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Abstract We investigate the effects of a gravitational wave
background on the coherence degradation induced by the
Unruh effect of a uniformly accelerated single-qubit and
quantum interferometric circuit. In both systems, we use
the formalism of the evolution of the density matrix of the
detector-field system, where after the interaction the field
degrees of freedom are traced out to obtain the reduced den-
sity matrix of the detector. In this background, we calcu-
late the quantum coherence and interferometric visibility in
the long-wavelength regime and large interaction time. Our
results indicate that the gravitational wave transfers energy
to the internal states of the detector, causing, together with
the Unruh effect, changes in them, amplifying the coherence
degradation of the system. This amplification occurs when
the polarization modes of the gravitational wave are in res-
onance and have modulated amplitudes. For the case of a
short-wavelength, the detector does not respond to the gravi-
tational wave because its oscillation is so fast that the detector
does not have time to respond within the system timescale.
Therefore, it is possible to detect the signature of gravita-
tional waves in the coherence degradation induced by the
Unruh effect within the regimes studied here.

1 Introduction

Itis well known that quantum mechanics and relativity are the
two pillars that support the foundations of modern physics.
On the other hand, although these two theories are the most
beautiful and powerful theories we have about the universe,
they are not completely compatible with each other. Many
efforts were made to reduce the incompatibility gap between
these theories, and thus quantum field theory (QFT) was born,
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it treats particles as excited states of their underlying quan-
tum fields. A very interesting prediction of this theory is the
well-known Fulling—Davies—Unruh effect [1-3], or simply
Unruh effect, which predicts that a non-inertial observer in
accelerated motion will see the Minkowski vacuum state as
a thermal bath of excited particles. Moreover, the notion of
particles is quite ambiguous for QFT in curved spacetime
due to the occurrence of the number of particles is not well
defined, therefore, an definition in terms of the response of
a “particle detector” is necessary. In 1976, Unruh proposed
a theoretical model of a particle detector [3] idealized as a
point object in a box that interacts with a quantum field, thus,
it is said that a particle in this field is detected if the object
in the box is excited from its initial ground state to some
excited state. In 1979, DeWitt [4] improved the idea sim-
plifying the Unruh model as a two-level monopole detector,
which became widely known as the Unruh—DeWitt detector,
it is currently widely used in various physics contexts.

In recent years, relativistic quantum information (RQI)
has emerged, a new field of research consisting of the con-
cepts of gravitational physics and quantum computing, which
aims to understand the role of relativity in quantum informa-
tion processing protocols [5]. Even disregarding attempts at
quantum gravity, we will still have a huge list of investiga-
tions into RQI that are distinct from each other, such as: the
use of quantum probes to investigate the Unruh and Hawking
effect [3,4,6,7] and the construction of relativistic protocols
[8—15] as this paper also addresses.

Furthermore, we can indirectly measure the creation of
particles due to the Unruh effect through quantum coherence,
which provides the ability of a system to maintain the super-
position of its states [ 16], so when these states are subjected to
the Unruh effect the presence of created particles accelerate
the degradation of coherence, as well shown in some studies
[17-25]. The quantum fluctuations of the background field
act as an environment, according to [26], then it is important
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to emphasize that the loss of coherence (or coherence degra-
dation if you prefer) can be amplified as long as we manage
to intensify the Unruh effect. There are many ways to achieve
this, such as transferring energy to the quantum fluctuations
of the background field, which consequently increase the
effects of the environment. Using quantum interferometry
[24,27-29], we can indirectly measure the properties of a
system to extract information about a specific component
of this system through a probe. Quantum scattering circuits
have several applications such as: testing the Legget—Garg
inequality [30], simulating Fano—Anderson problems [31],
discrete Wigner functions [32], and many other examples.

Primitive studies [33—40] investigated how planar grav-
itational waves influence scalar fields, in this way, recent
studies [41,42] has shown how an Unruh-DeWitt detector
responds to the gravitational wave background, the findings
of these works showed that the response of the detector is
different from the result without a gravitational wave, obey-
ing the conditions established for each case. In reference
[41], the response of the detector in the gravitational wave
background was studied in the long-wavelength and short-
wavelength regimes, the authors found that in the case of a
trajectory in constant acceleration in the long-wavelength
regime, the detector’s response is modified. On the other
hand, for a detector following the same trajectory in the short-
wavelength regime, the detector does not reply. Additionally,
a very robust study involving gravitational waves in Rindler
spaces was carried out in [43], which derives the gravita-
tional wave solutions in the left and right Rindler wedges
analytically.

