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The vacuum state of a relativistic quantum field contains entanglement between regions separated
by spacelike intervals. Such spatial entanglement can be revealed using an operational method introduced
in [M. Rodriguez-Vazquez, M. del Rey, H. Westman, and J. Leon, Ann. Phys. (N.Y.) 351, 112 (2014),
E. G. Brown, M. del Rey, H. Westman, J. Leon, and A. Dragan, Phys. Rev. D 91, 016005 (2015)]. In this
approach, a cavity is instantaneously divided into halves by an introduction of an extra perfect mirror.
Causal separation of the two regions of the cavity reveals nonlocal spatial correlations present in the field,
which can be quantified by measuring particles generated in the process. We use this method to study
spatial entanglement properties of nonvacuum Gaussian field states. In particular, we show how to enhance
the amount of harvested spatial entanglement by an appropriate choice of the initial state of the field in the
cavity. We find a counterintuitive influence of the initial entanglement between cavity modes on the spatial
entanglement which is revealed by dividing the cavity in half.
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I. INTRODUCTION

The vacuum fluctuations of a relativistic quantum field in
spacelike separated regions are quantum correlated. This is
referred to as vacuum entanglement. It has been predicted
in the context of accelerating frames of reference [1,2], as
well as in algebraic quantum field theory [3-6]. In [7,8], it
has been shown how entanglement can be extracted from
the vacuum state of a quantum field using a pair of initially
unentangled two-level atoms, known as Unruh-DeWitt
detectors, which interact only locally with the field. A
more detailed analysis of this scenario was later performed
in [9]. Moreover, a feasible method for detecting vacuum
entanglement was proposed in a chain of trapped ions [10].
Such entanglement is believed to persist between arbitrarily
far away regions of bosonic and fermionic fields [11-14],
and it manifests in the Unruh effect for accelerating
observers [8,9,15-17]. Recently, however, a thorough ana-
lysis of vacuum entanglement was performed for massive
fields [18], where sudden death of vacuum entanglement as
a function of the distance between the modes was observed.
It has also been shown that vacuum entanglement can be
used to violate Bell’s inequalities [3—6,13], can be multi-
partite [19,20], and that for massless fields, it persists
between timelike separated regions [21]. It can also be
resonantly enhanced with the use of a moving cavity [22].
Furthermore, the phenomenon is expected to be sensitive to
spacetime curvature [23,24] and to have a relevant effect on
the possibility of building ideal relativistic clocks [25,26].
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In this paper, we generalize one of the recent operational
methods for investigating vacuum entanglement [27,28] to
nonvacuum Gaussian states. In algebraic quantum field
theory, it has been stressed that essentially all field states
possess the aforementioned spatial entanglement properties
[6,29]. However, to the best of our knowledge, states
other than the vacuum state and the thermal state [30,31]
have not yet been explored in the operational approach. In
particular, it is not known whether nonclassical states, such
as squeezed states, offer any experimental advantage. Also,
it is not clear how the entanglement between spatial areas
and the entanglement in the global basis of plane waves or
standing waves are related to each other.

In this paper, we address the above questions.
Specifically, we consider coherent states, single-mode
squeezed thermal states, and two-mode squeezed vacuum
states. We show that spatial entanglement is indeed not
unique to vacuum. Moreover, we provide examples of
states for which the effect is stronger and hence easier to
detect. We also observe that the amount of entanglement
in the usual standing wave basis can contribute to the
amount of spatial entanglement.

In our operational approach, an optical cavity is split into
two smaller cavities via rapid introduction of a mirror in
between the two mirrors of the cavity. We show that particle
production due to such a change of boundary conditions
can be made stronger by using a nonvacuum initial state of
the field inside the cavity. Particle creation due to rapidly
varying boundary conditions is of independent interest,
and our work adds to the body of theoretical predictions
concerning this phenomenon [27,32-35].

This paper is organized in the following way. In Sec. II,
we briefly review the operational model for studying
vacuum entanglement. In Sec. III A, we focus on the
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particle creation effect for initial coherent states. Then, we
study spatial entanglement and particle production for a
single-mode squeezed thermal state in Sec. IIIB. We
devote Sec. III C to investigating whether the final amount
of spatial entanglement between the localized modes is
affected by the presence of entanglement between the initial
modes of the cavity. Finally, in Sec. IV, we present our
conclusions, open questions and possible future lines of
research.

II. MODEL

In this section, we briefly review the operational
approach of [27,28]. Consider a one-dimensional
Dirichlet cavity, in the middle of which an additional
mirror is instantaneously introduced (see Fig. 1). The
cavity contains a massless scalar field in an initial
Gaussian state. First, we calculate the state of the field
after the mirror was introduced. This way we are able to
investigate the mean number of particles produced due to
introduction of the mirror. Moreover, we analyze the
amount of entanglement between different modes of the
two smaller cavities as a function of the initial state of
the field.

