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Abstract We study the impact of acceleration on informa-
tion delocalization under the Unruh (anti-Unruh) effect for
two types of tripartite entangled states, namely the GHZ and
W states. Our findings indicate that the anti-Unruh effect can
result in stronger delocalization of quantum information, as
measured by tripartite mutual information (TMI). Addition-
ally, we show that the W state is more stable than the GHZ
state under the influence of uniformly accelerated motion.
Lastly, we extend our analysis to N-partite entangled states
and product states.

1 Introduction

The delocalization of quantum information describes the dis-
persion of information from local degrees of freedom into
the many-body degrees of freedom within a system, which
is closely related to thermalization in quantum many-body
dynamics [1-3]. Besides many-body systems [4,5], this cap-
tivating subject has also been extensively studied in quantum
information physics [6,7] and black hole physics [8,9]. An
effective measure of information delocalization is tripartite
mutual information (TMI), which becomes negative when
local quantum information is distributed globally [10,11].
Furthermore, smaller TMI values signify stronger informa-
tion delocalization.

Another intriguing phenomenon intimately connected to
black hole research is the Unruh effect [12]. Inspired by
the Hawking radiation resulting from black hole evapora-
tion [13,14], Unruh postulated that a uniformly accelerated
observer in the vacuum field would detect a thermal bath with
temperature 7 = a/2m, now known as the Unruh effect.
It is evident that the temperature 7' of this thermal bath is
proportional to the acceleration a, paralleling the tempera-
ture of Hawking radiation [13,14]. In addition to Hawking
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radiation, the Unruh effect contributes significantly to under-
standing other theories, such as cosmological horizons [15]
and the thermodynamic interpretation of gravity [16,17]. The
Unruh-DeWitt model, which comprises a two-level point
monopole coupled with a massive or massless scalar field
along its trajectory [18], is the most prominent proposal for
investigating field-detector interactions. Under the Unruh
effect, the transition probability of the detector increases
with acceleration. Interestingly, recent research has found
that the transition probability of the Unruh—DeWitt detector
decreases as its acceleration increases under certain condi-
tions. This new phenomenon is distinct from the traditional
Unruh effect and is called the anti-Unruh effect [19,20].

Previous research has explored the influence of both the
Unruh effect and anti-Unruh effect on various quantum
resources [21-34]. In this paper, we focus on the impact of
acceleration on TMI, which can characterize whether quan-
tum information is delocalized. We adopt the Unruh—DeWitt
model and assume that three observers, Alice, Bob, and Char-
lie, each possess identical detectors interacting with their
respective massless scalar fields. Here, we consider three
detectors with different initial entangled states, including
GHZ and W states. We examine the evolution of TMI with
acceleration when one, two, or all three observers move at the
same acceleration, as shown in Fig. 1. Computational results
reveal that the anti-Unruh effect can induce stronger delo-
calization of information than the Unruh effect across the
entire system. Besides, we observe weaker delocalization of
information in the W state, indicating that it is more robust
than the GHZ state when subjected to uniformly accelerated
motion. We also calculate the TMI for detectors initially in
N -partite GHZ and product states.

This paper is organized as follows. In Sect. 2, we intro-
duce the TMI for quantifying information delocalization and
briefly review the Unruh—DeWitt model. In Sect. 3, we inves-
tigate the evolution of information delocalization for several
different situations. In Sect. 4, we extend the discussion to
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Fig. 1 aAlice, Bob, and Charlie individually possess identical Unruh—
DeWitt detectors, and they are initially prepared in a tripartite entan-
gled state; b depiction of the Minkowski spacetime shows that Alice
(red hyperbola) undergoes uniform acceleration, while Bob and Charlie
(blue line) remain stationary

Bob&Charlie .

the case of multiple detectors. Finally, we conclude our work
in Sect. 5.

