, i.e. in addition to [ﬁ,ﬁ[ (t)] = 0 we
also have [ﬁ',H(t)] = 0. However, whereas the eigenvectors @, ~ {—no,ns + iny},
@~ {ny —iny,mo} of H(t) are PT -symmetric, the eigenvectors ¢4 ~ {£1,1} of H(t)

are not eigenstates of the PT-operator. Hence we have
PTos # o and ﬁ'(oi =" (3.38)
Concretely we identify

N 22131,
57)(2)17% + 46 — 20417(2) '

(3.39)

w4 = arctan

Thus the H(t) system is always in the spontaneously broken ﬁ—symmetry phase,
whereas H (t) is PT-symmetric as long as |¢1| > 2.

3.2 Higher spin systems with spontaneously broken P7 -
symmetry

So far we have only considered a 2 level matrix model characterised by the Pauli spin
matrices. These form the generators of the SU(2) Lie Algebra. However, they are only
one particular representation and we can in fact write the algebra in terms of more
general spin operators

[Si, S5 = i€k Sk, 1,5, k=xv,z. (3.40)

The proper representation of SU (2) in terms of 2 x 2 matrices is S; = %o—i. These
matrices then describe systems of spin 1/2 particles as we have seen in the previous
examples. In addition to the 2 x 2 representation, we can also form this algebra in terms
of higher dimensional matrices that correspond to higher spin systems. For example,
for spin 1 particles, the spin operators take the form

L (010 L [0 —i 0 10 0
Sp=—4|101]), Sy=—4|di 0 —i ], Si={00 0
V20 1 0 V2 o i o 00 —1

and for spin 3/2 the spin operators take the form
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0
S3/2 = I (3.42)

3/2

Sy/_i 0 i2 0 —iv3 |’
0 0 /3 0
30 0 0

g2 _ L[ 01 0 0

z 2100 -1 0
00 0 -3

We now show that our analysis works when we extend our representations to higher
spin systems [9].

3.2.1 A spin 1 model

We look at a spin 1 model built from the SU(2) spin generators

H'(t) = —%(QI + V287 (t) +ivV2ay (t) Sp) (3.43)
1 w i(a—1)y(t) 0
= —5 | ety w ila—=1)y(t)
0 il +1)v(t) w

Solving the time-dependent Schrodinger equation using the Lewis Riesenfeld invariants
for this Hamiltonian, we obtain the time-dependent wave functions

(1) (1 - a)

1 .
Ui(t) = =et S (5 —hor(9)ds 2ike , k=0,+1 (3.44)
2
1+«
where ¢ := /(1 —a?)/2 and from which we can construct a general wave function.

Once again in the parameter region |o| < 1 the non-Hermitian Hamiltonian ([3.43)
possesses a real eigenvalue spectrum. However, when |a| > 1 the system is no longer
well defined as we see the functions 1y, (t) become unbounded. This is once again the
spontaneously broken P7T region. In order to mend this broken symmetry we wish to
follow the same procedure as for the 2 level system and solve the time-dependent Dyson
equation for 7 (t). We choose this method so as to avoid taking the square root of a
3 x 3 matrix. We make the most general Hermitian ansatz for 7 (¢)

m(t) n2(t) —ins(t) na(t) —ins(t)
n(t) = | m(t) +ins(t) n6(t) n(t) —ins(t) | - (3.45)
na(t) +ins(t)  n7(t) +ins(t) no(t)
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and use the ansatz for h (1)

h(t) = —% Q1+ X (1) S!] (3.46)

Substituting these expressions into the time-dependent Dyson equation yields in prin-
ciple 18 equations for the real functions 7;(t), i = 1,...,9. We obtain

=%y, fy = m ey + sy + meEly = netly,

fl3 ==y + 591y =0, iy =m%Sty + 5 =15 +nr%ty,

s = 39557 — sy = sy — 1825+, (3.47)
Mg = M2 5 ’Y+77 aH% N7 =M 5 7+7782 +779a+17—77 ’y,

flg = N5 %52y — s =0, flg = N7 %5,

and

(1+a)yms — Xm = (1 —a)ynz + (1 + a)yns = (1 — a)yns + Xng = 0. (3.48)

Unlike the system of equations for the 2 level system this set is highly overdetermined.
Nonetheless, they may be solved by

2c1 (1X—7X)

mt) =% m(t) = W7 n3(t) = 135
_ ((@=1)m+(+a)ne )7 —m X> 20 (5X—X)
774(t) - (1+a)2X2 ) T’5(t) - Wa
de1 (X242 442 (2X2 - X X )=y X (-4 X +4X)) 2¢1 (a—1) (4 X = X)
n6(t) = (1ta)273X3 ;o m(t) = Ata)Zy X2z °
-1 1—a)?
ns(t) = H, m(t) = Hiae
(3.49)
where X (t) is restricted to obey the second order non-linear differential equation
. 3X? 503y 1 NS
X——-——-X|-——=+-(1- — =0. .
5 % <7 272+4( o?) y +5 =0 (3.50)

This equations closely resembles and we can once more transform it to the
Ermakov-Pinney equation (2.64) by using X = 4/5?% in this case. Following the same
steps as in the previous subsection we obtain the general solution for (3.50) as

4y (1) .
C2 €OS {sb (ft'y(s) ds+c3)] +4/c - 2=

This solution then defines the entirety of the Dyson map and so completes our procedure
for the spin 1 model. We will now show that the procedure is also completely transferable
to a spin 3/2 system.

X(t) =

(3.51)
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3.2.2 A spin 3/2 model

We now consider a Hamiltonian built from the spin 3/2 operators,

1 2 2
H3?(t) = —i(wl+§7(t)55’/2+i§a7(t)5§/2) (3.52)
(a=1)y(t)
w e 0 0
! z<a+yg<t> o 2oL 0
2 0 2ot () w <a—;?<t>
(a+1)y(1)
0 0 73 w

Solving the time-dependent Schrodinger equation using the Lewis Riesenfeld invariants
for this Hamiltonian, we obtain the time-dependent wave functions

i(1— )32
Yr(t) = V3 i [ (Bw—kdr(s))ds 2v/3ko(1 ~a)l/?
\/8(|k’+a2 (3—1k])) 2i\/§(2‘k|—k2)¢)(1+a)1/2 )

sign(k)(2 — [k[)(1 + )2
(3.53)
where k = +1, £3 and &5 := V1 — a2/6 and from which we can construct a general wave
function. We see that the system becomes ill-defined when o > 1. This is the region
of broken PT-symmetry and we now show that by solving the time-dependent Dyson
equation, we mend this regime. We take n(t) to be of the most general Hermitian form

m(t) n2(t) —ins(t)  na(t) —ins(t)  ne(t) —inz(t)
(t) _ 772(t) + i773(t) 778(t) 779(75) - iUIO(t) 7711(75) - i7712 <t) (3 54)
7 na(t) +ins(t)  me(t) +ins(t) ms(t)  ma(t) —ims(t) |
n6(t) +in7(t) mi(t) +ima(t) ma(t) +ims(t) nie(t)

and assume h (t) to be

h(t) = —% 1 42537 (3.55)

Substituting these expressions into the time-dependent Dyson equation yields in prin-
ciple 32 equation for the n;(t), ¢ = 1,...,16. Once again the system is highly overdeter-
mined, but remarkably it can be solved similarly as in the previous sections. Here we
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only present the solutions to these equations. We find

3/2 3v/3c1 (Ey—Ey 3v3c1y /2 +1
C15’5/2 ;o ome(t) = (1+a1)(E5/271/2)’ n3(t) = 2(\1/_;_2)"/51/27 na(t) = (!Jza_)ln)n’

3
=
~—~
o~
S~—
I

9v3c1 (E4—Er 2(1—a2) 142 —9=2y
mo(t) = DEAEE  (t) =y + 2o
E(V3(a—1)m1—3(a+1 .
n7(t) = mo + (Ve (l"ii)zf“ )7716), ns(t) = 7(0(2?177)“7
6(a—1)=°/23—9¢1 (a+1)y/2 (E4—Ey 35((a—1)ms+3(at1
()= gt oGS () = o=,
£ V3e1(a—1) (272492 18022724+ 722 (289427 ) +422 ((a®—1)v*+952 - 18+%))
mi(t) = — 8(1+a)3=7/2~5/2 )

_ 9VBei(a—1)(Ey—Ev) _ 9c1(a—1)(E*2+20=2292 —8Ey(259+Ey) —4E2 (42 —27¥) )
7712(t) - (1+)353/243/2 7713(t) - 4(14a)3E7/2~5/2 ’
3v/3c1(a—1)2 (29—Ey 3v/3er (a—1)3~1/2 _1)3~3/2

malt) = 22AC D EEE) () = BEalac U () = el
(3.56)
where =Z(¢) has to obey the second order non-linear differential equation
. 322 5 3421 A=
E—e-—-El-—=—=+—=(1- — =0. 3.57
2= <7 2z Tg =) )+ 3 (3:57)

As in the previous subsection we can transform this equation to the Ermakov Pinney
equation 1) using = =4/ &2 in this case and therefore we have
4 (t
£) = t 7 () : (3.58)
é9 COS [(b (f v (s)ds —1-63)} + /3 — Oj’ﬁl

(1]

The solution for Z (¢) completes the solution for the Dyson map and allows us to compute
the components of 7 (t). We have shown that the framework of time-dependent analysis
extends beyond our simple 2 level system and is clearly valid for higher representations.
We will now go on to show how it works when applied to a harmonic oscillator system
with infinite Hilbert space.

3.3 An inverted harmonic oscillator with spontaneously
broken PT-symmetry

So far we have only considered matrix models with explicit time-dependence. These
models have finite Hilbert space and are extremely useful in approaching the time-
dependent problem. In this section we will show that the utility of the time-dependent
analysis extends to time-independent non-Hermitian Hamiltonians. In the time-independent
regime, when the PT-symmetry is spontaneously broken there is no way to inter-
pret the system as the eigenvalues become complex and the time-evolution becomes
non-unitary. However, when we use time-dependent analysis we can map the time-
independent non-Hermitian Hamiltonian to a time-dependent Hermitian Hamiltonian
using a time-dependent Dyson map.

In this section we will show that our analysis of spontaneously broken P7T -symmetry
extends to systems with infinite Hilbert space. To do this we consider the time-
independent inverted harmonic oscillator system with an additional P7-symmetric term
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1 1
H=—p" — - = .
2mp 2mw z? +i {:U P} (3.59)
where we work in position space such that p = —id,. Here the curly brackets {, } denote

the anticommutator between x and p. Also m, w and ¢ € R. This system represents
an inverted harmonic oscillator with an additional non-Hermitian term that regularises
the system. Without this non-Hermitian term, the system is unbounded from below
and therefore unphysical, even though it is Hermitian. The P7-symmetry that leaves
the Hamiltonian invariant is

PT : p—p, T — —x, i — —i. (3.60)

Solving the time-independent Schrodinger equation, we obtain the energy eigenvalues

E, = (n + ;) A, (3.61)

where A = /g2 — w? and the eigenfunctions

¢n () = exp [—;m (A—yg) xZ} Hy (x), (3.62)

where H,, are the Hermite polynomials. It is clear that in the regime |g| > |w| the PT-
symmetry is preserved and the eigenvalues are real. However, in the regime |g| < |w|, the
symmetry is spontaneously broken as the eigenfunctions are no longer invariant under
the PT-symmetry. Therefore in the broken regime we are unable to make sense of the
system without the use of time-dependent analysis. We will show this explicitly by first
looking at the time-independent mapping and then proceeding to the time-dependent
mapping.

3.3.1 Time-independent Dyson map

We wish to find a metric and a Dyson map for the Hamiltonian (3.59). To do this we
solve the time-independent Dyson equation

h=nHn!, (3.63)
with the ansatz
n = ez’ (3.64)
Using the BCH relation, we find the resulting Hermitian Hamiltonian to be
h = ip + mA2 2, (3.65)
2m '

with & = —mg. h is a Harmonic oscillator with frequency A = /g% — w?2. Therefore
when |g| < |w| the frequency becomes complex and the wave functions become un-
bounded and therefore unphysical. This matches the condition for the P7T-symmetry
to be spontaneously broken. This means that whilst we are able to define a Dyson
map and therefore a metric p in the unbroken regime, the spontaneously broken regime
remains elusive without using time-dependent analysis. Therefore we now move onto
the time-dependent Dyson equation.
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3.3.2 Time-dependent Dyson map

Now we wish to solve the time-dependent Dyson equation (1.17)) for the Hamiltonian
(3.59). In this instance we use the creation and annihilation operators to simplify the
problem, these are defined as follows

P at= 2 T (3.66)
2mw 2 2mw 2

Using these operators, we can rewrite the Hamiltonian as

a =

1 1
H:—§(g+w)aT2+§(g—w)a2. (3.67)

Now we use the non-Hermitian ansatz
n(t) = ea(t)afae[ﬁ(t)ﬂv(t)]a?’ (3.68)

and substitute into the time-dependent Dyson equation. In order to make the re-
sulting Hamiltonian Hermitian, the following differential equations must be satisfied

a = %(g—I—w)% (3.69)
o= S(g+w)pm, (3.70)
¥ o= %(g—w+(g+w>62a)—%(9+w)(62—v2). (3.71)

The Hermitian Hamiltonian is computed

h(t) = —% (g9 +w)Bala— % (g+w)e” (aT2 + a2> . (3.72)

In order to solve the coupled differential equations (3.69)), (3.70) and (3.71) we note
that

aB—B=0. (3.73)

We can integrate this to find a relation between the two variables

B =cie?, (3.74)

where ¢ is a constant of integration. Substituting this into equation (3.70) and solving
for v we obtain

24
I
Now we make the change of variable a = —21Ino. Substituting this into equation (3.71])

along with the expressions (3.74) and (3.75)) results in o being restricted by the following
Ermakov Pinney equation

5 (3.75)

5+A72 n (g—l—w)2 (2—0%)

4 1603 = 0. (3.76)

This is solved with the function
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Alg-—w) —-(2-¢ w
o (t) = x| cacos [\}i/\ (t+ 03)} - \/2 2(9 )2 (g(i ) D)o+ ), (3.77)

where c¢2 and c3 are constants of integration. We now rewrite the Hermitian Hamiltonian
in terms of p and x

g+w (p? muw?a? ¢
h(t) = "o O <2m (-2 +——(a+2)- 21> . (3.78)

We see that in order to ensure h (¢) is bounded from below, |c1| > 2. We also note that
the time dependence is an overall factor. The parameters of the Dyson map are

c2(g—w)— —c2? "
a(t) = —In |cacos [%A(t—i-ci;)] B \/2 5 (g )2 (g(i 5 1) (9 +w) (3.79)
B = - - - : (3.80)
Co COS [%A (t + 63)} . \/202(9—&1)2?9(3;)01)(94—5‘))
Asin [ LA (t+ c3)
V() = g\fw [\/5 : 3 } : . (3.81)
Co COS {%A (t+ 03)} — \/262(9_“’)2?;3;;1)(%“)

Now we have a solution for 7 (¢) and therefore also p (¢). This means we have can
form a consistent theory for the non-Hermitian Hamiltonian even in the broken
regime |g| < |w|. We see a similar transition between trigonometric and hyperbolic
functions at the exceptional point ¢ = w as we did in the matrix models. We have
shown that a time-independent non-Hermitian system with a region of spontaneously
broken PT-symmetry can be made physically meaningful by using a time-dependent
Dyson map in order to map the system to a time-dependent Hermitian system. The
Hermitian system is then well-defined even in the spontaneously broken regime because
of the explicit time-dependence in the Dyson map. The ability to make sense of such
systems has great implications as we will see in the subsequent chapters, particularly in
the analysis of entropy.

3.4 Summary

We have demonstrated that it is entirely possible to make physical sense of time-
dependent non-Hermitian Hamiltonians. Furthermore, even when these Hamiltonians
are in the spontaneously broken P7T-symmetric regime, explicit time-dependence in the
Dyson map and the metric allows for a self-consistent quantum mechanical description.
This is possible as the Hamiltonian that satisfies the time-dependent Schrodinger equa-
tion becomes unobservable and instead the energy operator develops real eigenvalues at
any instance in time. We identified the new antilinear operator P7T that explains the
reality of the spectrum of the energy operator in parts of the parameter regime. We

41



calculated this new symmetry operator in addition to the energy operator H (t) for a
2-level matrix model. We showed that as we cross the exceptional point, the behaviour
in observable parameters becomes significantly different in character. Specifically, the
behaviour changes from trigonometric to hyperbolic evolution.

Following the 2 level matrix model, we calculated the Dyson map for higher spin
systems (1, 3/2) corresponding to 3 and 4 level matrix models, both with spontaneously
broken PT-symmetry.

Finally, we moved onto a non-Hermitian harmonic oscillator with infinite dimen-
sional Hilbert space, also with spontaneously broken P7T-symmetry. In this example
we kept the non-Hermitian Hamiltonian time-independent in order to demonstrate how
time-dependent analysis is extremely vital for such systems in order to make sense of
the broken regime. The utility is in the ability to investigate the spontaneously broken
regime of time-independent systems previously believed to be unphysical and therefore
inaccessible in this regime.

Interestingly, we see that the Ermakov-Pinney equation arises in both situations we
have considered.
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Chapter 4

Coupled Oscillators with
Spontaneously Broken
PT-Symmetry

In our analysis so far, we have considered time-dependent matrix models and a time-
independent inverted harmonic oscillator. We showed that for the matrix model it was
necessary to use time-dependent analysis in order to analyse such a system. The time-
independent analysis for the harmonic oscillator was not enough to make sense of the
spontaneously broken P7T regime. The introduction of time into the central equations
had the effect of mending the broken regime.

In this chapter we extend the previous analysis of the broken P7T regime from a one
dimensional two-level system [7] and an inverted harmonic oscillator to two-dimensional
systems with infinite Hilbert space. These take the form of coupled harmonic oscillators
with spontaneously broken P7T-symmetry. Studying such systems is of great importance
as we wish to ultimately connect our theory to experimental results. Having solutions
for coupled systems in more than one dimension is incredibly useful as this easily relates
to many experimental scenarios for which a system is coupled to the environment.

