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We investigate the correlation harvesting protocol using two Unruh-DeWitt particle detectors moving
along four classes of uniformly accelerated trajectories categorized by Letaw: linear, catenary, cusped,
and circular motions. For each trajectory, two types of configurations are carried out: one possesses a
stationary (time-translation invariant) Wightman function and the other is nonstationary. We find that
detectors undergoing linear, catenary, and cusped motions gain fewer correlations in the nonstationary
configurations compared to those in stationary configurations. Detectors in circular motion have similar
behavior in both configurations. We discuss the relative suppression of correlation harvesting due to high
acceleration for each case. Remarkably we find that under certain circumstances detectors in both linear
and circular states of motion can harvest genuine (non-communication-assisted) entanglement even

though they are in causal contact.
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I. INTRODUCTION

The field of relativistic quantum information has under-
gone rapid development in recent years, resulting in the
emergence of ground-breaking concepts such as entangle-
ment degradation due to noninertial motion [1-3], entan-
glement harvesting [4—8], and the long-established Unruh
effect [9-11]. The Unruh effect states that a linearly
accelerating observer in Minkowski spacetime will expe-
rience a thermal bath, and this experience is indistinguish-
able from that of an inertial observer sitting in a thermal
bath. More precisely, the temperature detected by a linearly
accelerating two-level quantum system, known as the
Unruh-DeWitt (UDW) particle detector [11,12], is propor-
tional to its acceleration a and it reads

T — ha
v 27TCkB,

(1)

where 7 is the reduced Planck constant, ¢ is the speed of
light, and kg is Boltzmann’s constant.

Despite its theoretical significance, the Unruh effect has
yet to be verified experimentally. The main challenge
hindering its experimental verification lies in the large
acceleration required to produce experimentally measur-
able temperatures. For example, an acceleration on the
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order of magnitude of a ~ 10?° m/s? is needed to achieve a
temperature of 7y ~ 1 K.

Given this situation, researchers have explored other
detector trajectories that could induce a phenomenon
similar to the Unruh effect. In 1981, Letaw found five
classes of stationary trajectories with nonzero constant
acceleration in flat spacetime [13]: linear, circular, cusped,
catenary, and helix trajectories. In (3 + 1)-dimensional
Minkowski spacetime, these trajectories are characterized
by three parameters: two torsions and the magnitude of the
proper acceleration. The effective temperatures observed
by a detector undergoing these motions have been studied
over subsequent years in various contexts [14-20].
Among these, the circular trajectory has attracted consid-
erable attention for potential experimental realizations of
the Unruh effect [14,15,19,21-24].

Less studied is the entanglement harvesting protocol for
these various classes of motion, apart from detectors under-
going linearly accelerated motion, which has been exten-
sively analyzed [8,25-28]. In this paper, we consider this
problem and investigate how rmwo UDW detectors can
extract entanglement from the vacuum while undergoing
these various types of noninertial motion.

In the entanglement harvesting protocol [4-7], two
initially uncorrelated detectors interact locally with a
quantum field in some state (typically the vacuum state)
to extract preexisting entanglement [29,30]. More gener-
ally, detectors can harvest classical and quantum correla-
tions in what is called the correlation harvesting protocol.
The amount of harvested correlations is sensitive to the
background spacetime [31-46] and the motion of the
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detectors [8,25-28,47-50]. Implementing this protocol is
very close to implementation as recent experiments
detecting correlations of the electromagnetic ground state
in a ZnTe crystal have demonstrated [51-53].

In this paper we investigate the correlation harvesting
protocol with detectors in four classes of uniform accel-
eration motion: linear, catenary, cusped, and circular
trajectories. Unlike the helical case, these motions can
all be realized in two spatial dimensions and so are more
amenable to experimental testing [19-24]. We categorize
the configurations for the detectors into two configura-
tions: stationary, in which the Wightman function is time-
translation invariant, and nonstationary, in which the
Wightman function is not time-translation invariant. The
Wightman functions for these two scenarios are similar;
however, in nonstationary configurations, they possess an
additional term that breaks time-translation invariance.

After introducing the UDW detector model in Sec. II
and the four uniform acceleration trajectories in Sec. III,
we then focus in Sec. IVA on a single detector following
the four trajectories to examine its transition probability
(or response function). We study its dependence on the
magnitudes of the acceleration and torsions and numeri-
cally evaluate the effective temperature of the detector.

We then consider the correlation harvesting protocol in
Sec. IV B. Specifically, we numerically evaluate the
concurrence of entanglement and quantum mutual infor-
mation, which measures the harvested total correlations.
We find that the stationary and nonstationary configura-
tions behave in a similar manner since their Wightman
functions have terms in common. However, the amount of
correlations extracted by the detectors in the nonstationary
configurations differs from those of the stationary ones
due to an additional term in the Wightman function. We
also look into the acceleration dependence of the har-
vested correlations and conclude that sufficiently high
accelerations prevent any uniformly accelerating detectors
from extracting correlations. This point is consistent with
previous papers that focused on linear and circular
motions [8,25-28,47,48]. Finally, we show that constant
acceleration makes it challenging to perform “genuine
entanglement harvesting” (harvesting entanglement pre-
existing in a quantum field that has no possible assistance
from detector communication) in Sec. IV C. In general,
genuine entanglement can be harvested from causally
disconnected spacetime regions due to microcausality. For
inertial detectors with Gaussian switching in Minkowski
spacetime, we show that a sufficiently large energy gap
allows the detectors to extract genuine entanglement from
such regions [7,54]. While we find that this is generally
not the case for uniformly accelerated detectors, remark-
ably we find small but non-negligible regions of parameter
space where detectors in causal contact can harvest
genuine entanglement.