2 Methods
2.1 Tripartite mutual information (TMI)

For a tripartite system that contains three subsystems A, B,
and C, we can introduce the von Neumann entanglement
entropy, which is defined as

Sa=—trpalnpy, (D

where the reduced density matrix is p4 = trpc papc, and
similar calculations are for the pg, pc, paB, pac, and pgc.
Then, we can calculate the TMI by the following form [10,
11],

Iy = I(A, B) + I(A,C) — I(A, BC)
= S(pa) + S(ps) + S(poc) + S(pasc)
—S(paB) — S(pac) — S(prc), (2)

where the bipartite mutual information 7 (A, B) = S(pa) +
S(pB) — S(pap) measures the total amount of correlations
between subsystems A and B, and analogous definitions for
I(A,C), I(B,C), and I (A, BC). Due to the subadditivity
of von Neumann entanglement entropy, the bipartite mutual
information must be non-negative. However, the TMI can
be negative when the information of subsystem A stored in
composite BC is larger than the total amount of informa-
tion of subsystem A stored in subsystem B and subsystem
C individually, i.e., (A, BC) > I(A, B) + I(A, C) [2].
This indicates that delocalization occurs and local informa-
tion spreads from the subsystem throughout the entire sys-
tem. On the other hand, the positive TMI implies that more
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quantum information is stored among individual subsystems.
Furthermore, I3 = 0 if the tripartite system is a pure state or
if subsystems A, B, and C are not related to each other, mean-
ing the entire system is in a separable state. In this paper, we
will utilize the TMI to quantify information delocalization.

2.2 The Unruh-DeWitt model

Next, we provide a brief overview of the Unruh—-DeWitt
model in this section. Consider a (1 + 1)-dimensional single-
mode massless scalar field ¢ interacting with a two-level
quantum system, with ground state |g) and excited state |e)
separated by an energy gap 2. The interaction Hamiltonian
for this model is [18]

Hp = Ay (z/o)u(0)¢lx(r), 1 ()], 3

where A denotes the coupling constant, 7 represents the detec-
tor’s proper time along its trajectory x(7) and 7(t), x(t/0)
is the switching function controlling the interaction time via
parameter o, and u(7) is the detector’s monopole moment.
We assume weak coupling with A = 0.1, Gaussian switch-
ing function x (t/o) = e_’2/2"2, and 7(t) = a~!sinh(art)
and x(t) = a~![cosh(at) — 1]. For weak coupling, the time
evolution operation can be perturbatively expanded as

I— i/dtHI(r) +0 (xz)

= —iA Z (1+,majna++1_,majnaf+H.C.)+O (Az) ,
m

U

“

where we treat the spacetime as a cylinder with spatial cir-
cumference L = 200, m indicates the discrete mode of
the scalar field with periodic boundary conditions (k =
2nm/L), ay (aj,_l) represents the annihilation (creation) oper-
ator in mode m of the scalar field and satisfies a,,|0) = 0
(aLlO) =), o* are SU(2) ladder operators, and It ,, is
given by

> l : 2mi
Lem =  y(t)o)eT Rt Umlt @) —mx (D] g
= /;oo «/47T|m|X( /o)
(%)
Within the first-order approximation, this evolution follows
that [19,31,34]

Ulg)10) = C+(1g)10) — inyle) [1)g m),
Ule)|0) = C_(|e)]0) +in—[g) [1)e m)- (6)

where C. = 1/,/1+ ni are normalization factors, and
ne = XA Zm#o I+, are connected with the excitation and
deexcitation probability of the detector. It is necessary to note
thatthe |1), ,, and [1), ,, are distinctin general. Nevertheless,
a significant advancement is that Bruschi and his coauthors



Eur. Phys. J. C (2023) 83:1166

Page 3 0f 8 1166

have addressed the validity of the single-mode approxima-
tion, i.e., |1)g,m = 1), [23]. As a result, we adopt the
single-mode approximation in this paper [35,36]. In sum-
mary, we consider the massless scalar field case and remove
the zero mode in a periodic cavity. It is worth mentioning that
the validity of the above conditions has been demonstrated
in [20].