Furthermore, in this chapter we will demonstrate the utility of the Lewis-Riesenfeld
invariants (see for solving complicated systems. So far we have only
encountered LR invariants in chapter 1 where we found the method to involve a large
number of steps. In this setting they are particularly useful as we are able to avoid
the complicated differential equation that arises when using the time-dependent Dyson
equation.

As we begin to investigate more complicated systems, the description of the problem
becomes more technical. In chapter 2 we demonstrated the algebraic technique for
solving the various central equations while using the algebra of the Pauli matrices SU(2)
and in fact the algebra of the raising and lowering operators S1(2,R). We also used the
algebraic technique to solve for the Dyson map 7 (t) when we considered the inverted
harmonic oscillator in chapter 3, however we did not quote an algebra for this system.
In the examples presented in this chapter, we will be working primarily in terms of
generators of a closed algebra that relate to the Hamiltonians under consideration.
This enables us to compute the BCH relation using only the closed algebra. The
first coupled oscillator we consider belongs to an algebra consisting of 4 generators. The
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second system consists of 10 generators.

4.1 i(zy+ p.p,) coupled oscillator

We begin our analysis in this chapter with two harmonic oscillators coupled with an
i (xy + pepy) term. Initially we present the model with time-independent parameters
and will introduce time into the system as the chapter progresses,

b A
% (p2 + 2°) + 3 (pz +9°) + zE (zy + papy) , a,b,\ €R. (4.1)

This non-Hermitian Hamiltonian is symmetric with regard to the antilinear transforma-
tions [15) PT + : & = £, y = FY, Dy —> FDax, Py —> E£Dy, ¢ = —i, i.e. [PT 4, Hyyp| = 0.
Thus we expect the eigenvalues to be real or to be grouped in pairs of complex con-
jugates when the symmetry is broken for the eigenfunctions. The energy eigenvalues
are

Hwyp =

Enym:%(1+n—l—m)(a+b)+%(n—m) (@ —0b)2— )2 (4.2)

and we see that they are real for | (a — b) | > |A|, or when n = m. Therefore there is an
exceptional point in the parameter space at | (a — b) | = |A| below which the symmetry
is spontaneously broken and the eigenvalues become complex conjugate pairs. It is
convenient to express this Hamiltonian in a more generic algebraic fashion as

Hyig = aK; 4+ bKy 4+ 1AK3, (4.3)

where we defined Lie algebraic generators

(v +v°), Ks= % (zy + papy), Ki= % (zpy — Ypa) -

(4.4)
Besides the generators already appearing in the Hamiltonian we added one more gen-
erator, K4 = L./2, to ensure the closure of the algebra, i.e. we have

K =

N =

(p2+2%), Ko=

N =

[K1, K2 =0, [K1, K3] = iKy, [K1, K4] = —iK3, (4.5)
(Ko, K3 = —iKy, (K2, K4] = iK3, (K3, K] = i(K; — K2)/2. '
Notice that KZT = K, for i = 1,...,4. In what follows we mostly use the algebraic
formulation so that our results also hold for representations different from .

Now that we have our Hamiltonian set up in a closed algebraic form, we can begin
our analysis. We proceed by initially solving the time-independent model, as did with
the single inverted harmonic oscillator presented in section [3.3] First we will solve the
time-independent Dyson equation and show that the procedure breaks down at the
exceptional point. We will then mend the broken regime by solving the time-dependent
Dyson equation. Finally we will introduce time into the Hamiltonian and solve for
the Dyson map using the time-dependent Dyson equation and then the Lewis-Riesenfeld
invariants.
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4.1.1 Time-independent Dyson map
We start our analysis on the non-Hermitian Hamiltonian (4.3)) by solving the time-
independent Dyson equation. For this we use the ansatz
h =, (4.6)
and substitute into ((1.9)). We find that the corresponding Hamiltonian is Hermitian if
A
(b—a)

As the mapping is time-independent, we see the signature exceptional point present in
the Dyson map. The map is only valid for |(a —b)| > |A| and so we are unable to
make sense of the broken regime. The Hermitian Hamiltonian becomes a system of two
decoupled harmonic oscillators

tanh § =

(4.7)

_ 1 1
hK = UHKT] L= §(a+b) (Kl +K2) + 5 (CL— b)2 - )\2 (Kl - KQ), (48)

for [A\| < |a —b|. In order to proceed, it is clear we need to introduce time into the
Dyson map and solve the time-dependent Dyson equation.

4.1.2 Time-dependent Dyson map

We now extend our analysis of Hamiltonian (4.3)) to the time-dependent Dyson equation.
At this stage the Hamiltonian is still time-independent and we only introduce time into
the Dyson map. Our ansatz for 1 (t) now takes the form

n(t) = e3(1) K3 gaa(t) Ky (4.9)

We substitute this into the Dyson equation and eliminate the non-Hermitian terms. In
order to remove these terms we are required to solve the following coupled differential
equations

a3 = —(a—b)sinhay — Acoshay, (4.10)
&y = [(a—b)coshay + Asinh ay]tanh as. (4.11)

We can decouple these equations by first solving (4.10)) for ay

—023—|—\/(a—b)2—)\2—|—a'32
ay = log

4.12
a—b+ A ( )

Substituting this into the second equation (4.11) results in a non-linear differential
equation in terms of ag

s+ ((a B2 N2 4 ()232) tanh as = 0. (4.13)

We can rewrite as (t) = f (wt), where w = 1/(a — b)* — A2 and so substituting this in
we reduce the equation to
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f'4+ (L4 f2)tanh f =0, f'= -~ Z‘it) (4.14)

Finally we make the variable change f = arcsinh ¢ which gives us the differential equa-
tion

o"+0=0 (4.15)
which is solved with
o (wt) = % sin [w (t + ¢2)] . (4.16)
Therefore the paramters of the Dyson map are,
sinhag = % sin [w (£ + ¢2)], (4.17)

expay = V& + w? — ey cosw (t+ c2)] (4.18)
(a—b+A) /14 deleliren)

which are always real when | (a — b) | > ||, corresponding to the unbroken regime, and
are real for |c;| > |w| in the broken regime. The resulting Hermitian Hamiltonian is

h(t) = % (a+b) [Ky + K, + %5 (t) [Ky — K (4.19)

with § (t) = ((a — b) cosh ay + Asinh ay) sech a3, that is

5(t) = Wi+ w? (4.20)

S W+ Esinfw (t+ )

This is now a system of two decoupled harmonic oscillators, much like the case in the
time-independent Dyson map. However, now the system is valid in the spontaneously
broken P7T regime. We can now find the energy expectation values when | (a — b) | < |)|.
Solving the time-dependent Schrédinger equation using the Lewis Riesenfeld invariants
for the Hamiltonian , we obtain the wave functions

¢ ($7 Y, t) - d)—,n (.Z', t) ¢+,m (y7 t) ) (4'21)

from which we can construct a general wave function and where

Pan (1) = ei:j)t)exp [(f!(t) ;(i Eg B x:u)?) 222] Hn [x;(t)] @)

with

Fu (t) = % (a+b)+ %5 OF (4.23)

and x4 () satisfying a dissipative EP equation
. f:I: . 2 f:%:
X+ — T X+ + fixs = =5, (4.24)
f+ - x
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and a (t) satisfying the integral

ar(t) = — <n+ 1> ) (4.25)

2 0 X+ (5)2

Using these solutions we calculate the energy expectation values

E(t)=®Mlp) 1) () = (¢ (2,y.)|h (t)é (z,y,1)). (4.26)

As the corresponding Hermitian system is decoupled it is significantly easier to work in
this regime. We obtain

~ 1 1
From this we can see that E (t) is static when n = m. In order to define the integration
constants ¢ 2 we enforce the initial condition a3 (0) = a4 (0) = 0 such that 1 (0) = I.
Under this condition ¢; = —A and co = 0. We can see the reality of the energy operator

spectrum across the unbroken and broken P7T regime in figures to

E

2.7}
2.6}
— n=0,m=1
2.5¢ — n=1,m=0

2.4}

2.3}

' ' — 1

5 10 15 20

Figure 4.1: Energy observables E (t) for a = 1.5, b =1 and A\ = 0.4, corresponding to
the PT unbroken regime.

Figure shows the unbroken P7T regime for the first two excited states. In this
regime the first excited states oscillate.
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2.7}
2.67
— n=0,m=1

2.5¢ — n=1,m=0
2.4}
2.3¢

‘ : : — t

5 10 15 20

Figure 4.2: Energy observables E (t) for a = 1.5, b =1 and A\ = 0.5, corresponding to
the exceptional point.

Figure[4.2)shows the exceptional point for (a — b) = X for the first two excited states.

At this point the first two excited states decay asymptotically to (a + b). All states at

the exceptional point where n # m decay to % (I1+n+m)(a+0b). When n = m the

energy is constant at (% + m) (a+0b).

E

2.77

2.67
— n=0,m=1
2.5¢ — n=1,m=0

2.4;

2.3}

t

5 10 15 20
Figure 4.3: Energy observables E (t) for a = 1.5, b =1 and A\ = 0.6, corresponding to
the PT broken regime.

Figure [4.3|shows the broken PT regime for the first two excited states. At this point
the first two excited states decay asymptotically to (a +b). Like at the exceptional
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point, all states in the broken regime where n # m decay to i (1 +n+m)(a+Db).

2
When n = m the energy is constant at (% +m) (a+b).
It is also interesting to plot the variation of the energy expectation values as A is
varied across the exceptional point at different times.

E
q — n,m=0,1, t=0
2.7¢ — nm=1,0,t=0
nm=0,1,t=4
26 — nm=1,0,t=4
nm=0,1,t=8
nm=1,0,t=8
2.5+ ) — — nm=0,1,t=12
Z — nm=1,0,t=12
— nm=0,1,t=16
2.4 // nm=1,0, t=16
\ n,m=0,1, t=20
2.3 / i nm=1,0,t=20
Z/ 1
0.2 0.4 0.6 0.8 1.0

Figure 4.4: Energy observables E () with varying A at different times demonstrating
the transition from the P7T -symmetric to the PT broken regime. a = 1.5 and b = 1.

Figure [£.4] shows the energy expectation values for a = 1.5 and b = 1 as we vary A
through the exceptional point at A = 0.5. At A < 0.5 the energies are clearly oscillatory,
which corresponds to figure But we see a clear transition at the exceptional point
A = 0.5 from oscillatory to smooth decay, this corresponds to figure At A > 0.5 the
energy expectation values decay at increasing times with no oscillation. This a clear
phase transition rather elegantly displayed for a time-dependent system.

4.1.3 Fully time-dependent model

The final step in this model is to introduce time into the non-Hermitian Hamiltonian.
To do this we take A — A (¢). Furthermore, in order to simplify the resulting equations,
we take b = a such that the Hamiltonian is permanently in the broken regime. This is
particularly interesting as we would ordinarily discard such a system as non physical.
However, using a time-dependent Dyson map, we will be able to make the system
meaningful. Firstly, we will solve this system using the time-dependent Dyson equation
and then we will go on to show that in this particular case, employing the LR invariants
is actually a far simpler path to the solution for 7 ().

4.1.3.1 Time-dependent Dyson equation

We use the same ansatz as in (4.9)), which when substituted into the time-dependent
Dyson equation results in a Hermitian Hamiltonian if the following coupled differential
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equations are satisfied
&3 = —A(t)coshay, (4.28)
gy = A (t)sinhaytanh as. (4.29)
In order to solve these, we eliminate A and dt from the equations, so that
day = — tanh ag tanh aydas, (4.30)
hence obtaining a4 as a function of ag
sinh ary = ¢1 sech a3 (4.31)

with integration constant ¢;. Next we define x = cosh ag and use (4.28]) and (4.29) to
derive that the central equation that needs to be satisfied is once more the Ermakov-
Pinney equation [83.,[84] with a dissipative term

22
CIA
az (4.32)

A
AT )\2 _
X )\X X
This equation is ubiquitous in the context of solving time-dependent Hermitian systems,

even in the Hermitian setting, see e.g. [85]. To solve this, we rewrite x (t) = f[u (¢)],
where p(t) = [ X (s) ds and substitute this into (4.32), which gives

prog=d, g4

13 dp
This is now a much simpler Ermakov Pinney equation to solve, and we find the solution
to be

(4.33)

P 0] = /(14 ) cosh2y — 200 (0)] + (1= ). (4.34)

Therefore we have the solutions for the components of the Dyson map

cosh ag \2\/(1 + ¢7) cosh [2¢; — 2u ()] + (1 — 3), (4.35)

c1vV2
sinhay = fv2 . (4.36)

\/(1 + E%) cosh [2¢2 — 2u ()] + (1 - 5%)

This is real for all values of ¢;. The corresponding Hermitian Hamiltonian is

A(t) sinh oy
2 coshag

h(t) = a(t) (K1 + K2) + (K1 — K). (4.37)

Once again, this Hamiltonian is Hermitian and the Dyson map is valid even though
the non-Hermitian Hamiltonian we started with is permanently sitting in the broken
regime. The solutions to the Schrodinger equation for take he same form as
with fy (¢) replaced with

fr®)=a(t)+ A (t) sinh oy

— . 4.
2 coshag (4.38)
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4.1.3.2 Lewis Riesenfeld Invariants

We will now show that the same solution for the Dyson map (4.35)), (4.36) can be
obtained with far fewer technical equations using the Lewis Riesenfeld invariants. The
first step is to find the non-Hermitian invariant from the equation

Ol () =i [T (1), H (8)]. (4.39)
For this we take the most general form of Iy (¢) for our ansatz

I (t) = w1 (t) K1+ up (t) Ko + us (t) K+ ua (t) Ka. (4.40)

Substituting this into equation (4.39)) along with the Hamiltonian (4.3)) results in the
coupled differential equations

i = %)\u4, iy = —%)\u4, a3 =0,  dg=i\(uz — ). (4.41)

These equations are easily solved with the functions,

w = T +qscosho—p(t)], (4.42)
U2 = g1 —ul, (4.43)
us = qo, (4.44)
us = 2iggsinh g2 — p(1)], (4.45)

with complex integration constants ¢; = ¢; + iqﬁ-, q§,q§ € R. Now we have defined
the non-Hermitian invariant, we move on to solve the similarity transform between the
non-Hermitian invariant /g and the Hermitian invariant I,

Iy (t)=n () In () n~" (). (4.46)

In order to solve this we use the same ansatz for the Dyson map (4.9) and use the BCH
relation to expand in terms of the algebraic elements. When we restrict the resulting
invariant to be Hermitian, we obtain the following constraints

4 =0,  4¢iq5 = —d5ds. (4.47)

Furthermore, the parameters of the Dyson map are found to be

coshay — \/2 (q5)? cosh 2] — 2 ()] + 2 (¢5)” — (qé)Z’ (4.48)

4(g5)" — (¢b)”
sinhay = 4 . (4.49)
V2 (5% cosh 245 — 200 (0] + 2 (¢5)* — ()’

=2 .
Therefore identifying g5 = 1/ Cl; 1, g5 = —¢1V/2 and gy = ¢4 our solutions match those
obtained in the previous section. Notice that we never had to solve the EP equation
using this method. The Hermitian invariant is

o1



I, (t) = (t) Ki + vy (t) Ky + s (t) K3+ vy (t) Ky, (4.50)

where the time-dependent coefficients are

uo= gdi gy 4@) - (6)” (4.51)
v = gaf — 5\/4@) ()" (4.52)

. a (4 (g5)* - (%)2) cosh [gj — p (1)] , (4.53)

2q§\/2 (43)? cosh [2q; — 24 ()] + 2 (¢5)* — (q3)°

" aha5\/4(a5)" — (ah)” sinh[g] — p (1)) , (4.54)

20572 (05 cosh 245 — 20 (0] + 2 (63" — (63)”

We can then compute the Hermitian Hamiltonian from the invariant . Typically
the invariant is computed from the Hamiltonian, but in this case we use equation ([2.97)
the opposite way round. The Hermitian Hamiltonian is precisely of the form .
Therefore we have shown the equivalence of the Lewis Riesenfeld invariant method and
the time-dependent Dyson equation. However, it is clear that in this context the Lewis
Riesenfeld invariant method exhibits simpler central equations to solve. The trade off
is that there are more steps to the solution process. Now we have analysed a coupled
harmonic oscillator, we move on to a significantly more complicated system.

I
N

\)

<3

4.2 ixy coupled oscillator

We follow our analysis of the i (zy + pyp,) coupling by now investigating the more
popular non-Hermitian izy coupling term. In this case the Hamiltonian takes the form

1
(pi + pZ) +-m (Q?C:UQ + szz) + i\xy, m, K, s,y €R. (4.55)

Hyy = 5

1
2m
This non-Hermitian Hamiltonian is symmetric with regard to the antilinear transforma-
tions [15] PT+ : @ — +x, y = FY, P — FPa, Py — £py, ¢ = —i, ie. [PT 4, Hyy) = 0.
Clearly this Hamiltonian is also symmetric with regard to the same antilinear symmetry
as Hyy,. Thus we expect the eigenvalues to be real or to be grouped in pairs of complex
conjugates when the symmetry is broken for the eigenfunctions. It has the eigenvalues

1 1
Enyny = <n1 + 2> Wy + <n2 + 2) Wy, (4.56)

1
wk, = o <m91 + /m2Q4 — 4>\2> , (4.57)

and Q3 = 912/ + Q2. This system has been studied in detail in the time-independent
regime [104|87,88] and it is clear from the energy eigenvalues that the PT-symmetry is

with
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spontaneously broken when |mQ? | < 2|\| as they become complex. We show in this
section that by using a time-dependent metric, we can mend the broken regime and
return a physical meaning to it.