To show the correspondence between entanglement of
particles created in this model and vacuum entanglement,
we recall an extended scheme due to Brown et al. [28]. In
this scheme two mirrors are simultaneously introduced a
finite distance apart, and it is found that particles created by
one mirror are entangled with those created by the other.
Since the particle creation events are spacelike separated,
one argues that the obtained amount of entanglement must
have been present in the initial state of the field. In this
paper, we use this scheme, but in a limit where distance
between the two mirrors approaches zero. Nevertheless, we

A
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T

FIG. 1. We investigate how the state of a quantum field in a
cavity changes when the cavity is instantaneously divided in half
with an additional mirror. After such a rapid division quantum
correlated particles are produced [27,28]. The input and output
states are Gaussian, characterized by the vectors of first moments
x" x°" and the covariance matrices o™, ¢°.
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can retain the interpretation of extracting entanglement
from the initial state rather than creating it.

A. Classical solutions and the Bogoliubov
transformation

Consider a one-dimensional cavity with a massless
scalar field, described by the Klein-Gordon equation,

(07 — R)(1.x) =0, (1)

and Dirichlet boundary conditions ¢(7,0) = ¢(t,R) =0
for all . At + = 0, an additional mirror is introduced at
x = r, which corresponds to the condition ¢(z, r) = 0 for
t > 0. In Sec. III, we will assume r = R/2, in this section;
however, we review the transformation procedure for
arbitrary r € [0, R] as given in [27,28].

We introduce two families of solutions of the Klein-
Gordon equation (1). The first family, (U;),cy. physically
corresponds to the standing waves before the mirror is
inserted. The second family of solutions are (u,),cns
(&t,),en- These are the standing waves contained within
the left cavity and within the right cavity after the division,
respectively. They read as

< 1. [ :
U(t,x) 2 RO sin (ﬂ;> e i, (2a)
wl
Q =—, 2b
= (20)
and
=0 O(r — x) anx\ .,
£ x) = 2 ) eiont, 3
u,(t,x) o sm( . )e (3a)
nn

_m 3b
wﬂ r ( )
i, (£.x) 2 Ox—1) sin (n’n(x — r))e‘i‘z’"t, (3c)

(R—r)a, R—r

nn

D, = , 3d
B, = (30)

where 0(x) is the Heaviside step function. Having intro-
duced the two families of solutions, we can relate them by a
Bogoliubov transformation:

[Se]

Mn(x’ t) = Z(anlUl(x’ t) +ﬁrill]?(x’ t))’ (43')

n=1

i,(x, 1) = i(&n,U,(x, 1)+ BuUs(x,1)).  (4b)

n=1

The coefficients a,;, B/, @, B are given by Klein-Gordon
scalar products [36] of solutions U; with u,, i,, i.e., the

125003-2



SPATIAL ENTANGLEMENT OF NONVACUUM GAUSSIAN STATES

overlaps of the mode functions corresponding to input
states with the mode functions associated with the output
states. To calculate these overlaps, we need to extend U,
past the + = 0 point so that there is a Cauchy surface on
which both families of solutions are defined. This would
normally require solving equation (1) with a time-
dependent boundary condition at the point where the
mirror is introduced. However, for infinitely fast introduc-
tion of the mirror the dynamics can be neglected. Therefore,
we simply extend U, using free evolution of the field and
then we calculate the scalar products, which leads to these
Bogoliubov coefficients:

ay = (Ujlu,) = (Q + @,)Vyu, (5a)
P = _(Uﬂun) = (Ql - wn)vnl’ (Sb)
a, = (Ujli,) = ( + @,)Vu, (5¢)
Bnl = _(Uﬂﬁn) = (Ql - a)n)f}nh (Sd)
where
el —sin(%) @ #w,
an _ r : 1w, (Q]—7) (68.)
24/ RrQw, QZ = @n
) 111 m) Q #+®
_ FA/RFQ®, (Q2—@? ( R ! n
Vo = e (6b)
(71)11+lr Q _ a_)
2+ /R, ! n

At this point it is worth mentioning that a more careful
calculation of these Bogoliubov coefficients has been
performed in [35], which involves solving Eq. (1) with a
time-dependent boundary condition. There, ¢(z,r) =0 is
enforced with a boundary condition (for spatially even
solutions),

tim 200 _ iy (7)

x—rs ¢<I, x)

where B(r) smoothly changes from 0 to infinity as the
mirror is introduced. The obtained Bogoliubov coefficients
for an evolution satisfying condition (7) can be seen to
reduce to the coefficients (5) in the instantaneous mirror
introduction limit. Thus, our approximation that neglects
the dynamics is well founded.

