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We analyze the harvesting of entanglement and classical correlations from the quantum vacuum to particle
detectors. We assess the impact on the detectors’ harvesting ability of the spacetime dimensionality, the
suddenness of the detectors’ switching, their physical size and their internal energy structure. Our study reveals
several interesting dependences on these parameters that can be used to optimize the harvesting of classical and
quantum correlations. Furthermore, we find that, contrary to previous belief, smooth switching is much more
efficient than sudden switching in order to harvest vacuum entanglement, especially when the detectors
remain spacelike separated. Additionally, we show that the reported phenomenology of spacelike entangle-
ment harvesting is not altered by subleading-order perturbative corrections.
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I. INTRODUCTION

It has been known for a long time that the vacuum state of
a free quantum field contains correlations between time- and
spacelike-separated regions [1,2]. Besides the remarkable
fundamental interest from the point of view of quantum
foundations, the existence of this vacuum entanglement is a
key ingredient in very interesting, recently discovered
phenomena such as Hotta’s quantum energy teleportation
[3.4]. It is also at the core of long open problems such as the
black hole information loss problem [5] and some of its
proposed tentative solutions, such as the so-called “black
hole firewalls,” and black hole complementarity [6-8].

A perhaps more surprising result is that this vacuum
entanglement can be extracted from the field to Unruh-
DeWitt (UDW) particle detectors [9] that couple to the field
locally even when the two detectors are spacelike sepa-
rated, as pointed out, first by Valentini [10], and later by
Reznik [11,12]. This phenomenon has become known as
entanglement harvesting [13].

Since Unruh-DeWitt detectors can, in some regimes, be a
good approximation to the light-matter interaction [14,15],
these pioneering results may imply that it is possible to
extract entanglement from the electromagnetic vacuum to
atomic qubits, where it could be used as a resource, although,
for this purpose, one has to be careful with the impact of time
synchronization on entanglement harvesting [16]. Indeed, it
has been proved that it is possible to devise quantum optical
setups where entanglement can be sustainably and reliably
extracted from a quantum field and distilled into Bell pairs,
that can be later used as a resource for quantum information
tasks. This technique is known as entanglement farming
[17]. Moreover, there have been several exploratory works
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on the experimental feasibility of timelike and spacelike
entanglement harvesting in atomic physics and supercon-
ducting circuits [18-20].

Entanglement harvesting was proven, by Ver Steeg and
Menicucci, to be sensitive to the structure of the background
spacetime in which it is performed [21]. In particular, they
proved that entanglement harvesting can distinguish
between a thermal background and the Gibbons-Hawking
radiation background of an expanding universe [21-23], and
it is also sensitive to the topology of spacetime [24].

Not only that, entanglement harvesting has been proven to
be very sensitive to the state of motion of the detectors, and
the boundary conditions on the field on which is performed.
This has led to proposals of applications in metrology such
as range finding [13] and even quantum seismology [25].

As a fundamental phenomenon, entanglement harvesting
is therefore relatively well understood. However, little is still
known about how it is affected by (and possibly optimized
over) variations of the specific parameters of the setup, such
as how fast the detectors are switched on, the dimension of
spacetime, the physical size of the detectors or the nature
of their internal degrees of freedom. This is particularly
important in the case of spacelike entanglement harvesting,
which would constitute a direct proof of the existence of
vacuum correlations. We can find several hypotheses and
intuitions about some of these aspects in the literature. For
example, in one of the original papers by Reznik et al. [12],
in which they maximized entanglement harvesting using
very fast-varying super-oscillatory switching functions, or in
Ref. [26] (in the context of harmonic oscillator-based non-
perturbative methods for particle detectors [26,27]), where it
was speculated that a sudden switching might be more
efficient than a smooth one to harvest entanglement.

In this paper we present a thorough study of both
entanglement harvesting and the harvesting of classical
correlations, and how they are affected by the dimension
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of spacetime, the physical size of the detectors, their internal
energy structure and the smoothness of the switching of their
coupling to the field. Remarkably, and contrary to previous
belief, we find that smoother switchings are much more
efficient than sudden switchings in order to harvest vacuum
entanglement. Namely, we find that while for a smooth
Gaussian switching it is always possible to choose detector
setups that allow for spacelike entanglement harvesting, this
is not the case for sudden switchings. We trace back this result
to the fact that sudden switchings increase the amount of
local noise that the particle detectors experience [28], which
hinders their ability to harvest vacuum entanglement.

