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Abstract

We present an strategy for the derivation of a time-dependent Dyson map which ensures
simultaneously the unitarity of the time evolution and the observability of the whole time-dependent
non-Hermitian Hamiltonian or parts of it. The time-dependent Dyson map is derived through a
constructed Schrodinger-like equation governed, in one case, by the non-Hermitian Hamiltonian
itself or, in another case, by its parts. In the former case, when the whole non-Hermitian
Hamiltonian is considered, our scheme ensures the time-independence of the metric operator despite
the time-dependence of the Dyson map, a necessary condition for the observability of the non-
Hermitian Hamiltonian. In the later case, however, when parts of the non-Hermitian Hamiltonian is
considered, our method ensures the simultaneous time-dependence of the Dyson map and the metric
operator. In this latter case what is ensured is the observability of the remaining part of the non-

Hermitian Hamiltonian that was not chosen for the derivation of the Dyson map. Illustrative
examples, for both cases, are derived from a driven non-Hermitian Harmonic oscillator.
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1. Introduction

Since the work by Bender and Boettcher [1] and further
developments by Mostafazadeh [2], pseudo-Hermitian
PT -symmetric Hamiltonians have been extensively studied.
While in the former reference it was suggested that Hamilto-
nians invariant under space-time reflection symmetry
(PT -symmetry) can have real spectra, in the latter the notion of
pseudo-Hermiticity was introduced, establishing the grounds for
treating non-Hermitian P7 -symmetric Hamiltonians using
time-independent metric operators [3]. Aiming to extend the
scope of Hermitian quantum mechanics, the steps towards the
deepening of our understanding of non-Hermitian systems has
since been taken in virtually all fields of physics [3]. More
recently, P7 -symmetry (PTS) and PTS breaking has been
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investigated in a variety of systems, such as waveguides [4],
optical lattices [5] and optomechanics [6]. Moreover, a variety
of phenomena such as disorder [7], localization [8], chaos [9]
and solitons [10] have been investigated within 7?7 -symmetric
systems and a linear response theory for a pseudo-Hermitian
system-reservoir interaction [11] has been recently developed.

Despite the overall consensus on handling pseudo-Hermi-
tian Hamiltonians through time-independent metric operators
[3], controversies emerged regarding the generalization to time-
dependent (TD) metric operators [12, 13]. Although it has been
demonstrated that a TD metric operator can not ensure the
unitarity of the time-evolution simultaneously with the obser-
vability of the Hamiltonian [12], some authors have disputed
this claim [13], failing however to ensure the unitarity of time
evolution by insisting on the observability of the Hamiltonian.
A contribution has been recently presented in [14] for dealing
with TD metric operators which, although in agreement with
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the theorem in [12], goes a step beyond; It has been demon-
strated that a TD Dyson equation and a TD pseudo-Hermiticity
relation (as first introduced in [14]) can be solved consistently at
the cost of rendering the non-Hermitian Hamiltonian to be a
nonobservable operator, but showing that any other observable
in the non-Hermitian system is derived in complete analogy
with the time-independent scenario. Non-trivial solutions to the
TD Dyson equation and the proposed TD pseudo-Hermiticity
relation have been presented, starting with a non-Hermitian
linearly driven harmonic oscillator and a spin chain [14], and
then going to the TD Swanson model [15] and a generalization
of the TD Swanson model including the linear amplification
term [16]. Many other interesting contributions to the subject of
TD non-Hermitian Hamiltoinans are found in [17].

In the present contribution, however, we present a strategy
to go even beyond [14], enabling us to account for the unitarity
of the time-evolution simultaneously with the observability of a
TD non-Hermitian Hamiltonian. To this end a Schrodinger-like
equation is constructed from which we derive the TD Dyson
map (i) from the TD pseudo-Hermitian Hamiltonian itself or (i7)
from parts of it. In the former case i) our scheme remarkably
ensures a time-independent metric operator despite the time-
dependence of the Dyson map, a necessary condition for the
observability of the whole pseudo-Hermitian Hamiltonian [12].
The distinction established between the time-dependence of the
Dyson map and that of the metric operator is therefore central in
that: although we are in agreement with the main premise in
[12, 14], that a time-independent metric operator is needed for
assuring the unitarity of the time evolution simultaneously with
the observability of the pseudo-Hermitian Hamiltonian, here a
TD Dyson map is considered, and this is an important point
since for a TD non-Hermitian Hamiltonian, a time-independent
Dyson map may result in severe restrictions on the time-
dependent parameters of the Hamiltonian. In the latter case ii)
where only parts of the non-Hermitian Hamiltonian is con-
sidered for the derivation of the Dyson map, our method
ensures the simultaneous time-dependence of the Dyson map
and the metric operator, without conflicting with [12]. In fact,
what is ensured in this case is the observability of the remaining
part of the non-Hermitian Hamiltonian that was not chosen for
the derivation of the Dyson map, and not the whole non-Her-
mitian Hamiltonian. Therefore, this latter case enabled us to
expand the scenario presented by Mostafazadeh [12] for treating
TD non-Hermitian Hamiltonian: If in the case i), where the
observability of the non-Hermitian Hamiltonian is assured, we
were in agreement with the Mostafazadeh theorem by assuring
also a time-independent metric operator, in case if) we expand
the scenario presented by Mostafazadeh [12], advancing a new
treatment for TD non-Hermitian Hamiltonians in which both
the Dyson map and the metric are TD operators.