Throughout this manuscript, we use the mostly plus
metric convention (—,+,+,+) and the natural units
h = kg = c = 1. A point in spacetime is denoted by X.

II. UNRUH-DEWITT DETECTORS

A. Density matrix of detectors

Let us first review the correlation harvesting protocol.
Consider two pointlike UDW detectors A and B with an
energy gap Q;, j € {A, B} between ground |g;) and excited
states |e;). These detectors interact with the quantum
Klein-Gordon field ¢ along their trajectories X (7)) =
(t(z;).x(z;)), where 7; is the proper time of detector j.

In the interaction picture, the interaction Hamiltonian (as
a generator of time translation with respect to 7;) describing
the coupling between detector j and (2) is given by

A (2R () ® d(x;(x))),

where /; is a coupling constant and y;(z;) is the switching
function that governs the time dependence of the coupling.
Here, ji;(7;) is the monopole moment given by

I"\IT»j (T]) =

, jE{AB) ()

Ri(z;) = lej) (gl + |g;) (ele™m, (3)
which describes each detector’s internal dynamics, and the
field operator ¢h(x X;(z;)) is pulled back along the trajectory
of detector j. The superscript on H (z ;) indicates the time
translation that the Hamiltonian is ng:neratlng.

The total interaction Hamiltonian H{() can be written as
a generator of time translation with respect to the time 7 that
is common to both detectors:

Note that the proper times 7, and 7y are each now functions
of ¢. From this Hamiltonian, one obtains the time-evolution

operator U 1 [55,56]:

U= T,exp(—iAdtﬁI{(t)), (5)

where 7, is a time-ordering symbol with respect to the
common time .

One can then use a perturbative analysis and obtain the
final density matrix of a joint system H, ® Hg, where H;
is a Hilbert space for detector j. Assuming a small coupling
strength, 1 < 1, the Dyson series expansion of U; reads

U =1+0"+ 0%+ 0, (6a)

- / ™ Q). (6b)
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) t . R
- / an, / AL BY(n). (60)

Assuming that the initial state p, of the detector-field
system is

()

where |0) is the vacuum state of the field, one finds the final
total density matrix p,, after the interaction to be

Po = |ga)(gal ® |98)(gs] ® [0){0

Prot = ULDO[A]I
=P +p(1.1) +p(2,0) +p(0,z) + 0(14)7 (8)
where p(i) = {76, £710)7 and all the odd-power terms in A

vanish [7]. Then the final density matrix of the detectors,
pap, 1s obtained by tracing out the field part: pp =

Trylpi)- By employing the basis [gagg) = [1,0,0,0]",
lgaes) = [0, lvaO]T, leags) = [0,0, 1’0] ., leaep) =
[0,0,0,1]7, the density matrix p,p reads

0 Leg Lip O
PAB = A +0(1Y). (9)

M 0 0 0
where

=2 dr; dT})( i(Ti))( j(%)fiﬁ(ri_r})
R R
x W(xi(;),x;(7})), (10a)

= —12/RdTAAdTB)(A (za)xp (zp)e Hratm)

x [O(t(za) — 1(78))W(Xa(74), X8 (7))

+ O(t(rp) — 1(za)) W (X (7). Xa(74))]. (10b)
where G)( ) is the Heaviside step function and W(x,X') :=

(0]¢p(x)p(X)|0) is the vacuum Wightman function. In
(3 + 1)-dimensional Minkowski spacetime, the Wightman
function reads

1 1
W) =~ mier = ey Y

where e is the UV cutoff. The elements £;;, j € {A, B} are
the so-called transition probabilities (or response func-
tions), which describe the probability of a detector tran-
sitioning from the ground to excited states, |g;) — |e;).
The off-diagonal elements M and L, are responsible for

harvesting entanglement and quantum mutual information,
respectively, as we shall see in the next subsection.

Throughout this paper, we use a Gaussian switching
function

xi(ej) = e (12)

where ¢ > 0 is the characteristic Gaussian width, which has
the units of time. We will use ¢ to make all quantities
unitless (such as Qo).

B. Correlation measure

Let us introduce two measures for correlation: concur-
rence Cap and quantum mutual information /.

Concurrence is a measure of entanglement [57,58]. Let
pap be the density matrix of a two-qubit system. We first
define a matrix p,p as

PAB = (6y ® 6—y)p;;B(8y ® 8)1)7 (13)

where 6, is the Pauli-y operator and pjp is the complex

conjugate of pyp. Then by denoting w; R (i = 1,2,3,4)

as eigenvalues of a Hermitian operator +/\/PapPaB/PAB>
the concurrence is defined as follows:

Cap = max{0,w; —wy, — w3 — wy},

(W1 2wy 2 w3 > wy). (14)

The concurrence is zero if and only if the state p,p is
separable. In the case of our density matrix (9), the
concurrence is known to be

-V Laalgs}+0@"). (15

Quantum mutual information [59], on the other hand,
quantifies the amount of total correlation, both classical and
quantum. Quantum mutual information 7,5 between two
qubits A and B up to second order in 4 is [7]

