View metadata, citation and similar papers at core.ac.uk

brought to you by .{ CORE

provided by University of Queensland eSpace

PHYSICAL REVIEW D 90, 084022 (2014)

Quantum communication in the presence of a horizon
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Based on homodyne detection, we discuss how the presence of an event horizon affects quantum
communication between an inertial partner, Alice, and a uniformly accelerated partner, Rob. We show that
there exists a low frequency cutoff for Rob’s homodyne detector that maximizes the signal to noise ratio
and it approximately corresponds to the Unruh frequency. In addition, the low frequency cutoff which
minimizes the conditional variance between Alice’s input state and Rob’s output state is also approximately
equal to the Unruh frequency. Thus the Unruh frequency provides a natural low frequency cutoff in order to
optimize quantum communication of both classical and quantum information between Alice and Rob.
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I. INTRODUCTION

One important task of relativistic quantum information
[1] is to investigate how relativistic motion and gravita-
tional fields affect the storage, transfer and processing of
quantum information. Early works mainly studied global
states of quantum fields, for example, the effects of
acceleration on the entanglement of global states [2,3].
Recently, a general framework for projective measurements
on a localized single mode of the quantum field was
proposed [4]. As a specific realization of localized pro-
jective measurements, homodyne detection was proposed
as a way to model efficient, directional quantum commu-
nication between two localized parties in a relativistic
quantum field theory scenario [5]. An interesting case is
the quantum communication between an inertial partner
and a uniformly accelerated partner, in which the Unruh
effect [6] is expected to play an important role. In [5],
an inertial sender, Alice, sends a coherent state signal
and a local oscillator to an accelerated receiver, Rob, who
then performs homodyne detection in his own frame.
Approximate analytic solutions were obtained in the case
the wave packet sent by Alice is well localized in the right
Rindler wedge. In this paper, we generalize this work to
the case in which the wave packet straddles the future
horizon of Rob. A related scenario has been considered in
which quantum entanglement was studied through the
event horizon [7]. As a result, Rob can only access part of
the signal and local oscillator. Generally, the signal and
noise received by Rob are divergent if Rob’s detector can
detect arbitrarily low frequency particles. This is because
in the horizon-straddling case Rob can still detect particles
at late times when his velocity approaches the speed of
light, resulting in large redshift of the signal and local
oscillator. While, under some special conditions, the
signal and local oscillator received by Rob remain finite
no matter what low frequency cutoff he chooses. In order
to get finite results generally, and to correspond with
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physical detectors, we introduce a low frequency cutoff.
We find that there exists a low frequency cutoff that
maximizes the signal to noise ratio. Interestingly, this low
frequency cutoff approximately corresponds to the Unruh
temperature, and we thus call it the Unruh frequency.
In addition, we calculate the conditional variance and find
that the low frequency cutoff that minimizes the conditional
variance is also approximately equal to the Unruh frequency.

For simplicity, we consider the massless scalar field in
(1 + 1)-dimensional Minkowski spacetime. Generalization
to (3 + 1)-dimensional Minkowski spacetime is straight-
forward by making the paraxial approximation and taking
into account the expansion of the transverse shape of the
wave packet during its propagation. There are two inequi-
valent ways to quantize the massless scalar field in
Minkowski spacetime [8], one for inertial observers and
the other for uniformly accelerated observers. This results
in different particle concepts for these two sets of observers.
In particular, the vacuum state for inertial observers looks
like a thermal state when observed by uniformly accel-
erated observers, which is known as the Unruh effect [6].
We introduce Minkowski coordinates (¢, x) in the inertial
frame and Rindler coordinates (z,&) in the accelerated
frame. The transformations between them are

t= 1e“‘fsinh(ar), x = 1 e“cosh(ar), (1)
a a

where a is the proper acceleration of the accelerated

observer who travels along the worldline £ = 0 in the right

Rindler wedge.