Our Schrodinger-like equation applies, however, to a more
general scenario than the one for which it was constructed; apart
from the TD non-Hermitian Hamiltonians, it also applies to
time independent non-Hermitian Hamiltonians, in the latter case
recovering exactly the standard procedure for handling non-
Hermitian quantum mechanics as we show below. It also helps
with unitary transformations within Hermitian quantum
mechanics, providing us with the transformation operator from

the Hamiltonian itself. As an illustration of our method we
revisit the non-Hermitian linearly driven harmonic oscillator,
deriving the TD Dyson map from the constructed Schrodinger-
like equation and showing the time-independence of the asso-
ciated metric operator. Finally, after deriving an eigenvalue
equation for a TD non-Hermitian system, we analyze the
PT -symmetry breaking process.

2. A Schrédinger-like equation for the evolution of
the TD Dyson map

Starting with a brief review of the developments in [14], we
consider a non-Hermitian TD Hamiltonian H(f) associated
with the Schrodinger equation i9,|¢(¢)) = H (¢)|¢(¢)). A TD
Dyson map 7(¢) thus leads to the TD Dyson relation, i.e., the
transformed Hamiltonian

h(t) = n@H @O '(1) + i[0m®]n~ (@), (1)

which generates the evolution of the equation i0,|¢(¢)) =
h(t)| (1)), where |¢ (1)) = n(t)|1(r)). Due to the gauge-like
term in equation (1) the non-Hermitian H(¢) and its Hermitian
counterpart /() are no longer related by means of a similarity
transformation, resulting in that H(¢) is not a self-adjoint
operator and, therefore, not observable. The Hermiticity of A
(1) leads however, as referred to in [14], to the TD pseudo-
Hermiticity relation

Hi (t)p(t) — p(H (t) = i0:p (1), p) = (O,

@)

which replaces the usual relation H'p = pH for a time-
independent metric. Assuming p(f) to be a positive-definite
TD metric operator, it is straightforward to verify that the
generalized equation (2) leads to the expected relation
between the TD probability densities in the Hermitian and
non-Hermitian systems, given by

OO0 = (O] D) = (6DI6®).  (3)

From the above observation one concludes, as in [14], that even
for TD Dyson maps, any observable o(f) in the Hermitian
system possesses a counterpart O(f) in the non-Hermitian one—
except for the non-Hermitian Hamiltonian itself—given by

o0 =n"'®o®n), “)

in complete analogy for time-independent Dyson maps.

2.1. Case i): A time-independent metric from a TD Dyson map

Our strategy to restore a similarity transformation from
equation (1) and, consequently, to restore the observability of
H(#)—thus going beyond [14]—, is to impose the gauge-like
term i [0,n(t)]1~(¢) equal to to the operator n(*)H (1)1~ 1(1),
thus leading to the Schrodinger-like equation

i0p(1) = n(OH (1), &)

which enable us to compute the TD Dyson map from the non-
Hermitian H(?) itself. The equation (5) ensures the similarity
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transformation

h(t) = 2n(OH )1~ (1), (6)

and by demanding /(7) to be Hermitian, we derive the pseudo-
Hermiticity relation

Hi()p(t) = p(DH (1), (N
where the factor 2 is obviously only a scale connecting the
instantaneous eigenvalues of /(7)) and H(¢). From equations (5)
and (7) we immediately verify the time-independence of the
metric operator, J;p(t) = 0, despite the time-dependence of
the Dyson map. The relation (7) helps us to define the initial
condition 7 (¢y) for the exact solution of equation (5), given by

t

n() = n(ro)Texp[—i I drH(r)], (8)

0
where T denotes the time ordering operator. Except for the
initial condition 7(#y), n(¢) is a determinist operator following
from the non-Hermitian H(f). In short, under the constructed
Schrddinger-like equation (5) the TD Dyson equation (1) and
pseudo-Hermiticity relation (2) reduce to their simplified
forms in equations (6) and (7) which ensures the unitarity of
the time evolution governed by H(f) simultaneously with the
observability of such a non-Hermitian Hamiltonian. Finally,
with the unitarity of the time-evolution assuming the form of
equation (3), the matrix elements of the observables in
equation (4) becomes

(WO ODP®))i) = (B 0()|B(1)). )

In the appendix we present an alternative demonstration,
using only equations (8) and (7), that p(f) = p(ty), with the
initial value 7(#y) following from the parameters defining
H(®).