We show that entanglement harvesting is rather insensi-
tive to the dimensionality of spacetime, but this is not the
case for the harvesting of classical correlations. Namely, for
a3 4 1-dimensional spacetime, mutual information is more
efficiently harvested from the vacuum than in 141
dimensions when the detectors are in lightlike contact.
On the other hand, reducing the dimensionality of space-
time improves the ability of the detectors to harvest
correlations when they are spacelike separated.

We also show that finite-size, but small detectors (as
compared to their interaction time with the field) do not behave
in a fundamentally different way to pointlike detectors, in the
regimes where the pointlike approximation is not ill defined.
When the size of the detectors is increased and it becomes
comparable to their interaction times, larger detectors are much
less efficient to harvest entanglement than smaller ones.

As for the dependence on the detectors’ energy gap, we
show that the situation is radically different in the cases of
sudden and smooth switching. For the latter it is always
possible to tune the detectors’ energy gap in order to
harvest spacelike entanglement for a given setup, whereas
for a very fast switching it is generally not possible to do so.

Finally, we have also analyzed vacuum entanglement
harvesting at higher orders in perturbation theory, showing
that going beyond leading order does not reveal new
phenomenology. Therefore a leading-order perturbative
approximation is generally enough to identify the regimes
in which Unruh-DeWitt detectors can harvest quantum
entanglement from the field vacuum.

II. SETUP

We will model two particle detectors (A and B) with the
well-known Unruh-DeWitt model [9]. Although simple,
this detector model comprises most of the fundamental
features of the light-matter interaction when there is no
exchange of angular momentum [14,15]. The Unruh-
DeWitt detectors (from now on referred to as the “atoms”
or “detectors”) interact with a background scalar field via
the following Hamiltonian in the interaction picture:

Hi0) = 3 i) [ &F, e —x)den. (1)

ve{A B}
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where 4, is the overall coupling strength, g, (7) is the
monopole moment of each detector

(1) = of 4! + oy e, (2)

[6& are SU(2) ladder operators], F,(x) are the spatial
smearing functions of each detector and x, are their
respective center-of-mass positions. y,(¢) is detector v’s
switching function, which controls the interaction time and
the coupling strength of each atom with the field. For our
purposes we are going to consider switching functions that
are strongly suppressed outside of finite time intervals (so
as to have finite-duration interactions).

Typically, if we think of the UDW model as a model of
the light-matter interaction, the spatial support of the atom
can be associated with the spatial probability profile of the
atomic wave functions [15]. In an n + 1-dimensional flat
spacetime, the scalar field can be expanded in terms of
plane-wave modes in the following way:

ng ‘
¢(x, t) - /m [azel(‘klt_k'x> + HC] (3)

The creation and annihilation operators a; and a,t satisfy

canonical commutation relations [ay, ay,] = 6" (k — k).
The integral with respect to x can be easily performed

yielding the Fourier transform of the spatial profile

d"k

H;= Zﬂ,j{,,(l‘)ﬂ,,(t) \/m

x [agei(Ki—Fx)E (k) 4 azei“k"’k"‘»)ﬁy(—k)], (4)

where the form factor of the atoms is defined as

F, (k) (5)

:—(;’[)n / d"xF,(x)e*~.

From now on, we will consider that both detectors will
have the same shape and their spatial profile will be a real
function, and therefore F,(k) = F,(—k) = F(k).

The time evolution generated by Eq. (1) can be obtained
perturbatively through a Dyson expansion of the time
evolution operator:

(o] (o] t
U= ﬂ—i/ dtH(t)—/ dt/ dfH(OH () +---.
U )

(6)

If the initial state of the detectors-field system is p, the
evolved state will be given by p = Up,U". Let us define the
notation O(4}) to represent terms that are proportional to
k2L Wk, 1 such that k + [ = n. We will denote the O(4,")
as a sum of terms of the form perturbative contributions to
the time-evolved density matrix as
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Therefore we can write the time-evolved density matrix
as a sum of terms of the form of Eq. (7):