Therefore, in this work we investigate how a gravita-
tional wave background can influence the coherence degra-
dation mechanism induced by the Unruh effect of an accel-
erated single-qubit and quantum interferometric circuit. In
this investigation we use two setups: The first is composed
of a uniformly accelerated detector that is prepared in an
initial superposition state of a qubit, then interacts with a
massless scalar field and finally has its internal states mea-
sured. In this investigation we use two setups: The first is
composed of a two-level system initially prepared in a qubit
state that is uniformly accelerated and interacts with a mass-
less scalar field for a finite time. The second is a quan-
tum interferometric circuit composed of a Hadamard gate,
a phase change gate together with the detector-field interac-
tion, another Hadamard gate and, finally, measurement of the
internal states of the detector.

This article is structured as follows: In Sect. 2, we describe
the physical model of an Unruh—DeWitt detector in the grav-
itational wave background, calculate the transition probabil-
ity rates for the short- and long-wavelength regimes. Subse-
quently, we study in Sect. 3, the influence of the gravitational
wave background on the loss of coherence of an acceler-
ated single-qubit, here we calculate the /' norm quantum
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coherence. In Sect.4, we study the quantum interferomet-
ric circuit, where through maximum and minimum proba-
bility we obtain interferometric visibility in a gravitational
wave background. We perform an analysis in Sect.5 of the
numerical results of the accelerated single-qubit coherence
and the visibility of the quantum interferometric circuit to
visualize the new physical effects. Finally, in the last section,
we present the conclusions of our paper. In Appendix, we
briefly reviewed the model that describes the Klein—Gordon
equation and its quantization in the gravitational wave back-
ground.

The entire content of this work uses the system of natural
units, in which the speed of light and the Planck constant are
written as the unit (c =k = 1).

2 The Unruh-DeWitt detector

To obtain the response of an Unruh—-DeWitt detector during
a finite interaction time, we consider a model that has two
energy levels, |g) and |e), coupled to a real, free, massless
scalar field ¢, through a monopole interaction. Considering
that the detector travels along a world line x (), and the field
is in the vacuum state |0), where 7 is the detector’s own time,
the Hamiltonian for the monopole interaction is given by

Hine = 20(0)pn(v)Px ()], ey

where A is a small coupling constant, ®(7) is the switch-
ing function which accounts for the switch-on and switch-
off of the detector, and w(t) is the operator of the detec-
tor’s monopole moment. ®(7) is considered a window func-
tion and has the properties: ®(t) ~ 1 for |t| « T and
O(t) ~ 0 for || > T, where T is the interaction time. For
these conditions, considering up to the first order of inter-
action, we have that the probabilities of excitation (absorp-
tion) and de-excitation (emission) are, respectively, written as
P* = 32|(g|n(0)|e)|2F*, where F* are known as response
functions, given by

o0
Ft :/ dt
—0o0

[e¢)
/ dt'0()O(t)e TG x (1), x ()] ()
—00
where €2 is the transition angular frequency, with: excitation
(2 > 0) and de-excitation (2 < 0). And the well-known
Wightman function given by

G x(), x(t)] = (Opmlplx (D]plx (z)110A1) 3)

where along inertial and accelerated trajectories, Eq. (3)
is invariant under temporal translation, this in Minkowski
space and in the detector frame, and for this case we have
Gt[x(1), x(z")] = Gt (r — ') [44,45]. Using the Gaussian
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. . 2 . ..
window function ®(7) = exp (—#), we obtain transition

probability per unit time (with finite interaction time) is given
by [46]

R 1 9%2R*(00) 1
R™~R (m)+ﬁw+o<ﬁ>, 4)
where R~ and R being the rates of the excitation probability
and the de-excitation probability, respectively.