2.2. Case ii): Simultaneous TD Dyson map and metric operator

If the Schrodinger-like equation (5) allowed us to bypass the
constraints imposed by the Mostafazadeh’s theorem [12]—in
the sense that we restore the observability of a TD non-Her-
mitian Hamiltonian—by presenting a TD Dyson map asso-
ciated with a time-independent metric operator, we now go
even further presenting an approach that enable us to derive
simultaneous TD Dyson map and metric operator.
By describing the TD non-Hermitian hamiltonian as
H(t) = Hy(¢) + V(¢), the Schrodinger-like equation (5) may
be substituted by

0 (1) = —n (@) Ho(1), (10)
or
10m(t) = —n@V @), 1D
both relations leading respectively to the hamiltonians
h(t) = OV @O0, (12a)
h(t) = n(O)Ho(®)n~' (1), (12b)

the scale factor 2 appearing in equation (6) being now absent.
From equations (12a) and (12b), where the evolution of the
Dyson map is governed by Hy(f) or V(r), we obtain the

pseudo-Hermiticity relations for V(#) or Hy(f), respectively:

Vi p®) = p(OV (@), (13a)

H (1) p(t) = p(t)Ho(1). (13b)
Evidently, equations (11) and (13b) do not apply in the rather
usual case where Hy(f) is a diagonal Hermitian operator
modelling the system of interest; likewise, equations (10) and
(13a) do not apply in the case where V (¢) is a diagonal
Hermitian operator acting over the system. The exact solution
of equations (10) and (11) are given by

n(t) = n(to)Texp[ij; dTHo(T)], (14q)

n(t) = n(to) T exp I:ij;thV(T)]. (14b)

The essential feature of this approach is that the metric,
as well as the Dyson map, is a time-dependent operator, given
by

Aip(t) = ilp(M)Ho(t) — Hi () p@)],

or

Aip() = ilp(OV (1) — V(D) p(D)],

when the Dyson map is derived from equation (10) or (11).

We observe that even in Hermitian quantum mechanics
the observability of a time-dependent Hamiltonian is a sen-
sitive problem, the Hamiltonian acting essentially as the
generator of model dynamics. When considering, for exem-
ple, the TD Hermitian H (¢t) = Hy(t) + V (¢), Hy(t) repre-
senting the system of interest and V(#) an external influence
over it, the energy of the system is given by U (t) Hy(t) U~ (¢),
the term V() contributing to the evolution operator

U(t) = T exp [if[t drH (T)] (see [18]).

Before presenting our illustrative examples, we sum-
marize our developments: If Mostafazadeh’s theorem [12]
raised the issue of the lack of observability of TD non-Her-
mitian Hamiltonians with TD metric operators, and in [14] it
was demonstrated that this issue does not affect other obser-
vables, in the present work we reestablish the observability of
TD non-Hermitian Hamiltonians for a TD Dyson map. As
follows from equation (4), the observables associated with the
pseudo-Hermitian systems are generally composed of super-
positions of canonically conjugated observables associated
with the Hermitian ones. This poses an additional difficulty to
the pseudo-Hermitian systems since they demand measure-
ments of canonically conjugated variables [19, 20]. Aside
from this additional difficulty, however, we want the obser-
vability of TD non-Hermitian Hamiltonians to be as much a
sensitive problem as it currently is with TD Hermitian one,
but nothing less.
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3. lllustrative examples

3.1. Case i)

In order to illustrate our method for the case i) where the
Dyson map is derived from the whole TD non-Hermitian
Hamiltonian, we start from a Hamiltonian of the form

H(1) = Ho(t) + KV (1), [Ho(1), Ho(t)] =0, (15)

where Hy(t) stands for the usual free Hamiltonian and kV ()
stands for a non-Hermitian interaction with a real dimen-
sionless strength x, to be considered as a perturbation para-

meter. By acting de operator exp (i j; ' dTHo(T)) on the right
0

side of the Schrodinger-like equation (5), the TD Dyson map
coming from equations (8) and (15) is thus given by

t drv (m) )]

t
X exp(—i dTH()(T)),
fo

n(t) = n(t())I:T eXp(i/{
(16)

where V(1) = exp (—i S ' dTH()(T)) V(t)exp (i S ' dTH()(T)).
0 0

For a TD harmonic oscillator under a TD non-Hermitian

linear amplification, H (¢) is given by

Hy(t) = w(t)a'a, V() = at)a + B(t)al,

where we are assuming w(t), a(t), B(t) € C. Evidently,
H (¢) is not Hermitian when w(z) € R or a(t) = (5*(¢), and it
becomes P7 -symmetric when demanding w(f) to be an even
function in ¢ or a generic function of it, simultaneously with
demanding «(f), B(r) to be odd functions in ¢ or pure-ima-
ginary generic functions of ir.