We wish to express the Hamiltonian in terms of a closed algebra. This al-
lows us to formulate our Ansatz for n in terms of the generators of the algebra and
guarantees that the resulting Hermitian Hamiltonian will also be expressible in terms
of these generators. The algebra for our Hamiltonian is comprised of the ten Hermitian
generators

o1 o1 1 1
Ki=5(2+2"), Kj=g{zp:}, Je=g(pyype), Ie=3(wy+ppy),

(4.58)

where z = x,y. The commutation relations for these generators are
[K§,Ki] =2iK%Z, [K7, K?| =2iK§, [Kj, KY] =0, (4.59)
(KE, Ji] = —ids,  [KY, Ji] =iJ=, [KG, Is] = —ils, (4.60)
(K2, Jy] = +ils, (KY,Jy ] = +il (4.61)
(K%, J_] = Fils, [KY,J_] = =+il+ (4.62)
[K%,14] =+ide, [KY,1,] = —iJy, (4.63)
(K3, 1] =FiJs, (KL, 1] = =iy, (4.64)

¢ X Z X

[J-HJ—]_ 2(K0 _Kg)a [I+7I—]:_§(KO +Kg)7 (465)
[JJrv I:l:] = i§ (K:F + K%) ) [Jfaj:t] = :F§ (K:t - Ki) , (4.66)

with p,v = +,—,0. As is clear, this is a rich algebra containing many closed sub-
algebras contained within. We can rewrite the Hamiltonian (4.55)) as

Hyy= Y ANKZ+iA(Ip+1), (4.67)

z, 0=+

where A3 = 5L (1£m2Q2). As the generators are all Hermitian, the Hamiltonian
is non-Hermitian due to the contribution from the last term. With our Hamiltonian
expressed in this form we are now able to proceed with solving the time-dependent Dyson
equation using the BCH relation to evaluate the adjoint action of 7 on the Hamiltonian
and solving the resulting differential equations. These equations arise when we enforce
the condition of Hermiticity on the resulting Hamiltonian. However, we first recall the
solution to the time-independent Dyson equation [10] in order to emphasise that the
mapping and the metric breaks down as the P7T-symmetry is spontaneously broken in
the absence of time.

4.2.1 Time-independent Dyson map

In the time-independent case, the time-dependent Dyson equation ([1.17)) reduces to a
similarity transformation and is solved with [10]

2\
m2

n=e"-, tanh20 =

(4.68)
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This mapping is only valid for [mQ?| > 2|\| which matches the results from [87}88].
The resulting Hermitian Hamiltonian is

1 1
h= o (0% +py) + gm (Wie® +wjy?) (4.69)
, Q2 cosh? @ + Qi sinh? @ , Q2 sinh? @ + QZ cosh? (4.70)
wo = w, = . .
v cosh 26 B cosh 26

In this time-independent setting, when the PT-symmetry is broken we cannot construct
a metric 0 = n'n and therefore cannot make sense of the broken regime. To progress,
we must acknowledge that our choice for 7, and therefore p, is not restricted to be time-
independent. Introducing an explicit time-dependence into these parameters means we
are led to solve the TDDE resulting in a time-dependent Hermitian Hamiltonian.

4.2.2 Time-dependent Dyson map

We now use a time-dependent Dyson map of the form

D(t) = e O OT @ OLe O (I 4 1), L= (I~ 1),

(4.71)
This Ansatz is of course not the most general choice. We could use all ten generators in
our Ansatz in order to find the most general form of 1. However, it is well known that
7 is not unique [17] and so we are content here to find a solution. We choose to
be comprised of the interaction generators between the two oscillators as this produces
a comprehensible solution. The quantities ay, a—, 8+ and 6_ could all be chosen to
be fully complex, however this substantially increases the complexity of problem. We
wish to avoid all quantities being purely imaginary, as in this case n is just a gauge
transformation. Therefore we restrict ay, a_, §; € R and ¢~ € R. The comparatively
relaxed restriction e~ € R allows for §_ to contain an imaginary term of the form
inm, n € Z. This is included as we see that 6_ only appears in hyperbolic form in
the resulting expressions and therefore the combinations are always real. Substituting
71 into the time-dependent Dyson equation , the imaginary terms are eliminated
when the following differential equations hold

a_ = — —sin 0+,
m
. 1
0y =—a_ (2771292+ — ai) secf — Oi,
4dm m
1 (4.72)

Qg =50 (2771293r - a%r) tanf, +mQ? sinhf_ — 2\ coshf_,

y oo (2)\ sinh@_ — mQ2 cosh 0,)
T 2cos0y + apa_ ’
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We solve these coupled differential equations by differentiating the first equation three
times and at each stage substituting in the expressions for 64, 6_, & and &

1
= —5ay (deosty +aya) — Qla_,

2m
1 402
qo= (mQ% sinh6_ — 2\ cosh6_) (2cosay + ara_) + # sinay,  (4.73)
W= —202 Loz (4cosOy +ara ) —Pa_| — (4 —4)\—2 a
T tlom2 T A T - om?)

In the final, fourth order equation we can clearly replace the bracket by é&_ to obtain a
fourth order equation solely in terms of a_

W+ 20%6- + da_ =0, (4.74)

where § = Q% — 42‘1—22. The solution to equation 1j allows us to go back and calculate
0+, 6_ and a4 using the equations and (4.73)) in terms of a— together with its
derivatives.
. ma_ —\/4- m2&2 £ 3 o Em?y(£) my/m2y2 + 62
0, = — arcsin , Qy = , e~ = ,
2 o 15} (mQQ_ — 2/\)

(4.75)
where 8 = \/44— 2m202 a2 —m? (0’42_ — 2a_d_) and v = 20%a_ + @_. The (&)
indicates that we can take either the positive or negative square root independently of
the choice of sign for +m?~y. These expressions require some further analysis in order
to ensure they remain real and smooth for all values of _ and its derivatives. It is
clear that there is the possibility of singularities in a4 when a— = 0 and in 6_ when
m€? = 2\. We therefore analyse these solutions in the corresponding limits. In order
to ensure there are no singularities in a4, we must take the sign of 8 to be positive.
This can be seen by expanding oy when a_ — 0

Ay (a_—0) =

—\/4 — ’I7’L2042_ \/4 — m2a2_ O[,’I?’L2 (Q%_Og, + Oéf)
+ 1+ 532
a_ o 4 —mia

(4.76)

8 4 — m2a2

1 <2a_m2 (Qia_ + d_)>2 n

Therefore it is clear we must take the sign of 8 to be positive in order to eliminate the

singularity when a— = 0. In this case oy (,__,) becomes
2 .
meé_
I L (4.77)
4 —m2a2
and so we see there is no singularity at a— = 0. This also means the sign +m?~ must

be taken to be positive. When m? = 2\ there appears to be a singularity in #_. In
order to investigate this we expand the square root in 6_ in terms of 4,

2
e L

C T AmOZ —2N) B (mZ —2x) | 2mP? 8 \mPy?

(4.78)

95



Recalling that 6 = Q* —42‘722 = (sz_ - 2)\) (mQQ_ + 2)\) /m?, we must therefore choose
the sign of the square root (£) to be negative. This ensures the singularity is eliminated
when mQ? = 2\. The resulting expression is

Q2
- = 8 (4.79)
mry
When mQ? = —2) we must choose the sign of the square root (&) to be positive in
order to avoid a logarithm of zero. In this case the expression is
- my
= ) 4.80
024 (450

Now we rewrite our solutions for 64, _ and a4 using this new information

v —\/4—m2a% + 8 (481)

0+ = —arcsin , Qg = ;
2 o_
2 + 22 2
o = MY EmMYmE OB a2 £ 42, (4.82)
B8 (mQQ_ — 2)\)
Q2
= Dm0 —on, = T for m0? — 2, (4.83)

mry 025
As we can see in the equations and , there are restrictions placed on the
magnitude of a_ and its derivatives in order for the parameters oy, 64 and e~ to be
real. From the first equation in we must have |ma_ /2| < 1 and from equation
(4.82) we must have m?y2 4§32 > 0 when § < 0. We address these restrictions as we
calculate a._.

We can solve without consideration to the sign of 4 and obtain a valid so-
lution. However, we wish to preserve the reality of a_ in order to prevent n from
becoming unitary and leading to a simple gauge transformation. Therefore we must
consider three separate regimes arising from the time-independent analysis, these are:
the unbroken regime where |mQ?2 | > 2|\| (6 > 0), the spontaneously broken regime with
ImQ2 | < 2|\ (6§ < 0) and the exceptional point where |mQ? | = 2|\| (§ = 0). These
regimes must be treated separately as they lead to qualitatively different solutions. In
all three cases a_ € R as required.

For § > 0, the solution is
a_ = cjcos (Ait) + casin (Ayt) + cgcos (A_t) + casin (A_t), (4.84)

where ¢ 23 4 are constants of integration. The number of constants reflects the number
of first order differential equations we started with in , and so we get four as
expected. However, they are not free to take any value as we must have |ma_ /2| < 1.
The choice

1 1
3 = ———
3 mA,’

= co=c4=0 (4.85)

- mA+’
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ensures the condition is met. There are many other choices that satisfy this condition
as the Dyson map and the metric is not unique as already stated. However we choose
the constants above for simplicity and as a demonstration. The frequencies are

)\2
Ay = \/Qi +24/0208 + . (4.86)

The condition for A_ to be real is § > 0, so in the unbroken regime both AL are real.
When § < 0, A_ becomes imaginary and so solving (4.74) in broken regime must be
considered separately.

For § < 0, the solution is
o = (1 COS (Ayﬁ) + ¢osin (Ayﬁ) + ¢3 cosh (A,t) + ¢4 sinh <A,t> (4.87)

with ¢1 2,34 being the constants of integration and

. / 22
Ay = \/2 Q202 + 5t 2. (4.88)

We have both A being real when § < 0. In order to satisfy the condition |ma’_/2| < 1
we must choose our constants such that we eliminate exponential growth from the
hyperbolic functions. The choice

¢y = —C3 (4.89)
restricts the solution to exponential decay. The condition m?y? + §32 > 0 is satisfied

with the choice &2 + &3 > A?FLm (2/m + Q4 /4 /mQ202 + )\2), Therefore we set

1 (2 Q
b = |—|>+—=. (4.90)
mAL " fmO202 4 2
1 2 Q
G = & = [ — ]| (4.91)
2ZmA- M ImQ202 + A2
& = 0. (4.92)

With these choices, even in the broken regime, we obtain a real solution for o and
consequently for 7 as we satisfy all the conditions imposed on the integration constants.
Once again there are other choices that satisfy these conditions but we make these
choices for simplicity and as a demonstration.

For § = 0, the solution is

a_ = & cos (\/Emt) + éysin (\/§Q+t) +ést + (4.93)

57



where ¢; 2 3 4 are the constants of integration. Once again we must enforce the condition
|ma— /2| < 1. Setting
1 1
Gl=—F——, C2=0, é3=¢=— 4.94
m\/§9+ ) 9 m’ ( )
satisfies this constraint. Of course, there are many choices that satisfy the conditions
but we pick simple constants here for demonstration purposes.

We have obtained a real solution for a_ for all values of § and have fixed the
integration constants such that the parameters a and 6, and e’- are real for all ¢.
This means we have well-defined metric, o () = 7 (t)" 7 (t), for all values of Q, Qy, A
and m.

0 (t) — 667 (t)J— ea+(t)L+ 69+(t)J+ 62047(15)[17 €0+(t)J+ea+(t)L+607 (&) J— . (495)

Thus importantly we have a time-independent, non-Hermitian system exhibiting spon-
taneously broken PT-symmetry that ordinarily (in the time-independent regime) only
has a well-defined metric in the unbroken regime. However, we have shown that by
introducing time-dependence into this metric, the system becomes well-defined over the
entire parameter set, including the broken regime.

The resulting Hermitian Hamiltonian is

Bt) = ha (8) + s (1), (4.96)

where

hos (1) = 2Mi(t)p§ + %Mi Bws (222 g () {2ps}, 2=1.0, (4.97)

are Swanson type [29] Hamiltonians with time-dependent mass and frequency. The
time-dependent terms can be expressed in terms of the Dyson map parameters.

My (t) = m[cos 01 +ma’T] - (4.98)
o Al'y
= —= 4,
_Osinf
g(1) = =0 (4.100)
where
2\sinh §_ — m$2 coshh_ 1 © cos b
= = Iy(t) = — 2m*0? —a?) + — -
o) 2cosfy + ara + (1) 16m ¢ Oy (2m°0% — o) 4
(4.101)

As a consistency check, we see that #_ does indeed only occur in hyperbolic form and
therefore all quantities above are real for all . We can recover the time-independent
solution by setting 64 (t) = a— (t) = a4 (t) = 0. In this case My (t) = m, w_ (t) = wy,
w4 (t) =wy and ¢ (t) = 0. Finally 6_ (t) = 6.

As the resulting Hermitian Hamiltonian h (¢) is decoupled, we can solve each sys-
tem separately following [89]. Therefore for h, 4+ (t) we can solve the time-dependent

o8



Schrédinger equation using the Lewis Riesenfeld invariants for the time-dependent wave
functions

om0 o L
bune )= o |18 0) (i + P 20 0) | [pj(cw]’)
4.102

where H,, are the Hermite polynomials of order n and

ans (1) = — <n + ;) /t Mi(s)lwds. (4.103)

p+ obeys the dissipative Ermakov-Pinney equation

1

- (4.104)
MZp3

. Mi . 2 . 2 Mi
— 2 —4 29— =
pi+Mi/}i+<wiﬂFg I F 29, | P
This is a rather technical equation as it contains complicated expressions involving the
Dyson map parameters. The wave functions that satisfy the time-dependent Schrédinger

equation for h (¢) coming from the Lewis Riesenfeld invariants are therefore

Pnm (1) = Gz, () dym,+ (), (4.105)

from which we can form a general wave function. We see that the final expressions be-
come quite technical but are nonetheless explicitly calculated and manageable. We have
shown that even a highly technical system comprised of 10 generators elicits a Dyson
map and a metric when careful attention is paid to the solution procedure (here the
choice of solving the time-dependent Dyson equation rather than the quasi-Hermiticity
equation or the Lewis Riesenfeld invariants).

4.3 Summary

We have presented the first higher dimensional solution of the time-dependent Dyson
relation relating a non-Hermitian and a Hermitian Hamiltonian system with infi-
nite dimensional Hilbert space. As for the one dimensional case studied in Chapter 3,
we have demonstrated that the time-independent non-Hermitian system in the sponta-
neously broken PT-regime becomes physically meaningful when including an explicit
time-dependence into the parameters of the model and allowing the metric operator
also to be time-dependent. The energy operator has perfectly well-defined real expec-
tation values . Furthermore, we have solved two higher dimensional systems, one
comprised of an algebra of 4 generators, and the other with 10 generators. This shows
that we can solve even highly technical systems for the Dyson operator and the met-
ric. It will be of great importance when we come to consider systems coupled to the
environment (in chapter 6) in order to analyse the entanglement entropy.

Technically we have compared two equivalent solution procedures, solving the time-
dependent Dyson relation directly for the Dyson map or alternatively computing Lewis-
Riesenfeld invariants first and subsequently constructing the Dyson map from the sim-
ilarity relation that related the Hermitian and non-Hermitian invariants. The latter
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approach was found to be simpler as the similarity relation is far easier than the differ-
ential version . The price one pays in this approach is that one needs to compute
the two invariants first. However, the differential equations for these quantities turned
out to be easier than equation . In particular, it was possible to entirely by-
pass the dissipative Ermakov-Pinney equation in the computation of 7(¢). Nonetheless,
this ubiquitous equation re-emerged in the evaluation of the eigenfunctions involving
different time-dependent fields and with a changed sign.
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Chapter 5

Quasi-Exactly Solvable Systems

Quasi-exactly solvable (QES) quantum systems are characterized by the feature that
only part of their infinite energy spectrum and corresponding eigenfunctions can be
calculated analytically. Systematic studies of such type of systems have been carried
out by casting them into the form of Lie algebraic quantities [90,91]. QES systems that
can be cast into such a form are usually referred to as QES models of Lie algebraic type
[92,93]. The relevant underlying algebras are either of sly(C)-type, with their compact
and non-compact real forms su(2) and su(1, 1), respectively [94], or of Euclidean Lie
algebras type [95H97]. The latter class was found to be particularly useful when dealing
with certain types of non-Hermitian systems.

While many QES models have been studied in stationary settings, little was known
for time-dependent systems before our work [12]. So far a time-dependence has only
been introduced into the eigenfunctions in form of a dynamical phase [98,99]. However,
no QES systems with explicitly time-dependent Hamiltonians have been considered up
to now. The main purpose of this chapter is to demonstrate how they can be dealt
with and to initiate further studies of such type of systems. We provide the analytical
solutions to a QES Hamiltonian quantum system with explicit time-dependence. As a
concrete example we consider QES systems of Fs-Lie algebraic type. Technically we
make use of the time-dependent Dyson equation. It will allow us to solve a Hermitian
time-dependent Hamiltonian system by solving first a static non-Hermitian system as
an auxiliary problem with a time-dependence in the metric operator.

Systems built up from Euclidean Lie algebras, in particular of Fy, have a wide
range of physical applications. They have been employed for instance in the formal
quantisation of strings on tori [100]. Depending on the chosen representation of the
algebra one can describe a large number of concrete physical systems. Common rep-
resentations for Fs may lead to two dimensional systems or most commonly in optical
settings, the trigonometric representation, see below, correspond to Mathieu potentials
and variations thereof. The latter have proven to be useful and accurate in the de-
cription of energy band structures in crystals |[101] and especially in the experimental
and theoretical study of optical solitons [45//48[(86}/102104]. Here we consider explicitly
time-dependent versions of these type of systems and keep our discussion generic, that
is independent of the choice of a concrete representation for the underlying algebra.
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5.1 FEs-Hamiltonian Systems
The Hermitian Hamiltonian systems we study here are of the general form
h(t> = :uJJ(t)J2 + UJ(t)J + Mu(t)u + /Lv<t)’l) + Muu(t)uz + ,U'vv(t)v2 + ,U'Lw(t)uva (5-1)

where the time-dependent coefficient functions u;, i € {J, JJ, u, v, uu, vv, uv}, are real
and u, v and J denote the three generators that span the Euclidean-algebra E5. They
obey the commutation relations

[u, J] = iv, [v, J] = —iu, and [u,v] = 0. (5.2)

Considering here only Hermitian representations with J' = J, v = v and uf = v,
the Hamiltonian in equation (5.1)) is clearly Hermitian. Standard representation are for

instance the trigonometric representation J := —idy, u := sinf and v := cosf or a two-
dimensional representation .J := yp, — xpy, u := x or v := y with x, y, p;, py denoting
Heisenberg canonical variables with non-vanishing commutators [z, p;] = [y, p,] = 1.