Now, we need to find a closed expression for the response
function (2) in a monochrome gravitational wave back-
ground, and note that to do this we will first have to obtain the
Wightman function for the mode expansion obtained at the
end of the Appendix. Thus, using the mode expansion (48)
in the expression of the Wightman function (3), as shown in
[41], we have

k1
@m)3 2k

s« et kuge(K)(sin o'u—sinw'u’) /o’

G+(X, x/) _ ik-(X—X’)e—ik#(u—u’)e—iwku’k(v—v/)

eikugs(k)(cosw/u—cosw’u/)/w’. 5)

As we can see this expression does not have a closed form, it
is possible to simplify it if we consider the long-wavelength
condition and the short-wavelength condition. Naturally, the
Unruh-DeWitt detector gives two time scales: The first is the
response time for the transition of atwo-level system, ~ 1/ Q.
The second characterizes the detector activation period, ~ T'.
In fact, a detector is always on for only a finite period T,
which establishes a time scale to be compared with the period
1/w of the gravitational wave. Thus, the transition rate result-
ing from the Unruh—DeWitt detector is legitimate only if the
measurement performed at time t is within the activation
period. Consequently, the condition 1 <« Q7 must be sat-
isfied to produce a sensible result. The gravitational wave
background is at the extreme end of the long-wavelength
spectrum. When the wavelength of these gravitational waves
is so long that, throughout the detector’s operating period,
no modulation in the wave is observed, but only a persistent
amplitude of the gravitational wave is perceived.

Therefore, considering a gravitational plane wave propa-
gating in the z direction, (k = w > 0), the condition for
the long wavelength condition written as 1/Q < T <«
/1 —v%/|v, — 1|w, where v is the detector’s moving veloc-
ity (averaged over the switch-on period). Not considering
corrections equal to or greater than the order of O(wT), we
can take the formal limit @ — O for the long-wavelength
limit result. In this formal condition, the phase of the gravi-
tational wave must be treated as the same as in the hypersur-
face u = 0. Thus, the persistent amplitude detected during
T is given by hy/x (x)|u=0 = A4 /x cos 4/, for the plus
(+) and cross (x) modes, respectively. Thus, for a system in
which the long-wavelength condition is satisfied, then we can
consider A,/ = A4/« cos84/x (in the formal limit) can

represent the persistent amplitudes detected during the finite
time 7. Therefore, using this information, we can obtain the
Wightman function in a monochromatic gravitational wave
background for long-wavelength condition, given by

G (x —x)
__ 11 !
8t /1 A2 u—u'—ie)(v—v —ie)=D(Ax, Ay)/2’
(6)

where D(Ax, Ay) = [(1 + A Ax* +2A, AxAy + (1 —
ADAY?1/(1 — A?), with A2 = A% + A2,

For the short-wavelength condition, we have /1 — v2/|v, —
llo « 1/ « T indicating that the detected gravitational
wave modulation frequency is much higher than the two-
level transition angular frequency €2. Not considering any
corrections equal to or greater than the order of O(Q2/w),
we can simply take the formal limit @ — oo for the short-
wavelength limit result. For this condition, we observe that
the Wightman function does not depend on the amplitudes
of the gravitational wave, and this implies

Gl (x —x') = G (x —x"), (7)

and so we can see that the Wightman function in a gravita-
tional wave background in the short-wavelength condition is
exactly the same as that given in Minkowski space.

Given the results obtained, we can study the response of
an Unruh-DeWitt detector along a trajectory with constant
acceleration «a in the z direction, and then

. 1
t = —sinhat, z = —coshar,
a a

x=y=0. 8)

Replacing (8) in (6) and in (7), we then have G, (x — x') =
Gyy(x — x’) and

o0

-1
G (AT) = —

1 1
42 /1 - A2 k;oo (At —ie +2mik/a)?’
©

Note that, for the short-wavelength condition, we saw
that the Wightman function is the same as that given by
Minkowski space, and because of this we are guaranteed that
the transition probabilities and probability transition rates
are the same given in Minkowski space. Now, for the long-
wavelength condition, the Wightman function has a depen-
dence on the amplitudes and phase shifts of the gravitational
wave, thus, replacing (9) in (4), we obtain

— 1 1 1
R, ~ — —
W on VT = Az 27/a —

on/a
1—{—_2—]1& 1—62”/E+§<62”/E+1) ,
ac?e2r/a | a

(10)
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(11)

where E_w = R,/ 2 is dimensionless, which are the prob-
ability rates of excitation R, and de-excitation Rl‘vﬁ, per unit
of Q in a gravitational wave background, where a = a/ Q2
and o = QT are dimensionless parameters. Note that when
Ay = Ay = 0, we have that Eﬁ, = Eﬁ, returning to the
well-known standard case.

