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I. INTRODUCTION

One of the main aims in the emerging field of Relativis-
tic Quantum Information is to understand how entangle-
ment depends on the motion of an observer. It has been
shown that the amount of entanglement present in a state
of free modes of a relativistic quantum field as seen by in-
ertial observers, such as Alice and Bob, is degraded when
the same state is analyzed by a uniformly accelerated
observer Rob [1–10]. The vacuum state as seen by Al-
ice is a highly populated thermal state for Rob. General
states for inertial observers, including entangled states,
inherit the noise introduced by the vacuum. Therefore,
the states as seen by an accelerated observer would not be
thermal but more mixed. The amount of noise would in-
crease with the acceleration while degrading correlations.
In this sense, the Unruh effect degrades entanglement[1–
10].

The temperature of the Minkowski vacuum diverges in
the infinite acceleration limit. As a consequence, it was
found that correlations present in maximally entangled
states of uncharged bosonic field modes vanish in the in-
finite acceleration limit. Surprisingly, for fermionic field
modes, entanglement remains finite in the limit of infi-
nite acceleration (for example, see [9]). The reasons for
this striking difference are not yet understood. In or-
der to address this issue, nonlocal correlations between
fermionic particle and antiparticle degrees of freedom
have also been taken into account [11]. There the au-
thors considered initially maximally entangled states and
three different bipartitions: the first where Rob could not
distinguish between particle and antiparticles and two
where he could analyze separately particles and antipar-
ticles. They found that the survival of entanglement in
the infinite acceleration in the first bipartition could be
accounted for by considering the redistribution of entan-
glement between particle and antiparticle bipartitions.
While [11] did improve the understanding of the behav-
ior of fermionic entanglement as described by different
observers, the behavior could not be directly compared
with that for bosons, as previous work on bosons has fo-

∗Previously known as Fuentes-Guridi and Fuentes-Schuller.

cused on real scalar fields in which there is no distinction
between particles and antiparticles.

In this work we introduce charged bosonic fields. Alice
and Bob will analyze a one parameter family of maxi-
mally entangled states of Unruh modes. Bob and uni-
formly accelerated Rob will not agree on the particle
content of each of these states. We consider the same bi-
partitions and analyze the bosonic analogue of the states
studied in [11]. We study the entanglement tradeoff be-
tween such bipartitions and how the entanglement is de-
graded as a function of the Rob’s proper acceleration. In
spite of the presence of antiparticles, we find that mode
entanglement always vanishes in the infinite acceleration
limit. The redistribution of entanglement between parti-
cles and antiparticles observed in the fermionic case [11]
does not occur for charged bosons. This supports the
conjecture that the main differences in the behavior of
entanglement in the bosonic and fermionic case are due
to Fermi-Dirac versus Bose-Einstein statistics [12].

This paper is organized as follows: in section II we in-
troduce transformations between Minkowski, Unruh and
Rindler modes for charged bosonic fields. This section ex-
tends results from [11, 13] and by including anti-particle
bosonic modes. In section III, we analyse the entangle-
ment transfer between the particle and antiparticle sec-
tors in different families of maximally entangled states
when one of the observers is uniformly accelerated. Fi-
nally, conclusions and discussions are presented in section
V.
Our conventions are the following: ~ = c = 1 and the
signature of the metric is (−,+). In the following, M
and R will be short notation for Minkowski and Rindler.

II. CHARGED BOSONIC FIELD STATES FOR
UNIFORMLY ACCELERATED OBSERVERS

We consider a free charged scalar field Φ in 1 + 1
Minkowski spacetime with metric gµν . For the purposes
of this work we consider a massless field without loss of
generality. Φ obeys the Klein Gordon equation �Φ = 0
where � = (

√
−g)−1∂µ

√
−g∂µ and g = det(gµν). Iner-

tial observers Alice and Bob will naturally use Minkowski
coordinates (t, x) to describe the field. In these coordi-
nates the line element takes the form ds2 = gµνdx