B. Quantum model

Let us proceed by briefly reviewing the quantized
version of the model introduced in the previous section.
In the canonical quantization procedure with each solution
(U;)1—1 _2p (where 2A is a UV cutoff) we associate a pair
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of time-independent hermitian quadrature operators 0,.P,.
The quadrature operators obey canonical bosonic commu-
tation relations:

[0:P)] = i5y;. (8)
Similarly, we associate quadrature operators §,, p, and g,,,,

Pm with the solutions (u,),—; x and (i,,),—;. . . We
conveniently arrange these operators into two vectors:

ﬁin:(@hﬁl’“"QZ/\’PZA)? (9)

s qpsPy). - (10)
Then, the Bogoliubov transformation (4) can be written as
i.out — Sﬁin’ (11)

where § is a square matrix:

St Sioaa
S .. S
g | o >A20 ’ (12)
St Siaa
Saa o Sam

where the elements listed above are 2 x 2 matrices given by

w, 0
S = 2an ( > ,
Q o,

@, O >
Q 0,/

In this paper, we limit ourselves to Gaussian initial states
[37]. Since the Bogoliubov transformation (11) is linear in
quadrature operators, the transformed state will also be
Gaussian. Therefore, the first and second statistical
moments are sufficient to characterize both the initial
and final states, i.e., the state of the field before and after

the introduction of the mirror. The first moments are given
by a vector of expectation values,

(13a)

Snl = 21—)nl< (13b)

x = (%), (14)

while the second moments are given by a covariance
matrix, which consists of 2 x 2 blocks defined in the
following way:

125003-3



KIALKA, AHMADI, and DRAGAN
B <<{A£1i’AQj}> ({Ag;.
({Ap;,Aq;})  ({Api,

Gij

b,
Aﬁj}>>’ (13)

where AA = A — (A) and {,} is the anticommutator. The
Bogoliubov transformation (11) implies the following
transformation laws for the vector of first moments and
the covariance matrix hold:

¢ .
xou — len,

(16a)

ot = Soin ST, (16b)

Finally, we are interested in two properties of the state
after transformation, namely entanglement and the aver-
age number of particles. To calculate these, we divide the
4A x 4A covariance matrix ¢°" into 2A x 2A blocks:

Ot = <;T Z) (17)

Then, we divide the blocks o, y, and & further into 2 x 2
blocks o;j, 7;;, and 6;;, describing the states of individual
modes and correlations between them. In this block
notation, we can easily give the expectation value of the
particle number operator, for example for mode u,,, as

() = 5 (Tro, = 2) + 2 (@) + 3. (19

While for mode #, the formula contains the barred
counterparts &,,, 4,, and p,.

To calculate the entanglement between a pair of modes
u, and u,, we need to find the corresponding covariance
matrix, which we will denote by ¢°|,,,. It is obtained by
deleting all the entries of the matrix ¢°" except for the 16
entries which lie on the intersection of the four rows and
four columns corresponding to modes u,, and i,,:

GOUt|nm _ (Gnn ynm >‘ (19)

T —
Ynm O-mm

We use logarithmic negativity [38] as an operational
measure of entanglement between the modes, as it is an
entanglement monotone and provides an upper bound to
distillable entanglement. The logarithmic negativity of the
reduced state of modes u,, and #,, is easy to compute and is
given by

A— \/52 — 4deto™™|,,,
2 9

Ex(n,m) = max < 0, —log

(20)
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where

A = deto,, + det5,,, —2dety,,,. (21)

C. Transformation of the covariance matrices
of nonvacuum states

The covariance matrix of the vacuum is unity, hence
the result of the transformation (16b) for the vacuum as the
initial state is simply "' = SST. Let us now assume the
input state is the vacuum in all modes except Uy, in which
we have a single-mode Gaussian state described by a
covariance matrix o-}c‘}c. Under such circumstances, the 2 x 2
blocks of o, y, and & [see Eq. (19)] are equal to

2
0 = SO Sk + E SuSji,
I#k

(22a)

24
vij = SuopSix + ZSiIth
17k

(22b)

2
6ij = Sk Si + ZSiISjl-
17k

(22¢)

The above result uses the fact that S,; are symmetric and
reduces to SST when 6% = 1.

The second type of input state that is of interest in this
paper is the one that has all modes in the vacuum state
except for the two modes Uy, Uy (k < k). The reduced
state of these two modes is a two-mode Gaussian state
described by a 4 x 4 covariance matrix:

: b Ol
6n|kk/: ( . . > (23)

1n 1n
lek Gk/k/

In this case, using Egs. (13) and (16b), the blocks of o, ¥,
and &, as defined in Eq. (19), can be written as

_ in in in
0ij =SSk + SiwopySip + SuopSiw + -+
2A
in E
+Sik/0k/ijk + SilSjl’
1#k K

(24a)

Vi = SioreSix + SiwoppSiw + S Siw + -+
24
+ Siwoy, Sik + E SiSjis
I#kK

(24b)

51'] = SikO'}{I}{Sjk + Sik’a}?k’Sjk' + Sika}{[}{’sjk' + -
2A
+ S,’k'O'}?ijk + E SilSjl-
I#k K

(24c)
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III. SPATIAL ENTANGLEMENT
AND PARTICLE PRODUCTION

In this section, we first study particle production and
entanglement extraction for coherent states and general
single-mode Gaussian states as initial states of the large
cavity before division. Then, we compare the spatial
entanglement of a two-mode squeezed state and a state
consisting only of its thermal marginals. This way, we are
able to demonstrate that the result of introducing the mirror
is sensitive to correlations present in the initial state of the
cavity. Throughout this section, we assume that the addi-
tional mirror is introduced precisely in the middle of the
cavity, i.e., r = R/2.

