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In this work we analyze the characteristics of quantum entanglement of the Dirac field in noninertial
reference frames in the context of a new type pseudo-pure state, which is composed of the Bell states.
This will help us to understand the relationship between the relativity and quantum information
theory. Some states will be changed from entangled states into separable ones around the critical value
F = 1/4, but there is no such a critical value for the variable y related to acceleration a. We find that
the negativity Map, (p%&) increases with F' but decreases with the variable y, while the variation of

the negativity Nz, g,, (p?jjgn) is opposite to that of the negativity Nap, (P5%1)~ We also study the
von Neumann entropies S(pap,) and S(pg,p,;,). We find that the S(papg,) increases with variable y
but S(pp,B,,) is independent of it. However, both S(pap,) and S(pp,5,,) first decreases with F and
then increases with it. The concurrences C(pag,) and C(pp,5,,) are also discussed. We find that the
former decreases with y while the latter increases with y but both of them first increase with F' and
then decrease with it.
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1 Introduction

The study of the entanglements within a noninertial frame
is important in quantum information theory. Recently, a
lot of interesting and significant works have been worked
out in effects of both special and general relativity on
quantum entanglement [1-17]. In the classical work, Als-
ing et al. analyzed the entanglement between two modes
of a free Dirac field as regarded as two relatively acceler-
ated parties [1]. Wang et al. generalized Alsing’s study
to three observers [9], which is revisited in our recent
study [18]. They assume that Alice, Bob and Charlie ini-
tially share a GHZ state, and then let Alice stay sta-
tionary, while Bob and Charlie move with uniform ac-
celeration. Considering the special characteristics for the
GHZ state, i.e., the density matrix can be expressed as
the X form. The corresponding eigenvalues can be ob-
tained easily. Recently, Moradi [19] and Mehri-Dehnavi et
al. [20] have studied the so-called Werner state [21] p =
FIO=) (U™ [+ (1= F)/3(|2F) (2T +[27 )27 |+[TF)(TF))
and pseudo-pure states combined by the Bell states such
as the |¢) = «(]00)+|11)) + 5]10) [21], respectively. More-
over, we have restudied Werner state in accelerated frames

[22]. Stimulated by these works we are going to propose
an interesting new pseudo-pure state, which is composed
of four Bell states

) = VEIT) [0 + 187+ ), ()

where F is a parameter such that 0 < F' < 1. The |®%)
and |UF) are usual entangled Bell states

%) 4 = %<|0A>|03> £ 14)]15)), (2)
%) 45 = = (j04)[15) £ [14)[05))- (3)

V2

Our aim is to study its characteristics of the entangle-
ment in noninertial frames such as the negativity, the
von Neumann entropy, concurrence and also the effects
of the variables F' and y on them. We find that this state
(1) has the simplest form |¥~) for F = 1, while it is
the combination of three Bell states |®*) and [¥F) for
F=0.

This work is organized as follows. In Section 2 we pro-
pose an interesting new pseudo-pure state and present the
density operator. We are going to study the characteristics
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of entanglement of the Dirac field in noninertial reference
frames subject to this state such as the negativity, von
Neumann entropy and the concurrences. Finally, we will
give our summary in Section 4.

2 New pseudo-pure state in noninertial
reference frames

Based on the explicit expressions of the Bell states, we are
able to write out this state as the following modified form:

[W)m = |0408) + S+|0a1p) + B-[1405), (4)

where

o= T, e (T

In order to describe the entanglement of the state as
seen by Alice and Bob, let us expand the Minkowski
states |0) 5 and |1) s into Rindler regions I and I7 particle

(5)

1

and antiparticle states. As shown in Refs. [9, 13], the
Minkowski vacuum and one particle states in terms of
Rindler—Fock states are given by

[0y pr = cos7p|0)7|0) 71 + sinry|1)r|1) 11,
|1 = [1)110) 1,

(6)
(7)

where tanr, = exp(—nw/a). The parameters a and w rep-
resent the acceleration of the accelerated observer and the
Minkowski frequency, respectively. In this case one has
rp € [0,7/4] for 0 < a < 0.