IAB = ,C+ln£+ +E_1Il£_

_‘CAA IHEAA _EBB IHEBB +O<ﬂ.4), (16)

where

1
ﬁi::§<£AA+£BBi\/(‘CAA_‘CBB)2+4|LAB2)' (17)

Note that, while concurrence (15) vanishes when the
“noise term” /L Lp
the mutual information becomes zero when |L | = 0. In
addition, if C,g = 0 but the mutual information is non-
vanishing, then the extracted correlation by the detectors is
either classical correlation or nondistillable entanglement.
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III. UNIFORM ACCELERATION TRAJECTORIES

A. Single detector trajectory classification

The most well-known trajectory for a uniformly accel-
erating (i.e., a = const) pointlike particle is linear accel-
erated motion. However, Letaw pointed out that there are, in
fact, five classes of uniformly accelerated trajectories,
excluding the case where a = 0. Along with the linear
case, the other classes are circular, catenary, cusped, and
helix [13]. Consider a trajectory in (3 + 1)-dimensional
Minkowski spacetime. Such a trajectory can be character-
ized by three geometric invariants: the curvature a(z), which
represents the magnitude of proper acceleration, the first
torsion b(z), and the second torsion (also known as hyper-
torsion) v(z) of the worldline. The torsions b(z) and v(7)
correspond to the proper angular velocities in a given tetrad
frame [13]. Assuming that these invariants are constants, the
trajectory becomes stationary. In a nutshell, these motions
are characterized by the following:

(1) linear: a #0,b =v = 0;

(2) catenary: a > b, v = 0;

(3) cusped: a =b, v =0;

(4) circular: a < b, v = 0; and

(5) helix: v # 0.

In this subsection, we review these trajectories and consider
the corresponding vacuum Wightman functions. We will
suppress the UV cutoff e for readability.

1. Linear motion

The linear acceleration motion of a detector is defined
solely by the constant acceleration a, with all other
parameters set to zero. The trajectory reads

X(7) = (l sinh(ar),lcosh(ar),O, 0), (18)

a a
and the Wightman function along this trajectory is given by

1 1

Win(A7) = ——————,
! 4r? % sinh? (“TAT>

(19)

where At :=17—17'.

2. Circular motion

The circular trajectory is defined by a and b satisfying
a < b. Let us begin with a commonly used trajectory

X(7) = (yz, R cos(wyz), R sin(wyz),0), (20)

where R, w, and y are the radius of the circular motion,
angular velocity, and the Lorentz factor defined as
y:=1/V1 —2?, respectively. Here, v := Rw(< 1) is the
speed of the detector. Introducing the acceleration of the
detector a = Rw”y?, these parameters can be related by

®= /m, (21a)
y = VIt aR, (21b)
v =/ 1 —ililR' (21c)

In terms of the acceleration a and the torsion b, we can
further express @ and v as

o = b(1 —da?/b?), v=al/b,

respectively. The Wightman function is then

1 1

W . A = —-—F :
arlA7) = =75 P> A7 — 4R? sin?(wyAt/2)

(22)

3. Cusped motion

Cusped motion is described by the acceleration and
torsion with a = b. The trajectory reads

1 1 1
X(T) = (T+8a213,§(172,60273,0>7 (23)

and the corresponding Wightman function is

1 1

Wes(AT) = =5 ——5—.
4n” Ar? + 4 ATt

(24)
4. Catenary motion

Catenary motion can be characterized by a and b with
a > b. The trajectory is given by

x(r) = <a2 “sinh(Va? — %),

a S, bt
(12 — b2 COSh( a2 - bZT), \/ﬁ s 0) s (25)

and the Wightman function reads

1 1
Wcat (AT> ) :
A7 BG4 sinh? (YOS )

(26)

We immediately see that catenary motion reduces to the
linear motion as b — 0. Catenary motion also reduces to
cusped motion as b — a after a coordinate transformation
consisting of a Lorentz boost and a translation [18].

105017-4
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FIG. 1.

5. Helix motion

Finally, helix motion is a combination of circular
and linear acceleration motions characterized by three
parameters, a, b, and v:

X(7) = <£ sinh(FJrr),zcosh(Fg),
Fgcos(l“ 7), = —sin(T"_ r)) (27)
where P :=E/I', Q:=ab/El", and
1
B2 = 3 (T +a* + b* +17), (28a)
2:=T%+4T12%, TI3=VA2+B>+A,  (28b)
1 2_ .2
A= E(a - b —1%), B :=av. (28¢)
The Wightman function reads
1 1
Whe (A7) =— (29)

242 . A 2 !
4n” 472 Gnp? (LA 492 sin? (=42
7 2 2

Note that the trajectory and the corresponding Wightman
function reduce to the aforementioned trajectories when
v — 0. In this sense, the helix is the general motion that
contains other motions.

circular (b > 1)

Four trajectories characterized by b = b/a.

6. Wightman function at v=0

We now turn our attention to the special case where
v = 0. Although the Wightman functions for linear, circu-
lar, catenary, and cusped motions may initially appear to
take different forms, they can actually be expressed in a
unified manner. Let b = b/a with the condition that a # 0.
The Wightman functions for all trajectories with v = 0 can
be written in the following compact form:

1 1
4% _

WD=O(AT) ==

- bZ)Z iy Sinh? (%)

(30)

The parameter b serves to specify the particular trajectory,
as illustrated in Fig. 1: linear (b =0), catenary (0 < b <1,
cusped (b = 1), and circular (b > 1). For circular motion,
we employ the identity sin(ix) = isinh(x). Note that one
obtains the Wightman function for the cusped motion,
as given in (24), by performing a series expansion around
b=1.