Before we solve a concrete system in a quasi-exactly solvable fashion we consider first
the fully time-dependent Dyson relation with time-dependent non-Hermitian Hamilto-
nian H(t) and investigate which type of Hamiltonians can be related to the Hermitian
Hamiltonian h(t) in (5.1). We will see that in some cases we are even forced to take
H(t) or part of it to be time-independent. As not many explicit solutions to the time-
dependent Dyson relation are known, this will be a valuable result in itself.

This chapter is organized as follows: In section we explore various types of
PT-symmetries that leave the Euclidean Fs-algebra invariant and investigate time-
dependent non-Hermitian Hamiltonians in terms of Es-algebraic generators that respect
these symmetries. We find new solutions to the time-dependent Dyson relation for those
type of Hamiltonians by computing the corresponding Hermitian Hamiltonians and the
Dyson map. In section we provide analytical solutions for a concrete model respect-
ing a particular P7-symmetry. We compute the eigenstates of the Lewis-Riesenfeld
invariants and the time-dependent Hermitian Hamiltonian in a quasi-exactly solvable
fashion. A three-level system is then presented in more detail.

5.2 Solutions to the time-dependent Dyson equation for
FEs-Hamiltonians

A key property in the study and classification of Hamiltonian systems related to the Fo-
algebra are the antilinear symmetries [15] that leave the algebra invariant. Given
the general context of PT-symmetric/quasi-Hermitian systems we call these symmetries
PTii=1,2,... As discussed in more detail in [105,106], there are many options which
all give rise to models with qualitatively quite distinct features. It is easy to see that
each of the following antilinear maps leave all the commutation relations invariant

PTi: J—->-—-J, u——u v— —u i— —i,
PTs: J—=>—-J,  u—u, v =, 1 — —i,
PTs: J = J, U — v, v —> U, 1 — —i, (5.3)
PTy: J = J, u— —u, U=, 1 — —i,
PTs5: J = J, u — u, v — —, 1 — —i.
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Next we seek non-Hermitian Hamiltonians that respect either of these symmetries. Fo-
cussing here on time-dependent Hamiltonians consisting entirely of linear and quadratic
combinations of Es-generators they can all be cast into the general form

Hpr,(t) = ps()J? + pr(t)J + pu(O)u + po ()0 + prug (Oud + pog(t)od  (5.4)
(00 + o (£)0? + prn (v,
Demanding that [Hpr,(t),PT,] = 0, the symmetries are implemented by taking the

coeflicient functions to be either real, purely imaginary or relate different functions to
each other by conjugation. For the different symmetries in (5.3)) we are forced to take

PT1: (MJ7/I'U7:U’U) € R, (IU’JJ7MuJ7MvJ7NUU7MUU7NuU) €eR,

PTo: (:quouwqu) € 1R, (MuaﬂvaﬂJJaNuu,Nvm/«Luv) € R,

PTs: (,U'JJaﬂJaﬂuv) €R, Hu = :u;?,u*uJ = NZJy,U/uu = :U’:v (55)
PT4 : (:U"unu’quuu’U) € iRa (MJ,MU)MJJaMUJ,Muua,LLUU) € R,

PTs : (ILL'U7ILL'UJ7/’LUU> € R, (,UfJuUfuy,U/JJaMuJuU/uu’MUv) cR.

Except for very specific combinations of the coefficient functions, the Hamiltonians
Hp7,(t) are non-Hermitian in general.

We now solve the time-dependent Dyson relation for n(t) by mapping different
PT ;-symmetric versions of H (t) to a Hermitian Hamiltonian h(t) of the form (5.1). For
the time-dependent Dyson map we make an ansatz in terms of all the FEs-generators

n(t) = eTMv At gp(tu, (5.6)

At this point we allow A\, 7,p € C, keeping in mind that 7(¢) does not have to be
Hermitian. However, we exclude here unitary operators as in that case n(t) just becomes
a gauge transformation. The adjoint action of this operator on the Fs-generators is
computed by using the BCH relation

nJn~t = J4ipcosh(N)v — [i + psinh())]u, (5.7)
nun~! = cosh(\)u — isinh(\)v,
nuon~' = cosh(\)v + isinh(\)u.

The gauge-like term in ((1.17]) acquires the form
iim L = i\ + [z'p cosh (A) + 7').\} w+ [psinh (A) + i#] v. (5.10)

For the computation of the time-dependent energy operator H (t), see below, we also
require the term

in by = i\ + [ip+ +sinh (V)] u + [pA + it cosh (1) v. (5.11)
Using (5.7)-(5.9) we calculate next the adjoint action of n on H(¢) and add the expression

in (5.10). Demanding that the result is Hermitian will constrain the time-dependent
functions p;(t), A(t), 7(t) and p(t). We need to treat each PT-symmetry separately.
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5.2.1 Time-dependent PT-invariant Hamiltonians

For the PTi-invariant Hamiltonian with coefficient functions as specified in (5.5 we
have to be aware that for puy = pys = pyg = 0 the Hamiltonian Hp7,(t) becomes
Hermitian. Substituting the general form for Hpr, (t) into (1.17), using (5.7)-(5.9),
, reading off the coefficients in front of the generators and demanding that the
right hand side becomes Hermitian enforces to take the functions A, 7,p € R in .
The resulting Hermitian Hamiltonian is

[ty tanh A — p7 14y 7] sinh )\u _ WJpg tanh Asech )\v

hpr, = J2ugs+ 5.12
T : 20 210 (5.12)
2 2 2 2 2
tanh® \ cosh” (A —
+ <,Uuu o Hay g > u2 + (Muu + ( ):qu /J’uJ> ’02 + L,
dpg dprg
+% sech M{u, J} + N;‘] cosh Mv, J}
with 7 constraining relations
t - 2 2
ssinh A stanh A We gy —
A= _/ NJ(S)d37 T:Mi’ P:Hu77 Mvv:Huu'i_M%fl?’)
207 27 Aprg
_ Hugfwg _ Wgbug = frygtanh A g _ KJHeg = fpgtanh A gy
Huwo = —F 5 HMHu = + , My = -
2p0 2000 2 200 2

Thus from the original 12 free parameters, i.e. the 9 coefficient functions p; and the 3
functions A, 7, p in the Dyson map, we can still freely choose 5. In comparison with the
other PT ;-symmetries, this is the most constrained case. We also note that this system
is the only one in which all three functions in the Dyson map are constrained when we
take the coefficient functions p; as primary quantities.

5.2.2 Time-dependent P7Ts-invariant Hamiltonians

For convenience we take the coefficient function p 7 to be time-independent. Of course
the general scenario with p75(t) is also possible to consider, but leads to more cumber-
some expressions. The Hamiltonian Hpr,(t) becomes Hermitian for iy = 0, fuy,7 = 244,
oy = —2y, but is non-Hermitian otherwise. Proceeding as in the previous section the
implementation of enforces to take 7,p € R and A € iR in , which makes the
Dyson map P7T 2-symmetric. The Hermitian Hamiltonian is computed to be

hpry, = posd®+ M + {(Mu-FM;J)Cos/\—i-(M;J /LU> sin)\]u

2 2 _
+ K/Jv M§J> cos A + ( + ,u;]> sin /\} v+ [(M“‘éﬂjfvj y Ho 5 ,uv'u) cos(2))

2 2
(MUJIU”UJ Muv) sin(2)\) + Wy T g + Moy + va:| uQ
4prg

8y 2

2
Fug Muu) sin? \ + (MuJMvJ + Mw) sin 2\ + (f”‘] + /m) cos? )\] v?

[<4MJJ gy 2 g

MuJ Hug + Ly — um,) sin(2\) + (uu‘mv‘] + ,um,) cos(2/\)] uv
dugg 21050

+

_.I_
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with 5 constraining relations

Mo + flug tan A
27

,ou
T 2uys

sec A, p== ) Wy = fyg = flyg = 0. (515)
One of the three functions in the Dyson map, e.g. A, can be freely chosen. Compared
to the other cases this is the only one for which n has the same PT;-symmetry as
the corresponding non-Hermitian Hamiltonian Hp7,(t) when taking the constraints on
T, p, A into account. In comparison we note that we have less constraints as for instance
in the case for the P7Ti-symmetry, however, they are quite different as some of the
coefficient functions can not be taken to be time-dependent and one even has to vanish.

5.2.3 Time-dependent P7T s-invariant Hamiltonians

The Hamiltonian Hp7,(t) becomes Hermitian for i, = pyy = 0 and g7 = 24, Using
the same arguments as above, we are forced to take 7,p € R and A € iR in (5.6). The
Hermitian Hamiltonian is computed to

hpr, = J2ugs+ <MJ - )\) J 4+ cos A (,uu - M;J> (u+v) +sinA (,uu - M;J) (v —u)(5.16)

[, 2, .2 Py M 2
gy + 2oL} (02 4 0?) [ Pl P ) Gin(2)) (v — v
(M 4,UJJ> ( ) (4/LJJ 9 > ( ) ( )
8 o X ({0, + (o, Y]+ 2 sin A [, ) — fu, )]

Hoy g
2\ - L
+ cos(2)) (uuv QMJJ>IUU7

with 5 constraining relations

_ Mg _ Mg = Mg tan A _ Mg | BJHog _ Mwglug . o
T_2 SeC)‘v p= ’ Mv_i—i_i My = — /’LvJ_O'

g 24y 2 2075 2y
(5.17)

Once again one of the coefficient functions has to be time-independent and one of the
three functions in the Dyson map can be chosen freely.

5.2.4 Time-dependent P7T ,~invariant Hamiltonians

The Hamiltonian Hp7,(t) becomes Hermitian for i, = pyy = 0 and pyy = 2p,. By
the same reasoning as above we have to take 7,p € Rand A € iR in (5.6). The Hermitian
Hamiltonian results to to

hpr, = J2MJJ + (pu — )x) J +sin A (% — uv) u + cos A (uv — %) v (5.18)
+ (Muu — v + M“J ) sin(2\)uv — Fot in Mu, J} + MUJ cos Mv, J}
Ay 2
Huw — Hov Mg Huw + Hov IU’uJ 2
+ + cos(2)) + ( > + ] u
[( 2 8,UJJ> (23) 2 Sugg

=+ [(Muu + ,ou > sin? \ 4 cos )\va] v,
dpgy
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with 5 constraining relations

Hug

T =
200

My tan A _ Hog TP g -
2uyy 0 MM T 2 2ury . T oy M T
(5.19)
This case is similar to the previous one with one of the coefficient functions forced
to be time-independent and one of the three functions in the Dyson map being freely
choosable.

secA, p=

5.2.5 Time-dependent P7T s-invariant Hamiltonians

The Hamiltonian H becomes Hermitian for p,; = piyy = 0 and g,y = —2u,. Here we
have to take p € R and A, 7 € iR in (5.6)). The Hermitian Hamiltonian is computed to

hpr, = Jiugs+ <MJ — )\> J+ <TMJ + % cos A) {u, J} + % sin A{v, J}(5.20)

+ [T <MJ—}\> —i—cos)\(uu—l— 'u;‘]ﬂ u+ {sin)\ (,uu+ M;J) —7"} v

2
+ [TQ,uJJ + sin? A <£:i} + ,um,> + 7 €OS Aftyy + cos? /\,uuu] u?
2

+sin A {2 cos A <,uuu — oy — Hog > + TTou] uv
dpgg

2
+ |:<'uv‘] + ;uvv> COS2 A+ Hyu SiHQ )\:| U27
dpgg

with only 4 constraining relations

s By =05y = Podbul (5.21)

Mo g Mg gty g
= - = -2y
201

p= y Mo =
20y ! 2 2pg

In comparison with the other symmetries, this is the least constraint case. From the
three functions in the Dyson map only one is constraint and the others can be chosen
freely. However, one of the coefficient functions needs to be time-independent.

5.3 Time-dependent quasi-exactly solvable systems

We will now specify one particular model and show how it can be quasi-exactly solved
in the metric picture. Since the PT s-symmetry appears to be somewhat special, in the
sense that it is the only case for which the Dyson map respects the same symmetry as
the Hamiltonian, we focus here on that case to present some features in more detail. A
particular non-Hermitian P7T s-symmetric time-independent Hamiltonian of the form

H = my J% + myv 4+ mypv? + imyu. (5.22)

Given the constraining equations , we could in principle take m,, my, to be time
dependent, but to enforce the metric picture we take here all four coefficients my,
My, My and my,y to be time-independent real constants. According to the analysis in
section the time-dependent Dyson map

n(t) = eTWver O ge®u iy = Hud e A(t), ot)= — Ml tan A(t), (5.23)
25y [
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with A, 7, p € R, maps the time-independent non-Hermitian Hamiltonian H to the time-
dependent Hermitian Hamiltonian

h(t) = mysJ? —AJ +sin A <mu‘] ) u + cos A (m — mQUJ) v (5.24)
m2 m
+cos2)\< ul _ w) ]u
[ @A) 8pgg 2 8,UJJ 2
+ [ “J sin? \ + My, oS )\} v° 4 sin(2)) ( — mm,> uv.
gy

Here we are free to chose the time-dependent function A(¢). As previously pointed
out for non-Hermitian systems with time-dependent metric, one needs to distinguish
between the Hamiltonian, that is a non-observable operator, and the observable energy
operator. This feature remains also true when the non-Hermitian Hamiltonian is time-
independent, but the metric is dependent on time. In reverse, it simply means that
when one identifies the non-Hermitian Hamiltonian with the energy operator one has
made the choice for the metric to be time-independent. With 7(t) as specified in (5.23),
the energy operator is computed with the help of to

H(t) = n ' (Hh(t)n(t) = H + ihn~ " (t)0m(t) (5.25)

1 S, (5.26)
myjJ

= mJJJ + My + Myyv? + img gud — N —i

We note that A (t) is also PTg-symmetric when we include 0y — —0 into the symmetry
transformation. In order to demonstrate that this system is quasi-exactly solvable we
specify the constants in the Hamiltonian further to my; = 4, my,y = 2(1 — B)¢,
My = —BC2, my = 2CN so that it becomes

H(N,(, B) = 4J% +i2(1 — B)Cud — B¢30? + 2( N, B,(, N eR. (5.27)

This Hamiltonian can be obtained from one discussed in [97] by transforming 6 — 6/2,
J — 2J in the trigonometric representation. The constants in H(N,(, ) are chosen
so that it exhibits an interesting double scaling limit lim¢_,o n—00 H(N,(, 5) = 4J 24
2gv when assuming that g := (N. In the trigonometric representation this limiting
Hamiltonian is the Mathieu Hamiltonian.

The Hermitian Hamiltonian simplifies in this case to

) 2
h(t,N,¢,B) = 4J>~A\J+C (2N + 8 — 1) (cos Av — sin)\u)—&—,yz (cos Au + sin)\v)Q—i—BCzC

(5.28)
where we denoted the Casimir operator by C := v? +u? and abbreviated v := (1 + 3)¢.
In the aforementioned double scaling limit we obtain a time-dependent Hamiltonian of
the form lim¢_,o 00 R(t, N, ¢, B) = 4J% — AJ + 2g (cos Av — sin \u).

5.3.1 Quasi-exactly solvable Lewis-Riesenfeld invariants

The most efficient way to solve the time-dependent Dyson equation (1.17) is to use
the Lewis-Riesenfeld approach [82] and compute at first the respective time-dependent
invariants I (t) and Iy (t) for the Hamiltonian h(t) and H(t) as outlined in chapter 2.
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Taking now H to be time-independent, we may assume Iy = H + cl with ¢ being
some constant. The Lewis-Riesenfeld phase then just becomes a dynamical phase factor

&= (9] p(t) 100y — H] ) = (] p(@) [el~Tu] [ ) = = A = = F, (5.29)

such that a(t) = —Ft.
Next we quasi-exactly construct the Lewis-Riesenfeld invariants together with its
eigenstates for the time-dependent Hermitian and time-independent non-Hermitian sys-

tems ((5.24) and (5.22)), respectively.

5.3.1.1 The quasi-exactly solvable symmetry operator Iy

We make a general Ansatz for the invariant of H of the form
Iy =vygJ% 4 vpd 4 vgu + vy + vygud + vygod + vggtl? + Vept? + v, (5.30)

with unknown constants v;. The invariant for the time-independent system is of course
just a symmetry and we only need to compute the commutator of Iy with H to de-
termine the coefficients in (5.30). We find the most general symmetry or invariant to
be

v . v v
Iy = VJJJ2 + my, I 4 + zmuJiuJ + <1/m, — mw‘]‘]) u? + VM,UQ (5.31)
mjJj mjj mjJj
= H+ (BC + v)C, (5.32)

where in the last equation we have taken v;; = my ;. Since the last term only produces
an overall shift in the spectrum we set v, = 0 for convenience.

Next we choose a trigonometric representation for the Fo as described in section
and compute the eigensystem for Iy by solving . Assuming the two linear
independent eigenfunctions to be of the general forms

=g Z cnPn(A) cos(nf), and 1/1H = 1y chQn )sin(nd),  (5.33)

with constants ¢, = 1/¢"(N + B)(1 + B)" 1 [(1+ N +28)/(1 + B)],,_; where [a], =

I'(a+n) /T (a) denotes the Pochhammer symbol. The ground state 1y = e 26 c0s(0) g

taken to be PTo-symmetric. The constants ¢, are chosen conveniently to ensure the

simplicity of the polynomlalb P, (A), Qn(A) in the eigenvalues A. We then find that the
~C

functions ¢ and ¢ satisfy the eigenvalue equation provided the coefficient functions

P,(A) and @, (A) obey the three-term recurrence relations

P, = (A— 4)P1 +2¢* (N — 1) (N + B) Py, (5.34)
Poiy1 = (A=4n®>)P, =[N+ nf+(n—1][N—(n—-1)8—-n]P,_1, (5.35)
Q: = (A- )Ql, (5.36)
Qmi1 = (A—=4m*)Qm — [N +mpB+ (m—1)][N — (m —1)3 —m] Qm-1, (5.37)

forn =0,2,... and for m = 2,3,4,... Setting Py = 1 and Q1 = 1, the first solutions

for - are found to be

P, = A, (5.38)
Py = AZ—4A—2C3(N —1)(B8+ N),

Py = A —20A%+ [¢*(28% + 7B —3N? —3(B — 1)N +2) +64] A + 32¢C*(N — 1)(8 + N),
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and

Q2 = (A—4), (5.39)
Qs = (A—20)A+¢*(B—N+2)(28+ N +1) + 64,
Qi = A —56A%+ [2¢* (487 +98 — N* — BN + N +4) + 784] A

+8¢? [BN? +5(8 — 1)N — 12 — (125 + 29)] — 2304.