The paper is organized as follows: in Sec. II, we introduce
some basic concepts of homodyne detection in an accel-
erated frame and derive general expressions for the expect-
ation value and variance of Rob’s output signal. We then
calculate the signal to noise ratio and conditional variance in
the horizon-straddling case for different low frequency
cutoffs in Sec. III. Finally, we conclude in Sec. IV.
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II. HOMODYNE DETECTION IN AN
ACCELERATED FRAME

In the inertial frame, the massless scalar field is
quantized in the usual way,

d(t,x) = /<>O dk(gi ax, + 9; al ) + (left-moving parts),
0 R R s s

(2)

1 —iky(1—x)

where = e
Ik = Tt
moving Minkowski plane wave mode functions, g; are
s

are positive frequency right-

negative frequency mode functions, and a; (&Z) are

annihilation (creation) operators of single frequency
Minkowski modes obeying the usual boson commutation
relation

[y, ay,] = 8(ks — k). (3)

In the accelerated frame, @(1, &) can be expanded as

A

d(7,8) = A dkd(Wk,,i?kd + w,*(db,id) + (left-moving parts),
(4)
1

\/ 4nkgya

moving Rindler plane wave mode functions, w; are

where wy, = e~kaa(t=%) are positive frequency right-

negative mode functions, and Bk , (Z;Z) are annihilation
d

(creation) operators of single frequency Rindler modes
obeying boson commutation relation

by, ) = (ks ~ K,). (5)

Here k, is defined as a dimensionless wave number, which
is related to the physical frequency w, by k; = w,/a.
We consider the scenario that a uniformly accelerated
observer, Rob, with proper acceleration a travels along
& =0 in the right Rindler wedge and an inertial observer,
Alice, stays at spatial origin x = 0, as shown in Fig. 1.
Alice sends a right-moving signal, a coherent state with
amplitude «, and a local oscillator to Rob. The local
oscillator is also a coherent state, but with very large
amplitude f € R, > |a|. Rob then performs homodyne
detection on the signal using the local oscillator as seen in
his own reference frame. The homodyne detector is formed
from two identical photodetectors that detect distinct modes
S and L after they have been mixed on a beam splitter. The
photocurrents from the photodetectors are subtracted to
give the output signal. As a result the output of Rob’s
homodyne detector at some time 7z (as measured in Rob’s
frame) is represented by the following operator [9]:
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FIG. 1 (color online). Alice (static) sends Rob (accelerated) a
Gaussian wave packet which straddles Rob’s future horizon.

O(z.¢) = bs(0)by (1) + by()b, ()™, (6)

where b K (ZAJ}-() are boson annihilation (creation) operators
with K = S, L. The subscripts S, L refer to the signal and
local oscillator modes, respectively. The relative phase ¢
determines the quadrature angle detected. Here by (z) are
temporally and spatially localized single mode annihilation
operators in the perspective of Rob. They can be con-
structed from the single frequency Rindler annihilation

operators by,

by(z) = / daf (ke )by, (7)

where fg(ky,7) is Rob’s detector mode function. In an
experiment, Rob would integrate the photocurrent from his
detector over a time long compared to the inverse of the
frequency being analyzed (as will be determined by the
frequency of the local detector). For later convenience, we
define the integrated output signal operator X(¢b),

() = / de0(z. )

- / dalbs(2)B}(2)e® + BY()b, (t)e ). (8)
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The expectation value of the output signal received by
Rob is

Xy = (X(#)). ©)

and the variance is

Vs = (X(¢)") = (X(9))*. (10)

Alice prepares coherent states (signal and local oscil-
lator) by displacing the Minkowski vacuum |0) using the
displacement operators Dy (y) = explyal — y*ak|, with
y = a, f, and

&K:/dkstK(ks’t’x)&k\-’ (11)

where fp, (k. t,x) is a normalized displacement mode
function satisfying [ dk,|fp, (ks. 1, x)|* = 1. Therefore, ax
are also temporally and spatially localized annihilation
operators in the perspective of Alice. The state that Alice
prepares can be written in a compact form,

1) = Dg(a)D(5)|0). (12)

The expectation value of the signal becomes

X, = (0IDL(B)D§ ()X () Ds(@)DL()|0).  (13)