We first assume Alice is in an inertial frame and Bob
is observing the system from accelerated frame. And then
we let Alice stay stationary while Bob moves with uniform
acceleration. Taking Egs. (6) and (7) into account, this
state can be expressed as the following form:

|\I]>m = Oc[COS(’I“b)|OAOBIOB”> + Sin(Tb)‘OAlBllBu”

+5+|0A1310311> + B- [COS(rb)HAOBI OBII>
+ Sin(rb) | 1alp, 1B, ”

(8)

The corresponding density matrix will take the form of

a?cos?y 0 aBicosy a?cosysiny aB_ cos?y 0 0 af_cosysiny
0 0 0 0 0 0 0 0
af4 cosy 0 Bi af4siny ByB_cosy 0 O B+ - siny
a’?cosysiny 0 afysiny a?sin’y af_cosysiny 0 0 af_sin?y
PABI B = af_cos’y 0 Byf_cosy aB_cosysiny B2 cos?y 0 0 pB%cosysiny |’ ®)
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
af_cosysiny 0 ByB_siny  af_sin’y B2 cosysiny 0 0 B2 sin?y

where y = r}, for simplicity and we write the matrix on the basis of |0) = |000), |1) = |001), |2) = |010), |3) = |011),

|4) = [100), [5) = [101), |6) = [110), |7) = [111).

3 Negativity, von Neumann entropy and concurrence

As we know, when Bob moves with uniform acceleration a in Rindler region I, he is causally disconnected from region
II. This means that he has no access to field modes in this region II. Thus, the observer has to trace over this
inaccessible region. By taking the trace over the modes in II, we are able to obtain the following mixed density

between Alice and Bob:

PAB; = a?cos?y [0405,) - (0405, + aB4 cosy |041p,) - (040p,| + oS- cos? y [1405,) - (0405,|

+afy cosy|040g,) - (0alp,| + B |0alp,) - (0alp, |+ a®sin®y[0als,) - (0alp]

+B4B-cosy|140p,) - (0alp, |+ af_sin®y[1alp,) - (0alp, |+ B cos’y[040p,) - (140 |

+B4B_cosy|0alp,) - (1405,| + B2 cos? y|140p,) - (1405, |+ aB_sin®y|0alp,) - (1alp,|

+ﬁ3 SinQy‘lAlBl> . <1A1B1| .

Its corresponding matrix form is given explicitly by

21603-2
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a?cos? y afy cosy aB_ cos?y

0

af4 cosy Bi +a?sin?y  Byf_cosy af_sin?y

PAB; =

af_cos’y  B.B_cosy B2 cos?y

0 af_sin?y 0

(11)

(2% sin?y

from which we can obtain partially transpose subsystems A and Bj of Eq. (10) as

Ta TBI 2
PAB, = Pap, — &

cos?y|0403,) - (040, | + By cosy|0alp,) - (0405, | + af- cos’y [140p,) - (0405, |

+B+6— Cos Yy ‘1A131> ’ <0AOBI| + 045_;,_ Cosy |0AOBI> : <0A]‘BI| + [ﬂ—%— + o sin? y] ‘OA]‘BI> : <0A]‘BI|

+af_sin?y [1alp,) - (0alp, |+ af- cos?y 0405, ) - (1405, |+ B2 cos?y |140p5,) - (1405,]

+81B-cosy[040p,) - (1alp, |+ af_sin®y[0alp,) - (1alp,|+ 52 sin® y[1alp,) - (1alg,].

(12)

The reason why we take the partial transposed density matrix of a system is to make the entangled quantum system

have at least one negative eigenvalue.
Their matrix forms are given by

a?cos? y af4 cosy
S pTBI _ afy cosy 53 + a?sin?y 0
ABr DABr aB_ cos?y 0 B2 cos?y
B+ cosy af_sin?y 0

Let us study the so-called two-tangle Nap = ||p%% ] — 1,
which represents the negativity of the mixed state pap,
while the “one-tangle” is given by NA(Bc) = ||P£?3c” -1,
and || A|| = tr(vV AAY) is the trace norm of matrix A4, i.e.,
the sum of the singular values of A [23]. Alternatively,
||A]| —1 is equal to two times of the sum of absolute values
of negative eigenvalues of A. It should be addressed that
the eigenvalues of the above equation (13) can be obtained
analytically, but their expressions are too complicated to
write down here. In Fig. 1, we show the variation of the
negativity Nag, (Pij‘g[) on the acceleration parameter y
and F. We find that the negativity increases with F' but
decreases with the acceleration parameter y. In the special

J

)\1,2 =0,

af_cos?y ByB_cosy

af_sin?y

0 (13)

52 sin?y

T

case F' = 1, the eigenvalues of above matrix (13) are given
by

1 .. 1
1 2 3 4 2
)‘ABI = >‘AB1 = §a>‘ABI = *)\AB, = ) Ccos™ y,

(14)
from which one has Mg, (p%i’z) = cos?y. It is not diffi-
cult to see that A} 5 is always negative. Also, we find that
there is only one negative eigenvalue for the case F' = 0.