P =po +p(10) +,0(01) +,D(20) +p(02)
+p(]vl)+p(l-2) 4. (8)

Since we are going to analyze entanglement and corre-
lations harvesting from the vacuum, we consider that the
initial state of the detectors-field system is

po = 10){0] ® pago- )

where |0) is the vacuum state of the scalar field and p,p  is
the initial state of the detectors. We will be interested in the
partial state of the detectors after their interaction with the
field, which is given by

PAB :Trqb(UpOUT)- (10)

This means that the nondiagonal terms in the field produced
by time evolution will be of no relevance for our purposes.
In particular, any contribution p(*/) for which the parities of
i and j are different (i.e, for all the contributions with odd
powers of the coupling strength 4,) will give a zero
contribution to the detectors’ final state (10), as long as
the initial state of the field is diagonal in the Fock basis (as
it is in the case of the vacuum).

Consequently, in the perturbative expansion of pup,
the first-order correction is trivially zero for the reason
explained above. To leading order in the coupling strength,
the two detectors’ time-evolved density matrix is given by

2,0 0,2 1,1
pas = paso + 05 + o0 + )+ 00h), (1)

where p) = Try [pl7)].

We are going to consider the case in which both detectors
are in their respective ground states

PABO = 94) (94| ® |98)(9al- (12)

From Eq. (11), psp takes the following matrix repre-
sentation:

0 L L 0
PaB = A +OM)  (13)
M* 0 0 0

in the basis
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) ®195):194) ®le).lea) ®len)}.  (14)

{194) ® |98),

The explicit expressions of £,, and M can be easily
obtained from Eq. (6) after substituting Egs. (1), (2) and (3),
yielding

L, = /d"kLﬂ(k)LD(k)*, (15)

M = / d"kM (k). (16)

where L, (k) and M (k) are

—ikx, F(k 0 ]
Ly(k) = 4, 2 E®) / iy, (1) (17)
2] S
M(k :_ﬂ ,1 ke (xq—xp) d[ —ilk|(t;—1)
M) 2|k| / 0 [ dne

X [ga(t))xp(ty) el @anit0)

+xp(1)xa(ty) e Qs tat)], (18)

The expressions above are rather general and can be
easily particularized to any switching and spatial profiles
for any dimension.

We would like to analyze under which set of general
conditions it is possible to harvest classical correlations and
entanglement from the field to the detectors. With this aim,
we will consider different switching modalities (sudden
versus Gaussian), different characteristic detector sizes
(pointlike versus non-negligible Gaussian smearing), dif-
ferent spacetime dimensions [1 4 1-dimensional (as in long
wave guides or optical fibers) versus 3 + 1-dimensional (as
in free space)] and a range of different detector internal
energy scales.

The first step is to evaluate the integrals (17) and (18) for
the different cases that we will consider. Let us first focus
on the spatial profile. We will choose the following
Gaussian smearing:

b
(v/zo)"

which in turn enters Eqs. (17) and (18) via its Fourier
transform

F(x) = e/ (19)

Fk) ﬁe—%k% (20)

It will be relevant to consider the limit where the detector is
pointlike localized in space (¢ — 0). Namely
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TABLE 1. Collection of all the dimensionless quantities that
are used throughout this paper. Notice that d = |xg —

A=tp—tyand f = |Bg—fal

Dimensionless variable Expression Physical meaning
a QT Energy gap
B x,/T Detectors’ positions
p d/T Spatial distance
Y A/T Time delay
1) /T Detectors’ size
K, 1 kT, qT Momenta
T t/T Time parameter
~ 1
(x) = 6" (x) = F(k) = : (21)
(27)"

A. 3 + 1 dimensions

We will first consider the case of three spatial dimen-
sions. We will study the following scenarios.
(A1) Gaussian switching and Gaussian spatial smearing.
(A2) Gaussian switching and pointlike detectors.
(A3) Sudden switching and Gaussian spatial smearing.
(A4) Sudden switching and (almost) pointlike detectors.