µdxν =
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−dt2+dx2 and � = ∂µ∂µ. Particular solutions u±ω,M(t, x)
to these field equations take the standard form which can
be found in [14]. For 1 + 1 massless scalar, right movers
u±ω,M(t − x) and left movers u±ω,M(t + x) decouple and
we will choose to deal with right movers without loss of
generality. These modes satisfy the eigenvalue equation

i∂tu
±
ω,M(t, x) =± ωu±ω,M(t, x), (1)

where ω > 0 is the frequency with respect to ∂t. We
therefore interpret u+

ω,M as Minkowski particles and u−ω,M
as antiparticles. We define the inner product between two
modes in any coordinate chart as

(uσω, u
σ′

ω′) = i

∫
Σ

dΣµ uσ∗ω
↔
∂µu

σ′

ω′ , (2)

where in Minkowski coordinates we can choose Σ as the
t = 0 hypersurface and σ, σ′ = ±. Modes are (delta)
normalized through (2): (u±ω , u

±
ω′) = δ(ω − ω′) and the

mixed products vanish.
The field Φ can then be expanded in terms of particle

and antiparticle solutions

Φ =

∫
dω
(
cω,M u+

ω,M + d†ω,M u−ω,M

)
, (3)

where cω,M, dω,M, c
†
ω,M, d

†
ω,M are the annihilation and cre-

ation operators of particles and antiparticles respectively.
They define the Minkowski vacuum |0〉M through the
condition cω,M |0〉M = dω,M |0〉M = 0 and obey the stan-
dard commutation relations[

cω,M, c
†
ω′,M

]
=
[
dω,M, d

†
ω′,M

]
= δ(ω − ω′), (4)

while all other commutators vanish.
A uniformly accelerated observer Rob follows trajecto-

ries which are naturally described by a set of Rindler co-
ordinates (η, ξ) and are parametrized by ξ = const. The
relation between Minkowski and Rindler coordinates is

t = ξ sinh η

x = ξ cosh η, (5)

where η is the dimensionless time parameter which in-
creases towards the future, ξ > 0, |t| < x, and the line el-
ement reads ds2 = −ξ2dη2 +dξ2. The part of Minkowski
spacetime covered by (η, ξ) is called right Rindler Wedge
or region I. Analogously, one can define a region II by

t = ξ sinh η

x = ξ cosh η, (6)

where |t| < −x, ξ < 0 and t → +∞ for η → −∞.
In both regions Rob, moving on a uniformly accelerated
world line at ξ = const, would perceive constant proper
acceleration of magnitude A = 1/|ξ|.

One wishes to find the equivalent expansion for Rob
of (3). In his coordinates the operator � takes a differ-
ent form than in the inertial case. Solutions in region I

are u±Ω,I(η, ξ) can be found analytically [13]. Ω > 0 is a
dimensionless frequency and these solutions satisfy

i∂ηu
±
Ω,I(η, ξ) =± ΩuΩ,I(η, ξ). (7)

One can (delta) normalize such modes through (2),
where Σ will be the η = 0 hyper surface, and obtain
(u±Ω,I, u

±
Ω′,I) = δ(Ω−Ω′). Analogously, one can follow the

same procedure for region II. The field Φ can then be
expanded as

Φ=

∫
dΩ
(
cΩ,Iu

+
Ω,I + d†Ω,Iu

−
Ω,I + cΩ,IIu

+
Ω,II + d†Ω,IIu

−
Ω,II

)
,

(8)
where cΩ,∆ dΩ,∆ are the particle and antiparticle opera-
tors of regions ∆ = I, II. They obey the standard com-
mutation relations[

cΩ,∆, c
†
Ω′,∆

]
=
[
dΩ,∆, d

†
Ω′,∆

]
= δ(Ω− Ω′). (9)

Mixed commutators and commutators of operators in dif-
ferent regions vanish and these operators annihilate the
Rindler vacuum cΩ,∆ |0〉R = dΩ,∆ |0〉R = 0 ∀Ω > 0 and
∆ = I, II.