Consider the detector is in the ground state |g) , the transi-
tion probability at leading order in the perturbative expansion
is given by

P =" |(lnlelU1)|0)* =2 [I1ml*. )

m#0 m#0

In previous studies, the transition probability was used to dis-
criminate between Unruh effect and anti-Unruh effect [19,
20]. Under the Unruh effect, the larger acceleration gener-
ally represents larger transition probability. Contrarily, the
transition probability of the detector can decrease with accel-
eration in specific circumstances, which is known as the anti-
Unruh effect. Furthermore, different 2 will result in differ-
ent effects, such as 2 = 0.1 (anti-Unruh effect) and Q = 2
(Unruh effect) [19].

Recent studies have shown that the decoherence factor can
also be used to distinguish the Unruh (anti-Unruh) phenom-
ena [31]. Assume an Unruh—DeWitt detector coupled to the
scalar field is in the following state initially

V) = (alg) +Ble)) |0). ®)

After accelerating, the above state will evolve into

l¥') = aC1(1g)I0) — intle) I1) + BC—(le)|0) +in—|g) 1))
= alg) [Yo) + Ble) 1), ©))

where [Y0) = C4]0)+i(B/)C_n— [1)and |;) = C-|0)—
i(a/B)C4n4 |1) . The decoherence process can be quantified
by the decoherence factor D = |(¥|v¥1)| [37]. The value
of D ranges between 0 and 1, with larger values indicating
stronger coherence. In general, the Unruh effect weakens
coherence, while the anti-Unruh effect enhances it [31]. As
shown in Fig. 2, coherence tends to increase with acceler-
ation when 2 = 0.1 and decrease with acceleration when
Q = 2. Thus, we can infer that 2 = 0.1 and 2 represent the
anti-Unruh effect and the Unruh effect, respectively, under
suitable conditions. This result is consistent with previous
research that utilized transition probability to determine the
occurrence of the Unruh effect or anti-Unruh effect [19].

3 The case of three detectors
In this study, we examine three identical Unruh—-DeWitt

detectors, A, B, and C, which are distant from each other and
separately held by Alice, Bob, and Charlie. We assume the

0.3
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—o—0=2 ‘AA‘»

0.2 1

0.1 1

AAAAAAAAAAA
0.0 T T T T T T

Fig. 2 The decoherence factor D as functions of the acceleration a
with A = 0.1, 0 = 0.4, and L = 200. The various curves correspond
to different values of €2, specifically 2 = 0.1 (blue triangles) and 2 = 2
(blue circles)

initial states of the detectors include two types of entangled
states: the GHZ state and the W state, as follows:

1
W)SEE = 5 (Ig88) + leee))000)

1
V3
where we treat the vacuum as being in a product state. In sub-
sequent sections, we will investigate three different scenarios
in which one, two, or all three detectors are accelerating.

W) Wee = —= (1gge) + |geg) + legg)) 1000) , (10)

3.1 Alice in acceleration

Initially, we consider only Alice moving with constant accel-
eration. Applying the transformation from Eq. (6), the initial
GHZ state transforms into the following form,

WS he = Ualin)SHE
1
= —(C 000) —iC egg100
7 + 122£000) +7+ |egg100)
+C_ leee000) + iC_n_ |geel00)). (1D

By tracing out the scalar field degrees of freedom, we can get
the reduced density matrix p4’gc of three detectors,

12 1
3C2 00 0 0 00 $C4C*
0 00 0 0 00 0
0 00 0 0 00 0
0 o0tz —fctcomin_o00 o0
0 00-3C4Cryyn*  3CInk 00 0
0 00 0 0 00 0
0 00 0 0 00 0
1 12
3CXC_00 0 0 00 %c2

where the density matrix is written in the basis |ggg) , |gge) ,
|geg), |gee), legg), lege), |eeg), |eee) . Further, we can
obtain the reduced density matrixes pa/, OB, OC, PA'B> PA'C»
and ppc, and the TMI is given by

I3 =2 cos? 04+ log (cosb4) +2 sin’ 0+ log (sin 64.)
+2cos?6_ log (cos6—) + 2 sin? 9_ log (sin6_-)

1
— E(sin2 0+ + sin? 0-)log (sin2 0+ + sin? 6-)
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1

— E(COSZ O+ + sin? 0-)log (cos2 0+ + sin? 0-)
1

- 5(sin2 04 + cos? 0_) log (sin® 04 + cos> 6_)