A. Coherent states

For the first input state, we assume that all the modes are
in the vacuum state, except for the mode U, which is
prepared in a coherent state with the amplitude p > 0 and
phase ¢. Using Egs. (14) and (15), the vector of first
moments and the covariance matrix of this state can be
written, respectively, as

pcosp n=k,

Xt = ¢ psing n=k+1, (25a)
0 otherwise,

o" = 1. (25b)

At this point we note that changing the first moments of
the initial state does not change the covariance matrix, and
hence the entanglement, of the state after the introduction
of the mirror [see Egs. (16) and (20)]. Since coherent states
differ from the vacuum only in their first moments, their
spatial entanglement is the same as that of the vacuum,
which was already discussed elsewhere [27,28]. Therefore,
in this subsection, we focus only on the average number of
particles produced due to division of the cavity.

The average number of particles after the introduction of
the mirror is a sum of contributions from the first and from
the second moments, as given in Eq. (18). For a coherent
state, the term corresponding to second moments is equal to
the number of particles produced by inserting the mirror
when the cavity is in the vacuum state. This is, however, a
negligible number [27,28]. Since we are interested in the
possible advantage of a coherent state over the vacuum state
in the context of particle production, we need to discuss the
contribution of the nonzero first moments. Using Eqs. (16a)
and (25a), it is straightforward to calculate the expectation
values appearing in Eq. (18) for the state of the mode u,,:

(@,)* + (Pa)? = 4p* V(@7 cos® g + Qi sin ). (26)

Since we introduce the mirror precisely in the middle of
the cavity, an identical result holds for the mode i, on the
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right side of the mirror. As expected from the linearity of
the transformation (11), we observe that the final and initial
average number of particles are proportional to each other.
The proportionality constant is plotted in Fig. 2 for k = 1.

The dependence of particle production on the phase ¢
can be understood in terms of the expectation value of the
field at the event where the mirror is inserted. We can see
from Egs. (25a) and (2) that ¢ equal to 0 or 7 corresponds to

A

states with the maximum value of (¢ (0, r)), for which the
amount of particles produced and the increase of energy are
also maximal. The only choice of phase for which the
energy of the state remains unchanged is ¢ = z/2. This
corresponds to an initial state for which (¢(0, r)) = 0. In
this case, since the modes u,, and i, have higher frequen-
cies than U, modes, energy conservation implies a decrease
in the number of particles. This explains the absorption,
rather than production, of particles we observe
around ¢ = /2.

From a quantum-optical perspective the dependence on
phase, which is visible in Fig. 2, resembles a degenerate
parametric amplifier [39]. For the amplifier, however, the
strength of particle production depends on the phase
difference between the pumping and the amplified beam,
whereas in our case no system providing the reference
phase seems to be present. It turns out, however, that the
phase reference is in fact provided in our setting by the
choice of the boundary conditions on the mirror. Dirichlet
boundary conditions, requiring that the field modes vanish
at the mirror, do violate the phase symmetry of the field.
Alternatively, forcing 0,¢ to be zero at the mirror location

FIG. 2. Expected number of particles after a rapid division of
the cavity containing a coherent state (25) is equal to a constant
plus the term (26) which is proportional to the initial number of
particles. Here, the proportionality constant is shown as a
function of phase for a coherent state initially in the first mode
of the cavity. Solid, dashed and dot-dashed lines stand for the sum
of the average numbers of particles in modes u, and i,,, where
n =1, 2, 3, respectively. Notice that the number of particles can
either increase or decrease depending on phase ¢ of the initial
coherent state.
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FIG. 3. Results from Fig. 2 averaged over phase ¢ of the initial

coherent state (25). The expected number of particles after
inserting the mirror is expressed here as a percentage of the
number of particles initially in the cavity. We see that the random
phase of the initial coherent state implies at least two lowest
modes need to be considered to witness the overall increase in the
total number of particles.

would amplify coherent states with ¢ = z/2 rather than
those with ¢ = 0 as it is in our case.

Finally, if the phase of the initial coherent state is
undetermined, then we need to consider a phase-averaged
coherent state, which is non-Gaussian. Luckily, the particle
number is a linear function of the density matrix, and thus the
phase averaging of the initial state is equivalent to the phase
averaging of the result (26). Figure 3 shows the mean

|

0}(‘}(:(2ﬁ+1)<

We note that aik'}{, as given above, is the most general single-
mode Gaussian state with vanishing first moments [37]. As
previously mentioned, the first moments do not contribute
to the amount of spatial entanglement and therefore this
state is the most general single-mode Gaussian state for the
studies of spatial entanglement harvesting.

cosh2s — cos20sinh 2s)

_ . i (
oy =61 =4V (2n+1) . .
@ sin 26 sinh 2s

In this case, the expression for y;; is the same as ¢, with a
sign flip at the [ = 2 term. The reason is that for r = R/2
we have V|, = =V, and V, = V,, for [ # 2 [see Eq. (6)].