The well-known and crucial feature responsible for a system to be quasi-exactly solvable
is the occurrence of the three-term recurrence relations and that they can be forced to
terminate at certain values of n. This is indeed the case for our relations ,
and can be achieved for some specific values n = n or m = n, respectively. To see this
we take N = n+ (7 —1)F and note that the polynomials P,, and @Q,, factorize for n > n,
m >N as

Poro=PyRy  and  Qaqr = QaRy, (5.40)

where the first Ry-polynomials are
Ry = A—4@? (5.41)
Ry = 16°%(A 4 1)2 + A[A — 4 — 8a(n + 1)] + 27> (5.42)

Since according to the polynomials P, and ) are factor in all P, and @,
for n > n and m > n, respectively, all higher order polynomial vanish when setting
P;(A) = Q4 (A) = 0. These latter constraints are the quantization conditions for A.
Thus setting P;(A) = 0 at the different levels 7, we find the real eigenvalues

A= 1: A$=0, (5.43)

o= 20 AYT=2+2\1+2 (5.44)
_ 4 r 1 35 — 1842

n o= 3: Ag’[_o’il =3 {5 + 2K cos [;T — 3 arccos </{37>} } , (5.45)

with £ = 1/13 + 372, and from Q;(A) = 0 we find the real eigenvalues

ho= 2: Ay=4, (5.46)

A= 3 AT =10+29+72, (5.47)
_ 8 r 1 143 — 1842

n = 4: Aj;’é_o’il =3 {7 + R cos [; — 5 arecos <Fa37>] } , (5.48)

with & = /49 + 32.
Thus H is a QES system with eigenfunctions identical to those in (5.33)) and energies
E = A — B¢

5.3.1.2 The quasi-exactly solvable invariant I

Next we construct the invariant I, together with their eigenfunctions. In principle we
have to solve the equation in (2.97)) for this purpose, however, since we already know

the Dyson map we can simply use (2.101)) and act adjointly with 7(t), as given in (5.23]),
on Iy as specified in (5.31). This yields the time-dependent invariant for h(t) as

I = nW)Ig(t)n~ 1) = h+ AJ + gC2C (5.49)
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We convince ourselves that the relation is indeed satisfied by I, as given in ([5.49))
and h(t) as in . The elgenfunctlons for Iy, are then simply obtained as ¢ = .

From (5.33)) we compute

op,(6,1) = qﬁgz:cnn cos[n(@+ A (1)), on(0,t) = qﬁgz:chn sin [n(0 + A (t))] .

(5.50)
with ground state wave function ¢o; = e~ 161+ cos(6+A®) and coefficients Cny Pn(A),
Qn(A) as defined above. According to the above arguments, the solutions to the time-
dependent Schrodinger equation are gb%’s(ﬁ, t) = e‘iEt/hqbz’s(@, t).

5.3.2 A time-dependent three level system

For each integer value of 7 we have now obtained a time-dependent QES system with
a finite dimensional Hilbert space. We present here the case for n = 2 in more detail,
since it is the easiest non-trivial example and three level systems are of course of es-
sential importance in the description and understanding of basic physical effects such
as population inversion that is vital for lasing to occur. For relatively recent survey
that include more sophisticated effects that can be understood from time-dependent
three-level systems see for instance [107]. From we obtain three orthonormal
wave functions

VY L cos|A()]—iExt

= i 14++/1+72 51
62(6,) = 5 rgmeT 7+ (U VT 97)] cos [0+ A1) (5.51)
bo(0,t) = VT~ dyeosloeaO)-iBot gy, [0+ \D)], (5.52)

2\/ 7TNO

with normalization constants

Ni = ~ (1 FA2 /1 72) Io (v/2) (5.53)

2427 £ @+ AVIH | L(3/2),
NO = Il (7/2) y (554)
and eigenenergies Fy = 4 — 3¢%, Ex = 2 — B¢? + 24/1 +~2. The I, (z) denotes here
the modified Bessel functions of the first kind. The functions in (5.51)) and (5.52)) solves

the time-dependent Schrédinger equation for h(t) and are orthonormal on any interval
[00, 60 + 2]

Oo+2m

(6n(0,1) |6 (60,1)) =: / 65 (0,)0m(0,6)d0 = 5nn mome {0,4).  (5.55)
)

We may now compute analytically all time-dependent quantities of physical interest. For

instance, the expectation values for the generators in the trigonometric representation

result to

@2(001ulos(0.0) = ~FEsnAO] (G060l uln(6,0) = 22 sin A0, (550
@200 0lo=(0.) = = cosINOL. (@n(0,0)] v lon(0,1)) = 71T cos AD) (557
<¢Z(67t)|<]‘¢[(97t)> = 0, EE{O,:E}, (558)
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where we abbreviated

My =7 (1= £ V1+77) I (3/2) + 2+ 277 £ @+ V1472 2 (1/2). (5.59)

Similarly we may obtain any kind of n-level system from ([5.50]).

5.4 Summary

We have provided new analytical solutions for the time-dependent Dyson equation. The
time-dependent non-Hermitian Hamiltonians ([5.4) considered are expressed in terms of
linear and quadratic combinations of the generators for an Fuclidean Fs-algebra respect-
ing the PT ;-symmetries defined in . Restricting the coefficient functions appropri-
ately, the corresponding time-dependent Hermitian Hamiltonians were constructed. We
expect a different qualitative behaviour for Hamiltonians belonging to different symme-
try classes.

A specific PT2-symmetric system was analyzed in more detail. For that model
we assumed the non-Hermitian Hamiltonian to be time-independent so that we could
employ the metric picture. This enabled us to compute the corresponding eigensystems
in a quasi-exactly solvable fashion using Lewis-Riesenfeld invariants. Thus we found
for the first time quasi-exactly solvable systems for Hamiltonians with explicit time-
dependence. A time-dependent Hermitian three-level system is presented in more detail.

Evidently there are many open issues and problems for further investigations left.
Having solved the time-dependent Dyson equation for a large class of models in section
it would be interesting to solve their corresponding time-dependent Schrodinger
equation as carried out for the model in section [5.3] Furthermore, it is desirable in
this type of analysis to allow an explicit time-dependence also in the non-Hermitian
Hamiltonians. Clearly one may also generalize these studies to Euclidean algebras of
higher rank and other types of Lie algebras.
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Chapter 6

Eternal Life of Entropy

The information contained within a quantum system is of great importance for various
practical implementations of quantum mechanics, most importantly for the development
of quantum computers, e.g. [L08-111]. In order to understand the quantum information,
one must find a way of measuring the entanglement of a state. Entanglement is a
defining feature of quantum mechanics that distinguishes it from classical mechanics
and there has been much work in recent years into the evolution of entanglement with
time, particularly the observation of the abrupt decay of entangled states, coined as
"sudden death” [112,]113]. The decoherence of entanglement [114,115] is a problem for
the operation of quantum computers and so understanding the mechanism behind this
is an important contribution to the development of future machines. One particular
measure of entanglement and quantum information is the Von Neumann entropy. This
is well-understood in the standard quantum mechanical setting, however to date there
has only been a small amount of work done concerning the proper treatment of entropy
in non-Hermitian, P7-symmetric systems [116119]. These differ from open quantum
systems as the energy eigenvalues are real or appear as complex conjugate pairs and do
not describe decay.

In this chapter, we extend the current understanding of Von Neumann entropy to
Non-Hermitian, P7-symmetric quantum mechanics. In the unbroken P7T regime it
has been shown that such systems exhibit real energy eigenvalues and unitary time
evolutions. This is possible due to the existence of a non-trivial metric operator. Of
particular interest are non-Hermitian systems with spontaneously broken P7T-symmetry.
These systems possess an exceptional point above which the P77 -symmetry is broken. In
this regime the system exhibits complex energy eigenvalues, becoming ill-defined and is
therefore ordinarily discarded as non-physical. However, it has been shown [7-9,(11] that
when a time-dependence is introduced into the central equations it is possible to make
sense of the broken regime via a time-dependent metric. This allows for the definition
of a Hilbert space and therefore a well-defined inner product. This will be central to our
analysis in non-Hermitian systems as we will be showing how the evolution of entropy
changes significantly as we vary the system parameters through the exceptional point.

We will first set up the framework for analysing the Von Neumann entropy for non-
Hermitian systems in section In section we will apply the framework to a simple
model consisting of a bosonic system coupled to a bath and solve the time-dependent
Dyson equation. Finally, in section we demonstrate how the evolution of entropy
differs depending on the state of the P7-symmetry of the non-Hermitian system.
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6.1 Entanglement Von Neumann Entropy

In order to make calculations of the quantum entropy for non-Hermitian systems, we
must first introduce some new quantities when compared to the Hermitian case. In
what follows we use natural units, setting A = 1. The density matrix for Hermitian
systems is defined as an Hermitian operator describing the statistical ensemble of states

On = sz‘ |p:) (il » (6.1)

where the subscript h indicates it relates to an Hermitian system. |¢;) are general pure
states, and p; is the probability that the system is in the pure state |¢;), with 0 < p; <1
and ) . p; = 1. Therefore g, represents a mix of pure states (a mixed state). If the
system is comprised of subsystems A and B one can define the reduced density operator
of these subsystems as the partial trace over the opposing subsystem’s Hilbert space

ona=1Trplon] = Z (ni,B| on Ini,B) , (6.2)
i
onp =Tralon) = (nialon|nia), (6.3)
i
where |n; 4) and |n; g) are the eigenstates of the subsystems A and B, respectively. In
this way one can isolate the density matrix for each subsystem and perform entropic
analysis on them individually. We now want to find the relationship between the gy,
and gp, where the subscript H indicates a non-Hermitian system. The clearest starting
point is the Von Neumann equation which governs the time evolution of the density
matrix. For the Hermitian system it is

iatgh = [h7 Qh] ) (64)

where h is the Hermitian Hamiltonian. We now wish to find the equivalent relation in
the non-Hermitian setting. In order to do this we substitute the time-dependent Dyson
equation into the Von Neumann equation. After some manipulation, this results
in the following equation

iOron = [H, on], (6.5)

when assuming that the density matrix in the Hermitian system is related to that of
the non-Hermitian system via a similarity transformation

on = neun (6.6)

Recalling that |¢) = 7 |¢), this leads us to the definition of the density matrix gy for
non-Hermitian systems,

OH = sz‘ Vi) (il p, (6.7)

where [1);) are general pure states for the non-Hermitian system and p = nf7 is the
metric. Notice that pg is a Hermitian operator in the Hilbert space related to the
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metric (-| p|-). It is therefore clear that the existence of a well defined metric is essential
for the calculation of entropy in non-Hermitian systems. These results match those
from [116]. Having defined the density matrix for non-Hermitian systems and found the
relation to Hermitian systems we can now consider the entropy. For the total system,
the Von Neumann entropy is defined as

Sp = —tropIn op) . (6.8)

This can also be expressed as a sum of the eigenvalues \; of the density matrix g5 as
it is an Hermitian operator. This allows us to write ¢ and functions of p as a spectral
decomposition, and so the Von Neumann entropy is

Sh=—>_Ailn\. (6.9)

As the density matrix for the Hermitian and non-Hermitian systems are related by a
similarity transform, they share the same eigenvalues, therefore

Sy = Sh. (6.10)

Is is important to recall, however, that this relation only holds true for the existence of
a well-defined Dyson operator 1 and metric p. Without them, we are unable to form
the relation . For closed systems, the Von Neumann entropy is constant with time.
However, we wish to consider the entropy for particular subsystems and for this we
must consider the partial trace of the density matrix. In this setting the entropy for
subsystem A becomes

Shoa = —tronalnonal ==Y Aialnia, (6.11)
%

where once again the entropy of the Hermitian subsystem is equal to that of the non-
Hermitian subsystem Sy 4 = Sy a with the existence of n and p. The entropy of a
particular subsystem is not confined to be constant and we show that it exhibits some
very interesting and novel properties when evolved in time.

6.2 System bath coupled model

We now consider a time-independent non-Hermitian Hamiltonian consisting of coupled
harmonic oscillators. We have a system composed of a, a' bosonic operators coupled to
a bath of N ¢, qiT bosonic operators, this is equivalent to a system of coupled harmonic
oscillators. The Hamiltonian takes the form

N N N
H=vala+v) qlgn+(g+r)a" > o+ (g—r)ad g (6.12)
n=1 n=1

n=1
with v, ¢ and k being real time-independent parameters and the bosonic operators
obeying the commutation relations

[a, aq =1, {qi,qﬂ = 0ij, [a,qﬂ =0. (6.13)

This is similar to the coupled oscillators studied in chapter 4.
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6.2.1 PT-symmetry
The Hamiltonian (6.12]) is P7-symmetric under the anti-linear transformation

PT: i——i, a——a, a ——a', ¢ = —q, q ——q (6.14)

ns

as it commutes with the P7T-operator for all values of v, g and &

[PT, H] = 0. (6.15)

The energy eigenvalues are

E;N:m@iw\/ﬁ), m e N, (6.16)
where w = /g2 — k2. In order to ensure boundedness from below the system must have
v > wV/N. Note that there is an exceptional point at g = x and when x > g this system
is in the broken P7T regime. This is clear when studying the first excited state (m = 1)
expanded in terms of creation operators acting on a tensor product of Fock states. The
general state consists of one Fock state for the system of a and af bosonic operators
and N Fock states for the bath of ¢; and q;r bosonic operators

N
() = na) @ Ing,) @ [ngy) woo. = Ina) @) Ing,) - (6.17)
i=1

When considering the first excited state, we will be dealing with very few non-zero
states, and as such we can make some simplifications to the notation. If all the states
in the ¢ bath are in the ground state we will represent this with [0,). Similarly, if the
1th state in the ¢ bath is in the first excited state with the rest in the ground state, we
will represent this with a |1;)

N

i—1
’011> :®‘O(h>v 1) = ®|0<1j> ®|]‘qi>®
j=1

N
(19 yoqk>] . (6.18)

=1 k=i+1

We can now write down the first excited state,

g+ K

N
g+K g—kK
= 1,00) £/ 2—2 ol 6.19
3o 110 [ 3 [0a) (6.19)
=1
— N

In order for the PT-symmetry to remain unbroken, the wave function must also remain
unchanged up to a phase factor when acted on by the PT-operator

PT Wi n) =€ biy) - (6.20)
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However, the wave functions are only eigenfunctions of the P7 -operator when k < g

PT Wiy) = — [¢y)- (6.21)

When k > ¢, the wave functions are no longer eigenfunctions of the P7 -operator,

PT i y) # € [ y) - (6.22)

Therefore we need to employ time-dependent analysis in order to make sense of the
broken regime. To do this we first must solve the time-dependent Dyson equation.

6.2.2 Solving the time-dependent Dyson equation

We wish to find the time-dependent metric p(t) that allows us to perform entropic
analysis on our model . In order to do this we must find the Dyson operator 7 ()
and the equivalent time-dependent Hermitian system h (t). The model is in fact
part of a larger family of Hamiltonians belonging to the closed algebra with Hermitian
generators:

Na=d'a, No=Y ghan, Nag=Na-— *NQ Z 4} qm
= (6.23)
Ar=—Flad" D> gnta) q |, Ay=—F|a" D gm—0a) q |
\/N n=1 n=1 \/N n=1 n=1
The commutation relations are
[NAaNQ] [Na, Nag] =
N ) ) N )
[Na, Az] = —iAy [Na, Ay] = (6.24)
[NQ7 ] [NQ7 ] ZAx,
[Nag, Az] = —2iAy,  [Nag, Ay] = 2iA,.
In terms of this algebra, our original Hamiltonian (6.12)) can be written as
H =vN4 +vNg + VNgA, — iV NkA,. (6.25)

We are now in a position to begin solving the time-dependent Dyson equation (|1.17]).
For this we make the ansatz

n(t) = PDAverliNag, (6.26)

and use the BCH relation to expand the Dyson equation ((1.17)) in terms of generators.
In order to make the resulting Hamiltonian Hermitian, we must solve two coupled
differential equations to eliminate the non-Hermitian terms.

& = — tanh (23) [\/Ng cosh (2a) + vV Nk sinh (2@)] , (6.27)

B = V/Nk cosh (2a) + \/Ng sinh (2«) . (6.28)
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Equation ([6.28) can be solved for a,

—Ngk +f B2+w2N
.2 .
Ng* +

In principle this could lead to a restriction to the term on the RHS of equation (6.29))
as —1 < tanh (2a) < 1. However as we will see, this restriction is obeyed with the final

solutions for a and . Substituting (6.29)) into equation (6.27)) gives

tanh (2a) = (6.29)

B + 2 tanh (26) [WQN + 62] —0. (6.30)

Now making the substitution sinh (25) = o, this reverts to an harmonic oscillator
equation

&+ 4w?No =0, (6.31)

which is solved with the function

o= % sin (2w\/ﬁ(t + cQ)) , (6.32)

for all values of k, where ¢; and ¢y are constants of integration. We can now write down
expressions for o and 3

tanh (20) = gz J_r 1 (6.33)
sinh (28) = % sin (zwm (t + 02)) , (6.34)

where ( is of the form

/3 I—x V& + w? + ¢ cos (2w\/]v(t+02)>
¢=V2
grr \/c% + 2w? — ¢ cos <4w\/]v(t + 02)>

Therefore we have a well-defined solution for 7 (t) from our original ansatz (6.26)) which
results in the following time-dependent Hermitian Hamiltonian

(6.35)

h(t) =vNa+vNg+ p(t) Az, (6.36)

where

() = Wi/ N/ + w2 (6.37)
2+ 2w? — 2 cos (4w\/ﬁ (t+ 02)>

This is real provided || > 1. The general time-dependent first excited state is

(1)) = ¥ (Asinpur (1) + Beos ur (1) |1,0y) (6.38)
e—iyt N
+ Nii (Acos s (t) — Bsin uy (t));\oali), (6.39)
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with A2 + B2 =1 and

= — arctan

(6.40)

pr (1) /tu()d L A+ P tan (2VN (¢t + )
7 (t) = s)ds

w

Now we have a full solution for 7 (£) and therefore p (£) = n (t)7 5 (t). This allows us to
calculate the entropy for our non-Hermitian system . The easiest route to take is
to work with the resulting Hermitian system as it was shown in section that
the entropy in both systems is equivalent when 7 (¢) is well-defined. It is important to
note that if the 7 (t) ever becomes ill-defined, then our analysis of the Hermitian system
does not correspond to the original non-Hermitian Hamiltonian as we cannot form a
metric p (t).