In order to explicitly calculate the expectation value and
variance of the signal, we need to know the Bogolyubov
transformation between the Rindler modes and Minkowski
modes, which are already given by [10]

by, = / dks (A, ax, + Bkdkﬁ/z‘)a (14)
where
l'en:kd/Z k. ika
A =———T(1—-ik)= ,
k ks 277\/% ( l d)<a>

B e i ()™ 15
kdks—m ( _ld)<;> ( )

are the Bogolyubov coefficients for right-moving waves.
Taking into account Eq. (14), we can find the identity

()b (0)Dk(r) = bi(x) +7 / dk, / dhf (k. 7)

X (A, [, (k) + Bri [ D (Ky))
= by(z) + yFx (7). (16)
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The expressions for X, and V, can be expanded via
Eq. (16).

Although the amplitude of the local oscillator sent by
Alice is f3, it is not so when viewed by Rob due to Doppler
shift and Rob’s inability to access the whole wave packet.
The latter effect is more important in the horizon-straddling
case. However, one has to bear in mind that this does not
mean the amplitude of the local oscillator must be attenu-
ated. In fact, it sometimes can be amplified. Homodyne
detection only measures the amplitude without caring about
the frequency of the mode. So it is possible that Rob detects
a large amount of low frequency particles but the total
energy of these particles is still smaller than the energy of
the original wave packet. If Rob performs homodyne
detection without knowing the amplitude of the local
oscillator sent by Alice, he has to measure the strength
of the local oscillator by adding the photocurrents of the
two photodetectors. We define the strength of the local
oscillator as seen by Rob as

= / de(bib,)

- / d2(0|D}, (B)Di (@)} by Ds(@)Dy (B)[0).  (17)

Both the expectation value X, and variance V, of the
signal should be normalized by the strength of the local
oscillator.

Since the Bogolyubov transformation (14) is a linear
transformation, it is obvious that (0|b|0) = (0|b}|0) = 0.
Taking into account the fact that > |a|, we have

X, z[y’aei¢/dTFS(T)F2(T) +c.c.,
Vot [ dr [ deF@FLE)Obs(0). B HO)
I~ p / deFy (2)F (c), (18)

where {A, B} = AB + BA represents anticommutation of
two operators. If we further require that the detector mode
function for signal and local oscillator are the same and the
displacement mode function for signal and local oscillator
are also the same, then Fg(z) = F;(r). The normalized
output signal becomes

] X,,,
X(/) dTFL

- 5 (ae’¢ +ate”?), (19)

i} * =i
(7)(ae'? +a*e™'?)

and the normalized variance becomes
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v Ve JdrJd'FL(D)F.(z /)<o|{135(1),
I [ dtF, (7)F; (1)

Bi()}I0)

(20)

In order to proceed, we need to introduce explicit forms
for Rob’s detector mode function and Alice’s displacement
mode function. The detector mode function can be
written as

Filkg.7) = e7®a fre(ky). (21)

It is important that the detector mode function should be
well localized spatially and temporally; otherwise, its
interpretation as a detector following a particular spacetime
trajectory is compromised. Thus we consider a detector
mode function that is very broad in k,; in particular, we take

fr(ky) = \/a/2r for k; > ke > 0 and zero otherwise,
where k., is some low frequency cutoff. We will see that if
we do not introduce a low frequency cutoff, X, and V, may
be divergent. That means if Rob’s detector is accurate
enough so that it responds to any low frequency particles,
he will detect very large amounts of low frequency
particles. However, in practice, there is always some low
frequency below which Rob’s detector cannot detect.

From Fig. 1 we can see that, in the horizon-straddling
case, the wave packet overlaps with Rob’s whole future
worldline. That is to say, Rob can detect particles even
when 7 — +o0. Therefore, the integrals over 7 in Egs. (19)
and (20) go from —00 0 +00, and we have the simplifi-
cation [ dr L e~ ki=ki)am x5k, — k).