Using the reduced state of the modes u; and i, together
with Eq. (20), we are able to study the spatial entanglement
between these two modes. In Fig. 4, we have plotted the
logarithmic negativity for a number of specific initial states.
From this figure, we immediately conclude that the spatial

cosh2s — cos 2@ sinh 2s
sin 2@ sinh 2
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numbers of particles after introduction of a mirror into a
cavity containing a phase-averaged coherent state. We
observe that the average number of particles decays with
frequency, and that the detection of particles in the few
lowest modes is enough to witness significant particle
production. We point out that the average particle number
in modes u,, or it,, decays slower than 1/n, which causes the
total number of particles to diverge. We postpone, however,
the discussion of this divergence until the end of this section.

B. Single-mode squeezed thermal states
As another input state we consider the first mode of the
cavity to be in a squeezed thermal state, while the
remaining modes are in their ground states. The vector
of first moments and the covariance matrix for this state
read as follows:

x" =0, (27a)

. ot i=j=1,
in :{ o T (27b)
/ ;1 otherwise,

where &;; is the Kronecker delta and o}, is the covariance
matrix of a squeezed thermal state. The latter is charac-
terized by the mean particle number 7, the squeezing
coefficient s, the squeezing angle 6, and is given by

sin 2@ sinh 2
. (28)

cosh 2s + cos 20 sinh 2s

After inserting the above into Eq. (22) and expanding
the S,; blocks, we compute the covariance matrix of the
reduced state of the lowest mode on the left and on the
right side of the mirror. It has the form o°"|,; of
Eq. (19) with

@, sin26sinh 2s 2A w? 0
o . )+4§:v%,( : ) (29)
Q3(cosh2s + cos 20 sinh 2s) — 0 @

[
entanglement of nonsqueezed thermal states vanishes
rapidly as the temperature of the thermal state increases.
As can be observed in the figure, the spatial entanglement is
no longer detectable when the expected number of initial
thermal particles 7 is greater than approximately 0.2 [40].
Another conclusion we draw from the results depicted in
Fig. 4 is that squeezing generally enhances the amount of
extracted spatial entanglement. In particular, as the
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0.4f N

03f - . 1
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02f -

0.1: ............................................................ 1

0'0»1 P S 1 1 P B I

0.0 0.2 0.4 0.6 0.8 1.0

Initial Number of Particles

FIG. 4. Spatial entanglement of single-mode Gaussian states as
a function of their average particle number. Solid, dotted, dashed
and dot-dashed lines correspond to thermal (27), coherent (25),
and squeezed vacuum (27) states for 6 =0 and 6 = 7/2,
respectively. Plotted is the logarithmic negativity of the reduced
state of modes u; and i, that is the lowest energy modes on the
opposite sides of the mirror.

squeezing parameter of the initial state increases we are
able to detect spatial entanglement at higher temperatures
(see Fig. 5). We observe that extraction of entanglement
from the squeezed thermal state is possible, for any nonzero
initial temperature, when the squeezing parameter s
exceeds certain threshold. The presence of such threshold
has been observed in a general thermodynamical context
in [42,43].

We now turn to the analysis of the average number of
particles produced due to introduction of the extra mirror
in the cavity with the initial state given in Egs. (27) and
(28). Using Eqgs. (18) and (29), we obtain the expectation

0.6:

En(1,1)

0'2f

FIG. 5. Spatial entanglement of the squeezed thermal
states (27) as a function of squeezing coefficient for various
temperatures. Dotted, dot-dashed, dashed and solid lines corre-
spond to expectation values of the number of thermal particles
n=20,5,10, 15. The 71 value of 15 approximately corresponds to
what could be achieved with a superconducting cavity-on-a-chip
setup in dilution refrigerator temperatures [40].
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— T

3.0
2.5
2.0
15
1.0
0.5
0.0

Initial Number of Particles

FIG. 6. Expected number of particles after rapid division of a
cavity containing a single-mode Gaussian state as a function of
the initial number of particles. Dashed, dotted, and solid lines
correspond to the squeezed vacuum (27), coherent (25), and
thermal (27) states, respectively. Only particles produced in the
lowest modes energy u; and i; are shown. The two curves for
coherent and squeezed states correspond to the phase and the
squeezing angle values of 0 and z/2.

value of the particle number operator for modes u,
or i,:

(A,) = V2, (27 + 1)[(cosh 2s — cos 20 sinh 2s)w? + - - -
+ (cosh 2s + cos 20 sinh 25)Q3] + - - -

2
1
+ E V2 (w3 + QF) 3 (30)
1=

In Fig. 6, we have plotted the average number of particles
produced in the mode u;, i.e., (), for thermal and
squeezed states, together with the number of particles
(26) that we had previously calculated for initial coherent
states. The plot suggests that thermal states yield the same
expectation value of the number of particles in the output
state as phase-averaged coherent or phase-averaged
squeezed states. This is indeed the case, as can be verified
by comparing Eqs. (26) and (30). This implies that the
values in Fig. 3 apply also to thermal and to squeezed
vacuum states if the squeezing angle can not be controlled.