6.3 Three types of entropy evolution

We now calculate the entropy of the system and show how varying the parameters N,
g and k affects its evolution with time. We prepare our system in an entangled first
excited state (6.38) at time ¢ = 0,

N
6/(0)) = siny [105) + = 3~ [0aL1), (6.41)
=1

for which we choose A = sinvy, B = cos~y and co = 0. Therefore the general state at
time t is

() = e (sinysinpr (£) + cosycos pr (1)) [LaOg) (6.42)
—iv N
+ e\/ﬁt (sin~ycos uy (t) — cos~ysin uy (t)) ; |0g13) - (6.43)

We form the density matrix for the system (a) with a partial trace over the external
bosonic bath (q),

B _( (sinvysin g (t) 4 cosy cos g (t))* 0
0a (t) = T [on (1)) —< ' 0 (sin’yCOSMI[ (t) — cos~ysin uy (1))

) . (6.44)

Now we calculate the Von Neumann entropy of the system using this reduced density
matrix. First we read off the eigenvalues of g, (t) as it is diagonal,

A1 (t) = (sin~ysin s (t) + cosy cos g (1)),

5 (6.45)
g (1) = (siny cos ur (1) — cosysin u (1)),
and substitute these into the expression for the entropy
Sha(t) = SHa(t) ==X (&) In[A1 (1)] — A2 (¢) In[A2 (2)]. (6.46)
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With this expression we are free to choose the initial state of our system with a given
value of «. If the initial state of our system is a maximally entangled state with v =
/4, then we observe how the entanglement entropy evolves with time. This is most
applicable to quantum computing as in that context one would like to preserve the
entangled state. We will now vary the parameters N, g and k to see how they affect
the evolution of entropy with time. Of particular interest is the exceptional point g = k
where the non-Hermitian system enters the broken P7T regime in the time-independent
setting. It is in this area that the evolution we see differs from the standard evolution
of entropy in Hermitan quantum mechanics.

Figure shows how the entropy evolves when k < g. This is equivalent to the un-
broken PT regime of the non-Hermitian model. In this setting the entropy experiences
so called ”sudden death” similar to [113]. The entropy rapidly decays from a maximum
value to zero with a subsequent revival after the initial death. When the number of
oscillators in the bath increases, the moment of vanishing entropy occurs at an earlier
time.

S
1.0¢
0.8¢
— N=2
0.6/ N=10
— N=20
0.4¢ — N=50

0.27

: ‘ ‘ —
0.0 0.5 1.0 1.5 2.0

Figure 6.1: Von Neumann entropy as a function of time and varied bath size, with
c1=1,9g=0.7 k = 0.3, corresponding to the PT unbroken regime.

Figure [6.2] depicts the entropy evolution when x = g. This is equivalent to the
exceptional point of the non-Hermitian model. As x = g, any dependence on either &
or g disappears as they only appear in the combination ¢g> — k2 in the entropy. In this
specific setting, the system decays asymptotically from maximal entropy to zero. The
half life of this decay decreases with the number of oscillators in the bath.
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‘ t
0.0 0.5 1.0 1.5 2.0

Figure 6.2: Von Neumann entropy as a function of time and varied bath size, with
c1 =1, g = k, corresponding to the exceptional point.

Figure[6.3| now shows the results of entropy evolution when g < . This is the spon-
taneously broken P7T regime of the original time-independent non-Hermitian model. In
this case the system once again decays asymptotically but in this instance the decay is
to a non-zero value of entropy. In this way, the entropy is preserved eternally. Once
again the half life decreases with increasing N. The finite value that is asymptotically
approached independently of NV is

1

St =31+ 30 49)| - pa-om|a-9]. @

where
/2 2
€= Ve twt (6.48)
€1

We see the condition for the asymptote to exist is || > 1, which matches the reality
condition of u in equation (6.37)).
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Figure 6.3: Von Neumann entropy as a function of time and varied bath size, with
c1=1,9=0.3, kK =0.7, corresponding to the P7T broken regime. The asymptote is at
St—oo & 0.3521.

We have found three significantly different phenomena at k > g, k = ¢ and k < g.
Specifically we see a change from rapid decay of entropy to zero, to asymptotic decay
to zero through to asymptotic decay to a non-zero entropy. This can be interpreted as
crossing the PT exceptional point into the spontaneously broken regime of the orig-
inal time-independent non-Hermitian system. However, with the existence of a time-
dependent metric, the broken regime is no longer truly broken as we are able to provide
a well-defined interpretation.

6.4 Summary

We derived a framework for the Von Neumann entropy in non-Hermitian quantum
systems and applied it to a simple system bath coupled bosonic model. In order to
analyse the model we were required to find a time-dependent metric and we chose
to solve the time-dependent Dyson equation for this. This method also gave us the
equivalent Hermitian system which we worked with to perform the analysis as the
framework showed the entropy was equivalent in both systems. The P7T-symmetry
of the non-Hermitian system played an important role for the characterisation of the
regimes of different qualitative behaviour in the evolution of the Von Neumann entropy.
We found three different types of behaviour depending on whether we are in the PT
unbroken regime, at the exceptional point or in the spontaneously broken P7T regime. In
the unbroken regime, the entropy underwent rapid decay to zero. At subsequent times
it was revived and continued this oscillatory behaviour indefinitely. At the exceptional
point, the entropy decayed asymptotically to zero and in the spontaneously broken
regime, the entropy decayed asymptotically from a maximum to a finite minimum
that remained constant with time.
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Our findings may have implications for maintaining entanglement in quantum com-
puters when the computer is operated in the spontaneously broken P7T regime. The
challenge here is to construct a system in a laboratory that mimics that of the non-
Hermitian system presented here. However, non-Hermitian systems have been realised
in quantum optical experiments [51}[86] and so it is certainly possible that the same
could be carried in quantum computing.
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Chapter 7

Darboux Transformations

Darboux transformations [120] are very efficient tools in the study of exactly or quasi-
exactly solvable systems. Formally they map solutions and coefficient functions of a
partial differential equation to new solutions and a differential equation of similar form
with different coefficient functions. The classic example is a second order differential
equation of Sturm-Liouville type or time-independent Schrodinger equation (TDSE).
Since in this context the Darboux transformation relates two operators that can be
identified as isospectral Hamiltonians, this scenario has been interpreted as the quantum
mechanical analogue of supersymmetry [121-123]. Many potentials with direct physical
applications may be generated with this technique, such as for instance complex crystals
with invisible defects [101,/124]. By relating quantum mechanical systems to soliton
solutions of nonlinear differential equations, such as for instance the Korteweg-de Vries
equation, the sine-Gordon equation or the nonlinear Schrédinger equation, Darboux
transformations have also been very efficiently utilized in the construction of multi-
soliton solutions [125-129].

Initially Darboux transformations were developed for stationary equations, so that
the treatment of the full TDSE was not possible. Evidently the latter is a much more
intricate problem to solve, especially for non-autonomous Hamiltonians. Explicitly
time-dependent Darboux transformations for TDSE, rather than the time-independent
Schrodinger equation, were first introduced by Bagrov and Samsonov [130] and subse-
quently generalized to other types of time-dependent systems [131}[132]. The limitations
of the generalization from the time-independent to the time-dependent Schrodinger
equation were that the solutions considered in [130] force the Hamiltonians involved to
be Hermitian. One of the central purposes of this chapter is to overcome this short-
coming and propose fully time-dependent Darboux transformations that deal directly
with the TDSE involving non-Hermitian Hamiltonians. We extend our analysis to the
entire hierarchy of solvable time-dependent Hamiltonians constructed from generalized
versions of Darboux-Crum transformations. As an alternative scheme we also discuss
the intertwining relations for Lewis-Riesenfeld invariants for Hermitian as well as non-
Hermitian Hamiltonians. These quantities are constructed as auxiliary objects to con-
vert the fully TDSE into an eigenvalue equation that is easier to solve and subsequently
allows to tackle the TDSE. The class of non-Hermitian Hamiltonians we consider here
is the one of PT-symmetric/quasi-Hermitian ones that are related to a Hermitian coun-
terpart by means of the time-dependent Dyson equation (TDDE).

Given the interrelations of the various quantities in the proposed scheme one may
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freely choose different initial starting points. A quadruple of Hamiltonians, two Hermi-
tian and two non-Hermitian ones, is related by two TDDE and two intertwining relations
in form of a commutative diagram. This allows to compute all four Hamiltonians by
solving either two intertwining relations and one TDDE or one intertwining relations
and two TDDE, with the remaining relation being satisfied by the closure of the com-
mutative diagram. We discuss the working of our proposal by taking two concrete
non-Hermitian systems as our starting points, the Gordon-Volkov Hamiltonian with a
complex electric field and a reduced version of the Swanson model. From the various
solutions to the TDSE we construct explicitly time-dependent rational, hyperbolic, Airy
function and nonlocal potentials.

This chapter is organized as follows: In section we review the time-dependent
Darboux transformations for Hermitian Hamiltonians and stress the limitations of pre-
vious results. We propose a new scheme that allows for the treatment of non-Hermitian
Hamiltonians. Subsequently we extend the Darboux transformations to Darboux-Crum
transformations, that is we construct two hierarchies from intertwining operators built
from solutions previously ignored. In section[7.2)we discuss the intertwining relations for
Lewis-Riesenfeld invariants. Taking a complex Gordon-Volkov Hamiltonian as starting
point we discuss in section [7.3] various options of how to close the commutative diagrams
constructing the intertwining operators from different types of solutions for rational, hy-
perbolic, Airy function potentials. In section [7.4] we start from a reduced version of the
Swanson model and carry out the analysis for two different Dyson maps. In addition
we discuss intertwining relations for Lewis-Riesenfeld invariants for this concrete sys-
tem. The solutions to the TDSE discussed in this section depend on the solutions of an
auxiliary equation known as the dissipative Ermakov-Pinney equation. We discuss in
how to obtain explicit solutions to this nonlinear second order differential
equation.

7.1 Time-dependent Darboux-Crum transformations

7.1.1 Time-dependent Darboux transformations for Hermitian sys-
tems

Before introducing the time-dependent Darboux transformations for non-Hermitian sys-
tems we briefly recall the construction for the Hermitian setting. This revision will not
only establish our notation, but it also serves to highlight why previous suggestions are
limited to the treatment of Hermitian systems. Here we wish to overcome this short-
coming and extend the theory of Darboux transformations to include the treatment of
time-dependent non-Hermitian Hamiltonians. Our main emphasis is on non-Hermitian
systems that belong to the class of PT-symmetric Hamiltonians, as specified in the
introduction (e.g. . Such type of systems are of physical interest as potentially they
possess energy operators with real instantaneous eigenvalues, that are different from the
Hamiltonians in the non-Hermitian case.
The time-dependent Hermitian intertwining relation introduced in [130] reads

0(i0; — ho) = (i0; — ha) ¥, (7.1)

where the Hermitian Hamiltonians hg and h; involve explicitly time-dependent poten-
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tials v; (x,1)
hj (z,t) = p* + vj (z,t), j=0,1 (7.2)

The intertwining operator £ is taken to be a first order differential operator
C(x,t) =Ly (z,t) + 41 (2, 1) Oy (7.3)

In general we denote by ¢;, 7 = 0,1, the solutions to the two partner TDSEs i0;¢; =
hj¢;. Throughout this chapter we use the convention 4 = 1. Taking a specific solution
u(x,t) := ¢o(x,t) to one of these equations, the constraints imposed by the intertwining
relation can be solved by

@) =0 (1), fo@mt) = —06", oy =+ it 4o (%)2 —oler (7.4
U 2 U U

where, as indicated, ¢; must be an arbitrary function of ¢ only. At this point the new
potential v; might still be complex. However, besides mapping the coefficient functions,
the main practical purpose of the Darboux transformations is that one also obtains
exact solutions ¢ for the partner TDSE i0;¢1 = h1¢1 by employing the intertwining
operator. In this case the direct application, that is acting with on u, yields just
the trivial solution ¢ = lu = 0. For this reason different types of nontrivial solutions
were proposed in [130]

P

wd b=y [P, (7.5)

Klu*’

which require, however, that one imposes

01(t) = exp [— /t Im <v0 +2 (%)2 - 2“;”) dt’] . (7.6)

It is this assumption on the particular form of the solution that forces the new potentials
in the proposal of [130] to be real v; = Re (vo + 2 (ug/u)? — 2um/u> Notice that one
might not be able to satisfy , as the right hand side must be independent of z. If
the latter is not the case, the solutions in and the partner Hamiltonian Ay do not
exist.

Here we also identify another type of nontrivial solutions. Acting with equation
to the right on a solution of the TDSE i0;¢g = hooo, say ¢g = 4, that is linearly
independent from ¢g = u used in the construction of the intertwining operator will in
general lead to nontrivial solutions

- . Uy
6= L[] (@), with L[] (f) = () (9. — =2f) (7.7)
to the second TDSE i0;¢1 = h1¢1. This type of solution was overlooked in [130] and

in principle might lead to complex potentials v; as it is not restricted by any additional
constraints.
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7.1.2 Time-dependent Darboux transformations for non-Hermitian sys-
tems

In order to extend the previous analysis in the way that allows for other types of
complex potentials, and especially general non-Hermitian Hamiltonians that are P7T-
symmetric/quasi-Hermitian, we make use of the time-dependent Dyson equation (TDDE)
for both time-dependent Hermitian Hamiltonians hg(t), hi(t) and the time-dependent
non-Hermitian Hamiltonians Hy(t), Hi(t)

hj = njHjnjil + Z'at’l’]jﬁ;l, 7 =0,1. (78)

The time-dependent Dyson maps 7;(t) relate the solutions of the TDSE idy); = H v,
to the previous ones for ¢; as

¢j=mnivj,  j=0,1 (7.9)
Using (7.8) in the intertwining relation (7.1)) yields
¢ (i@t - UDH0770_1 — iatnono_l) = (i@t - 171H1771_1 - i@mmfl) £. (7.10)

Multiplying (7.10) from the left by n, 1 and acting to the right on nof, with f(z,t)
being some arbitrary test function, we obtain

ny i (Do) f + inodef —noHof — i (Do) f] =

(iny nod:f + ing ™ (Bpbno) f — Humy Henof — ing ™ (8sm) my Hnof) . (7.11)

Rearranging the time derivative terms and removing the test function, we derive the
new intertwining relation for non-Hermitian Hamiltonians

L (i0; — Hy) = (i0y — Hy) L, (7.12)
where we introduced the new intertwining operator
L = n Y. (7.13)

We note that H; — p? is in general not only no longer real and might also include a
dependence on the momenta, i.e. H; does not have to be a potential Hamiltonian and
could be nonlocal. Denoting by 19 = U = 1, Lu a particular solution to the TDSE for
Hy, the standard new solution ¢¥; = LU = nflﬂnonal
solutions generalize to

u remains trivial. The nontrivial

. - 1 - . [T
Yy =1 lma and Yy = ¢1/ ‘UOU‘Q da’. (7.14)
The nontrivial solution (|7.7) becomes

w1 = L[U] (U) (7.15)

in the non-Hermitian case. In summary, our quadruple of Hamiltonians is related as
depicted in the commutative diagram

Hy m ho

1

m Llulno L Llu] (7.16)
Hy m hq
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One may of course also try to solve the intertwining relation directly and
build the intertwining operator L from a solution U = 5, L4 for the TDSE for Hy and
ignore initially the fact that the Hamiltonians Hy and H; involved are non-Hermitian.
To make sense of these Hamiltonians one still needs to construct the Dyson maps g
and 7n;. Considering the diagram

Ho @ ho
cw) o L Ll (7.17)
H 2

in which the TDDE has been solved for 19, Hg, hg and Hy, hi have been constructed with
intertwining operators build from the solutions of the respective TDSE, we address the
question of whether it is possible to close the diagram, that is making it commutative.
For this to be possible we require

LIU) = ny " Lu]no (7.18)
to be satisfied. It is easy to verify that (7.18) holds if and only if

-1
U U

770—1 2 = Mo 1ino- (7.19)

My U u

n1="o, and

A solution for the second equation in ([7.19)) is for instance ng = f(x)Tu(x), with T, =
€'“? being a standard shift operator, i.e. Thg(x) = g(x + «), and f(x) an arbitrary
x-dependent function.

7.1.3 Time-dependent Darboux-Crum transformations for Hermitian
systems

Next we demonstrate that the iteration procedure of the Darboux transformation, usu-
ally referred to as Darboux-Crum (DC) transformations [120}125}/133], will lead also
in the time-dependent case to an entire hierarchy of exactly solvable time-dependent
Hamiltonians hg, hi, ha, ... for the TDSEs i9;¢™ = h,$(™ related to each other by
intertwining operators ¢(")

() (10 — hyp_1) = (10 — hp) €Y, n=1,2,... (7.20)

For n =1 this is equation with £ = ¢ and solutions ¢g = ¢©), ¢; = ¢1). Taking
a particular solution ¢g = u to depend on some parameter ~, continuously or discretely,
we denote the solutions at different values as u; := u(7;). Given now /() = £ [ug] from
we act with for n = 1 on w1, so that we can cast the intertwining operator
and the solution in the form

WZ[u(bf]

Wiluo] ¢ = (W (1) = Lug) (wr),  (7.21)

(D) = L [uo) (f) = £1 (t)

with corresponding time-dependent Hamiltonian

hi=hog—2 [ln Wy (Uo)]xl, +1 [lnﬁl]t . (722)
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We employed here the Wronskian W, [uq,ug, ..., u,] := detw with w;, = Yy )0z
for j,k=1,...,n, eg. Wiluo| = uo, Walug, u1] = ug (u1), —u1 (ug),, etc., which allows
to write the expressions for the intertwining operator and Hamiltonians in the hierarchy
in a very compact form. Iterating these equations we obtain the compact closed form
for the intertwining operator

) = L [E("_l)(un_l)] €=V (f)) (7.23)
. n Wn+1[u0,u1,...,un_1,f}
= 7 (t) Wlto, .-t 1] (7.24)
= (1) ’Q‘(n+1)(n+1) ’ (7.25)

where [Q](;,41)(,41) denotes a quasideterminant [134] for the (n+1)x(n+1)-matrix Q
with Qj;, = 0T uy )07 Qitnt1) = )0 for j=1,....n+1, k=1,...,n.
For the time-dependent Hamiltonians we derive

hp = ho — 2 [In Wy, (ug, w1, . .., Un—1)],, +in(Inty),. (7.26)

Nontrivial solutions of the type 1) to the related TDSE i9;¢™ = h,¢(™ are then
obtained as
o™ = 00 (uy,). (7.27)

Instead of using the same solution u; of the TDSE for hg at different parameter values in
the closed expression, it is also possible to replace some of the solutions u; by the second
linear independent solutions u; at the same parameter values, see e.g. [127,/135,/136]
and references therein for details. This choice allows for the treatment of degenerate
solutions. Closed expressions for DC-transformation built from the solutions can
be found in [130]. Below we will illustrate the working of the formulae in this section
with concrete examples.