The displacement mode function can be written as

fDK (ks» £, x) = e_i<w“t_k“x)fD(ks)' (22)

We assume that the displacement mode function is peaked
at a large wave number k,, > 0, much larger than the
|
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bandwidth o, although o is also broad on the wavelength
scale. Hence we write k; = k,, + k, where k,, > |k| for the
region of wave numbers for which the mode function is
nonzero. These are typical approximations used for non-
relativistic quantum communication systems. Given this,
the displacement mode function becomes e~*:(=%) £ (k).
In particular, we choose fp(k,) as a Gaussian form,

otk = (o) e B Rl )

where k,,/c > 1. One term in Eq. (15) can be approxi-
mated as

ik
<&> d e ik, <km)€lk‘1[ln( \(,/u)—l]’ (24)
a

and using the identity

7wk
. 2 d
IC(1 = ikg)|* = —————.
sinh(zk,)
we have
1 0 (kay s cka
Ak k Ak ¥ ~ elkf(ksz))e lkS(km),
dks” Tk gk 27sto(l _ e—2nkd>
—rk
e kg 0 kd
* ~ lka(m) -l \(m)
AkdksBkdkg. ~ zﬂ,kso(l _ e_zﬂkd> e o’ e s0ry
—rk,
e ik () i (ke
Bkdk Az ¥ ~ -y elkX(k.w)e lkS(kw)7
P 27[](3'()(1 —e d)
e—Zﬂk,,

kg kg

B, . B, & s (®s) g ). 25
kaks 2 kK, 2”k.90(1 _ e—27rkd) ( )

The strength of the local oscillator received by Rob can be

calculated as

1= [ty [ b [ ak, [ @t [ aetua ot o 7, 6) + B fo, () A Fo, 04) + B £, ()

= [k [ by [ sl AL o, ()7, )+ A B i, (), 86+ B A, (6, ()

+ By By oS, (ks) i, (K¢)]

\/> / kd T { _20—2[kd+km(t_x)]2/k%n +2 S[2km(t )] —nky —52[kd+kx,,(t—x)]2/k§{, —nz[kd—kl‘,,(t—x)]z/k%o
o XY K x)|e e e
S()

+ e~ 2rka 6_262 [ka=kyo (1=X)12 /K3, }

Substituting Eq. (26) into Eq. (19), we thus have a general

expression for the expectation value of the signal.
If t —x < 0 and |k, (t — x)| > ky,/o, then only the first

term in Eq. (26) survives. In addition, the Gaussian part of

(26)

|
the integrand can be approximated as a delta function, that
V2 e I e 50y + (1 ). We can

recover the analytic expression for the normalized output

18,

signal found in [5],
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i * =i
X¢ ~ ae'’ +a’e ‘

1= e—2ﬂkm\t—x\
In this case, Rob can access nearly the whole wave packet
because |k, (1 — x)| > ky,/o implies |(t — x)| > 1/o = [,
where /. is the characteristic spread of the wave packet
in position space. The approximate expression of )_('¢
shows that the output signal is amplified due to the
Unruh thermalization. However, this amplification is quite
small. Since we initially assume that k,/o> 1, so
|kyo(t—x)|>>1, then e~27kwl=*| must be a very small
number. This can be verified in our numerical integration

of Eq. (26) below.

Next, we would like to calculate the variance of the

signal. Using Eq. (15) and the identity

dky  itki~k))
ke ¢ 7 =68(ky;— k), 27
15 (ks ~ Ky) 27)
we find
A 1
il _ ¥ _
O 5100 = [ e Ay, = olka = )
P 6_2”kd ,
(O[by by, 0) = /dksBkdkSBk;ks = mﬂkd —ky),

and therefore,
(01{bs(2), b§(7')}|0)
= [ aty [ atisstha o) 508 2)01b, B )0

1 + e—2n’kd

= / dkafs(ka. 7)f5(ka 7)) T, -

Taking into account f(k,,7) = f1(ky,7), We have

2 2 2/12
V — ﬂz\/;ki/ dkd{e_zo— [kd+k.m(t_x)] /k.m

+ 2 cos[2k,, (t — x)]e~ a7 tkatkso (1=X)P /K,

X e_o.Z [kd_ksa([_x)P/k%o + e_Zﬂkd 6_20-2 [kd_kso (t_x)]z/k%o }

1 + e—27rk(,
(1= e 2y (28)
Substituting Eq. (28) into Eq. (20), we finally get a general
expression for the normalized variance of the output signal.
Again, in the case where t—x <0 and |k, (t—x)|>k,,/o,
we can recover the analytic expression found in [5],