3 Accelerated single-qubit coherence degradation

Here in this section, we quantify the loss of coherence of a
accele-rated single-qubit due to the Unruh effect in a gravi-
tational wave background, additionally, we obtain the coher-
ence in order to investigate which effects arise in our system
duetoin a gravitational wave background. To achieve this, we
constructed a schematic representation (as shown in Fig. 1)
of our setup that illustrates the loss of coherence due to the
Unruh effect of an accelerated detector. In our system we
have a detector and a real, free, massless scalar field. The
field is in a vacuum state presented in (51) in a spacetime
that has a metric with a gravitational plane wave (42), while
the detector is in a qubit state |Yp) = «|g) + Ble), where
la|? 4 |B]> = 1, or even in the representation of a vector on
the Bloch sphere, it can be written as
0 . .0
YD) = cos ze’X/zlg)—i-sm ¢ x2ey, (12)
where ¢ = cos %e’% and B = sin %e"%. We can obtain
the corresponding density matrix, given by the expression
,(Sil‘)‘ = |Y¥p)(¥pl, and this expression results in
B = lal*Ig) (gl +aB*|g) (el + o Ble)(g] + B le) e,
(13)

where, in the context of the Bloch sphere, we have: 6 €
[0, 7] and x € [0, 2] are the polar and azimuthal angles,
respectively. After the detector is prepared in a qubit state, it
interacts with the scalar field for a finite period 7 and then
its internal states are measured.

Having knowledge of how the detector was initially pre-
pared, we will now understand how the detector in a qubit
state interacts with the scalar field in a gravitational wave
background, this interaction is described by the expression
given by pi, = ﬁi[r; ® pg, where pg = 0)(0], with the vac-
uum state in a gravitational wave background |0) being the
one defined in (51). Considering the Hamiltonian described
in (1) for a weak coupling, the resulting density matrix after
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the interaction is written as
N AO) A OV A A nina ™ (0)
pou = U 5l " + U pia + U
+HA 5l +UP 5l @ + 08, (14)

and here we have the well-known Temporal Evolution Oper-
ator, given by in a perturbative way

U=uU® +u" +u® + 0(g> (15)
where
uo =1, (16)
R o0
00 = —in / drO@ O], (17)
=’
U = —Az/ dt
—00

+7
/ dt'® ()0 () u(t)u(t)plx(D)1plx(z)], (18)
—00

with (1) = [64.€'%7 + 6_e7797], being 6, = |e)(g| and
06— = |g){e| the raising and lowering operators, respectively.
If we want to observe the state of the detector, we must
exclude the consideration of the field, and because of this
something different appears: the detector is in the ground or
excited state, that is, this resulting state is no longer pure
according to its initial form. The final result is obtained by
the reduced density matrix, written as 69" = Troy[ fout], and
from here on, we omit the superscript “out” for simplicity,
in this way, tracing out the degrees of freedom of the field
the reduced density matrix for the detector is given by the
following expression

~gg ~ge

A IOD‘]w 'OD,lw

pow=|"" (19)
A ree
pD,lw 'OD,lw

where
0 0 0
Py = cos® 5T 32 [Sin2 57:13 —2cos’ ERe (gl@)} ,
(20)
see 20 o 20 00 +
Pp 1w = sin 3 + A7 | cos 5‘7:1w — 2sin ERe (Qlw) ,
21

0 .0 _;
~eg Vs —ix
'OD,IW = CO0S ) Sin 26

9 . 9 i —1 —k
+22 {COSESIHE[e O (N )”
(22)

0 0 .
~ge _ Voun 2 Jix
Pp 1w = €08 7 sin 26

9 . 9 —i — i —
+22 {cos 5 sin 5 [e XCIW —eX (glw + glt/*)]} ’
(23)
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Fig. 1 Schematic
representation of a qubit that is
uniformly accelerated, interacts
(for a time T') with a massless
scalar field ¢ in a gravitational
wave background. After the
interaction, the qubit has its