Equation (2) can be used to compute the Bogoli-
ubov transformations between Minkowski operators and
Rindler operators. For example, cΩ,I = (Φ, u+

Ω,I) and
one can expand Φ in the Minkowski basis to find the re-

lation between cΩ,I and cω,M, dω,M, c
†
ω,M, d

†
ω,M. For the

purpose of understanding how entanglement is affected
by the state of motion of one observer, it is much more
convenient to employ Unruh modes.

It is well known that the Unruh basis provides an in-
termediate step between Minkowski and Rindler modes
and allows for analytical Bogoliubov transformation be-
tween Unruh operators and Rindler operators. Given
the set of Minkowski modes, one can obtain the Unruh
modes u±Ω,Γ by a simple change of basis. Here Ω is the
same label as for the Rindler modes and Γ = R,L are
extra indices. Positive and negative energy Minkowski
modes do not mix and therefore the Unruh operators
CΩ,R, CΩ,L, DΩ,R, DΩ,L annihilate the Minkowski vac-
uum as well. The Bogoliubov transformations between
Unruh and Rindler operators takes the simple form

CΩ,R =
(

cosh rΩ cΩ,I − sinh rΩ d
†
Ω,II

)
,

CΩ,L =
(

cosh rΩ cΩ,II − sinh rΩ d
†
Ω,I

)
,

D†Ω,R =
(
− sinh rΩ cΩ,I + cosh rΩ d

†
Ω,II

)
,

D†Ω,L =
(
− sinh rΩ cΩ,II + cosh rΩ d

†
Ω,I

)
, (10)

where tanh rΩ = e−πΩ.
The transformation between the Minkowski vacuum

|0〉M and the Rindler vacuum |0〉R can be found in a
standard way. We first introduce the generic Rindler
Fock state |nm, pq〉Ω as

|nm, pq〉Ω :=
c†nΩ,I√
n!

d†mΩ,II√
m!

d†pΩ,I√
p!

c†qΩ,II√
q!
|0〉R (11)
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and the ± sign is again the notation for particle and
antiparticle respectively. This allows us to write [15]

|0Ω〉M =
1

C2

+∞∑
n,m=0

Tn+m |nn,mm〉Ω , (12)

where T := tanh rΩ, C := cosh rΩ, S := sinh rΩ and
|0Ω〉M is a shortcut notation used to underline that
each Unruh Ω is uniquely mapped to the corresponding
Rindler Ω.

One particle Unruh states are defined as |1j〉+U =

c†Ω,U |0〉M, |1j〉−U = d†Ω,U |0〉M where the Unruh particle
and antiparticle creation operator are defined as a linear
combination of the two Unruh operators

c†Ω,U =qRC
†
Ω,R + qLC

†
Ω,L,

d†Ω,U =pRD
†
Ω,R + pLD

†
Ω,L. (13)

qR, qL, pR, pL ∈ C and satisfy |qR|2 + |qL|2 = |pR|2 +
|pL|2 = 1. pR,L and qR,L are not independent. When
restricted to the same Rindler wedge, for example the
right wedge

c†Ω,U |0〉R = qRC |10, 00〉Ω
d†Ω,U |0〉R = pLC |00, 10〉Ω . (14)

We require that in this case, and analogously when they
are restricted to the left wedge, the Unruh particles and
antiparticles have the same interpretation of Rindler par-
ticle |10, 00〉Ω and antiparticle |00, 10〉Ω. Therefore to be
consistent with a particular choice of qR and qL, we must
choose pL = qR and pR = qL. (15) reduces to

c†Ω,U =qRC
†
Ω,R + qLC

†
Ω,L,

d†Ω,U =qLD
†
Ω,R + qRD

†
Ω,L. (15)

Therefore, Unruh L and R excitations are given by

|1k〉+U = c†k,U |0〉U = qR |1Ω,R〉+ + qL |1Ω,L〉+

|1k〉−U = d†k,U |0〉U = qL |1Ω,R〉− + qR |1Ω,L〉− . (16)

III. PARTICLE AND ANTI-PARTICLE
ENTANGLEMENT IN NON-INERTIAL FRAMES

Analyzing entangled states of Minkowski modes
involves complicated computations since a single
Minkowoski mode corresponds to an infinite superposi-
tion of Rindler modes. Therefore, for the sake of sim-
plicity, we choose to analyze entangled states of Unruh
modes instead [13].