In order to determine the Dyson map given by
equation (16) we first consider the same ansatz as that in [14]
for n(ty) = exp[y(to)a + \(tp)a']; we then compute the
time-independent complex parameters v and A from the
pseudo-Hermiticity relation (7) instead of the similarity
transformation (6), avoiding the need for the perturbation
expansion of the time-ordering operator in the TD Dyson map
n(t). The relation HY(t) = p(to)H (t)p~'(t;), coming from
equation (7), thus demands the functions w(f) and «(¢) 3(¢)
to be real and ~(ty) + X(t9) = k[B%() — a(D)]/w(),
such that [v*(t)) + A(tp)]a(r) € R. Without loss of
generality we may assume \(fg) = v*(fy) such that vy (zy) =
K[B*@) — a(®)]/2w(t) and v*(y)a () € R. With the TD
functions delimited in this way and guaranteeing the Hermi-
ticity of h(t), we then use the similarity transformation (6) to
compute

7)

h(t) = 2[w(t)a'a + u(a + u*)a' + f(©O],  (18)
V(r) = a@®)eXWa 4+ B(t)e xOgt,  with () =

j; ' w(T)dT .Evidently, the similarity transformation, and conse-
0

and

quently the TD Dyson map, is as important to the problem as the
pseudo-Hermiticity relation, and so the time-independent metric
operator.Considering the perturbation parameter x < 1, we have
also verified in the appendix (up to first order of perturbation to
avoid extending the already lengthy calculations), that

p(t) = 1 (to)n(ty), now without directly using equation (7), but

using instead the restrictions imposed by this equation on the TD

parameters of the Hamiltonian (17). Moreover, we compute the

TD functions u(t) = w(t)[y(t) — ika(t)] + ka(t)eX®

and f (1) = |u(®)P /w(®), where &(1) = [ " dra(r)eX™ and
0

By = [ drp(rye .

Finally, we observe that the scale factor 2 in the
Hamiltonian (18), is directly associated with the energy of the
pumped harmonic oscillator, given by 2w () U (t)a'aU~1(¢),

with U(t) = T exp [i J dTh(T)].

3.1.1. Solutions of the Schrédinger equation for the pseudo-
Hermitian Hamiltonian. Using the Lewis and Riesenfeld
invariants [21], as done in [18, 22], the basis state solutions of
the Schrodinger equation governed by Hamiltonian /4 (¢) are
given by the TD displaced number states

16,,(1)) = e OD[O(N)]Im);

where 0(r) follows from the equation if(r) = 2w(t)0(t) +
u*(t), whereas the TD Lewis and Riesenfeld phases are given
by

m=0,1,2,..., (19

2,0 = [ dr(mw(r) + (1) + Relu(MB@I). (20)

It thus follows that |¢,(t)) = V(t, 1p)|m), with the
evolution operator  V (¢, to) = T(@)D[O(®)]R[x(t)], the
rotation R[x (t)] = exp[—i2x(¢+)a’a], and the overall phase

1) = exp(~i [/ dr £ () + Relu(mom)) )

Consequently, |, (1)) = n~'(#)|¢, (1)) and for a generic
superposition |¢ (1)) = Y, ¢ul®,,(¢)), the generic solution of
the Schrodinger equation for the pseudo-Hermitian H (¢) is
given by

[¥(0) = 'Oe @) = n ' (DU, t0)|d(10)), 21
with
U(t, to) =V (t, to) V' (1o, to)
=T@DIDOIRIXxOID[O ()] (22)

3.1.2. Observables. The observables associated with the
pseudo-Hermitian H(f), given by equation (4), are easily
computed for the quadratures x, = [a' — (—1)¢a] /23",
¢ =1, 2, leading to the operators

X1\ (cosx(®] —sin[x(?)] (xl)
X2)  \sin[x(®] cos[x ()] J\*x2
N i(_Im [ (0] + la@) — B)) /2) @3
Revy (1) — ikla@) + B(D]/2
where the first term on the rhs stands for the unperturbed

diagonal Hamiltonian H(#) whereas the second term stands for
the perturbation correction. Regarding the Hamiltonian H(f)
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itself, its matrix elements in Fock space states are given by

(PO H@O ()
h(t

— (a1 2210,0) =

= (A®) 6y + n + 1 B(t)(sm,nJrl
+ «/ﬁB*(t)(sm,nfl)eﬂx(min)

(m| Vi, m)ﬁva f0)|n)

(24)

where  A@) = w@®)[n + 10@)]*] + 2Re[u(®)0@)] + f()
and B(t) = w(@®)0() + u*().