7.1.4 Time-dependent DC transformations for non-Hermitian systems

The iteration procedure for the non-Hermitian system goes along the same lines as for
the Hermitian case, albeit with different intertwining operators L. The iterated systems
are

L™ (i, — Hp_1) = (i8, — H,) L™, n=1,2,... (7.28)
The intertwining operators read in this case

Wn+1[U07U17 .. ‘7Un—1)f]

L)y = £ [LOD(WU,_ )| (LD (f) = e (¢ 7.29
() Unen)| (L0 = £ () ettt (720)

and the time-dependent Hamiltonians are
H, = Hy—2[InW,[Uy, U, ...,Up-1]],, +in[Inty],. (7.30)

The nontrivial solutions to the related TDSE are then obtained as
™ = L™ (W,). (7.31)

Notice that in ((7.28))-(7.31]) the only Dyson maps involved are 79 and ;. Alternatively
we can also express L(") = N, 1l(”)nn_l and (™ = N, 1) but the computation of the

Ny, for n > 1 is not needed. Since the solutions ([7.14) require the Hamiltonians involved
to be Hermitian, hierarchies build on them do not exist in the non-Hermitian case.
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7.2 Intertwining relations for Lewis-Riesenfeld invariants

As previously argued [10,12}|68], the most efficient way to solve the TDDE , as
well as the TDSE, is to employ the Lewis-Riesenfeld invariants [82]. The steps in this
approach consists of first solving the evolution equation for the invariants of the Hermi-
tian and non-Hermitian system separately and subsequently constructing a similarity
transformation between the two invariants. By construction the map facilitating this
transformation is the Dyson map satisfying the TDDE.

Here we need to find four time-dependent invariants I jh(t) and I JH (t), = 0,1, that
solve the equations

O () =i [I (0, Hy(1)] . and O I]'(t) =1 |[I}(1). hy(0)] (7.32)

The solutions ¢;(t), 1j(t) to the respective TDSEs are related by a phase factor |¢;(t)) =
et ‘45] 1), |9 (1)) = e ® |1;(t)) to the cigenstates of the invariants

M) [6,(8)) = Aj | 8;(1)) IF () [0,(8)) = A [0,(8), with A; = 0. (7.33)

Subsequently the phase factors can be computed from

aj = (05 ()] 80y — hy(8) |9;(8)) = (& ()| i (O)my (8) [10 — H ()] [d;(1)) . (7.34)

As has been shown [10}12,/68|, the two invariants for the Hermitian and non-Hermitian
system obeying the TDDE are related to each other by a similarity transformation

1 =l {fn; . (7.35)

Here we show that the invariants I1, Iff and I}, I are related by the intertwining
operators L in (7.13)) and ¢ in (7.3]), respectively. We have

Liff =1L, and I} = I (7.36)
This is seen from computing
ioy (LIg' — I{'L) = Hy (LI — I'L) — (LI¥ - 1{'L) Hy, (7.37)

where we used ([7.12) and EI) to replace time-derivatives of L and I({{ , respectively.
Comparing with (]7__]7[) in the form i0;L = H1L — LHy, we conclude that L =
LI — TP L or LI} = I L. The second relation in follows from the first when
using and . Thus schematically the invariants are related in the same
manner as depicted for the Hamiltonians in with the difference that the TDDE is
replaced by the simpler adjoint action of the Dyson map. Given the above relations we
have no obvious consecutive orderings of how to compute the quantities involved. For
convenience we provide a summary of the above in the following diagram to illustrate
schematically how different quantities are related to each other:




ow L

H +— hy +— h <+— H

w| | =T 1 <] |

I «— I «— I +— [
l Mo l f l m l
(O 770 P ; o) o (0

Figure 7.1: Schematic representation of Dyson maps 79,171 and mtertwmlng operators
0, L relating quadruples of Hamiltonians hg,h1,Hg,H; and invariants IO ,Il Ao ,Iff to-
gether with their respective eigenstates ¢g,¢1,%0,%1 and ¢0,¢1,¢0,w1 that are related by
phases ag,a.
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7.3 Solvable potentials from the complex Gordon-Volkov
Hamiltonian

We will now discuss how the various elements in figure [7.1] can be computed. Evidently
the scheme allows to start from different quantities and compute the remaining ones
by following different indicated pathes, that is we may solve intertwining relations and
TDDE in different orders for different quantities. As we are addressing here mainly
the question of how to make sense of non-Hermitian systems, we always take a non-
Hermitian Hamiltonian Hy as our initial starting point and given quantity. Subsequently
we solve the TDDE for hg,ng and thereafter close the commutative diagrams in
different ways.
We consider a complex version of the Gordon-Volkov Hamiltonian [137]/138]

Hy= Hgy =p* +iE (1), (7.38)

in which ¢F (t) € iR may be viewed as a complex electric field. In the real setting Hgy
is a Stark Hamiltonian with vanishing potential term around which a perturbation
theory can be build in the strong field regime, see e.g. |[139]. Such type of potentials
are also of physical interest in the study of plasmonic Airy beams in linear optical
potentials |[140]. Even though the Hamiltonian Hgy is non-Hermitian, it belongs to
the interesting class of P7T-symmetric Hamiltonians, i.e. it remains invariant under the
antilinear transformation P7T : v — —z, p — p, i = —i.
In order to solve the TDDE involving Hy we make the Ansatz

no = e*eefOP, (7.39)

with « (t), 8 (t) being some time-dependent real functions. The adjoint action of 7y on
x, p and the time-dependent term are easily computed to

77035770_1 =z — 18, nopno_l =p+ia, ihono_l =0z + zﬁ (p+ia). (7.40)

We use now frequently overdots as an abbreviation for partial derivatives with respect
to time. Therefore the right hand side of the TDDE ([7.8)) yields

hothV:p2+¢p(2a+B)—a2+m(E+a)+E5—Ba. (7.41)
Thus, for hg to be Hermitian we have to impose the reality constraints
a=—-FE, [=-2a, (7.42)

so that hg becomes a free particle Hamiltonian with an added real time-dependent field

ho=hgv =p>+a* + EB =p* + [/tE(s)dsr+2E(t)/t/sE(w)dwds. (7.43)

There are numerous solutions to the TDSE i0:¢g = hav ¢o, with each of them producing
different types of partner potentials v; and hierarchies. We will now discuss various ways
to construct the next level in the hierarchy by using different types of solutions.
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7.3.1 Solvable time-dependent hyperbolic potentials, two separate in-
tertwinings

We start by considering the scenario as depicted in the commutative diagram .
Thus we start with a solution to the TDDE in form of hg, Hg, 19 as given above and
carry out the intertwining relations separately using the intertwining operators L [u]
and £ [U] in the construction of hy and Hi, respectively. According to (7.19), in this
case the expression for the second Dyson map is dictated by the closure of the diagram

to be n1 = np. We construct our intertwining operator from the simplest solutions to
the TDSE for hg = hgv
. .t
bom (x,t) = cosh(mx)e_a”m%_zf (o +EB)ds (7.44)

with continuous parameter m. A second linearly independent solution éo,m is obtained
by replacing the cosh in ((7.44)) by sinh. Taking ¢g ,, as our seed function we compute

¢ = Llpom| =1 (t) [0z — mtanh(mx)] (7.45)
hy = p*—2m? sezch(mx) +ao? +EB+ z(?)t (7.46)
1
¢1,m,m’ = g[‘b[},m] (¢0,m’) (7.47)
=y (t) [m/ sinh(m'z) — m cosh(m/z) tanh(mz)] eimQtfift(aszEﬁ)dS(?AS)

Evidently ¢;(t) must be constant for h; to be Hermitian, so for convenience we set
¢1(t) = 1. Since g is of the form that solves the second equation in (7.19), we can
also directly solve the intertwining relation for Hyp and H; using an intertwining
operator build from a solution for the TDSE of Hy, i.e. L[U] =L [n[)_lqbo,m] . We obtain

2
H, = p?—2m?%sech[m(z+iB)]+iFE (t)z, (7.49)
Vi = € Ty m(a +1iB). (7.50)

We verify that the TDDE for h; and Hj is solved by 11 = 19, which is enforced by the
closure of the diagram ((7.17]) and the first relation in (|7.19).

We can extend our analysis to the Darboux-Crum transformation and compute the
two hierarchies of solvable time-dependent hyperbolic Hamiltonians Hy,H;,Hs,... and
ho,h1,ha,. . . directly from the expressions (|7.23))-(7.31)). For instance, we calculate

2(m? — m?) [m? cosh(ma) — m? cosh(m)]

Hy =p? + +iE (t)x (7.51)

[m cosh (1) sinh(ma) — 7 cosh(ma) sinh(m)]?

with & = z + ¢8. The solutions to the corresponding TDSE are directly computable
from the generic formula (7.31)).

7.3.2 Solvable time-dependent rational potentials, intertwining and
TDDE

Next we start again with a solution to the TDDE in form of hg, Hy, 19, carry out the
intertwining to construct h; and subsequently solve the TDDE for Hy, n; with given hy
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as depicted in the commutative diagram

Hy n9 ho
%
7 L[] (7.52)
H m mh
%

In this case the expression for the intertwining operator between Hy and H; is dictated
by the closure of the diagram to be 'L [u]ny # L£[U]. We discuss this for a more
physical solution as in the previous section that can be found for instance in [141] for
the free particle, which we modify by an additional phase

1
o0 (@)= —
0=

where z := 2/v/2 +2t? and k,(t) = (n+ ) arctant — ft (a(s)? + E(s)B(s)) ds. There
exists a more general solution in terms of parabolic cylinder functions with a continuous

parameter, but we consider here the specialized version that only involves Hermite
polynomials H,(z) as this leads to more interesting potentials of rational type. Using

Hy(iz) exp [(1 + it) 2% + irn(t)] (7.53)

potentials w(,,l). Evaluating the formulae in ([7.4) we obtain

@ = a0 [ (i ) 0]
0 dn [<n—1>Hn_2(iz>Hn<iz>—nH31(iz>] it (4),

O e H2(iz) 1+ g

¢§ZO) allows us to compute the corresponding intertwining operators ES) and partner
i

+ao’+EB -

Since the combination of Hermite polynomials in 1)7(11) is always real, we notice that

Im[vyl) is only a function of ¢ and can be eliminated by a suitable choice of ¢;. The
i

choice (7.6 yields 1 = v/1 + t2 for all n and the rational potentials in x and ¢
2 _ 2
(1) 2 L ow_ o, 2 om_ m_ 40+#-2)
= Eg— —— = — = - @7
K CHEIT T SN g TSN T e ey
14+ 42)2 4}
© 6[3( +3) + s
U3 - UO 2 2 2 2 0 ( . )
x? (34 3t + 22)
8[3(1+)at+9(1+2)a2 —9 (14+12)" + 2]
ORI
i = Y N

2
[6 (14 82) 22 +3(1+12)% + x4}
We observe that all potentials vg) with n odd are singular at x = 0, whereas those
with n even are regular for all values of x and t. We depict some of these finite poten-
tials in figure noting that they possess well defined minima and finite asymptotic
behaviour. The nontrivial solutions ([7.7)) to the TDSE for the Hamiltonians involving
(1)

Up ~ are

M = L[o0] (60).  nrm (7:50)
_ l\/imHmfl(Zz)Hn(Zz) —TLHm(ZZ)anl(ZZ) ei"im(t) (757)

(1+)Y4 |, (iz)

93



0.81
-0.81
-243
-405
-5.67
-728
-8.91
-1053

Figure 7.2: Time-dependent rational potentials vél)(x t), v ( )(:v,t) and v(()-l)(:v,t) with
E(t) = sint.

and the nontrivial solutions obtained from (|7.5)) are

W' = el = VAR,

o' = 0, = [aVT+ 2 = V3L + )F(2)] o, (7.58)

SCRCE: £2)2¢- déo), 50 _ [x(ﬁ — 2 —)VI+ 12 —2V2(1 + t2)2F(2)] o
(1+152+962)2 (1412 + 22)2

where F(z) denotes the Dawson integral F(z) := exp(—z?) [ exp(s®)ds.

Finally we compute the non-Hermitian counterpart H 1 from the TDDE . Taking
now 177 to be of the same form as 7y but different time-dependent parameters we make
the Ansatz

m = e’®zdHp (7.59)

and compute )
Hy(z,p,t) = hi(z +1i6,p — i7y,t) — iyz — i0p + 0. (7.60)

Thus we obtain

Hyo = p*>—2ivp—~+2+o*>+ EB — — iy + 46 — idp (7.61)

1+ ¢
41+t — (z+i06)?%

H = H ——— Hys=Hig— 7.62
1,1 1,0 + (@ +i0)? 1,2 1,0 112+ (1 i5)2]2 ) ( )
6[3(1+1)° + (a+i0)!]
H = Hip+ , 7.63
b O @ i0)2[34 32 + (3 + i0)2)? (7.63)
By setting 5= —2~v we may remove the linear term in p and convert the Hamiltonian

into a potential one. We notice that the singularities for vy, with n odd have been
regularized in the non-Hermitian setting for 6 # 0. The remaining factors lead to further
restrictions for 6 when demanding regularity for the H;,. In this case we require in
addition 6] < 1 for n =2, |§| < /3 for n =3, [6] > V/3+ V6 forn=4,...

We verify that according to the commutative diagram the intertwining oper-
ator relating Hyp and H; in EI) is indeed L = n; 'L [u] . From this we can now also
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compute the nontrivial solutions (7.14]) to the TDSE
Y1 (z,t) = e 770, (2 + i), and Py, t) = e 120G (x4 i5).  (7.64)

Hence all of these systems are exactly solvable and the diagram ([7.52)) does indeed close.
The two hierarchies of solvable time-dependent rational Hamiltonians are then directly

computed from the expressions ([7.23))-(7.31)).

7.3.3 Solvable time-dependent Airy function potentials, two inter-
twinings

Finally we start again with a solution to the TDDE for hg, Hg, 19 and carry out the
intertwining relations separately constructing h;, Hi, but unlike as in section we
use the intertwining operator L = 1, £ [u] no involving an arbitrary operator 71,

Hy m ho
L=n'Lun | L Llu (7.65)
H, l h1

which, by the closure of the diagram, must be the Dyson map for the system 1.

We discuss this scenario for a somewhat less well known solution to the free particle
TDSE in terms of Airy wave packet solutions as found forty years ago by Berry and
Balazs [142], see also [143] for a different approach. The interesting feature of these
wave packets is that they continually accelerate in a shape-preserving fashion despite
the fact that no force is acting on them. Only more recently such type of waves have
been realized experimentally in various forms, e.g. [144-148]. As in the previous section
we modify the standard solution by a phase so that it solves the TDSE for hgy

o (z,t) = Xi (yz — %) exp [i’ygt <x — 27;)752) —i / o? + Eﬂdt] . (7.66)

Here Xi(z) denotes any of the two Airy functions Ai(z) or Bi(z) and v € C is a free
parameter. Using once more the relation in (|7.4]), we obtain the intertwining operators
and new Hamiltonians

Xi (’YCC - 74t2)

X = @) |-ty Ly g, .
1()[ LA <y sommey + 0z | (7.67)
2
Xi' (ya — v*t?) (41)
hX — 23 o 3t2 _22 2 E . t
i Yz —7°t7) = 2y Xi(yz =38 +a”+ Bﬂgl,

with Xi’ (z) denoting the derivative of the Airy functions. Taking /1 to be a constant
and 7 € R these are indeed Hermitian Hamiltonians. We also note that h* becomes
singular when vz — vt
In addition, h¥ becomes singular when 7/3 < arg(yz — v*?) < 7/2. The nontrivial
solutions according to are computed to

{1(t)y exp {—%z (276t3 — 373tz + 3 [* [a(s)? + B(s)r(s)] ds)}
7 Ai/ Bi(yx — y4t?) ’

equals a zero of the Airy functions on the negative real axis.

o7 =Py =

(7.68)
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x x

Figure 7.3: Probability densities for Airy wavepackets for solutions of the level 1 and
2 TDSE py = |¢¢(y = 0.75) and py = |¢(t = 1,71 = 0.2,72 = 2.0)|*, left and right
panel, respectively.

We have constructed these solutions from the two linearly independent solutions to the
original TDSE rather than from one particular solution with different parameters ~, i.e.

61"P (1,72) = Llgg P (1)1(85" " (12)) (7.69)

are also solutions. Additional solutions can also be obtained in a straightforward manner
from .

For fixed values of time we observe in figure panel (a) the two characteristic
qualitatively different types of behaviour of the Airy wave function, that is being oscil-
latory up to a certain point x = x¢ and beyond which the density distribution becomes
decaying. We observe further that for increasing positive time, or decreasing negative
time, the wave packets accelerate. For the density wave function of the partner Hamil-
tonian in panel (b) we observe this behaviour for one dominating value of v modulated
by the other.