The corresponding transition probability £, j € {A, B},
in (9) reads

Lj; :/120\/7_7/ due™ 47 =W, _o(u).  (31)
R

B. Two detectors in uniform acceleration

We now consider two UDW detectors A and B, both
undergoing uniform acceleration. In particular, we catego-
rize the detector configurations into two classes: stationary
(time-translation invariant) and nonstationary scenarios.

105017-5
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1. Stationary scenario

Consider two detectors undergoing the same uniform
acceleration (e.g., both linearly accelerated). The Wightman
function can be made time-translation invariant, meaning it
depends only on the time difference At := 17, — 75, by
imposing that the angle between the velocity vector of a
detector and the spatial displacement vector from one
detector to the other is time independent. For example,
two linearly accelerating detectors along the trajectories

1 1
Xa(za) = <Z sinh(az,), ;cosh(arA), 0, 0> ., (32a)

1 1
Xg(78) = (E sinh(aTB),acosh(arB),L,O) (32b)

give the following stationary Wightman function:

1 1
A7 4 sinh? (447) - 12

Wiin (74, 78) = — (33)

where L = |x, —xp| is the spatial separation between
the two detectors. As depicted in Fig. 2, top left, each
velocity vector of the detector is always perpendicular to
the displacement vector x,p := x5 —xp throughout the
interaction.

We can also construct stationary Wightman functions for
other motions:

Circular

Xa = (y7a, Rcos(wyty), Rsin(wyzy),0), (34a)

1

Xg = (y7zg, R cos(wyrg), Rsin(wyrg),L). (34b)

Cusped

1 1 1
Xp = <TA +—a*ty, - ari, - a’t}, ), (35a)

6 2 6
1 2.3 1 2 1 2.3
Xg = | 7B —I—ga TB,iaTB,ga TB,L . (35]3)

Catenary

a .
Xp = (msmh(\/ a’ —b*zy),
cosh(Va? — b%z,),

a? — b?

a .
Xg = (m sinh(V a? — b?zy),

cosh(V a* — b?zy),

- _ b L
a’ — b? ,/aZ_bZ’ ’
(36b)

As for a single detector, the Wightman functions along the
trajectories given above take the following compact form:

1

W(7a,78) = W(AT) = — B

1—

where At := 7, — 73, b = b/a and the subscript “s” stands
for stationary. Since the Wightman function depends only
on Az, the elements in the density matrix (9), M and L5,
can be simplified to single integrals when the Gaussian
switching function (12) is used:

M = 2226\/ze~ ¥ /oo due "W (u),  (38a)
0

Lag = 12o\/7 / due™""/4" =W (). (38b)
R

Here, we used the fact that the Heaviside step function
in (10b) can be written as ©(7(z5) — t(7p)) = O(7 — 7B)
for any of the uniform acceleration scenarios mentioned
earlier.

Ar® _ B
b2

AT+ A sinhz(v H;Z“A’) 2

(37)

(1-%)

We note that all stationary configurations can only be
realized in (3 4 1) dimensions, with the exception of the
linear configuration.

2. Nonstationary scenario

One can also consider configurations similar to those in
Sec. IIIB 1, where the Wightman function depends not
only on At but also on A, 7:=17, + 7. In this case, the
Wightman function is no longer time-translation invariant
(hence, nonstationary).

In particular, consider two linearly accelerating UDW
detectors whose trajectories are given by

1 1
Xa(ta) = (Z sinh(aTA),;cosh(arA) +L,0, 0), (39a)

105017-6
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stationary nonstationary
t / t
linear "e
/ o ! !
y - L zy L Yy )<
Y
x
t t
R '
t
: ' 4
t
circular

L
Y
x

FIG. 2. Stationary and nonstationary configurations for four classes of uniformly accelerating detectors. Red and blue represent
detectors A and B, respectively.

1 1
X (TB) = <a Sinh(aTB), ECOSh(ClTB), 0, O) . (39b)

The correlation harvesting protocol along these trajectories was examined in [26,28]. The corresponding Wightman
function reads

! 1
47”4 gin? (“—AT) — L* —*Lsinh (‘%’) sinh (%) '

a* 2

(40)

Wiin(7a,78) =

105017-7
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The term A 7 comes from the fact that the angle between
the velocity vector and the displacement vector is time
dependent (0° or 180°).
Similarly, other uniformly accelerating trajectories that
yield a nonstationary Wightman function are as follows:
Circular

Xa = (y7a,Rcos(wyty) + L, Rsin(wyt,),0),  (41a)
Xg = (yzg, R cos(wyrg), R sin(wyzy),0). (41b)
Cusped
1,31 5 1,5
Xy = TA—i-ga TA,EaTA—I—L,ga 72,0 ], (42a)
Loyl 5154
Xg = | 13 —1—661 TB,ECI‘EB,EG 75,0 ). (42b)

1

Catenary
Xp = [ sinh(Va? — b*zy),
a*—b?

za 5cosh(v az—ber)—l—L,—bTA ,0),

a‘—b aZ _ b2
(43a)
a .
Xp = ((12 0 sinh(V a? — b?zy),
a BT bty
az_bZCOSh( a-—b TB>,\/ﬁ,O .
(43b)

The Wightman function for these nonstationary motions
can be compactly expressed as

1

Wis(7a,78) =
(1-b%)%a?

and possesses an additional term in the denominator
compared to the stationary Wightman function (37). Here,
the subscript “ns” designates nonstationary. Due to this
additional term, the correlations harvested by nonstationary
detectors will exhibit behavior similar to those of stationary
detectors.