1. Gaussian switching functions and
Gaussian smearing

Let us first consider the case in which the detectors are
turned on in a smooth manner, following a Gaussian profile

2,(1) = e T, (22)

With this switching function, all time integrals in
Egs. (17) and (18) admit analytic closed forms. We will
assume that both detectors have the same energy gap Q =
Q, = Qp and that both couple to the field with the same
strength A =1, = Az. This allows us to scale all the
parameters in the system relative to the characteristic time
scale of the switching function 7, as suggested in
Refs. [13,21]. Defining the dimensionless magnitudes
a=QT, g,=x,/T, 6=0/T, xk=kT and 7,=1,/T
(a summary of all the dimensionless parameters used
throughout the paper can be found in Table I), Eqgs. (17)
and (18) can be recast as

: 1252
fuc-ﬂﬂejk o

L,(x) = a7 €
e 2k|(27)*

Gi(k.7,).  (23)

7_22
5K

W G (k) (24)

M(k) = — 22Te* Pa—bs)

where, taking 7; =t;/T as dimensionless integration
variables, we can write
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G (k, T[l) = T/°° dﬂe—(rl—n)zeiﬂk\-&-a)ﬂ’ (25)

TZ/ dTl/ deel(l 71415) —1\1('\ T,—T,)

2

1), (26)

—(7 }’) 2+€(sz)er

where y = (13 —14)/T is the normalized separation
between the switching functions’ centers.

The integral (25) can be readily analytically evaluated.
Obtaining a closed form for Eq. (26) is more involved, but it
can be accomplished via parametric differentiation under
the integral sign and solving the resulting differential
equation (see details in Appendix A). The result in both
cases is

i(jx[+a)z, ,

Gi(K.7,) = \/ATe Mkl o=

Ga(i) = S 2 M 200 B y) + Blie.—)]  (27)

where, for simplicity, we define

E(k,y) = €l [1 —erf <%12|K|>} . (28)

Using Egs. (23), (24) and (27) we can evaluate Eqgs. (15)
and (16), yielding (see Appendix A)

2o
Lan =73 [ dklile 7 Gy (. 24)Gi )
o2
/e a
B N i e
822(1 + &) e ’

(29)

22 (o] . 2 *
Lap = WA d|x| sin(|k|f)e 7 G, (k, 7)Gi(x.0)
i12e2® giar

_—{e g erfc< il )
SV213 V1 + 62 V2V1 + 82

_(y=p- la) —
T em( \rf ;;ZZ ) } (30)

22 o .
M) = 5| [ dklsin(pice Gt
,{267%{12 /oo d|1c| sin( |K|) 1+52) 2
- 8z | Jo
x [E(k,7) + E(k, —)]|. (31)
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where we have defined = |fz — 4| = d/T where d =
|xz —x,| is the distance between the detectors’ centers of
mass, and erfc(x) =1 —erf(x) is the complementary
error function. Note that, with the assumptions made,
Lpp = Laa-

This expression is general for any separation between the
centers of the Gaussians y = (75 — 14)/T. We note that the
integral over |k| admits an approximate analytic closed
form when y is large enough to neglect the overlap between
the two Gaussian switchings. To see this, we start from
Eq. (18) and notice that y, () are Gaussian functions with
standard deviation s; = T'/ v/2. When the centers of the
two Gaussians are separated by A =15 —14 > 7T/V/2
(i.e. more than 7 times the standard deviation), the two
Gaussians effectively do not overlap. Note that, for
A > 7T /+/2, the overlap between the Gaussian switchings
is suppressed by a factor smaller than e=*/2 ~ 10~!!, that
is, any effect of that overlap will be suppressed at least
107! times as compared to the contributions of the vicinity
of the Gaussian maxima, rendering that overlap region
completely negligible for our purposes. Assuming without
loss of generality that the detector A is switched on before
the detector B, in this case the first contribution of Eq. (18)
is very approximately zero, and |[M| = | M,,,|, where

e

8vV273 V1 + &

_ 2
e 20+0)

|MI101’1| =

X

)

_6w? B+r )] ‘
—e ) ] —erf | i——= ||| 32
[ (¢m¢z§ (32)

2. Gaussian switching functions and pointlike detectors

For pointlike detectors we take the limit 6 — 0 in
Egs. (29), (30), (31) and (32), yielding

Pl PO - 3 (33)
AA — 87[2,5 \/E ’