Accelerated
qubit

Scalar field ¢ Detector

AAAAAN

Possible

fl\/Tcasurumcntsw

A 4

internal states measured by a a
detector y
Z
where
+00 +00 . ’
Civ = / dt f dt'O(D)O () TGy (r, 7).
—00 —00
(24
+00 +T . ,
G Z/ dr/ dt'0(m)O(r)e TGy (7, 7).
—0o0 —00
(25)
o0 e °] . ’
-ﬁ=/ m/ dT'O()O()e TGy (1, 1),
—00 —00
(26)
and
1 0 0
Re(Gy,) = 5 (7’1@ sin’ 7+ Fi cos? 5) , 27)

with .7-'1?; = oﬁlj;. We can observe that pp 1y is traceless
in A2, and that its terms carry the parameters that charac-
terize the gravitational plane wave in the long-wavelength
regime, clearly showing the signature of the gravitational
wave background in the system. The integral given in (24)
has the following result

+ 5Jﬁ _UZ

Ry 29

With these results, we can investigate how the off-diagonal
elements of Eq. (19) behaved as a function of acceleration.
Starting from (22) and (23), we can substitute the following
expressions (28) and (27), and with some algebraic manipu-
lations we obtain

1 . .
ﬁeD%lw =3 sin@{e_’x + 22 [e‘HXClJ‘;
A 0 — 0
—oge X (R]W sin’ 3 + th, cos’ E)i| }, (29)
. | ; i
P%ilw =5 51n9{e+’x + A2 [e ek

N 0 — 0
—oetix (le sin’ 7 + RlJ\rN cos? §)i| } (30)

VUV
e

Finite interaction time

where R, and Ry, are given by (10) and (11). In Fig.2,
we plot the off-diagonal elements (29) and (30), as a func-
tion of acceleration considering different values for the phase
shifts. As shown by Fig.2a, b, the off-diagonal elements
are degraded as the acceleration increases, additionally, we
can observe that this degradation is amplified for values of
84/x # m/2, unlike in the case of §,/x = m/2 where we
obtain the results for Minkowski space. We discuss these
degradation effects in more detail in Sect. 5.

In a two-level quantum system, we can obtain the degree
of coherence between the two states of this system through
something called /! norm quantum coherence. This type of
coherence captures the phenomena caused by quantum super-
position effects between the states of the system. In other
words, for the case of our system given by the matrix (19),
the corresponding /! norm quantum coherence is determined
by the sum of the modulus of the off-diagonal elements [16],
and then we have

1. N
chp =151,
i#j

€1V

and for our setup, considering the large interaction time
regime, e.g. o > 1, we have

1 o2 .50
— sin” —
21— A2 /T — 1 2
— %
+e2/% cos? §>j| +0(gh,

Cll‘:v ~ sin9|:l —
(32)

thus, finally, we obtain the /' norm quantum coherence for
a qubit accelerated in a gravitational wave background, in
the long-wavelength and large interaction time regime. It is
important to note that (32) depends on the parameters that
characterize the monochromatic gravitational plane wave,
this dependence must generate effects on coherence degra-
dation.

As discussed by [41], is surprising that a detector with no
apparent spatial extension can sense the presence of a grav-
itational wave, as sensing the tidal force requires a certain
spatial extension. They also add that one could try to argue

@ Springer



1261 Page 6 of 11 Eur. Phys. J. C (2024) 84:1261
@) R (b) .
) ' ' 2
_ T n
a4 4
=
n éfna’ n
= — Q _
6 6
0.1 ks 0.1 ) 7
mr— 5.=6,=— e 5,=6,=—
0.0 8 00 8
20 40 60 80 100 ___ 5.=5.20 20 40 60 80 100 ___ , _ _0

a

a

Fig. 2 a ﬁi)glw and b ﬁ%e 1w for different phase shifts 6/« as a function of the dimensionless parameter . We leave the following values fixed:

0 =n/2,1=0.1,0=10,and A, = A, =0.65

that the Unruh—DeWitt detector has an intrinsic energy scale
2, and according to the energy-time uncertainty principle, it
exhibits a temporal scale of ~ 1/2, which in turn gives rise
to a spatial scale of ~ v/ €2, where v < 1 is the velocity of the
detector. However, even if the detector has a finite extent &/,
the tidal force produced by a gravitational wave over a spatial
separation of 81 is proportional to (81)h+/x ~ A+/xw?8l,
which vanishes in the long-wavelength limit (w — 0). Since
the correction 1/+/1 — AZ survives the formal limit w — 0,
this gravitational wave effect in a quantum system is quali-
tatively different from that in a classical mechanical system
and cannot be understood in terms of the gravitational-wave
tidal force. This is a genuine quantum effect with no classical
analogue.