1
- E(COSZ 0+ + cos? 0-)log (cos2 0+ + cos? 0-)+log2
12)

where cos 6+ = Cx and sinfy = Cy1n4.
Similarly, the initial W state will become

W)Y ge = Ualv) N pe
1

\/§(C+ |gge000) — iCyn4 |egel00) 4+ C4 |geg000)

—iCyny leegl00) + C_ |egg000) +iC_n— |ggg100)).
(13)

And we can also derive the reduced density matrix and the
TML

Next, we plot the information delocalization quantified
by TMI(/3) as functions of acceleration a for both 2 = 2
(Unruh effect) and 2 = 0.1 (anti-Unruh effect) in Fig. 3. The
lower two blue curves represent the initial GHZ state, while
the upper two red curves correspond to the initial W state.

Noticeably, quantum information is delocalized in all four
cases. When the initial state is GHZ state, the TMI value is
approximately —1.0 for Q = 0.1, which is less than the value
of around —0.8 for = 2. This relationship is also observed
for the W state. When Q2 = 0.1, the TMI value is about
—0.2, which is also smaller than the value of around —0.1
when © = 2. The results suggest that the anti-Unruh effect
leads to stronger delocalization of information. We believe
that the main reason for this phenomenon is the different
values of Q2. Specifically, the smaller the energy gap €2, the
greater the transition probability [19]. This implies that the
maximally entangled state between detectors is more easily
destroyed, resulting in information delocalization.

Moreover, the TMI value of the initial GHZ state is smaller
than that of the initial W state. This demonstrates that detec-
tors in the W initial state are more stable than those in the
GHZ initial state under the influence of acceleration. This is
consistent with our traditional understanding that the robust-
ness of W state is stronger than that of GHZ state. For exam-
ple, if the tripartite W state loses a qubit, the remaining
two qubits are still entangled, while the tripartite GHZ state
becomes a separable state.

3.2 Alice and Bob in acceleration
Then we let Alice and Bob move with the same acceleration

while Charlie remains stationary. In this case, the initial states
evolve into

) GHZ = UaUgly)§HZ

@ Springer
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Fig. 3 The TMI as functions of the acceleration a when Alice is in
acceleration. Here, blue curves and red curves represent that the initial
state is GHZ state and W state respectively. The other parameters are
the same as in Fig. 2

1
= —[C2%(lggg000) — in, |geg010) — in, |egg100)
75\Clsse Ny lgeg Ny legg

— 12 leeg110)) + C2 (leee000) + in— |ege010)
+in_|geel00) —n% |ggel10))]. (14)

and

W)Y pc = UaUsl¥) N pe
1
V3
— 17} leee110)) + C1C—(1geg000) + in- |ggg010)
—in+ leeg100) + nyn— legg110) + |egg000)
—iny |eeg010) +in— [ggg100) + nyn— |geg110))].
(15)

[Ci(|gg6000) —in4+ |gee010) —iny |egel00)

Adopting the approach used in the previous case, we
obtain the expression for TMI and plot TMI (/3) as func-
tions of acceleration a (refer to Fig. 4). Notably, there are
similarities between Figs. 4 and 3. In the case of the initial
GHZ state, the TMI value is about —1.0 at 2 = 0.1, which
is lower than the TMI value of about —0.7 at 2 = 2. The
same rules can be observed in the initial W state. Besides,
the TMI value of the initial GHZ state is smaller than the
value of the initial W state, which is the same phenomenon
as observed in Fig. 3. As a result, we can draw a parallel
conclusion to that of Fig. 3, namely, the anti-Unruh effect
leads to greater information delocalization, and the W state
exhibits greater robustness compared to the GHZ state under
identical conditions.