C. Two-mode squeezed vacuum

In this section, we investigate whether the presence of
entanglement between global modes U; can contribute to
the spatial entanglement, i.e., the amount of entanglement
in the basis of localized modes u,, and i,,. To this aim, we
compare the spatial entanglement of two states which differ
only in the presence of correlations in the initial basis. The
first state is a two-mode squeezed vacuum [39] of the
modes U, and U,, which is an entangled state. With s as
the squeezing parameter and 6 as the squeezing angle
the vector of first moments and the covariance matrix are
given by
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Epn(n,m)

FIG. 7. Distribution of entanglement between pairs of localized modes u,, and #,, [see Egs. (3)] for vacuum (a), a two-mode squeezed
state (b), and a two-mode squeezed state with the correlations traced out (c). The squeezing parameters are s = (0.75 and 0 =«

[see Eq. (32)].
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The second state, on the other hand, is a product state built
up from the partial traces of the two-mode squeezed state.
Therefore, it has the same covariance matrix as the two-
mode squeezed state, given by Egs. (31) and (32), except
that its off-diagonal blocks are zero, i.e., aif‘z =0.

We first calculate the reduced states of pairs of modes u,,,
u,, for the two initial states introduced above. These
reduced states have the form ¢°"'|,,, of Eq. (19) with the
Cun» Yum» and &, blocks given by Egs. (24). Then, to
analyze the amount of spatial entanglement, we compute
the logarithmic negativity for each mode pair using Eq. (20)
and plot it as a function of n and m in Fig. 7. In this figure,
we also include for comparison the known spatial entan-
glement distribution for the vacuum as the initial state [28].

First of all, Fig. 7 clearly shows that the entanglement in
the basis of u,, i, is very sensitive to the presence of
correlations in the initial basis. Second, by comparing the
corresponding plots for the vacuum and the two-mode
squeezed state, we observe that the presence of correlations
in the initial state increases the amount of entanglement
between the lowest modes in the final state. Furthermore,
the comparison between the two-mode squeezed state and
its marginals shows that removing correlations from the
initial state, while keeping its partial traces unchanged,
causes the entanglement between the lowest modes to
vanish.

Finally, from Fig. 7 one can observe that the distribution of
spatial entanglement for a two-mode squeezed state can be
asymmetric. That is, the mode 2 in the right half of the cavity
may be entangled with the mode 1 one the left, while the
mode 2 on the left and the mode 1 on the right are separable.
However, this does not violate the symmetry between the
cavities on left and the right side, as the imbalance can be
removed or mirrored to the other side by picking a different
value for the two-mode squeezing phase 6.

We would like to conclude this section with a general
remark on the dependence of our results on the number of
modes taken into account, that is the cutoff number A. We
have verified that the state of any single output mode has a
well defined A — oo limit [see for example Egs. (26), (29)].
In particular, the number of particles in any mode, or
entanglement between any mode pair, converges quickly
with A. What diverges is the total number of particles
summed over all modes of the small cavities. These
divergences, however, do not occur if we take into account
a finite time of introduction of the mirror. This is because,
under such conditions, for modes of sufficiently high
frequencies the change in boundary condition is adiabatic,
and therefore they remain in their ground states. As a
consequence, they do not contribute to the total number of
particles. Because of that, the cutoff A is related to the time
scale of the introduction of the additional mirror.

IV. CONCLUSIONS

In this paper, we have revisited the operational approach
to study vacuum entanglement given by Brown et al. [28],
and applied it to nonvacuum Gaussian states. In this
approach a reflecting cavity is divided into two smaller
cavities by a rapid introduction of a new mirror. The
entanglement between the small cavities is then studied. We
have observed that certain nonvacuum states are more
effective in revealing spatial entanglement than the vacuum.
In particular, we have shown that single-mode and two-
mode squeezing typically enhance the amount of spatial
entanglement, as can be seen in Figs. 4 and 7. In fact, our
results suggest that a degree of squeezing may be
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indispensable for observation of vacuum entanglement.
That is because introduction of squeezing counteracts the
increase of temperature (see Fig. 5), which otherwise is
detrimental for the spatial entanglement [40].

We have also demonstrated a link between spatial
entanglement of a state and its entanglement between
the degrees of freedom that are not spatially localized
(see Fig. 7). This provokes interesting and open questions
from a resource-theoretic perspective: does adding entan-
glement between nonlocalized degrees of freedom increase
the amount of entanglement between localized observables
by the same amount? Can such nonspatial entanglement be
extracted using localized observables? Finally, is the
reverse process possible, that is the transfer of spatial
entanglement to entanglement between, for example, cavity
modes of different frequencies?

Last but not least, we have obtained promising results for
particle production by sudden introduction of a boundary
condition. Figure 2 illustrates that the particle production
process is similar to the action of a quantum-optical

PHYSICAL REVIEW D 93, 125003 (2016)

phase-sensitive amplifier. For in-phase coherent states it
suffices to count particles in the two lowest modes of the
small cavities to witness an almost twofold increase in the
total number of particles. For random-phase coherent states
or thermal states, as can be seen from Fig. 3, a 14% increase
in the number of particles is still achievable in a similar
situation. These results are in strong contrast to what is
obtained with the vacuum as the initial state [27], where the
number of particles produced is much smaller than any
conceivable thermal background. Finally, we would like to
point out that similar benefits of nonvacuum initial states
have been shown for the shaking-cavity dynamical Casimir
effect [44].