PT -symmetry breaking. In spite of the time-dependence of
the Hermitian Hamiltonian (18), we successfully derive an
eigenvalue equation for this operator by defining, as in [22], the
TD operators b(t) = a + £*(t) and b(¢) = at + £(¢), asso-
ciated with the relations b'b|C, (1)) = m|(, (1)), bIC, (1)) =
Vit|¢,,_ (@), and bY|C, (1)) = m + 1[¢, , (1)), where
the wave vector |, (1)) =D [—&*(1)]|m) stands for the displaced
Fock states with £(z) = u(t) /w(t). Now, up to sencond order
of perturbation, in order to allow us to analyze
the PT -symmetry breaking, the operators b(f)and b'(r) help
us to rewritte equation (18)—with unchanged u(¢) but f(z) =
[u@) > — k2a(t)B(t)]/w(t)—in the form h(t) = 2w (t)b'b —
2k%a(t) B(t) /w(t), thus leading to the TD eigenvalue equation

h(®)[¢,, () = Ea®)I(, (1)), (25)

with&,(1) = 2w(t)m — 2x2a(t) B(t) /w(t). From equation (25)
and the similarity transformation % (¢) = 2n(t)H (t)n~'(t) we
obtain (apart from an irrelevant factor 2)

H®O [ 'O1¢,0)] = E.@ I~ OIC,(0O)],

showing—as usual in the case of time-independent non-
Hermitians Hamiltonians and Dyson maps—that the pseudo-
Hermitian H(?) and its Hermitian counterpart, are isospectral
partners. From the eigenvalue equation (26) its is clear that the
‘PT -symmetry breaking occurs if w(f) and/or a(#)(r) cease to be
real, resulting in the loss of the Hermiticity of A(?) [3].

The eigenstates and the solutions of the Schrédinger
equation for h(¢f) are connected through the relation
16,,(1) = U, 15)]¢,, (1)) with Uz, 19) = V(t, 10)D'[—E*(1)]
and it is not difficult to find that the eigenstates of i(f) are the
solutions of the Schrodinger equation governed by the
Hamiltonian
H(t) = UT(t, to)h (UL, to) + i7UT(E, 1) DU, to).

(26)

3.2. Case (ii)

Start again from Hamiltonian (17), we now consider the
Dyson map (14a), which reduces to

n(t) = n(ty)exOe'e, 27)

with x(1) = [ "w(r)dr and w(r) € C. Assuming 7(to) =

exp [y (ty)a'a], we then compute the time-independent com-
plex parameter v from the pseudo-Hermiticity relation (13a),
leading us with the restriction ¢3 = — ¢, and

18]
la@®)]

Re[v(t9)] = Im[x ()] — In

With the TD functions delimited in this way and guaranteeing
the Hermiticity of h(r), we assume a real () and use the
similarity transformation (6) to compute

h(t) = kla@)e IXO-00)lg 4 o* ()l O+T W] gt
(28)

From equation (22) we verify that the evolution operator
for the state vector governed by the Hamiltonian (28), i.e.,

(1)) = U(t, to)|¢(tp)), is given by

U(t, to) = Y(@)D[OOIR[xDI(D[O (1)), (29)
with  i0(r) = ka* (1) O+ @I /2 and  YT() =
exp (f% ftt dr Re [a(1)e XM =ivtlg ()] ) Finaly, the

observables associated with the pseudo-Hermitian V(¢), given
by equation (4), are easily computed for the quadratures x,,
leading to the operators

Xy [ G G@® ()q)
%) \-Go am)\x»)
where

Gi(t) = cosh [y(to)] cos [x (1)] + isinh [y (to)]sin [x ()],
C2(t) = cosh [y (t9)] sin [x (1)] — isinh [y (f0)] cos [x (1)].

(30)

We stress that schemes for simultaneous measurement os
canonically conjugate varaibles has been discussed in the
literature [19, 20].

4. On the generality of the Schrédinger-like equation

The Schrodinger-like equation (5) can be taken as a general
procedure for the derivation of Dyson maps, even for time-
independent non-Hermitian Hamiltonians. In fact, for time-
independent H, all the expressions, from equation (1) to (9),
remain valid except that the time ordering operator must
be removed from equation (8), thus leading to 7(t) =
n(ty)exp [—iH (t — ty)] and, consequently, to a time-inde-
pendent hermitian h(ty) = 2n(t)Hn~'(t) = 2n(to) Hn~ ' (to).
We simply recover the time-independent scenario for non-
Hermitian quantum mechanics. Even more generally, the
strategy for the derivation of the Dyson map is not limited to
the non-Hermitian quantum mechanics; it can be used when
two Hermitian Hamiltonians are connected through a unitary
transformation (instead of the non-unitary Dyson map) in the
standard form (1) = OOH® T () + 10,0110 (1). By
defining the Schrodinger-like equation i0,U(t) = U(t)H (1),