Note that the presence of A , 7 prevents us from reducing
the double integrals in (10) into single integrals.
Furthermore, all nonstationary configurations can be
realized in (2 + 1) dimensions, except for the helix case,
which we are not considering.

IV. NUMERICAL RESULTS

Here, we numerically compute the concurrence (15) and
quantum mutual information (16) harvested by two uni-
formly accelerating detectors by inserting the Wightman
functions (30), (37), and (44) into £;; and M given in (10).
For stationary detectors in Sec. III B 1, we utilize the
expressions given by (38).

A. Transition probability of uniformly
accelerating detectors
Let us begin by considering the transition probability £ ;;
for a uniformly accelerating detector. We are particularly
interested in the cases of linear (b = 0), catenary
(0 < b < 1), cusped (b = 1), and circular (b > 1) motions,
and their respective transition probabilities are given by (31).
We consider L;;/ 42 and write the parameters in units of o,

) 72 . 7
4z —lf;;z A2+ — 4 qinh? (\/1 gam> _[2_ AL

(44)

sinh (@““) sinh <7@“A*7)

(1-b?)a

|

which makes the transition probability a function of three
variables: ao, b, and Qo. It is important to note that
Laan = Lgp, as we are assuming both detectors are identical.

Figure 3 depicts the transition probability £;;/4* as a
function of the magnitude of acceleration ac for fixed Q
[Fig. 3(a)] and log,y b for different values of the accel-
eration [Figs. 3(b) and 3(c)]. In Fig. 3(a), the transition
probabilities for a detector with Qo = 2 in linear (b = 0),
catenary (b = 0.5), cusped (b = 1), and circular (b = 2)
motions are shown. We find that in all these cases, £ ji / 22
increases with the acceleration ao.'

However, the relationship between the transition prob-
abilities of detectors in different uniform motions is highly
nontrivial. For instance, when a detector has Qo = 2 and
ac <5, as depicted in Fig. 3(a), a detector in circular
motion with b =2 shows the largest value of £ il 2,
whereas a detector in linear motion (b = 0) shows the
smallest. This relation, however, flips for ac Z 5. We will
numerically demonstrate that such relationships depend on
the interplay between ac and Qo.

In Fig. 3(b), the magnitude of the acceleration is fixed at
ac =1,and L;;/ 2 is plotted as a function of log,, b. Each
curve in this figure corresponds to a different value of Qo,

'c i /A% is not guaranteed to monotonically increase with ac
for a finite interaction duration. For a detector in the linearly
accelerated motion, such phenomenon is known as the (weak)
anti-Unruh effect [60,61].
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(a’) Qo =2
0.14F
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< 008
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log;, b

ac =1

— Qo =1

log,

FIG. 3. (a) Transition probabilities £;;/ /2 as a function of the magnitude of acceleration ac with Qo = 2. (b) £ il /2 as a function of
log,o b with ac = 1 and (c) with ac = 6. (d) The effective temperature T as a function of log;y b with ao = 1.

with the curve for Qo = 2 corresponding to Fig. 3(a) at
ac = 1. For each value of Qo in Fig. 3(b), the transition
probability has a peak for log;y b > 0 (i.e., b > 1) and then
decreases with increasing log;, b, becoming smaller than
the value for the linear case (log,y b — —oo). This means
that £;;/4* at ac = 1 in Fig. 3(a) increases with b until it
reaches a maximum and then decreases. We note that the
presence of the peak is contingent on larger values of Qo
relative to ao; in fact, the peak does not appear for smaller
energy gaps, in which case the transition probability
monotonically decreases with b, as shown in Fig. 3(b).
This trend is further illustrated in Fig. 3(c), where ac = 6 is
chosen. In this scenario, the peak is nonexistent for Qo = 1
and 1.5 (as well as for Qo < 1) but becomes manifest when
Qo = 2. Thus we infer that detectors with smaller energy
gaps Qo compared to ac do not have a peak in £;;(b)/4%.

The behavior of L;; /A% is related to the concept of the
“effective temperature” perceived by a detector. For now,
let us denote the transition probability as £;;(Q, o). The
effective temperature 7 is defined as

1. L.:(-Q,06)/12
T4 =—~n ji(=2.0)/ %0

S Q L(Q0)/2%6 (45)

where this formula is derived in the Appendix. We
divide £;;(Q.0) by ¢ so that it is well defined in the
long interaction limit, ¢ — co [61,62]. Note that if the
Wightman function obeys the Kubo-Martin-Schwinger
(KMS) condition [63,64], then the effective temperature
converges to the KMS temperature (which is the temper-
ature of the field formally defined in quantum field theory)
in the limit ¢ —» co. However, in the case of finite
interaction duration, the effective temperature is an esti-
mator for the actual field temperature. For a detector in a
uniform acceleration motion, the effective temperature for
each scenario has been examined in, e.g., [14-20].