We have found the expressions for the vacuum and sin-
gle Unruh and Rindler particle states. This allows us to
analyse the degradation of entanglement as seen by ob-
servers in uniform acceleration. Unruh modes with sharp
frequency are delta-normalised. As discussed in [13], one

can always consider a superposition of Minkowski modes
which will correspond to a distribution of Unruh frequen-
cies Ω. One can then choose the Minkowski distribution
in such a way that the Unruh distribution will be peaked
around some frequency Ω. Such Unruh wave packets
would then be normalized. In the following we study
the idealized case of Unruh modes with sharp frequen-
cies. Although such states can be easily treated from a
mathematical perspective, their physical interpretation
requires deeper understanding. Preliminary results show
that extended accelerated Unruh-deWitt detectors with a
spatial Gaussian profile naturally couple to a peaked dis-
tribution of Unruh modes. These detectors will be used
to analyze in more depth physical aspects of entangled
states such as those considered in this work [16].

We first consider the following family of maximally en-
tangled states prepared by inertial observers Alice and
Bob.

|Ψ+〉 =
1√
2

(
|0ω〉M |0Ω〉U + |1ω〉σM |1Ω〉+U

)
(17a)

|Ψ−〉 =
1√
2

(
|0ω〉M |0Ω〉U + |1ω〉σM |1Ω〉−U

)
(17b)

|Ψ1〉 =
1√
2

(
|1ω〉+M |1Ω〉−U + |1ω〉−M |1Ω〉+U

)
, (17c)

where U labels bosonic Unruh modes and σ = ± de-
notes particle and antiparticle modes as usual. The
entanglement will not depend on the value of Alice’s
Minkowski frequency ω, and we may regard the states
(17) as parametrised by effectively just one parameter,
the dimensionless Rindler frequency Ω.

Rob does not naturally describe the states (17) with
Minkowski coordinates but with Rindler coordinates. To
take this into account we transform the Unruh modes to
Rindler ones using (16). After this transformation, the
states become effectively a tri-partite system.

Rob will study Rindler modes which have a fixed phys-
ical frequency E. Therefore, for any value of his proper
acceleration A, he will analyze those states in (17) labeled
by the corresponding dimensionless Ω = E/A. In this
sense, tanh r = exp(−πE/A) and A→ +∞ as r → +∞.
Alternatively, Rob could have a fixed acceleration A and
would analyze Rindler modes with different frequencies
E. He would then analyze those states in (17) labeled by
the corresponding dimensionless Ω = E/A.
As is commonplace in the literature, we define the
Alice-Rob bi-partition as the Minkowski-region I Rindler
modes.

To study distillable entanglement in this context we
will employ the negativity N , defined as the sum of the
negative eigenvalues of the partial transpose density ma-
trix [17]. N 6= 0 is a sufficient condition for a state
to be entangled. Two cases of interest will be consid-
ered. In the first case we assume that Alice and Rob
have detectors which do not distinguish between particle
and antiparticles. In this case, particles and antiparticles
together are considered to be a subsystem. In the sec-
ond case we consider that Rob has detectors which are
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only sensitive to particles or antiparticles and therefore
antiparticle or particle states must be traced out.

A. Entanglement in states |Ψ+〉 and |Ψ−〉

We start with states (17a) and (17b). To compute
Alice-Rob partial density matrix in (17a) we trace over
region II in |Ψ+〉〈Ψ+| and obtain,

ρPTA−R =
1

2

1

C4

∑
n,m

T 2n+2m {

|0〉 〈0| ⊗ |n,m〉 〈n,m|

+
1

C2
|1〉 〈1| ⊗

[
(n+ 1)|qR|2 |n+ 1,m〉 〈n+ 1,m|

+T
√

(n+ 1)(m+ 1)qRq
∗
L |n+ 1,m+ 1〉 〈n,m|

+T
√

(n+ 1)(m+ 1)qLq
∗
R |n,m〉 〈n+ 1,m+ 1|

+ (m+ 1)|qL|2 |n,m〉 〈n,m|
]