_ 1+ e—2nkw|t—x\
~—
¢ 1 — e_zn'k.w‘t_x‘ ’

However, the Unruh thermaliz_ation effect is still very small
because |k, (t —x)| > 1so V, ~ 1.
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III. HORIZON-STRADDLING CASE

We would like to explore the horizon-straddling case
where t —x ~ (0. The approximation made in [5] is no
longer valid because contributions of the second and third
terms in Egs. (26) and (28) are significant and important.
Since there is no analytic expression for the integration, we
numerically integrate Eqs. (26) and (28) for various
parameters. It turns out that in most cases / and \7¢ are
divergent if we integrate over an arbitrarily low frequency.
Physically, that means if Rob’s detector is strong enough
such that it can detect arbitrarily low frequency particles,
then Rob will observe a large expectation value and
fluctuation of the number of low frequency particles.
This is reasonable because when the wave packet straddles
Rob’s future horizon, most of these particles are greatly
redshifted as seen by Rob, especially at late times when
Rob’s velocity approaches the speed of light. In realistic
situations, Rob’s detector cannot detect arbitrarily low
frequency particles. Therefore, we introduce a low fre-
quency cutoff k., for the detector mode function. One
might expect that the low frequency cutoff depends on the
specific detector Rob carries. That is true, but we do not
want to discuss specific models of Rob’s detector. We can
find a natural low frequency cutoff by other considerations.

Figures 2 and 3 show the strength of the local oscillator
and the variance of the output signal received by Rob for
various parameters. According to Eq. (19), the strength of
the local oscillator /4% also characterizes the amplitude of
the expectation value of the output signal for a given
relative phase ¢. Thus Fig. 2 also indirectly shows the
amplitude of the expectation value of the output signal. We
can see that they depend on when Alice sends the signal
and local oscillator if the central wave number &, is fixed.
If Alice sends the signal and local oscillator early enough,

1.4 ‘ ‘
— - —k_=107"
cut
- -3 Bl
12} — k=10
-~ —k_=10"
cut

o o
) © -
T .

Strength of Local Oscillator: I/ [32

1
~
T

o
N
o

0 i i i i
-20 -15 -10 -5 0 5 10 15 20
k_(t-x)

sO
FIG. 2 (color online). Strength of local oscillator for various
low frequency cutoffs: k., = 0.00001 (top), 0.001 (middle), 0.1,
(bottom) & = "= = 10.
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FIG. 3 (color online). Normalized variance for various low
frequency cutoffs: k., = 0.01 top, 0.05 (middle), 0.1 (bottom),

§="4e =10

o

then I~p* Vy~1, and thus X, ~ ae + a*e™™. Rob
sees the original coherent state signal. The Unruh thermal-
ization effect is not significant, as we have argued before. If
Alice sends them later so that the wave packet straddles
Rob’s future horizon, the strength of the local oscillator
decreases with some characteristic oscillation, while the
variance increases with similar oscillation. The Unruh
thermalization becomes significant in this horizon-strad-
dling case. Interestingly, if we choose lower frequency
cutoff, for some specific values of k,, (¢ — x) the strength of
the local oscillator and the variance remain unchanged,
while for other k,,(f—x) they increase dramatically.
These particular values of k,,(# — x) can be determined
by ky,(t—x)~ (% +n)m,n=0,%+1,42, ..., and at these
points the variances are approximately one. From Eq. (26),
the local oscillator received by Rob is quite different from
that sent by Alice in the horizon-straddling case. Since Rob
still can see the wave packet at late times when his velocity
approaches the speed of light, one expects that the wave
packet is greatly redshifted as seen by Rob. Therefore,
Rob’s effective local oscillator consists of large amounts of
low frequency components, resulting in a large expectation
value and variance in the homodyne detection, implying an
amplification of the original coherent state. However, for
some specific values of k,(t—x), the low frequency
components in the local oscillator are strongly suppressed.
This can easily be verified by substituting k,,(f — x) =
(3 + n)x into the integrand in Eq. (26). Consequently, the
strength of the local oscillator and the variance do not
significantly depend on the low frequency cutoff for these
values of kg, (1 — x).