4 Quantum interferometric circuit

In this section we discuss the quantum scattering circuit as
shown in Fig. 3. This circuit is structured as follows: Initially,
a single qubit is in a well-known initial state. Soon after, the
first Hadamard gate modifies the qubit state to a superposition
state. Next, a unitary operator I/ and a phase change « are
applied simultaneously. In this step, the qubit interacts with
a massless scalar field in a gravitational wave background in
a controlled way. At last, the qubit passes through the second
Hadamard gate and then system measurements are carried
out.

In this setup, the qubit used in the quantum interfero-
metric circuit is initially described by the density matrix
/3? = |g){(g|, the actuation of the first Hadamard gate gives
us the following expression

Ain

1
A" =7 (8) (gl + Ig) (el + le) (gl + le)el) (33)

The density matrix that represents the field in the vacuum
state is pg = |0)(0[, and therefore, the initial representation
of the system is given by pin = A" ® py. The probability
amplitude of finding the qubit in the state |g) or |e) between
the Hadamard gates has a phase accumulation, a phase «
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is added by the phase-shift gate if the qubit is in |e). The
detector-field interaction happens similarly as shown in the
previous setup by the operation of the operator I/ in the per-
turbative form (15). And finally, after the accumulation of
quantum phase and detector-field interaction, applying the
second Hadamard gate and plotting out the degrees of free-
dom of the field, we obtain the density matrix that expresses
the final configuration of the detector, which reads as

2a+)»2
cos” — + —
2 4

prw = | A+ 7
o
—8Re(Gy,) cos? 5 + 2C,,, cos a] } lg) (gl
22
+{sin? 3+ [ AL+ AL
—8Re(Gy,) sin’ % — 2C,,, cos a] } le){e|
2

i AT =
+{—§sma+Z[ lw_}—l-‘\;'
+2i sina (2Re(Gy,) — Cl;)] ] le)(g]

i Mo
+{+§sma+Z[7]W—ff‘;

—2isine (2Re(Gy,) — cl;)] } 12)(el, (34)

where it must obey the following relation to be traceless in
)\2

- L,
Re(glw) = Z (‘/le + ‘7:1—;) : (35)
Using the reduced density matrix of the detector (34) we
can obtain the probability of finding the system in the ground

state P? (g1p1.1wlg), using (35) and }'lfv = oﬁi which

Ilw —
) . (36)

results as follows

Now, we are able to obtain the information about the inter-
ference pattern of our quantum interferometric circuit. Inter-
ferometric visibility (or just visibility) is a measure of the

o 22 Cr..
PE = cos’ — — o coso— - Tw
2 4

-— -+
11w (le + le
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Fig. 3 Schematic
representation of a quantum
interferometric circuit in Unruh ﬁ% I— H
effect scenario in a gravitational
wave background
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interference contrast in any system in superposition situa-
tions. It offers a practical way to measure the coherence of
two waves (or a wave with itself). Visibility is defined as the
ratio between the amplitude of the interference pattern and
the sum of the individual powers, mathematically we have

P[g’,lr\jvldx _ P]%’lr\sm

g,max g,min’
Pl,lw + PI,lw

Viw = @37

where he probability PIglW has the maximum (minimum)
value when ¢« = 0 (@ = ), and then, when we assume
the large interaction time limit (o > 1), we get

o2 T
——coth (:)
41— A2 a

where this expression is the visibility of the interference pat-
tern under the Unruh effect of the quantum interferomet-
ric circuit in a gravitational wave background, in the long-
wavelength regime and great interaction time.. On the other
hand, we can also obtain the /! norm quantum coherence of
our interferometric setup, using the reduced density matrix
(34) and adding the absolute values of its off-diagonal ele-
ments, we have the coherence is given by