+
1

C
|1〉 〈0| ⊗

[√
(n+ 1)q∗R |n,m〉 〈n+ 1,m|

+ T
√

(m+ 1)q∗L |n,m+ 1〉 〈n,m|
]

+ h.c.
}
. (18)

A major difference between the fermionic and the bosonic
case is that in the latter, the Fock space is infinite di-
mensional in the particle number degree of freedom. In
the present case it is therefore not possible to find the
eigenvalues of the partial transpose density matrix ana-
lytically. However, we calculate N numerically and plot
our results in Fig.1 as a function of r = r(Ω). We see that

0.2 0.4 0.6 0.8 1.0 1.2 1.4

0.1

0.2

0.3

0.4

0.5

Figure 1: Negativity N as a function of r for the state ρA−R.
Curves are for qR = 1, 0.9, 0.7, 0.6, 0.5, 0.3, 0.1 from top to
bottom.

entanglement always vanishes in the infinite acceleration
limit as for the uncharged bosonic case.

We now analyse the entanglement when Rob is not able
to detect antiparticles. In this case Rob’s particle modes
are entangled with Alice’s subsystem. Since Rob cannot
detect antiparticles we must trace over all antiparticle
states and therefore, (18): −ρ

PT
A−R =

∑
n

〈
n−I
∣∣ ρ+
AR

∣∣n−I 〉.

This yields

−ρ
PT
A−R =

1

2

∑
n

T 2n

C2
{|0〉 〈0| ⊗ |n〉 〈n|+

+ |1〉 〈1| ⊗
[
(n+ 1)

1

C2
|qR|2 |n+ 1〉 〈n+ 1|

+ |qL|2 |n〉 〈n|
]

+ |1〉 〈0| ⊗
[

1

C

√
(n+ 1)q∗R |n〉 〈n+ 1|+ h.c.

]}
.

(19)

In this case we find analytical results. One can show that
the partially transposed density matrix of the Alice-Rob
bipartition has negative eigenvalues iff

1 ≥ |qR|2 > T 2 ≡ |+qARR |2. (20)

This means that entanglement, quantified byN , vanishes
for finite acceleration. We plot the entanglement in this
bipartition in Fig. 2.

0.2 0.4 0.6 0.8 1.0 1.2 1.4

0.1

0.2

0.3

0.4

0.5

Figure 2: Negativity N as a function of r for the state −ρA−R.
Curves are for qR = 1, 0.9, 0.7, 0.6, 0.5, 0.3, 0.1 from top to
bottom.

The entanglement is always degraded in this biparti-
tion and vanishes at finite A. We will compare these re-
sults with those of the last part of section III B. We stress
that in the present case, the cutoff (20) is the same for
every eigenvalue of (19).

It is interesting to analyze the case where Rob and
AntiRob’s detectors are only sensitive to antiparticles. In
this case one must trace over particle states. We obtain,
(18): +ρ

PT
A−R =

∑
n 〈n|

+
I ρ

+
AR |n〉

+
I , and therefore,

+ρ
PT
A−R =

1

2

∑
n

T 2n

{
1

C2
|0〉 〈0| ⊗ |n〉 〈n|

+ |1〉 〈1| ⊗
[
(n+ 1)

|qL|2

C4
+
(
T 2C2

)
|qR|2

]
|n〉 〈n|

+ |1〉 〈0| ⊗
[
T

C3

√
(n+ 1)q∗L |n+ 1〉 〈n|+ h.c.

]}
.

(21)
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In this case negative eigenvalues in the Alice-Rob partial
transpose density matrix exist iff

|qL|2 + T 2C2|qR|2 < 0, (22)

which can never be satisfied. Therefore, entanglement
is always zero in this bipartition. This result is in clear
contrast with the fermionic case in which entanglement
is always created in this bipartition [11]. We therefore
conclude that in the bosonic case the redistribution of en-
tanglement between particles and antiparticles does not
occur.