We plot the effective temperature 7.4 as a function
of log;yb when 6 =1 and ac =1 in Fig. 3(d), which
corresponds to Fig. 3(b). We see that the locations of the
peaks in T align with those of £;;(Q) in Fig. 3(b). This
suggests that, for a given acceleration and energy gap, a
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FIG. 4. Concurrence (a) and quantum mutual information (b) harvested by stationary and nonstationary detectors as a function of b.
For each case, Qo = 0.1 and L /o = 1. (a)(i) and (b)(i) are, respectively, Cog/A*> and I ,5/4> when ac = 1, while (a)(ii) and (b)(ii) are,

respectively, Cap/A> and I,5/4> when ac = 2.

detector in circular motion within a certain range of log,, b
can register higher effective temperatures than those in
other types of motion. However, as b — co, which corre-
sponds to the speed of a detector in circular motion with
Veire(= b™') = 0, the temperature becomes colder.

B. Concurrence and quantum mutual information
between uniformly accelerating detectors

We now move on to the correlation harvesting protocol
using two uniformly accelerating detectors, exploring both
stationary and nonstationary configurations as described
in Sec. III B.

We first examine the difference between the stationary
and nonstationary configurations by plotting concurrence
Cap/A* and quantum mutual information I,5/A%> as a
function of b in Fig. 4. In these plots, we fix Qo = 0.1
and L/o = 1 and consider ac = 1 and ac = 2. We notice
two characteristics: (i) In the vicinity of b ~ 0, stationary
detectors consistently harvest greater correlations than
nonstationary detectors, for both concurrence and mutual
information. (ii) As b becomes larger, both plots begin to

oscillate with b, and the curve representing correlations
harvested by nonstationary detectors oscillates around the
curve for the stationary case. The frequency of the
oscillation increases as ac grows.

These observations can be traced back to the form of the
Wightman functions (37) and (44). Let us recall that the
denominators of these expressions contain sinh(x) when
b€ [0, 1) and transform into sin(x) when b > 1. Therefore,
within the range b € [0, 1), the correlations are characterized
by an exponential pattern, while for b > 1, an oscillatory
behavior emerges. These traits explain the observation
above. In particular, the suppression of correlations near
b~ 0 for nonstationary detectors can be attributed to an
additional term in the denominator of (44), which is absent
in the stationary Wightman function (37). This extra term
diminishes the amount of harvested correlations relative to
the stationary scenario and simultaneously gives rise to the
oscillations noticed in the nonstationary case around the
stationary one.

We next examine the acceleration dependence of con-
currence Cnp and quantum mutual information I,y as
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FIG.5. Concurrence Cyp/A% with Qo = 0.1, L/ = 0.5 (a) and quantum mutual information 5 /A*> with Qo = 0.1, L/o = 3 (b)asa

function of the magnitude of acceleration ao. (a)(i) and (b)(i) correspond to the stationary configuration while (a)(ii) and (b)(ii) show the
nonstationary one, and each figure has four curves indicating four different motions.

illustrated in Figs. 5(a) and (b), respectively. The stationary
[Figs. 5(a)(i) and 5(b)(i)] and nonstationary [Figs. 5(a)(ii)
and 5(b)(ii)] configurations are depicted, and all four
uniformly accelerated motions, linear (B = 0), catenary
(b = 0.5), cusped (b = 1), and circular (b = 2) are shown
in each figure.

As we pointed out earlier, the correlations harvested
by nonstationary detectors for b &[0, 1) [Figs. 5(a)(ii)
and 5(b)(ii)] decay with increasing ac faster than those
extracted by the stationary detectors [Figs. 5(a)(i)
and 5(b)(i)]. Meanwhile, the correlations extracted by
nonstationary detectors in circular motion b>1)
[Figs. 5(a)(ii) and 5(b)(ii)] exhibit oscillatory behavior
around the corresponding stationary curves [Figs. 5(a)(i)
and 5(b)(1)].

Another observation we make is that, for both stationary
and nonstationary configurations and for any value of b,
Cap/A* becomes O at sufficiently high ac. This can be
attributed to the high transition probability at large ac as
shown in Fig. 3(a), leading to |[M| < /LaaLgg in (15).
Furthermore, the high accelerations prevent the detectors

from extracting quantum mutual information, as /,5/4> = 0
at ac — oo in Fig. 5(b). This indicates that any correlations
cannot be harvested as ac — oo if the detectors are
uniformly accelerated. These findings are consistent with
previous results [8,25-28,47,48], where linearly and circu-
larly accelerated detectors are considered. Our paper extends
these insights, providing a more general understanding that
encompasses arbitrary uniformly accelerated motion.

C. Genuine entanglement harvesting

We finally consider how much of entanglement is
coming from the quantum field. It is known that the
Wightman function can be decomposed into two parts: the
anticommutator and the commutator of the field operator.
The anticommutator part ({¢(x), p(X')}) p, (@lso known as
the Hadamard function), where <'>ﬂ¢ is the expectation
value with respect to the field state py, depends on the
state of the field p,. Conversely, the commutator part

([@(X),&(X’)D% = [p(x), (X)) €C (also known as the
Pauli-Jordan function) is state independent. This means
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5

catenary

Qo

circular

L/o

FIG. 6. The boundaries between C,g > 0 and Cxg = O for the
four stationary trajectories as a function of the proper separation
L/c and the energy gap Qo. Here, linear (b = 0), catenary
(b = 0.5), cusped (b = 1), and circular (b = 2) with ac = 1 are
depicted. Concurrence is nonzero in the left region of each curve.