Figure 4 shows Rob’s signal to noise ratio for
ks, (t —x) = nzx. These values approximately correspond
to peaks of the oscillation of the expectation value and
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107° 10
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FIG. 4 (color online).  Signal to noise ratio versus low frequency
cutoff for k,, (t — x) = nx, § = k7 = 10. The signal to noise ratio
decreases when the low frequency cutoff become smaller and
larger. The low frequency cutoff that maximizes the signal to
noise ratio is between 0.1 and 0.2.

variance of the output signal, as shown in Figs. 2 and 3. The
signal to noise ratio decreases and goes to zero when the
low frequency cutoff becomes smaller. This is because
the variance increases faster than the expectation value as
the low frequency cutoff approaches zero. On the other
side, when the low frequency cutoff becomes larger, the
signal to noise ratio also decreases. Since the variance
tends to one in the large low frequency cutoff limit, this
means the expectation value of the output signal decreases.
There is a maximum when the low frequency cutoff is
between 0.1 and 0.2. The behavior of the signal to
noise ratio implies that the signal and local oscillator
Rob receives mainly contain low frequency particles.
However, when kg, (t —x) = (n+ 1/2)z where troughs
of the oscillation of the expectation value and variance of
the signal locate, the behavior of the signal to noise ratio is
a bit different. Instead of going to zero, it tends to be
constant when the low frequency cutoff is smaller than
some particular value, which is also between 0.1 and 0.2, as
can be seen from Fig. 5. This is closely related to the fact
that for these values of k,,(f—x) the low frequency
components in the local oscillator are strongly suppressed.
For those values of &, (¢ — x) between peaks and troughs,
the signal to noise ratio behaves more like those at the
peaks, because both the expectation value and variance
increase but the variance increases faster than the expect-
ation value in the low frequency limit. Therefore, we can
see that there exists a low frequency cutoff k., which
maximizes the signal to noise ratio for various k,(z — x)
and k., = 0.15. An interesting observation is that the low
frequency cutoff that maximizes the signal to noise ratio is
approximately corresponding to the Unruh temperature
(we employ units with 2=k =c = 1),
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FIG. 5 (color online).  Signal to noise ratio versus low frequency
cutoff for ky,(1—x)=(F+n)z, §= % = 10. The signal to
noise ratio first increases and then tends to be a constant when
the low frequency cutoff becomes smaller.

Wy = k@ = — (29)

where a is the proper acceleration of Rob. In communi-
cation of classical information using quantum states, the
best strategy is to have a maximal signal to noise ratio.
Therefore, the Unruh frequency provides a natural low
frequency cutoff if Alice tries to send classical information
to Rob via her quantum states.

However, if Alice wants to send quantum information to
Rob, it is also important to minimize the amount of noise
added such that the states remain close to the quantum
limit. This can be quantified via the conditional variance
between the input and output [11], which for this system
can be defined as

SNR -

Ve=(1-"L2) Vo= (1= )V, 30
‘ < SNRin> ( ﬂ2V) 0
where SNR;, represents the signal to noise ratio of input
state, in our case it is the coherent state signal |a) sent by
Alice; while SNR_, represents the signal to noise ratio of

output state, in our case it is the state received by Rob.
Figure 6 shows that for a given k,, (7 — x) < & (horizon-
straddling case), the conditional variance has a minimum.
However, the location of the minimum slightly changes for
various kg, (t — x). Comparing with Fig. 4 one can see that
locations of the minimum of the conditional variance do not
exactly coincide with locations of the maximum of the
signal to noise ratio. The former are a bit larger than the
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FIG. 6 (color online). Conditional variance versus low fre-
quency cutoff, § = k? =10.

latter, approximately ranging from 0.1 to 0.4. Nevertheless,
they are still in the same order of magnitude, approximately
equal to the Unruh frequency. Therefore, we conclude that
the Unruh frequency provides a natural low frequency
cutoff to optimize the communication of both classical and
quantum information between an inertial partner and
uniformly accelerated partner using coherent states.