leading to the solution U@)=U@)T exp[—zft dTH(T)],
0

the relation between the Hamiltonians reduces to A(r) =
200H®) U T(t), thus simplifying the form of h() by elim-
inating the need for a (not always easy to derive) Gauss
decomposition for the time derivative of the operator U(z).
Regarding the Schrodinger-like equation (10) in the case
when H, happens to be a time-independent operator, we obtain
the Dyson map n(t) = n(ty)exp[iHy(t — ty)] and the
pseudo-Hermiticity relation h(fy) = n(ty) exp [iHo(t — 19)]V ()
exp[—iHy(t — 1t9)]1n (). In the simplified case where
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n(t) = exp[iHy(t — ty)], the pseudo-Hermiticity relation redu-
ces to a kind of interaction picture in that h(ty) =
exp [iHy(t — 1)1V (t)exp[—iHy(t — ty)], thus strengthening
the general chacter of Schrodinger-like equations here intro-
duced. For the Schrodinger-like equation (11) when V happens to
be a time-independent operator, it follows that 7(f) =
n(to)exp [iV (¢t — to)l and h(ty) = n(tp) exp [iV (t — to)]Ho(1)
exp[—iV (t — t9)]n~'(ty). When we choose the simplified
form 7n(t) = exp [iV (t — ty)] we then derive what appears to
be an kind of inverted interaction representation, % (ty) =
exp[iV(t — tg)]Hy(t)exp [—iV (¢t — 1p)], in which instead of
filtering the action of the free term H,, we filter the interaction V.

We thus conclude that the Schrodinger-like equation can
indeed be used as a general procedure for the derivation of
TD Dyson maps with associated time-independent or even
TD metric operators—i.e., within and outside Mostafazadehs
premisses in [12]—, thus ensuring simultaneously the uni-
tarity of the time evolution and the observability of a pseudo-
Hermitian Hamiltonian or parts of it.

5. Conclusion

The main concern of the present contribution started with a
theorem by Mostafazadeh [12] demonstrating that a TD
metric operator can not ensure the unitarity of the time-
evolution simultaneously with the observability of the
Hamiltonian. As already stressed above, working in a sce-
nario where TD metric operators are considered, in [14] it has
been demonstrated that the TD Dyson equation and pseudo-
Hermiticity relation can be solved consistently at the cost of
rendering the non-Hermitian Hamiltonian to be a non-
observable quantity in agreement with [12]. Therefore, in
complete analogy to the time-independent scenario, where a
time-independent Dyson map is used, it follows from [14]
that any observable o(f) in the Hermitian system possesses a
counterpart O(f) in the non-Hermitian system, given by
equation (4), even though the Hamiltonian is not an
observable.

Here we have presented two diferent schemes to ensure
simultaneously the unitarity of the time evolution and the
observability of a quasi-Hermitian Hamiltonian or parts of it.

i) Disconnecting the time-dependence of the Dyson map
from that of the metric operator, we first construct a Schro-
dinger-like equation, governed by the non-Hermitian Hamil-
tonian itself, from which we derive a TD Dyson map which
remarkably leads to a time-independent metric operator.
Whereas the time-independence of the metric operator
ensures the pseudo-Hermiticity relation and then the unitarity
of the time evolution simultaneously with the observability of
a pseudo-Hermitian Hamiltonian, the time-dependence of the
Dyson map is an important demand since for a TD non-
Hermitian Hamiltonian, a time-independent Dyson map is a
rather restrictive choice. If this first scheme is within the

premises of Mostafazadehs theorem, the second another
scheme is outside these premises:

ii) By constructing a Schrodinger-like equation governed
not by the non-Hermitian Hamiltonian itself but by parts of it,
we them assure the time-dependence of both the Dyson map
and the metric operator. In this way we ensure simultaneously
the unitarity of the time evolution and the observability that
remaining part of the non-Hermitian Hamiltonian that was not
chosen for the derivation of the Dyson map.

We have shown that our Schrodinger-like equations
applies for the derivation of a TD Dyson map either from a
TD or a time-independent non-Hermitian Hamiltonian, in the
latter case recovering exactly the standard procedure for time-
independent non-Hermitian quantum mechanics. We have, in
addition, presented illustrative examples starting from a non-
Hermitian Hamiltonian describing a harmonic oscillator with
a TD frequency under a TD linear amplification process. This
Hamiltonian has been solved using the Lewis and Riesenfed
TD invariants, in a similar fashion to what has been done in
[14], but now on a framework where the pseudo-Hermitian
Hamiltonian or pseudo-Hermitian component of the Hamil-
tonian is also an observable quantity. We also succeeded in
achieving a TD eigenvalue equation for our pseudo-Hermitian
Hamiltonian, which has helped us to analyze the P7 -sym-
metry breaking process.
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Appendix