We are now in the position to calculate the von Neu-
mann entropy S(pap,) = — 221:1 Ailogy A; of density
pap;- To this end, let us calculate the eigenvalues of the
density pap, (11), which are given by

X34 = i{sz +2(8% 4 B2) T V2[a* + 207 (282 + B2) +28* + B + (o® + 82) % cos(4y) + 482 B2 cos(2y)]'/?},

from which we have

6[In(v20 +12) + In(12 — v/20) — 21n24] + v/20arccoth (%)

(15)

Slpan;) = - 121In2

where the parameter o is defined as

: (16)

o = [(8vF — 8F? — 8F — 20v + 25) cos(4y) + 4(1 — 4F)? cos(2y) — 8F(TF + v — 5) + 20v + 43]*/2,

v=/3F(1 - F).

(17)

Let us study the concurrence C(pap,) of this system. Here we choose the approach p(o, ® 0,)pf (0, ® 7,) to calcu-
late the eigenvalues of the matrix. This approach is different from our recent study [24], in which the density matrix can

21603-3 Qian Dong, et al., Front. Phys. 14(2), 21603 (2019)
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1.0 0.0

Fig. 1 A plot of Nag, (PZ‘;I) as function of acceleration
parameter y and F'.

be written as an X form. The (o, ® 0,) is given by

0 0 0 -1
0 0 1 0

(Uy ®Uy) = 0 1.0 0 (18)
-1 0 0 O

The matrix pap, (oy ® o) pL B, (0y ® 0y) is calculated as

0 2aB4B% cos®y 2aﬁ§rﬁ, cos’y —2a2B,B_cosPy
0 2B82B2cos’y  2B3B_cosy  —2aBip_cos?y
0 28462 cosPy 253_63 cos’y  —2aB % cosPy
0 0 0 0

from which we have the square roots of the eigenvalues as
M = 2|B4B-|cosy = |(1 — 4F)|cosy/3, 234 = 0. The
concurrence is calculated by

C(p) = max{0,A\1 — A2 — A3 — Aa}, A1 > Ao > A3 > Ay
(20)

We plot the concurrence of C(pap,) in Fig. 3. We find

0.4
S(pABI) 02
0.0

1.0 00

Fig. 2 A plot of S(paB;) as function of acceleration param-
eters y and F.

(19)

T
that C(pap,) first decreases with F' and then increases
with it, but it decreases with the increasing y. In particu-
lar, we find that C(pap,) becomes zero for F = 1/4. This
implies that the entanglement is broken. This means that
C(pap,) weakens when the acceleration increases.
Finally, by tracing over the Alice qubit we obtain the
density matrix of Bob in region I and the modes in region
11

(@®+B%)cos?y 0 afycosy (a?+ B2)cosysiny
B 0 0 0 0 (1)
PBrBu = af4 cosy 0 ﬂi afy siny
(a®+ %) cosysiny 0 aBysiny (a® + %) sin’y
The partial transposes of pp, g,, is given by

(a® + %) cos?y 0 afiy cosy 0

B, B 0 0 (a? + B2) cosysiny 0
PBiBi; = PBrBrr — 2 2 ; 2 . (22)

afy cosy (a* + B2) cosysiny By afy siny
0 0 afy siny (a® + %) sin’y

Likewise, we find that the eigenvalues for above ma-
trix (22) are too complicated to write them out explic-
itly. In Fig. 4, we illustrate the variation of the negativity

21603-4

T
T .
Ng, B, (p B?’B”) on the acceleration parameter y and the

F'. In comparison with the negativity Nap; (Pi‘]‘g . ), we find
that the negativity decreases with both the acceleration
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f.
}'P

Fig. 3 A plot of C(pas,) as function of acceleration param-
eters y and F.