IV. CONCLUSION

We discuss quantum communication using coherent
states and homodyne detection between an inertial partner
and uniformly accelerated partner in the horizon-straddling
case in which the inertial partner sends both the signal and
local oscillator. We find that under some special conditions
the accelerated partner cannot detect substantial low fre-
quency particles regardless of his proper acceleration, in
contrast with the general viewpoint that the accelerated
observer sees large amounts of low frequency particles if
their acceleration is large. We also show that the Unruh
frequency provides a natural low frequency cutoff both for
quantum limited classical communication and quantum
communication between the inertial partner and uniformly
accelerated partner.

ACKNOWLEDGMENTS

We acknowledge Jason Doukas for useful discussions.
This research was supported in part by the Australian
Research Council Centre of Excellence for Quantum

Computation and Communication Technology (Project
No. CE110001027).

084022-7



DAIQIN SU AND T. C. RALPH

[1] A. Peres and D. R. Terno, Rev. Mod. Phys. 76, 93 (2004).

[2] P. M. Alsing and G. J. Milburn, Phys. Rev. Lett. 91, 180404
(2003).

[3] I. Fuentes-Schuller and R. B. Mann, Phys. Rev. Lett. 95,
120404 (2005).

[4] A. Dragan, J. Doukas, E. Martin-Martinez, and D.E.
Bruschi, Classical Quantum Gravity 30, 235006 (2013).

[5] T. G. Downes, T.C. Ralph, and N. Walk, Phys. Rev. A 87,
012327 (2013).

[6] W.G. Unruh, Phys. Rev. D 14, 870 (1976).

PHYSICAL REVIEW D 90, 084022 (2014)

[7] A.Dragan, J. Doukas, and E. Martin-Martinez, Phys. Rev. A
87, 052326 (2013).
[8] S. Fulling, Phys. Rev. D 7, 2850 (1973).
[9] H.-A. Bachor and T. C. Ralph, A Guide to Experiments in
Quantum Optics, 2nd ed. (Wiley-VCH, Weinheim, 2004).
[10] S. Takagi, Prog. Theor. Phys. Suppl. 88, 1 (1986); L. C. B.
Crispino, A. Higuchi, and G. E. A. Matsas, Rev. Mod. Phys.
80, 787 (2008).
[11] T.C. Ralph and P.K. Lam, Phys. Rev. Lett. 81, 5668
(1998).

084022-8


http://dx.doi.org/10.1103/RevModPhys.76.93
http://dx.doi.org/10.1103/PhysRevLett.91.180404
http://dx.doi.org/10.1103/PhysRevLett.91.180404
http://dx.doi.org/10.1103/PhysRevLett.95.120404
http://dx.doi.org/10.1103/PhysRevLett.95.120404
http://dx.doi.org/10.1088/0264-9381/30/23/235006
http://dx.doi.org/10.1103/PhysRevA.87.012327
http://dx.doi.org/10.1103/PhysRevA.87.012327
http://dx.doi.org/10.1103/PhysRevD.14.870
http://dx.doi.org/10.1103/PhysRevA.87.052326
http://dx.doi.org/10.1103/PhysRevA.87.052326
http://dx.doi.org/10.1103/PhysRevD.7.2850
http://dx.doi.org/10.1143/PTPS.88.1
http://dx.doi.org/10.1103/RevModPhys.80.787
http://dx.doi.org/10.1103/RevModPhys.80.787
http://dx.doi.org/10.1103/PhysRevLett.81.5668
http://dx.doi.org/10.1103/PhysRevLett.81.5668