According to our commutative diagram we calculate next the non-Hermitian
counterpart H;X using the intertwining operator L = un e [(b()f ] no with 11 as specified

in ([7.59). We obtain
H¥ (z,p,t) = hi(z +i6,p — i7,t) — ifx — idp + 4. (7.70)

We verify the closure of the diagram by noting that H 1X satisfies indeed the TDDE with
hf? m-
The above mentioned singularities on the real axis are now regularized.

7.4 Reduced Swanson model hierarchy

Next we consider a model that is build from a slightly more involved time-dependent
Dyson map. We proceed as outlined in the commutative diagram . Our simple
starting point is a non-Hermitian, but P7T-symmetric, Hamiltonian that may be viewed
as reduced version of the well-studied Swanson model

Hy = Hgrs =ig (t) xp. (7.71)
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We follow the same procedure as before and solve at first the TDDE for 7y and hg with
given Hy. In this case the arguments in the exponentials of the time-dependent Dyson
map can no longer be linear and we therefore make the Ansatz

Ny = XDz CHP /2 (7.72)

The right hand side of the TDDE ([7.8)) is then computed to

(gC + Zé) cos(2\) + (zg( - g) sin(2)\)

Thus for Ay to be Hermitian we have to impose

ho = hrs = P’ +i(g+ Nzp.  (7.73)

A=—g, (=—2¢Ctan2\, (7.74)
so that we obtain a free particle Hamiltonian with a time-dependent mass m(t)

le(t)pQ, with m(t) = _ (7.75)

~ 2gCsec(2))’
Time-dependent masses have been proposed as a possible mechanism to explain anoma-
lous nuclear reactions which cannot be explained by existing conventional theories in
nuclear physics, see e.g. [149]. The reality constraints ((7.74)) can be solved by

ho = hrs =

) = —/tg(s) ds, and () = csec <2/tg(s) ds), (7.76)

with constant ¢. Thus the time-dependent mass m(t) can be expressed entirely in terms
of the time-dependent coupling ¢(¢). An exact solution to the TDSE for hrs can be
found for instance in [150] when setting in there the time-dependent frequency to zero

oW (@) :,nnigf;229a>exp[”“t)<i§$;"7ﬂ(wzzu>> 5] (o)

[y,
con(t) = /O s (7.78)

For (7.77) to be a solution, the auxiliary function p(t) needs to obey the dissipative
Ermakov-Pinney equation with vanishing linear term

m 1
o+ —0=—7=%. 7.79
0+ 0= e (7.79)
We derive an explicit solution for this equation in Evaluating the formulae
in ([7.4), with hg and h; divided by 2m(t), we obtain the intertwining operators and the
partner Hamiltonians

dn [nH2_|[x/o] — (n — 1)Hy—2 [x/0] Hy[2/0] 1 b 0
b = ot o [ 12/ |« ﬁ_@r
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Figure 7.4: Probability densities |¢ ¢17| , |#17| from left to right for g(t) =

(L+t2)/4, m(t) = [L+cos(t +t3/3)] /(1 + 1), o(t) = \/1+[C + Btan(t/2 + t3/6)]?
with B=1/2 and C = 1.

respectively. As in the previous section, the imaginary part of the Hamiltonian only
depends on time and can be made to vanish with the suitable choice of ¢; = p. For
concrete values of n we obtain for instance the time-dependent Hermitian Hamiltonians

2 2 2
P 1 1 4(0” + 227)
ho = 24— hii=hio+——s,  hia=hio+ 2T g1
1,0 o T e 11 =hio+ 12="hio+ (o = 27)? (7.81)
3(30% + 422 8 (905 — 122%0% + 1822 p* + 825
his = hio+ ( 93 2) 35 hg{i = hio+ ( 3 )(7.82)
m(2x3 — 3z0?) ’ m (304 — 122202 + 4z4)

Notice that all these Hamiltonians are singular at certain values of x and t as p is real.
Solutions to the TDSE for the Hamiltonian hi, can be computed according to ([7.7))

(1) a0y 2%% [kHp i [z/o]  nHaoa[z/d]] ()
¢n,k (‘r7t) - enl (¢k ) - \/k——n Hk ['73/@] Hn [{II/Q] ¢k , N 7& k. (783)

Both ¢,SLO) and ¢1(113€ are square integrable functions with L?(R)-norm equal to 1. In figure
[7-4 we present the computation for some typical probability densities obtained from
these functions. Notice that demanding m(t) > 0 we need to impose some restrictions
for certain choices of g(t).

Next we compute the non-Hermitian counterpart H; with a concrete choice for the
second Dyson map. Taking 7; for instance to be of the same form as in the
non-Hermitian Hamiltonian is formally the same as in equation . In our concrete
case we obtain for instance

2 2
D 1 g 1 Y .
Hij=—+—— — — — — 0, 7.84
Mo + m(z + i0)? et mo®>  2m + (7.:84)
where we have also imposed the constraint 5= —v/m to eliminate a linear term in p,

hence making the Hamiltonian a potential one. The solutions for the TDSEs for Hy
and Hy, are

PO =53tel®, and o) =ntel), (7.85)

respectively.
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7.4.1 Lewis-Riesenfeld invariants

Having solved the TDDE for 79 and 77 we can now also verify the various intertwining
relations for the Lewis-Riesenfeld invariants as derived in section We proceed here
as depicted in the following commutative diagram

h
I @Ig]‘f

Ll | b7 (7.86)
I m i

See also the more general schematic representation in figure We start with the
Hermitian invariant I(})L from which we compute the non-Hermitian invariant Iéq using
the Dyson map 7 as specified in ([7.72)). Subsequently we use the intertwining operator

Eq(ql) in (|7.80) to compute the Hermitian invariants I ﬁn for the Hamiltonians Ay ,. The
invariant /7" is then computed from the adjoint action of 7, 1 as specified in .
Finally, the intertwining relation between the non-Hermitian invariants Ié{ and I;? is
just given by the closure of the diagram in .

The invariant for the Hermitian Hamiltonian hg has been computed previously in

(15001

ID = Ap()p* + Bu(t)z? + Cp(t){z, p}, (7.87)

where the time-dependent coefficients are
92 1 1 2.9 .
Ap=~—F, By=5|—=5+tm0"), Cp=—;mgo (7.88)
It then follows from

|1, ho = % (Chp2 + 1Bh{x,p}> . An=—2Ch Bui=0, Cn=-1-B,
m 2 m m
(7.89)
that the defining relation for the invariant is satisfied by I?. According to the
relation , the non-Hermitian invariant Ié{ for the non-Hermitian Hamiltonian Hy
is simply computed by the adjoint action of 7, Lon Igf. Using the expression we
obtain

I3 =ng ' im0 = Au(t)p* + Bu(t)2? + Cu(t){z, p}, (7.90)
with
1 . . ' e?i)\ 1+m2p21'02 . 1 )
Ay = 5e7%p" = ("B — iCmpp, By = ( 27 ), Cn = iCBy — ;mpp.
(7.91)

We verify that I is indeed an invariant for Hy according to the defining relation (7.32),
by computing

(157, Hy| = 29 (Aup® — Bua?®), Aw =2igAy, By = —2igBy, Cy=0, (7.92)

using the constraints (7.74]) and ((7.79)).

"We corrected a small typo in there and changed the power 1/2 on the z/p-term into 2.
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Given the intertwining operators ES) in 1' and the invariant I, we can use the
intertwining relation 1’ to compute the invariants I {’n for the Hamiltonians Ay, in

(7.81)). Solving ([7.36) we find

H_, [z/d] Hns[z/0]
=1+ 1440?2200 dp(n — 1) 7.93
b Hig? U HE R (7.99)
We verify that this expression solves (7.32]). The last invariant in our quadruple is
(@, p) = ny 1 (e, p)m = I (2 + 08, p — i) (7.94)

Finally we may also verify the eigenvalue equations for the four invariants. Usually this
is of course the first consideration as the whole purpose of employing Lewis-Riesenfeld
invariants is to reduce the TDSE to the much easier to solve eigenvalue equations. Here
this computation is simply a consistency check. With

by = emienng0) Gl = emiaomg(l) (7.95)
PO = emioong© ) pmiaomy) (7.96)
and o, as specified in equation we compute
oy = (n+1/2)8Y,  Id, = (m+1/2) 64, (7.97)
B = m+y2d), = me 290, (7.99)

As expected all eigenvalues are time-independent.

7.5 Summary

We have generalized the scheme of time-dependent Darboux transformations to al-
low for the treatment of non-Hermitian Hamiltonians that are PT-symmetric/quasi-
Hermitian. It was essential to employ intertwining operators different from those used
in the Hermitian scheme previously proposed. We have demonstrated that the quadru-
ple of Hamiltonians, two Hermitian and two non-Hermitian ones, can be constructed
in alternative ways, either by solving two TDDEs and one intertwining relation or by
solving one TDDE and two intertwining relations. For a special class of Dyson maps it
is possible to independently carry out the intertwining relations for the Hermitian and
non-Hermitian sector, which, however, forced the seed function used in the construction
of the intertwining operator to obey certain constraints. We extended the scheme to the
construction of the entire time-dependent Darboux-Crum hierarchies. We also showed
that the scheme is consistently adaptable to construct Lewis-Riesenfeld invariants by
means of intertwining relations. Here we verified this for a concrete system by having
already solved the TDSE, however, evidently it should also be possible to solve the
eigenvalue equations for the invariants first and subsequently construct the solutions to
the TDSE. As in the Hermitian case, our scheme allows to treat time-dependent systems
directly instead of having to solve the time-independent system first and then introduc-
ing time by other means. The latter is not possible in the context of the Schrodinger
equation, unlike as in the context of nonlinear differential equations that admit soliton
solutions, where a time-dependence can be introduced by separate arguments, such as
for instance using Galilean invariance. Naturally it will be very interesting to apply our
scheme to the construction of multi-soliton solutions.
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Chapter 8

Conclusion

8.1 Overview

Over the course of this thesis we have demonstrated the validity and the utility of time-
dependent non-Hermitian quantum mechanics. We have found the metric operator p (t)
and the Dyson map 7 (¢) for a large number of quantum systems and showed that they
allow for a consistent description of time-dependent non-Hermitian quantum systems.
Furthermore, we have used this time-dependent analysis to investigate systems with
spontaneously broken P7T-symmetry. Ordinarily, the broken regime would be discarded
as unphysical as the energy eigenvalues become complex and the time-evolution becomes
non-unitary. However, when a time-dependence is introduced into the metric and the
Dyson map, we are able to provide a consistent description of this broken regime. This
is made possible by the introduction of a new observable energy operator H (t). The
Hamiltonian H (f) becomes unobservable but still governs the time-evolution of the
system.

We began by assessing the three approaches available for computing p (t) and 7 (t).
While each has its advantages and drawbacks, there is no overall best approach for
every circumstance. Each approach may be more applicable for certain problems and it
requires some insight to make the choice. For example, when solving matrix models, the
time-dependent Dyson equation seems the most appropriate and we avoid taking the
cumbersome square root. However, we found that for a certain 2 dimensional coupled
oscillator, the Lewis Riesenfeld invariants were the simplest as we did not have to solve
a highly technical non-linear differential equation.

We then showed explicitly how the spontaneously broken PT-symmetric regime
could be mended using a time-dependent metric and Dyson map. In addition we showed
that the energy operator behind this mending obeyed a new unbroken P7T-symmetry.
The models we used to illustrate this point ranged from a two level matrix model to
higher dimensional matrix models and finally an inverted harmonic oscillator system
with infinite dimensional Hilbert space. Following on from this, we demonstrated the
utility of the Lewis Riesenfeld invariants for solving coupled harmonic oscillator systems.

With the establishment of a consistent framework for time-dependent systems, we
applied our method to three important topics in mathematical physics: quasi-exactly
solvable systems, entropy and Darboux transformations. In doing so, we obtained some
new and exciting results. We solved an explicitly time-dependent quasi-exactly solvable
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system (the first type of solution of this kind). We then demonstrated how entropy in
the spontaneously broken P7T regime decays from a maximum to a non-zero value in a
finite time. This is in contrast to the unbroken regime in which the entropy decays to
zero rapidly with a later revival. Finally, we developed a general framework from per-
forming Darboux and Darboux-Crum transformations on non-Hermitian Hamiltonian
type systems. This has far reaching implications in the field of multi-solitons.

8.2 Further study

As with all scientific endeavours, solving problems and answering questions often opens
the door to an ever increasing array of questions and problems. The avenues of investi-
gation multiply and expand each time we make progress. This is certainly the case for
time-dependent non-Hermitian quantum systems. There are a number of theoretical
points that have arisen from this body of work and a further list of potential research
directions to apply the framework to.

The first point of intrigue is the ubiquity of the non linear Ermakov-Pinney equation
in all of our analysis. It has arisen a startling number of times and suggests an underlying
deeper structure to the central time-dependent Dyson equation. Interestingly we do not
observe it if we choose to solve the time-dependent quasi-Hermiticity equation or the
Lewis-Riesenfeld invariant relation. However the solutions to all of these methods are
indeed solutions of the Ermakov-Pinney equation. Therefore there seems to be a strong
link between this framework and the Ermakov-Pinney equation. What this link may be
is a very interesting question and deserves being addressed.

The next question that has arisen is the condition for the existence of a metric for a
non-Hermitian quantum system. There are certainly examples where the metric cannot
be found exactly, such as for the iz potential, although perturbative methods can be
used [28]. We can make some guesses as to the probability of its existence if we can find
a set of generators that form a closed algebra and represent the Hamiltonian. However,
this is not always the case and even with an algebraic representation we may not be
able to solve the resulting equation. Therefore we can ask what the condition is on the
non-Hermitian Hamiltonian that predicts the existence of the metric.

Following on from the current state of the art, there are many areas to which the
framework can be applied. The first is entropy and quantum information. We made an
initial stride into this areas, but there is significantly more research to be done. Specif-
ically, the framework can be applied to an array of more technical models such as the
Su-Schrieffer-Heeger and the Jaynes-Cumming model. In addition, we only considered
the Von Neumann entropy measure and there are many other useful measure to be
investigated in the non-Hermitian setting such as the joint entropy [151].

Optics is such a large part of the non-Hermitian community that applying the time-
dependent framework to PT-symmetric optical systems must be considered as one of
the top priorities. For example, how does one deal with a time varying refractive index
in the optical setting? Furthermore the use of Ey algebraic systems are important in
these systems and so our work on quasi-exactly solvable models will be useful in this
context.

Next there is a large area of research to be filled following the establishment of
time-dependent non-Hermitian Darboux transformations. The main application will
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be to non-Hermitian potentials corresponding to soliton solutions of non-linear partial
differential equations such as the Korteweg-de Vries equation, the sine-Gordon equation
and the non-linear Schrédinger equation.

Finally, work has already begun applying the knowledge obtained from non-Hermitian
quantum mechanics to non-Hermitian quantum field theory [39-41,|152]. Is there an
equivalent to the Dyson equation in this setting and if so is there an equivalent to time-
dependent Dyson equation? Furthermore can broken P7 or CPT-symmetry be mended
in a similar fashion?

This body of work has established concretely the framework for time-dependent
non-Hermitian quantum systems and now allows for the scientific community to take it
further. There is much to build upon and now is the time as the foundations are strong
and will hold firm when understood and applied correctly.
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Chapter 9

Appendix

9.1 Appendix A

We give an introduction to the Lewis Riesenfeld Invariants used throughout this the-
sis. These invariants are used in time-dependent quantum mechanics in order to aid
the solution of the time-dependent Schrodinger equation. Employing them reduces the
difficulty of the problem by increasing the number of steps.

The dynamical Lewis Riesenfeld invariant I (¢) satisfies the equation
dI (t)
dt
where H (t) is the Hamiltonian of a quantum system, satisfying the time-dependent
Schrédinger equation

=8I (t) —ih[I(t),H ()] =0, (9.1)

Oy [ (t)) = H (8) [¢ (1)) - (9-2)

Through this construction, the eigenvalues of I (¢) are time-independent.

L(t)[én (1)) = An[dn (1)) - (9-3)

Therefore, solving (9.3 for the eigenstates |¢, (t)) is a much simpler problem then
solving equation for the wave function given an intial condition. Furthermore, the
eigenstates |¢, (t)) allow us to construct a general wave function as a superposition of
dynamical modes

[ (1)) = Z cn tn (1)), (9.4)

where the dynamical modes |1, (t)) are related to the eigenstates |¢y, (t)) via a time-
dependent phase

[ () = €@ | (1)) . (9.5)
Substituting this expression into (9.2)) gives the expression for ay, (t)

G = (6 (01§00, — H (1) 60 (1) (9.6

104



Therefore, with the calculation of «;, (t) we can construct general solutions to the time-
dependent Schrédinger equation (9.2]).

In this thesis, these invariants have an additional utility. In the time-dependent
setting, the invariants for a Hermitian systems Iy, (t) and a non-Hermitian system I (t)
are related by a similarity transform

Iy (t) =n () In () n~" (1), (9.7)

where 7 (t) is the time-dependent Dyson map. This can be derived by substituting
the time-dependent Dyson equation into equation The relation differs from the
time-dependent Dyson equation and the time-dependent quasi-Hermiticity equation as
there is no time derivative term. This simplifies the approach as we only deal with
simultaneous equations rather than coupled differential equations.
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9.2 Appendix B

We briefly explain how to solve the Ermakov-Pinney equation with dissipative term

(7.79)

.m 1

The solutions to the standard version of the equation [83}84]

&+ A(t)o = % (9.9)

are well known to be of the form [84]

o(t) = (Au® + Bv* + 2Cuv) 12 , (9.10)

with u(t) and v(t) denoting the two fundamental solutions to the equation 6+ A(t)o =0
and A, B, C are constants constrained as C? = AB—W ~2 with Wronskian W = ut—v.
The solutions to the equation with an added dissipative term proportional to ¢ are not

known in general. However, the equation of interest here, , which has the linear
term removed may be solved exactly. For this purpose we assume p() to be of the form

t
1
o) = fla(0).  withgt) = [ s (9.11)
Using this, equation transforms into
f 1
- 12
dq2 f37 (9 )

which corresponds to with A(t) = 0. Taking the linear independent solutions to
that equation to be u(t) = 1 and v(t) = ¢, we obtain

el
VB

and hence with (9.11]) a solution to (9.8).

flg) = 14 (Bg+ C)? (9.13)
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