T
Fig. 4 A plot of N, 5,, (pB}fg”) as function of acceleration
parameters y and F.

parameter y and the F. In the special case F' = 1, we find
that the eigenvalues are given by

/\}31311 =5 cos? y,
, 1
Nbis = 5 {2 /6= 2cos(4y)} :

2(a? + %)% cos? ysin® y
0
afy(a® + %) sinysin 2y
2(a? + %)% cosysin® y

—2a84 (a? + B2) cos? ysiny
0
—2042@% cosysiny
—2a4(a? + %) cosysin’ y

from which we have the square roots of the eigenvalues of
this matrix as

A = \/(oz2 + B2)2siny[siny +sin(3y)], 234 =0.

We plot it in Fig. 6. We find that the C(pp, 5,,) increases
with y and first decreases with the variable F' and then
increases with it.

4 Conclusions

In this work we have analyzed the characteristics of the
quantum entanglement of this system by taking a new

21603-5

1
s, B, = 3 [2—1- V6 — 200s(4y)] ;

4

1.
B, B, = = sin’y. (23)

2
from which we have Ng, g,, (pgjan) = —2\% p,,- We see
that )\ZBIBH < 0. In the special case y = 0, i.e. @ = 0, there
is no entanglement for this case. Similarly, when F' = 0
the analytical eigenvalues are also too complicated to write
out them explicitly, but we find there is no entanglement
for y = 0.

In a similar way, let us calculate the von Neumann
entropy S(pg,B,,) of density pg,,,. The eigenvalues of
Eq. (21) are given by

A2 =0,
Az = %{a2 + B3 + B2
Flat +2a%(81 + B2) + (B2 — B2)*/?Y,

where the signs “F” correspond the eigenvalues A3 and A4,
respectively. Based on them we get analytical expression
of the von Neumann entropy S(ps,5,;)

(24)

S(pB,B;;) [—31n(27'+3)—3ln(3—27')

~ In64

—4rarctanh <§T> +1In 46656], (25)

where 7 = V—4F2 + 2F + 2. It is interesting to see that
S(pB,B,,) is independent of the variable y as shown above.
his can be explained well since Bob is moving in Regions
I and I with same acceleration.

Similarly, we study the concurrence C(pp,5,,). We
obtain the matrix expression of the ppg,p,, (0, ®

Uy)ijIBH (oy ® o) as follows:

2(a? + %)% cos® ysiny
0
2034 (a? + B2) cos? ysiny
2(a? + %)% cos? ysin® y

(26)

pseudo-pure state into account. It is found that this state
is composed by four Bell states and essentially by the com-
bination of the two qubits «|00) + 84]01) + 5]|10). What
is the advantage of this state is that the Bell states are
orthogonal. The parameter F' plays an important role in
deciding whether this system is entangled or not. That
is, some states will be changed from entangled states into
separable ones around the critical value F' = 1/4. We have
studied the negativities, von Neumann entropies and also
the concurrences. We find that the negativity Map, (pi’jgl)
increases with F' but decreases with the variable y, while
NB, By, (pgf’BH) decreases with F' but increases the accel-
eration variable y. We also study the von Neumann en-

Qian Dong, et al., Front. Phys. 14(2), 21603 (2019)
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1.0 0.0

Fig. 5 A plot of S(pB,B,;) as function of acceleration pa-
rameters y and F'.

1.0 0.0

Fig. 6 A plot of C(ps,;B;,) as function of acceleration pa-
rameters y and F'.

tropies S(pap,) and S(pp,B,,). We find that S(pap,) in-
creases with variable y but S(pp, B,,) is independent of y.
However, both S(pap,) and S(pp, B,,) first decreases with
F and then increases with it. The concurrences C(pag,)
and C(pp,B,,) are also discussed. We find that the former
decreases with y while the latter increases with y but both
of them first increase with F' and then decrease with it.
Before ending this work, we give a useful remark on the
von Neumann entropy, which is different from the Shan-
non entropy in quantum mechanics problem as shown in
Refs. [25, 26]. On the other hand, we are going to see
whether the concurrence vectors proposed by employing
the fundamental representation of Lie algebra [27] can be
used to study the present case.
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