ACKNOWLEDGMENTS

We thank Christopher Wilson and Iwo Bialynicki-Birula
for discussions and the National Science Centre for
financial support from the Sonata BIS Grant No. DEC-
2012/07/E/ST2/01402.

[1] S. A. Fulling, Phys. Rev. D 7, 2850 (1973).
[2] W.G. Unruh, Phys. Rev. D 14, 870 (1976).
[3] S.J. Summers and R. Werner, Phys. Lett. A 110, 257
(1985).
[4] S.J. Summers and R. Werner, J. Math. Phys. (N.Y.) 28,
2440 (1987).
[51 S.J. Summers and R. Werner, J. Math. Phys. (N.Y.) 28,
2448 (1987).
[6] S. Summers and R. Werner, Commun. Math. Phys. 110, 247
(1987).
[7] B. Reznik, arXiv:quant-ph/0008006.
[8] B. Reznik, Found. Phys. 33, 167 (2003).
[9] S.-Y. Lin and B. L. Hu, Phys. Rev. D 81, 045019 (2010).
[10] A. Retzker, J.I. Cirac, and B. Reznik, Phys. Rev. Lett. 94,
050504 (2005).
[11] M. Redhead, Found. Phys. 25, 123 (1995).
[12] R. Verch and R.F. Werner, Rev. Math. Phys. 17, 545
(2005).
[13] B. Reznik, A. Retzker, and J. Silman, Phys. Rev. A 71,
042104 (2005).
[14] J. Silman and B. Reznik, Phys. Rev. A 75, 052307 (2007).
[15] A. Dragan, J. Doukas, E. Martin-Martinez, and D.E.
Bruschi, Classical Quantum Gravity 30, 235006 (2013).
[16] A.Dragan,J. Doukas, and E. Martin-Martinez, Phys. Rev. A
87, 052326 (2013).
[17] J. Doukas, E. G. Brown, A. Dragan, and R. B. Mann, Phys.
Rev. A 87, 012306 (2013).
[18] M. Ahmadi, K. Lorek, A. Checinska, A. R. H. Smith, R. B.
Mann, and A. Dragan, arXiv:1602.02349.
[19] J. Silman and B. Reznik, Phys. Rev. A 71, 054301 (2005).
[20] K. Lorek, D. Pecak, E. G. Brown, and A. Dragan, Phys. Rev.
A 90, 032316 (2014).

[21] S.J. Olson and T. C. Ralph, Phys. Rev. Lett. 106, 110404
(2011).

[22] D.E. Bruschi, A. Dragan, A.R. Lee, 1. Fuentes, and J.
Louko, Phys. Rev. Lett. 111, 090504 (2013).

[23] M. Cliche and A. Kempf, Phys. Rev. D 83, 045019
(2011).

[24] G. Ver Steeg and N. C. Menicucci, Phys. Rev. D 79, 044027
(2009).

[25] K. Lorek, J. Louko, and A. Dragan, Classical Quantum
Gravity 32, 175003 (2015).

[26] J. Lindkvist, C. Sabin, I. Fuentes, A. Dragan, I.-M.
Svensson, P. Delsing, and G. Johansson, Phys. Rev. A
90, 052113 (2014).

[27] M. Rodriguez-Vazquez, M. del Rey, H. Westman, and J.
Leon, Ann. Phys. (Amsterdam) 351, 112 (2014).

[28] E.G. Brown, M. del Rey, H. Westman, J. Leon, and A.
Dragan, Phys. Rev. D 91, 016005 (2015).

[29] R. Clifton and H. Halvorson, Stud. Hist. Phil. Mod. Phys.
32, 1 (2001).

[30] H.T. Ng and K. Burnett, New J. Phys. 10, 123014 (2007).

[31] E. G. Brown, Phys. Rev. A 88, 062336 (2013).

[32] Y.E. Lozovik, V. G. Tsvetus, and E. A. Vinogradov, Phys.
Scr. 52, 184 (1995).

[33] N. Obadia and R. Parentani, Phys. Rev. D 64, 044019
(2001).

[34] A. Fedotov, N. Narozhny, and Y. Lozovik, J. Opt. B 7, S64
(2005).

[35] E. G. Brown and J. Louko, J. High Energy Phys. 08 (2015)
061.

[36] N.D. Birrell and P.C.W. Davies, Quantum Fields in
Curved Space (Cambridge University Press, Cambridge,
England, 1986).