The tensor product structure of the Hilbert space in
the fermionic and the charged bosonic case plays an im-
portant role in the behavior of entanglement in the in-
finite acceleration limit. In the case of neutral scalar
fields there are no antiparticles and entanglement is com-
pletely degraded. One could expect that in the charged
bosonic case transfer between particles and antiparticles
might occur but we find that this is not the case. In the
next section we will see more explicitly that the different
statistics play a primary role in entanglement behavior.
We also notice that, as in [11], these results have been
computed for the initial state (17a). One can easily find
the result for the initial state (17b) by exchanging parti-
cle with antiparticle in all the previous calculations and
conclusions.

B. Entanglement in state |Ψ1〉

We now study the entanglement in the state (17c). The
density matrix for the subsystem Alice-Rob is obtained
from |Ψ1〉〈Ψ1| by tracing over region II:

ρPTA−R =
1

2

1

C6

∑
n,m

T 2n+2m {

|−〉 〈−| ⊗
[
(n+ 1)|qR|2 |n+ 1,m〉 〈n+ 1,m|

+T
√

(n+ 1)(m+ 1)qRq
∗
L |n+ 1,m+ 1〉 〈n,m|

+T
√

(n+ 1)(m+ 1)qLq
∗
R |n,m〉 〈n+ 1,m+ 1|

(m+ 1)|qL|2 |n,m〉 〈n,m|
]

+

+ |+〉 〈+| ⊗
[
(m+ 1)|qR|2 |n,m+ 1〉 〈n,m+ 1|

+T
√

(n+ 1)(m+ 1)qRq
∗
L |n+ 1,m+ 1〉 〈n,m|

+T
√

(n+ 1)(m+ 1)qLq
∗
R |n,m〉 〈n+ 1,m+ 1|

(n+ 1)|qL|2 |n,m〉 〈n,m|
]

+ |−〉 〈+| ⊗
[
T
√

(m+ 1)(m+ 2)qRq
∗
L |n,m+ 2〉 〈n,m|

+
√

(n+ 1)(m+ 1)|qR|2 |n,m+ 1〉 〈n+ 1,m|

+
√

(n+ 1)(m+ 1)T 2|qL|2 |n,m+ 1〉 〈n+ 1,m|

T
√

(n+ 1)(n+ 2)qLq
∗
R |n,m〉 〈n+ 2,m|

]
+ h.c.

}
.

(23)

As in the previous subsection, it is not possible to find
an analytic expression for the eigenvalues of (23). We

calculate N numerically. We show our numerical results
in Fig. 3

0.2 0.4 0.6 0.8 1.0 1.2

0.1

0.2

0.3

0.4

0.5

Figure 3: Negativity N as a function of r for the state ρA−R.
Curves are for qR = 1, 0.9, 0.7, 0.6, 0.5, 0.3, 0.1 from top to
bottom.

We find once more that entanglement is degraded in
all cases and vanishes in the limit of infinite acceleration.
Surprisingly, for small r, we notice that there is a range of
values of |qR| where N is not a monotonically decreasing
function of r. A similar behavior for a fermionic field was
noticed in [18]. We show a sample in Fig. 4.

0.05 0.10 0.15 0.20

0.398

0.400

0.402

0.404

0.406

Figure 4: Negativity N as a function of r for the state ρA−R

and qR = 0.9. A detail of the the curve shown in Fig. 3 as
the second curve from the top for 0 < r < 0.25.

Assuming now that Rob’s detector is only sensitive to
particles, we trace over antiparticles in region I and ob-
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tain

−ρ
PT
A−R =

1

2

∑
n

T 2n {

|+〉 〈+| ⊗
[
|qR|2

C4
(n+ 1) |n+ 1〉 〈n+ 1|

+
|qL|2

C2
|n〉 〈n|

]
+ |−〉 〈−| ⊗

[
|qL|2

C4
(n+ 1) +

|qR|2

C2

]
|n〉 〈n|

+ |+〉 〈−| ⊗
[
T

C4

√
(n+ 1)(n+ 2)qLq

∗
R |n〉 〈n+ 2|

+ h.c.]} . (24)

We are able to analytically find the eigenvalues of the
state (24). Unlike the case for the state (19), where all
the eigenvalues could be negative if (20) were satisfied,
here we find that only a finite subset of the eigenvalues
can be negative and such subset depends on r. For this
reason we compute N numerically. The entanglement for
this scenario is plotted in Fig. 5.