A.1. Proof that p(t) = nT (H)5(t) = nf (to)n(te) from the pseudo-
Hermiticity relation H' (1) p(to) = p(to) H(t),
with p(to) = 1 (to)n(to)

i) We first present a formal proof, starting from the pseudo-
Hermiticity relation H(#)p(ty) = p(to)H (t) which implies
that F[iH ()] p(to) = p(to) F[iH(1)], and consequently:

VQUIOES T{exp [iftl dTHT(T)]}p(to)T

t
X exp[—i dTH(T)]
1o

= p(to)T{exp [i ' dTH(T)]}T

x exp[—i thH(T)] = p(to).
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ii) Next, for a more explicit proof, we expand the time- each term of the sum, the time-ordered product

ordering operator to obtain H(t) --- H(t,). We thus end up with
UIOVIOR [1 i f it + ZZZ(:)" = (z)"{ rf [ [
t; dny -+ j::fldtzHT(n) H*(zz)]p(to) j;zl d’"‘zf,o dt"‘lfm i
' ' 1
X [1 - ,j;: dnH () + 2(—;’% * (_l)Hfm dh ft; drz IOA s

o Iy t
o f dtn—2f dtn—l dtn
to to to

t 4 z,
+ (—1)"72f dy fl dt, ) dn
Using the pseudo-Hermiticity relation H' (¢) p(to) = p(to)H (1), o 0 10 10
we rewrite the metric operator in the form f dty—» f dty f dry
to

t ti—1
dty - f At H(ty) - H(tl)].
1o

fo

t :
5 o .
n(@On) = p(to)[l +i| dnH(t)
0 + (—1)2ft dt ftl dt, ? dn
1o 1) to

+ Z(l)[ dt1 f dyH (1) - H(Q’)] .‘.ft” ’ dt,_ 2f dt,— lf dt,

fo

f
X [1 — lf dnH (1) +(_1)]j;0 dn ‘fto dt, o dn
]

13 th—2 t
o0 t oy f dt,_» f dt,_| dt,
e [ anH @) - H@ | o 0
(=2 fo

I ty_
K + (—l)of dtlf dt, dt3 f ’ dt,_»
to

o I
In order to prove that the above metric operator equals p () !

(i.e, that the product of the terms in both brackets gives us the X f o dt,_, f " dz,,} H() - H(ty).

indentity), we must show that, with the exception of zero order 0 10

term, all terms associated with all other orders are equal to zero  Qur second step is to add the first and the second lines as
separately. To this end we start by considering the term asso-  well as the (2 — 1)th and nth one, to obtain

ciated with the generic odd nth-order, given by

ot tao =@)" (_1)"*1ftdzft3dt T4dt
[(—z)"j; dr1~--ft dth(rn)-~-H(n)] L, e s

th—1 ty t

' ‘ diy o [ an, [ a,
+[if dtlH(tl)][(fi)"‘lf dn fro 2 Ty
1) Iy t n 171

] +(—1)"*2f dtlf di, [ " dis

Iy—2
f dty H(ty 1) - H(1)

to

[/X
[ f ] n 2f dtn 1 dtn
@2 an f dtzH(ll)H(fz)] [ f .
B 0 + (=) dt dt, dhy
% _( .)nfz dt ftnfz dty SH () H )] t 1 fo
-1 1 n—2 n—2) *°° 1 n—1
dt,_ dt,_ dt,
. ) ! " ‘[;0 2‘/;0 lj;o
[ . 4 t—3 : . , . .
+ @2 dn - f dty, oH (1) -+ H(lnz)] 13 ! 2 3
i , +( 1)ft0 dtlftu dzzfm s [
[ ! i In—1 I t
X (—1)2j; dn . dtQH(Z2)H([]):| ‘f’ dt’172‘£ dt’171£ dt,
| 0 0 0 0 0
[ t h 153 3
t ) 2
@ [ an j; dty (H(1) - H(rnl)] +=D f,o d”]:o dt%]:o diy | - diy
0 0
- -3 y
[ iy [ at,- dt
X | —i dl]H(I]):l f 2 fo 1
— fo 153
C b e an [ dl‘zf dry [ dt,
+ (l)n dtl f dlnH(tl) H(tn):l to to 1o to
| fo to

In-3 2 1
- f dtn,zf dt,,,lf dt,
to 1y 1

n—1

Now, as our first step, we relabel the mute indices coming
from the terms within the second brackets, to obtain, in X H(t) - H(y).
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Next, as our third step we redefine the region of integration in the
variables ¢, and 1, (¢, and ¢,,_) from the second to the (n — 2)th
[the first to the (n — 3)th] line, using the relations

t i ‘ t
f dn f di f (1, 1) = f dt f an f(n, 1),
to 1 fo n

0

tll
f dt, n—1
fo fo

t
dtng(tnf 1> tn)
t t
= dtnflf dtng(tnf Is tn)-
fo Tn-1

We are thus able to factorize the integrals in the variables #; and 7,
to obtain the simplified expression

t t 2] 14
— Gy f d, f dtn{(fl)”‘l f ey [ dn
n th—1 to to
1,

n—1 4
o f dln72 dtnfl
to to

_yp2 | "
+ (=1 dt, dh
1o 1)