125003-9


http://dx.doi.org/10.1103/PhysRevD.7.2850
http://dx.doi.org/10.1103/PhysRevD.14.870
http://dx.doi.org/10.1016/0375-9601(85)90093-3
http://dx.doi.org/10.1016/0375-9601(85)90093-3
http://dx.doi.org/10.1063/1.527733
http://dx.doi.org/10.1063/1.527733
http://dx.doi.org/10.1063/1.527734
http://dx.doi.org/10.1063/1.527734
http://dx.doi.org/10.1007/BF01207366
http://dx.doi.org/10.1007/BF01207366
http://arXiv.org/abs/quant-ph/0008006
http://dx.doi.org/10.1023/A:1022875910744
http://dx.doi.org/10.1103/PhysRevD.81.045019
http://dx.doi.org/10.1103/PhysRevLett.94.050504
http://dx.doi.org/10.1103/PhysRevLett.94.050504
http://dx.doi.org/10.1007/BF02054660
http://dx.doi.org/10.1142/S0129055X05002364
http://dx.doi.org/10.1142/S0129055X05002364
http://dx.doi.org/10.1103/PhysRevA.71.042104
http://dx.doi.org/10.1103/PhysRevA.71.042104
http://dx.doi.org/10.1103/PhysRevA.75.052307
http://dx.doi.org/10.1088/0264-9381/30/23/235006
http://dx.doi.org/10.1103/PhysRevA.87.052326
http://dx.doi.org/10.1103/PhysRevA.87.052326
http://dx.doi.org/10.1103/PhysRevA.87.012306
http://dx.doi.org/10.1103/PhysRevA.87.012306
http://arXiv.org/abs/1602.02349
http://dx.doi.org/10.1103/PhysRevA.71.054301
http://dx.doi.org/10.1103/PhysRevA.90.032316
http://dx.doi.org/10.1103/PhysRevA.90.032316
http://dx.doi.org/10.1103/PhysRevLett.106.110404
http://dx.doi.org/10.1103/PhysRevLett.106.110404
http://dx.doi.org/10.1103/PhysRevLett.111.090504
http://dx.doi.org/10.1103/PhysRevD.83.045019
http://dx.doi.org/10.1103/PhysRevD.83.045019
http://dx.doi.org/10.1103/PhysRevD.79.044027
http://dx.doi.org/10.1103/PhysRevD.79.044027
http://dx.doi.org/10.1088/0264-9381/32/17/175003
http://dx.doi.org/10.1088/0264-9381/32/17/175003
http://dx.doi.org/10.1103/PhysRevA.90.052113
http://dx.doi.org/10.1103/PhysRevA.90.052113
http://dx.doi.org/10.1016/j.aop.2014.07.031
http://dx.doi.org/10.1103/PhysRevD.91.016005
http://dx.doi.org/10.1016/S1355-2198(00)00033-2
http://dx.doi.org/10.1016/S1355-2198(00)00033-2
http://dx.doi.org/10.1088/1367-2630/10/12/123014
http://dx.doi.org/10.1103/PhysRevA.88.062336
http://dx.doi.org/10.1088/0031-8949/52/2/008
http://dx.doi.org/10.1088/0031-8949/52/2/008
http://dx.doi.org/10.1103/PhysRevD.64.044019
http://dx.doi.org/10.1103/PhysRevD.64.044019
http://dx.doi.org/10.1088/1464-4266/7/3/009
http://dx.doi.org/10.1088/1464-4266/7/3/009
http://dx.doi.org/10.1007/JHEP08(2015)061
http://dx.doi.org/10.1007/JHEP08(2015)061

KIALKA, AHMADI, and DRAGAN

[37] For a modern overview of Gaussian states and their
manipulation, see C. Weedbrook, S. Pirandola, R. Garcia-
Patron, N. J. Cerf, T. C. Ralph, J. H. Shapiro, and S. Lloyd,
Rev. Mod. Phys. 84, 621 (2012).

[38] G. Adesso and F. Illuminati, J. Phys. A 40, 7821
(2007).

[39] D. Walls and G. Milburn, Quantum Optics, SpringerLink:
Springer e-Books (Springer, New York, 2008).

[40] Assuming a cavity length R = 2 m and a phase velocity of
¢/3, we can estimate that the temperature corresponding to
7 = 0.2 is approximately 1 mK. On the other hand, for a
dilution refrigerator temperature of 40 mK, 7 =~ 15. The
setup parameters we assumed are motivated by currently

PHYSICAL REVIEW D 93, 125003 (2016)

available superconducting waveguide technology [41],
which is the most promising avenue for experimental
realization of our gedanken experiment.

[41] C. Bockstiegel, J. Gao, M.R. Vissers, M. Sandberg, S.
Chaudhuri, A. Sanders, L.R. Vale, K. D. Irwin, and D.P.
Pappas, J. Low Temp. Phys. 176, 476 (2014).

[42] D.E. Bruschi, N. Friis, I. Fuentes, and S. Weinfurtner,
New J. Phys. 15, 113016 (2013).

[43] D.E. Bruschi, M. Perarnau-Llobet, N. Friis, K. V.
Hovhannisyan, and M. Huber, Phys. Rev. E 91, 032118
(2015).

[44] G. Plunien, R. Schiitzhold, and G. Soff, Phys. Rev. Lett. 84,
1882 (2000).

125003-10


http://dx.doi.org/10.1103/RevModPhys.84.621
http://dx.doi.org/10.1088/1751-8113/40/28/S01
http://dx.doi.org/10.1088/1751-8113/40/28/S01
http://dx.doi.org/10.1007/s10909-013-1042-z
http://dx.doi.org/10.1088/1367-2630/15/11/113016
http://dx.doi.org/10.1103/PhysRevE.91.032118
http://dx.doi.org/10.1103/PhysRevE.91.032118
http://dx.doi.org/10.1103/PhysRevLett.84.1882
http://dx.doi.org/10.1103/PhysRevLett.84.1882