0.2 0.4 0.6 0.8 1.0

0.01

0.02

0.03

Figure 5: Negativity N as a function of r for the state ρA−R.
Curves are for qR = 1, 0.9, 0.7, 0.6, 0.5 from top to bottom.

Assuming that Rob looks only at antiparticles yields
analogous results. We find that entanglement behaves
very differently to the corresponding fermionic case where
entanglement between Alice and Rob’s particle (or an-
tiparticle) sector is identically zero. However, here the
entanglement grows with acceleration and reaches a max-
imum value after which it degrades. We trace the differ-
ence between the two cases down to extra terms of the
form |n〉 〈n+ 2| which appear in (24). Clearly, no such
fermionic Fock state as

∣∣(n+ 2)±Ω
〉

can exist due to Pauli
exclusion principle.

IV. ON THE INTERPRETATION OF FIELD
MODE ENTANGLEMENT IN NON-INERTIAL

FRAMES

Employing Unruh modes when analyzing the degrada-
tion of entanglement in non-inertial frames considerably

simplifies mathematical computations since the Bogoli-
ubov transformations between Unruh and Rindler modes
are monochromatic [13]. However, we noticed that in-
cluding Unruh modes requires a careful analysis of the
results since the modes are parametrized by dimension-
less Ω = E/A. Therefore, our analysis involves a one
parameter family of inertial orthogonal maximally en-
tangled states. By fixing the Rindler frequency E one
analyzes the entanglement in a family of states, all of
which share the same frequency E as seen by observers
with different proper acceleration A. An alternative but
also viable interpretation is the following: we analyze
the entanglement of a family of states with different fre-
quency E as seen by the same observer moving with fixed
proper acceleration A.

Furthermore, we have also pointed out that the phys-
ical interpretation of particle states which involve Un-
ruh modes requires deeper understanding. These states
are well defined mathematically, however their physical
meaning is less understood (see for example, [19]). Work
in progress shows that a finite size Unruh-Dewitt detec-
tor in uniform acceleration naturally couples to peaked
distributions of Unruh modes [16]. Such detector model
is employed to show that the single particle inertial states
we consider here appear more mixed when probed by de-
tectors with increasing acceleration.

An alternative analysis on entanglement in non-inertial
frames which does not employ Unruh modes but instead
involves projective detectors [20] is being considered in
[21].

V. CONCLUSIONS

Including antiparticles in the study of field mode en-
tanglement in non-inertial frames has deepened our un-
derstanding of key features which explain the difference
in behavior of entanglement in the fermionic and bosonic
case. It was shown in [11] that in the fermionic case
an entanglement redistribution between particle and an-
tiparticle modes is responsible for the finite value of en-
tanglement in the infinite acceleration limit. In particu-
lar, the relative redistribution for different particle and
antiparticle bipartitions could be used to explain the be-
havior of the entanglement when particles and antipar-
ticles were considered as a whole system. In this paper
we included antiparticles in the study of bosonic entan-
glement by analyzing the charged bosonic case and com-
puted the entanglement in the partitions that correspond
to those considered for fermions in [11]. We showed that,
due to the bosonic statistics, there are substantial dif-
ferences in the entanglement behavior when particles or
antiparticles are not taken into account. We also found
that there are values of the parameters for which the neg-
ativity is not a monotonically decreasing function of the
acceleration. A similar behaviour for a fermionic field
was observed in [18]. We confirmed that entanglement
is always completely degraded in the infinite acceleration



7

limit independently of the redistribution of entanglement
between the particle and antiparticle bipartitions.

We have taken the opportunity to spell out in section
IV an interpretational assertion that has been tacitly
used in much of the recent literature on quantum cor-
relations between inertial and uniformly accelerated ob-
servers. It would be an important question to identify
classes of quantum observables for which this assertion
would follow from interactions that are explicitly local-
ized near Rob’s word line.
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