that even if the field state is not entangled, the commutator
part in the Wightman function allows detectors to be
entangled with each other. Such entanglement does not
come from preexisting entanglement in the field; rather it is
associated with communication between the detectors, and
thus we cannot say (for an unentangled field state) that
entanglement is “extracted” from the field if the commutator
part is the only contribution [54]. We say that entanglement
is harvested if the anticommutator contribution in the
element M is nonzero, and in particular we qualify the
harvested entanglement as being genuine if the commutator
part in M is zero. Microcausality tells us that the two
detectors can genuinely harvest entanglement if they are
causally disconnected. Here, we explore the circumstances
under which two uniformly accelerating detectors can
extract genuine entanglement from the field. Remarkably
we find that this can be possible even if the detectors are in
causal contact.

We begin by plotting the concurrence Cpp/A> as a
function of the proper separation L /o between the detectors
and the energy gap Qo in Fig. 6. The respective curves
correspond to linear (b = 0), catenary (b = 0.5), cusped
(b =1), and circular motions (b =2) in the stationary
configurations depicted in Fig. 2. The left region of each
curve represents the parameters (L/o, Qo) that enable the
detectors to become entangled, manifest as Cap/A* > 0.
Conversely, the right region corresponds to Cag/A% = 0.
Therefore, the stationary linear configuration (b = 0) has

the broadest parameter space that leads to Cag/A*> > 0
compared to any other stationary configurations.

It has been shown [7] that two detectors at rest in
Minkowski spacetime with a Gaussian switching function
can be entangled with an arbitrary detector separation L/c
if the energy gap Qo is large enough. However, we see that
this is not the case for uniformly accelerating detectors—
they can be entangled only when they are close to each
other, no matter how large Qo is.

We further ask how much entanglement stems from the
anticommutator and commutator parts in the Wightman
function. To see this, let us decompose the Wightman
function as

W(x,X') = Re[W(x,X')] + ilm[W(x, X')], (46)
where

2Re[W(x.X)] = (0[{(x). p(X)}[0).  (47a)

2Am(W(x. X')] = ~i[d(x). (X))} (47b)

Then the matrix element M can be decomposed into
M=M_+iM_, (48)

where M, and M_ are (10b) with the Wightman function
being replaced by Re[W(x,x’)] and Im[W(x, X')], respec-
tively. M contains the information about genuine entan-
glement harvesting whereas M_ is state independent and
does not necessarily exhibit the preexisting entanglement in
the field. For the stationary detectors, these expressions can
be simplified to single integral forms:

M, = —ﬂza\/ﬁe‘gw/ due™"/*" W (u)
0

- 2o\/ze ¥ A due™/*" Wi (u),  (49a)

(e
M_=ilc ﬂe‘92"2/ due™/*" W (1)
0

—i2oy/me ¥ /Ooo due™/*" Wt (u).  (49b)

We then define harvested concurrence C,p and communi-
cation-assisted concurrence C,p as [54]

Cap = 2max{0, IM.| = \/LaaLpp} + O(2*).  (50)

We plot Cxy /4% as a function of L/c in Fig. 7. Here, we
specifically choose the stationary linear (b = 0) and cir-
cular (b = 2) cases as a demonstration. We find that for
Qo = 1 [Fig. 7(a)], the detectors can harvest entanglement
since Clp /4> > 0. Most strikingly, it is possible to extract
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FIG. 7. Harvested and communication-assisted concurrence Cxp/ 2 for the stationary linear and circular configurations as a function
of the detector separation L/c. (a) When Qo = 1. The linear and circular cases are very similar and the detectors can harvest genuine
entanglement near L/c = 2. (b) When Qo = 2. Although the linear case does not change much compared to the Qo = 1 case, the
circular case cannot harvest genuine entanglement anymore. It is the mixture of the anticommutator and commutator contributions, or in

the worst case C1z/4> = 0 around L/c = 1.3.

genuine entanglement for L/o € (1.5,2.2) since Cip > 0
while C3z = 0 in this region. However, this is not always
true as one can see from Fig. 7(b) when Qo = 2. Here,
detectors in circular motion can encounter the case where
Cip = 0 while C3 > 0, which indicates that the generated
entanglement after the interaction is purely coming from
the communication and not from the field.

However genuine entanglement can still be extracted in
the linear configuration.

V. CONCLUSION

We carried out the correlation harvesting protocol
using two uniformly accelerating UDW detectors in
(3 + 1)-dimensional Minkowski spacetime. According to
Letaw [13], trajectories with constant (nonzero) acceleration
can be characterized by the magnitude of the acceleration
and two torsion parameters, resulting in five classes: linear,
catenary, cusped, circular, and helix motions. The first four
of these classes of motion are confined to a two-dimensional
spatial surface and can be regarded as specific cases of the
helix motion. Since two-dimensional configurations are
more amenable to experimental setups, we employed these
four simpler motions for our analysis.

We first examined the transition probability of a single
detector following the four trajectories in Sec. IVA.
Utilizing a unified expression for the Wightman functions
along these trajectories, we were able to explore the general
characteristics that are common to all these motions. We
found that the transition probabilities of these motions
monotonically increase with the magnitude of acceleration.

Moreover, we also evaluated the effective temperature—an
estimator for the temperature as observed by a detector.