Vigw = 1 — (38)

2
e (3)]

. . 1 .
where we have the relationship C? w ~ sina Vy gy,

Cly ~ sina [1 - (39)

5 Numerical results

Considering the presence of a background gravitational wave
in the long wavelength regime (w — 0) that interacts with
the massless scalar field for a large period of time (o > 1),
we performed a numerical analysis of the /! norm quan-
tum coherence Cllvlv of a accelerated single-qubit (Fig.4a)
and the visibility Vj 1, of the quantum interferometric circuit
(Fig.4b), both were plotted as a function of the dimensionless
parameter a for different phase shifts 6 /.. We can note that
when 84 = 84 = m/2 we have A = 0, and we obtain the
standard result without influence of gravitational wave. On
the other hand, when 6 = §x = /4, w/6, /8, we can see

U

Detector-field interaction

that both coherence and visibility gradually decrease to these
respective values, and in §4 = 8§ = 0 reaches its minimum
value. Indicating that changes in the detector’s internal states
are amplified and this, consequently, also amplifies the coher-
ence degradation of an accelerated qubit and the degradation
of the interferometer’s interference fringes.

Now, considering Fig.5, we have Cf‘]V (Fig.5a) and Vj 1y
(Fig.5b), both plotted as a function of 6/« . Note that, con-
sidering 61 /x = nm, forn =0, 1, 2, .., that is, when the
phase shifts are integer multiples of = we have that the degra-
dation of coherence and interference fringes reach their max-
imum, indicating that the polarization modes of the gravita-
tional wave had a totally constructive interference, i.e, acting
in resonance, and consequently amplified the system’s coher-
ence degradation mechanism. Additionally, for n = 1/2,
3/2,5/2, ..., thatis, when the phase shifts are a semi-integer
number of 7 we have that the polarization modes has a totally
destructive interference (are out of phase), and the coherence
degradation mechanism is not changed.

As showninFig. 6, we plot Cll‘i/ (Fig. 6a) and V; 3, (Fig. 6b)
as a function of the amplitudes of the A,,., and note
that coherence degradation and visibility loss increase with
increasing amplitudes, provided that the combination of these
amplitudes obeys A% < 1, due linearized theory. We can see
that the coherence degradation of the system is amplified due
to the increase in amplitude since the greater the amplitude,
the greater the amount of energy transported.

Thus, as we have seen, the gravitational wave background
amplifies the Unruh effect through the transfer of energy from
the gravitational wave to for the internal states of the detec-
tor, this effect also amplifies the coherence degradation and
visibility loss in situations of long wavelength, long interac-
tion time, polarization modes in resonance and with small
amplitudes.

6 Conclusions

We investigate the effects of a background gravitational wave
on the coherence degradation mechanism of two setups. The
first is composed of a two-level system initially prepared in
a qubit state that is uniformly accelerated and interacts with

@ Springer
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amassless scalar field for a finite time. The second is a quan-
tum interferometric circuit neatly composed of a Hadamard
gate, phase change gate and interaction detector-field during
a finite time, Hadamard gate and measurement of the internal
states of the detector. In first setup, we calculate the proba-
bility transition rates and the /! norm quantum coherence, in
second setup we calculate the visibility, in the gravitational
wave background in the long-wavelength regime (w0 — 0)
and large interaction time (o > 1).

Therefore, our findings indicate that the gravitational wave
background plays an amplifier role for the coherence degra-
dation mechanism. This occurs through the transfer of energy
from the gravitational wave to the internal states of the detec-
tor, causing, together with the Unruh effect, variations in
these internal states. This amplification occurs when polar-
ization modes are in resonance, this effect is proportional to
the amplitudes and phase shifts in the regime in which ampli-
tudes must be modulated to be small (A2 < 1) as imposed
by linearized theory.

It was also possible to note that for the case of short-
wavelength (w — o0) of the gravitational wave, the transi-
tion rate probability, and consequently the coherence degra-
dation and visibility, are equal to the standard result without
a gravitational wave. The reason the Unruh—DeWitt detec-
tor does not respond to the gravitational wave in this limit
is because the wave oscillation is so fast that the detector
does not have time to respond to this oscillation within the
timescale ~ 1/ for the two-level transition.