3.3 All in acceleration

Next, we examine the third situation that Alice, Bob, and
Charlie all move with constant acceleration. By the transfor-
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Fig. 4 The TMI as functions of the acceleration a when Alice and Bob
are in acceleration. Here, blue curves and red curves represent that the
initial state is GHZ state and W state respectively. The other parameters
are the same as in Fig. 2

mation of Eq. (6), we can obtain
be)%% = UsUpUc|y)5HZ
1 . .
= —[C7 (1ggg000) — in |gge001) — iny |geg010)
V2
- ni |geeO11) —iny |egg100) — 173_ legel01)
- ni leeg110) + i}ﬁr leeel11)) + C3 (Jeee000)
+in_ |leeg001) + in_ |ege010) — n> |eggO11)
+in_ |geel00) — n* |gegl01) — n? |ggel10)
—in’ |gggl1)], (16)

and

II/I)X]'B’C’ = UAUBUC|¢)XVBC
1
= ﬁc_Z,_C_(IggeOOO) +in—1ggg001) —iny |gee010)
+n41- [geg011) —iny [egel00) + nin— |egg101)
— 13 leeel110) — in3n— |eeg111) + |geg000)
—in+ |gee001) +in—|ggg010) + nyn— |ggeO11)
—in4 |eeg100) — 773_ leeel101) + nyn— |egg110)
- inin_ legell1) 4 |egg000) — in4 |ege001)
—ing |leeg010) — ni_ leeeO11) +in— |ggg100)

+ 04— |ggel01) + nyn_ [gegl10) — ingn_ |geel11)).
(17)

Similarly, we can plot TMI (/3) as functions of accelera-
tion a (refer to Fig. 5). It is noteworthy that the sign of TMI is
positive for the case of initial W state, where the TMI value
is about 0.25 for 2 = 0.1 and 0.15 for Q = 2. Based on
previous analyses, this suggests that quantum information
is not distributed to the entire system when three Unruh—
DeWitt detectors in the W state undergo identical accelera-
tion. Moreover, compared with Figs. 3 and 4, we note that
the TMI values in Fig. 5 are larger under the same condi-
tions. This contrasts with the anticipated outcome that as

0.6 —A— 0=0.1
—— Q=2
—A— 0 =0.1

0.4 1 —— Q=2

0.2 _%

R E S ———

-0.2

Fig. 5 The TMI as functions of the acceleration @ when All are in
acceleration. Here, blue curves and red curves represent that the initial
state is GHZ state and W state respectively. The other parameters are
the same as in Fig. 2

more detectors accelerate, more information should be delo-
calized. However, our observations suggest that information
delocalization is weaker when all three detectors are acceler-
ating compared to when one or two detectors are accelerat-
ing. The information, in fact, is not only delocalized but also
transferred into the vacuum when the detectors are accel-
erated. Therefore, as the number of acceleration detectors
increases, more information may leak into the vacuum rather
than being dispersed throughout the entire system, resulting
in the weakening of information delocalization.
Additionally, we notice that the TMI value of the initial
GHZ state is essentially O for 2 = 0.1 when the accelera-
tion is relatively small (¢ < 8), indicating that information
delocalization does not occur. However, as the acceleration
continues to increase, the TMI value for 2 = 0.1 decreases
rapidly and becomes smaller than the TMI value for Q2 = 2.
Thatis, compared with the Unruh effect, the anti-Unruh effect
does not cause information delocalization at the beginning
of acceleration, but it quickly leads to stronger information
delocalization as acceleration increases. We also observe that
the TMI value of the initial GHZ state is lower than the TMI
value of the initial W state. This relationship is the same as in
the previous two situations. Although different from Figs. 3
and 4, we can still reach the same conclusion that the anti-
Unruh effect contributes to stronger information delocaliza-
tion throughout the system, and the initial W state results in
weaker or even nonexistent information delocalization.

4 The case of multiple detectors
For the N detectors case, the calculation of TMI is much

more complicated. Here, we only discuss the N-partite GHZ
state and N -partite product state.