We then introduced another UDW detector to consider
the correlation harvesting protocol in Sec. IV B. Two
configurations were explored: stationary and nonstation-
ary configurations. In the stationary configuration, detec-
tors are separated in the direction perpendicular to their
two-dimensional spatial planes of motion. Specifically,
the displacement vector pointing from one detector to
the other remains orthogonal to the velocity vectors of the
detectors. In such a case, the Wightman function along
the stationary configuration is time-translation invariant.
On the other hand, in the nonstationary configuration,
the displacement vector aligns parallel to the planes of
motion. This makes the Wightman function nonstationary
(i.e., not time-translation invariant). Moreover, while this
Wightman function shares a common term with the
stationary configuration, an additional term appears that
specifically characterizes the nonstationary nature of this
configuration.

We found that the harvested correlations—entanglement
and total correlations—behave in a distinct manner depend-
ing on the motion of the detectors. Specifically, detectors in
linear, catenary, and cusped motions within the nonsta-
tionary configuration gain fewer correlations compared to
those in the stationary configuration. On the other hand, in
the circular motion case, both configurations exhibit similar
behavior. This difference can be attributed to the Wightman
functions. For linear, catenary, and cusped motions, the
Wightman function contains hyperbolic functions, leading
to an exponential alteration of the results. In contrast, the
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Wightman function for circular motion is governed by
trigonometric functions.

We also looked into the acceleration dependence of the
harvested correlations and concluded (not surprisingly) that
high accelerations prevent the detectors from acquiring
correlations from the field. This point is consistent with
previous papers [8,25-28,47,48], in which linearly and
circularly accelerated detectors are considered. Our paper
generalized these results to any uniformly accelerating
detectors on two-dimensional spatial surfaces.

Finally, we focused on entanglement harvested by the
detectors in the stationary configuration and asked how
much entanglement is coming from the correlations
preexisting in the field. To be precise, the entanglement
coming from the commutator part of the Wightman
function is state independent, which suggests that the
detectors can still be correlated even if the field is not
entangled [54]. Thus, it is important to examine how the
anticommutator part of the Wightman function (which is
state dependent) contributes to the extracted correlations.
One way to eliminate the commutator contribution is to use
causally disconnected detectors. However, we found that
the existence of acceleration prohibits us from extracting
correlations with detectors separated far away, no matter
what the energy gap is. However we also found the striking
result that detectors in causal contact can harvest genuine
entanglement in certain parameter regimes.

Our results have important implications for experiment.
Attempts to realize the Unruh effect and correlation
harvesting generally rely on using laser pulses to probe
what are effectively two-dimensional surfaces. To probe the
effects of noninertial motion on mutual information and
entanglement will therefore involve two detectors (two
pulses) in nonstationary configurations, since only these
can be realized in a two-dimensional setting. Experimental
verification of the harvesting of genuine entanglement
would be an exciting confirmation of our understanding
of relativistic quantum information.
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APPENDIX: EFFECTIVE TEMPERATURE

Here, we review the concept of effective temperature 7'
and clarify its relation to the KMS temperature.

Let us first review the KMS temperature. In quantum
theory with separable Hilbert spaces, a trace of an operator,
Tr[-] is well defined. This enables us to consider the Gibbs

state at the inverse temperature S, p = e P /Z, where

Z = Tr[e "] is the partition function. This is what we
consider a thermal state of a system.

However in quantum field theory (QFT), a trace is
generally not well defined. Instead, we identify the KMS
state [63,64] as a thermal state in QFT. Specifically, if the field
is in the KMS thermal state with respect to time 7 at the inverse
KMS temperature fxys, the Wightman function satisfies

W(AT — ifs) = W(—Ac), (A1)
where At := 7 — 7/. The Fourier transform of this equality
with respect to Az reads

W(—w) = eus®W(w). (A2)
This equality in the Fourier domain is known as the detailed
balance condition. Thus, the thermality of a quantum field is
imprinted in these equalities.

The thermality can also be implemented in the transition
probability of a UDW detector. Recall that the transition
probability is written as

L= /lz/df/df)(

where the subscript in £;;, j€{A,B} is omitted for
simplicity. Let us assume that the switching function

—|Q(T r)W(x(z),x(T’)), (A3)

x(7) has a characteristic time length o. In our paper, this

is the Gaussian width in y(z) = ==/ It is convenient to
introduce a quantity related to the transition probability
known as the response function (divided by the character-
istic time length) F(Q,0):

L=1cF(Q,0)

/w/mx

If the field is in the KMS state and the switching function is
a rapidly decreasing function, such as a Gaussian function,
then the response function in the long interaction limit
obeys the detailed balance relation [62]:

Ve =W (x(7), X(7)).

(A4)

F(-Q,0)
}g?o F(Q,0)

= ePrusQ

(A5)

Note that this relation holds when the long interaction limit
is taken. On the other hand, if ¢ is not sufficiently long, the
ratio of the response function (sometimes known as the
excited-to-deexcited ratio) does not satisfy the detailed
balance condition.

From this relation, one can define the effective
temperature as

_ 1, F(-Q, o-)
Teff =In

Q FQ.o) (A6)
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Note that the effective temperature is not necessarily
the KMS temperature. If the field is in the KMS state
and the long interaction limit is taken, then the effective

temperature becomes the KMS temperature. In this
sense, the effective temperature is an estimator for the
field’s temperature.
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