Lap=2C"°¢
A 8Vanp
" {ewz—iaﬂerfc (iV +p— 105)
V2
_—p=ia® y—pf—la
—e— 2z erfc 17 , (34)
12 —1a2 o0
M =5 [T dlelsingpiaye

xwmn+Em—my (35)
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Pe

Mnon =
Maon 8v2r

_U? P
e {1 —I—erf<1 7 )]
e [1 —erf (iﬂ \g)} ‘ (36)

It is worth mentioning that in this case there is another
situation in which M has an analytic closed form, which is
when the two identical detectors’ switching functions are in
perfect overlap (i.e, y = 0). In this case [24],

X

12 120 5 ﬂ .
Megine = ——— |e 2@ HFerfi| =) — i, 37
i == 37555 | £ 37)
where erfi(x) = —ierf(ix) is the imaginary error function.

3. Sudden switching functions and Gaussian smearing

Let us now consider that the detector v is switched on in
an abrupt manner at 79" and switched off in the same way at
T, Namely, the switching functions in Egs. (17) and (18)

are now
1 if 7" <t < TOf

(1) = v v 38

2(1) {0 otherwise. (38)

For this switching function, the time integrals also admit
closed-form expressions. From Eqgs. (17) and (18) we get

; L2s2
e—ucﬁﬂ e i &

L,k)=AT Si(k,7,), 39
/4( ) 2|K|(2ﬂ')3 1( u) ( )
sy €
M(k) = — 2Texbabs) £~ 4
) == AT Lo ss(e). (40)

where, similar to the Gaussian case, T = 79T — T9" is the
timescale of the interaction, and S, (x,7,) and S,(x) are
defined by

0

ff
Sl(K, Tﬂ) = T/ H dTlei(‘KH(z)‘rl , (41)

"

oo t . .
S, (x) = / ar, / ' o) gkl )
X [ra(t)xs(t2) + xp(t)xa(t)]. (42)

As in the Gaussian case, Eq. (41) can be computed in a
straightforward manner, while the case of Eq. (42) needs a
careful analysis (see Appendix B). These integrals yield

iT<eirsz(|K\+a) _ eirﬁ“(|x’\+a))

k| +a

Si(k,7,) = = . (43)

and S, (k) simplifies to
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SZ (K) - S2non (K)

g () D@ )

e (44)
when 79" > TS (no overlap between the switching func-
tions), and to
SZ(K) = S20ver(K)
T2 [ itrs et (g2 _ gitarie)
— €1y+ a—|k|) (p2ir|K _ela+x
PR ( )

+ei(7+1)(a—|x\) _ eiy(a—|K\) _M(eﬁay _ e2ia):| (45)

a

when the detectors’ switching functions overlap 7" < TS,
Inserting Egs. (43), (44) and (45) into Egs. (39) and (40),
Egs. (15) and (16) take the form

12 [ Ke*%'cq‘S . 1
fan =" [Tl 1 i a0
7 Jo 2

CETE
/12 . e ;252
= | dk|—
AB 47T2ﬁ 0 ‘ |(| ) Sln(ﬁ|K|)
X e—i(7+1)(a+|'<\)( i(atlx]) _ 1)2 (47)
——5 2K eV (a—Ix])
Myon] = \ 7k sinGaie)
x (ella=k) _ 1) (eitatlxl) _ 1)', (48)
22 G 12,2
Mol = 2 / I sin(BlK]) e Sy ()], (49)
471' ﬂ 0

where M., and M, correspond to the values of M
when the detectors’ switching functions overlap and when
they do not, respectively.

4. Sudden switching and quasi-pointlike detectors

It is well known that a sudden switching for a pointlike
detector in 3 + 1 dimensions leads to ultraviolet divergen-
ces in the response of a particle detector [28]. However we
can consider detectors whose spatial smearing is much
smaller than the duration of the interaction (i.e. ¢/T < 1)
as an effective pointlike detector that can be switched
abruptly in a 3 + 1-dimensional scenario.

B. 1 + 1 dimensions

As in the 3 + 1-dimensional case, we will explore the
following different switching and spatial profile configu-
rations for the detectors.

(B1) Gaussian switching and Gaussian spatial smearing.
(B2) Gaussian switching and pointlike detectors.

(B3) Sudden switching and Gaussian spatial smearing.
(B4) Sudden switching and pointlike detectors.