In—1 4
f d[n72f dtnf]
to to

' t 123 3 t
n (—1)2f i, [ dty - f di, o [ ar,
1o to to to

1

1 2
+=D' [ dn [ an
to to

Iy [
[ [ dtnfl}Hm) e Ht,).
1) 1o

Now, the second and the third steps must be performed
(n — 3)/2 times, leading to the final expression

t t t
= (i)"f dn dty --- f
n 4} I

(n+1),2

t t t
X f dt(n+3)/2 dtn—lf dtn
1 ) Iy

(n+1)/2

1
X [(—1)(”3)/2] diy1),2
o

dti-1y,2

t
+ (—1)("+1)/2f dl(n+1)/2]H(l1) - H(ty),
to

which clearly equals zero when we factorize the sign
(=Dt h/2,

A.2. Verifying that p(t) = 0T (H)n(t) = nf (to)n(to) for our
illustrative example

Starting with V(1) = a(t)eXWa + B(t)e xOgt, we obtain,
up to first order of perturbation, that

t » L .
Texp(inf dTV(T)) o~ gmikla®a+Bna’] (3D
fo
thus leading to the metric operator
o(t) = 117 (H)n(t) = eXOaagicld* Ha'+F 1al g7*t0)a"+ X (t0)a
% V)a+At)d’ p—ir@a+p)a) p—ixta'a,
(32)

By inserting the identity operator ¢~X(4'apix(Dda'a after the
second, the third, and the fourth exponentials in equation (32),

and using the relations

eixXa'age—ix(a'a — o=ix( g, (33a)
eixWa'agto—ixala — e X gt (33b)
we are able to rewrite the metric in the form
p(1) = exp {ik[a*(NeNVa + F*()e N Va])
x exp [v*(to)eXVa’ + Xe(19)e XV a]
x exp[y(to)e *Da + X(19)eXPVa']
x exp {—ik[a(t)e XDa + B(t)eXDa™}.  (34)
Next, we insert the identity operators
exp [Y*(to)a’eX® 4 Xe(tg)ae XD]
x exp [—y*(to)a’e™ D — Xe(tg)ae D], (35)
exp[—y(t)e XPa — A(1g)eXVa']
x exp [v(t))e " XWa + X(tg)eXVa'] (36)

before the first and after the last exponentials, respectively,
and use the relations

exa+ya‘\ae—xu—ya% =a—y,

(37a)

exatyd gfe—va—yad' — gt 4 x

(37b)
with x and y being c-numbers, to obtain

p(0) = exp [Y*(10)eXVa’ + Xe(tg)e X Va]
x exp {ik[@* (1) eXDat + F*(1)e xDqa]}
x exp {—ik[@(t)e XDa + B(t)eXDa']}
x exp [y(t0)e " XDa + A(1g)eNVa']
x exp {ik[a(t) A(to) — &*(t) X*(to)
+ B (0O)v*(to) — B)Y ()]}

We then apply the special case of the Baker-Hausdorff the-
orem

(38)

X,Y

1
eXe¥ = eXtYoilxy]

(39)
with X and Y being operators, to merge together the second
and third exponentials in equation (38), leading us with the
expression
p(t) = 7 e VaE X ) a oy Lic (3% (r) — B(1))
x eNOat + (B (1) — ar)e Val}
X V) " VatXio)eNa’ oy i [5(1) A1)
— &) X(1o) + BT (O (1) — By )]}

Remembering the relation k[3() — @)/ w(®) =
~¥(t9) + A(tp), we may use the result

H[B(l) — 64*([)] _ ft (KM)W(T)eiX(T)dT

1o w(T)

(40)

= i[v¥(to) + A(t0)1(e” X — 1)
(4D

to further rewrite the metric in the form
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(1) = 7 LI WM ey (1) + At
X (1= e)at + [y(ao) + Xl — eXD)a)
x eV o)e XOg4 \(ty)eXVat exp {ir[a () M1o)

— &) X (o) + BF ()7 (t0) — By @01}
(42)

Using again equations (39) and (41), the former to merge
together the first two exponentials in equation (42), we obtain
after some algebra

p(t) = exp {[7*(t0) + A(to)la’ + [y(to) + X(to)la}

1
X exp {E[I/\(lo)l2 — |y (1) ] }
(43)

Using equation (39), now to break the exponential up
into two parts, it follows that

p(t) = eV @)a+ X (t)ag(to)a’+y(t)a — p(to).
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