Concerning the practical aspect of the possible experimen-
tal application of our model, we emphasize that our inves-
tigation here is mainly for theoretical concerns. Experimen-
tally, measuring the response of the Unruh—DeWitt detector is
extremely challenging, probably beyond the reach of current
technology. Our results indicate that the gravitational wave
response seems to be measurable for large enough ampli-
tudes. However, since the transition rate in principle has to
be measured by a large array of identical detectors [47] the
interactions between the detectors in the array and between
the system and its surroundings will introduce noise that will
spoil the signal in response to a gravitational wave that is
extremely weak upon arrival at Earth.
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A Scalar field and quantization

Here we address the solution of the equation of motion asso-
ciated with a real scalar field, specifically the Klein-Gordon
equation, in a background gravitational wave context. It is
noteworthy that space-time is considered flat in the absence
of gravitational waves. It is assumed that gravitational waves
have a sufficiently weak intensity such that the linearized the-
ory is appropriate. In the linearized formulation, it is possi-
ble to decompose any arbitrarily complex gravitational wave
into a linear combination of plane waves. In this study, for
simplification reasons, we restricted our analysis to a single
monochromatic plane wave and also adopted the transverse-
trace (TT) gauge. With this in mind, to achieve the objectives
of this section we first have to understand the behavior of a
scalar field ¢ (x) in a curved space-time, so the Lagrangian
density that describes this system is given by [48]

1
£= V=g (=8""VupVup — m9? — £RY?).

3 (40)

where we have that m is the mass, R is the well-known Ricci
scalar, and £ is the coupling constant. Considering now, the
simplest case in which our system reduces to the case in
which m = 0 and & = 0, which is the well-known equation
of motion for the massless scalar field, and thus we obtain

U¢ =0, 41
where (¢ = g""VuV,¢. Now, we must understand the
effects of gravitational waves on scalar fields, so a convenient
representation for a gravitational plane wave background is,
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[ak, . ax w1 = [a] . a), ,1=0. (50)
8ap(X) = Nap + hap(x), (42) en e WK Ky
hap(x) = Aaﬂe_"kﬂ"“, (43)  We can verify in (48) that the state without particles |0) is

where hgg(x) is a perturbation of the metric tensor gy (x)
around the flat Minkowski space characterized by nes =
diag(—1, 1,1, 1). Now considering a gravitational plane
wave propagating in the z direction, in the TT gauge, we
have that the term £, becomes [49]

00 0 O
Ohy hye O
hy (x) = - (44)
0hy —hy O
00 0 O
with
hyyx(x) = Aq/xcos(kz —wt +61/x), (45)

here we have that w = |k|, h4 and h « are the two independent
modes of polarization of the gravitational plane wave with
their respective amplitudes A4 and A« and phase shifts &+
and 5.

We know that equal-time quantization in curved spacetime
needs a time-like Killing vector field to make the idea of
time possible, as the metric used here (44) has no similar
Killing vector field time, then common quantization method
cannot be used. An alternative to solving this problem is
to use the light-front quantization formalism [50], in this
formalism the direction of time is treated as the direction of
the light front based on the light-like Killing vector. The light-
front quantization method requires the following switching
relations

[p(x,u,v), 7(xX ', v)] = %«/—g&z(x —x)é(u —u),
(46)

[r(x,u,v), 7 (X, ', v)] =0, 47)

with u = (t — z)/+v/2 and v = (t + z)/~/2 being the light-

front variables. We can write the mode expansion ¢ (x) =
¢ (u, v,X) as

k1
2m)3/2 2k,
g S %) ], (48)

¢(x) =

[aku,kfku,k(X, i, v)

where fi, kX, u,v) = expli(k -x —k,u — wg, xv)1x W),
with a;;”k and gy, x are the creation and destruction opera-
tors, respectively. The commutation relations for the creation
and destruction operators are given by

[ax, ks @y o1 = 87 (k — K8 (ky — k), (49)

@ Springer

the vacuum, and thus we have

ar, k|0) =0,  forall (k,. k). (51)

Now notice that with these results we can obtain the Wight-
man function.
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