@ Springer
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4.1 N-partite GHZ state

Consider the N-partite GHZ state,

1
WP N = ﬁ(lgg...g> +lee...e))]00...0). (18)

Assume the number of detectors in acceleration is L,

GHZ GHZ
W)l/,z' L,..N~= U0y ...UL |‘/’>1,2,...,N

,,,,,

= cE(9)10) —intle) 11),)%L @ 150) ® - - ® |g0)
+CL(e)0) +in—1g) 1),)CE @ 1e0) ® --- ® [e0) . (19)

Now, we can employ two distinct methods to partition the
N-partite system into three subsystems: A, B, and C. In the
first method, all detectors in acceleration are designated as
subsystem A, and the remaining detectors are divided equally
between subsystems B and C. The second method involves
equally assigning the detectors in acceleration to subsystems
A and B, and allocating the remaining detectors to subsystem
C. In the first method, we can calculate the TMI and obtain the
TMI(I3) as functions of the acceleration a for L = 1, 2, 3, or
4, as depicted in Fig. 6. Notably, the TMI value at 2 = 0.1
is less than that at Q@ = 2, that is to say, the anti-Unruh
effect results in stronger information delocalization. We also
find that the TMI value increases as the number of detectors
in acceleration increases. Although this phenomenon is not
apparent when 2 = 0.1, it becomes evident as the acceler-
ation increases (a > 8.5). Hence, our previous explanation
of why the TMI value for all three detectors in accelera-
tion is larger than the TMI value for one or two detectors
in acceleration is reasonable. This suggests that information
delocalization indeed diminishes as the number of detectors
in acceleration increases.

In the second method, we can also derive the TMI expres-
sion and obtain the TMI(/3) as functions of the acceleration
a when L = 2 or 4, as illustrated in Fig. 7. We can eas-
ily observe similar phenomena to Fig. 6. Consequently, we
can once again conclude, in line with the previous sections,
that the anti-Unruh effect induces greater delocalization of
information and more detectors in acceleration can attenuate
information delocalization.

4.2 N-partite product state

In the preceding section, we presented the evolution of
TMI when the detectors are in entangled states. Neverthe-
less, there may initially be no correlation between the three
detectors. Assume the initial state of detectors is a prod-
uct state, such as [¥);, y = leg...g)[00...0). If the
first detector is in acceleration, we can easily derive that
pr2..N =pPr®p Q- & py. This shows that the new
reduced density matrix is still separable and the TMI remains
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Fig. 6 The TMI as functions of the acceleration a in N detectors case
for the first method when L = 1, 2, 3, or 4. The other parameters are
the same as in Fig. 2

-0.1 - —A— Q=0.1, L=]

-0.3 1 —— 0=2, L=4

0.7 M 00

-0.9

Fig. 7 The TMI as functions of the acceleration a in N detectors case
for the second method when L = 2 or 4. The other parameters are the
same as in Fig. 2

zero. By simply recalculating, we can also obtain a similar
result when two or more detectors are in acceleration. In fact,
this phenomenon is not difficult to understand. There is no
channel to propagate information because only the first-order
approximation is considered and the evolution of each detec-
tor is independent of each other. Naturally, the uncorrelated
Unruh—DeWitt detectors remain separate. In other words, it is
impossible to create entanglement through accelerating sepa-
rable detectors [31]. The above observations demonstrate that
information delocalization does not occur when the detectors
are initially in a product state.

5 Conclusions

In summary, we employed the Unruh—DeWitt model to sys-
tematically investigate the impact of acceleration on infor-
mation delocalization in cases involving the Unruh effect
and the anti-Unruh effect. Our numerical calculations reveal
that more quantum information is delocalized under the
anti-Unruh effect because the corresponding energy gap is
smaller. We also observed that the information delocaliza-
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tion may diminish as more and more Unruh—DeWitt detectors
are accelerated since information can also be transferred into
the vacuum. In addition, we found that the GHZ state is more
susceptible to acceleration and generates greater information
delocalization than the W state. We also extended our analy-
sis to the N-detector case, i.e., the N-partite GHZ state, and
found results consistent with the tripartite system. Finally,
we demonstrated that information is not delocalized when
the detectors are initially in a product state. Recent studies
have identified a phenomenon similar to the anti-Unruh effect
in certain physical situations, known as the anti-Hawking
effect [38,39]. Further exploration using the methods pre-
sented in this paper can also contribute to our understanding
of the Hawking effect and the anti-Hawking effect.
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