PHYSICAL REVIEW D 92, 064042 (2015)

1. Gaussian switching functions and Gaussian smearing

When we particularize Eqgs. (15) and (16) to 141
dimensions, the time integrals in Eqgs. (17) and (18) are
exactly the same as in the 3 + 1-dimensional scenario that
we just computed. Therefore, in the 1+ 1-dimensional

case, L,, and | M| take the form
2 o
Laa = e / AdKie 2 (146%) p—Ixla
4 L I«
o ]
+A dkme ZK 2(1+46%) —K|a:| , (50)
Po?
Lap 1

7i|’<‘7€7%’<2(1+52) eflK‘a

—A ikp
X [/ dK‘e e
K]
[ee] elkﬂ
+
A K]

e_i|"ye_7"7(1+52)e_|l<a} ’ (51)

72 —ta? —A ixf
Mol =25 [ et
non 4 o |K|
© err 12 2
+ di — ellklr g2 (1407 | (52)
A ]
Pk
|M0ver| = 8
A e ——K () g
X dx |K| 2 [ (K7 7/) + E(K’ _7/)]
© € )
+ [E(x.7) + E(k. —7)]|.
Al
(53)

where the notation M., and M, is understood in the
same way as in Sec. Il A, and A is an infrared cutoff which
regularizes the well-known logarithmic IR divergences of
the 1 + 1-dimensional case. This kind of IR regularization
is common in the literature and can be thought, for instance,
as the length scale of a very long optical cavity or a periodic
optical fiber, or the characteristic radius of a cylinder
spacetime topology.

Notice that, as opposed to the 3 4 1-dimensional case
(where the field has units of [¢] = 7~' and 4 is dimension-
less), in 1 4+ 1 dimensions the field is unitless, and hence A
has units of 7. Therefore, in Egs. (50), (51), (52) and (53)
we have already used a dimensionless coupling strength
defined as 1 = AT.

2. Gaussian switching functions and pointlike detectors

As in the 3 4 1-dimensional scenario, the pointlike case
corresponds to the limit 6 - 0 in Egs. (50), (51), (52)
and (53), yielding
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e -A —3lat|x])? =) —3lat|x])?
‘CAA: ¢ |:/ dKL+/ dKL:|,
4 o K] A K]

(54)
2o [ [-A p
Lag = 4 e4 - {/ dx |1K eIkl g=2k" o= Ikl
. K
(&) elkﬂ
+/ dx ] e Kly g=3¢ e""""] (55)
A K
2o A ix;
|Mn0n| ¢ / dx 61‘K|767%K
4 o |
00 eiK/J .
—l—/ dic— elllr g=3¢ (56)
A x|
;126—%112 B e
|M0ver| :T dx |K‘ € ? [E(K }/) +E(K _}’)]

00 ixp L2
+/\ dx P e ™ [E(k,y) + E(x, —7)]‘. (57)

3. Sudden switching functions and Gaussian smearing

In this case the time integrals are again Eqs. (41)
and (42). Inserting them into Egs. (17) and (18) along with
the smearing function (20), Egs. (15) and (16) now read

262

2 —A e K
7\ Jow  [Kl(K] +a)

1
) sin? [5 (a+ |K|):|
o e 1
+/ szinz{ a+ |k }} 58
Tl PR
:12 —A e——K 11</)’
Jp— / G T
A 4”{ o K|(x| + @)
X e*i(VJf])(“HKD(ei(aHKD _ 1)2
00 e 2K & Likp
+/ dk———
a o [kl(x] + @)

% e—i(r+1)<a+\f<|)(ei<a+\f<\) — 1)2 , (59)

7 B gir(a—Ix])
47| Jo " TRI(RP = ?)
( 1(a—\1<\ _ 1)( i(a+|x]) _ )

—|—/de
A

x (eila=l) _

|Mn0n|

elkﬂel}/(a_‘Kl)

122
x| ([k|* — a?)

DEe - D, (60)
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;12
|M0ver| = 47

—A eikﬂ .
/ dx W 67752’(2 SZover (K)
—o0

[ ixf}
+[\ dKe|T|e 252 2S20ver(K> . (61)

4. Sudden switching and pointlike detectors

In 1 4+ 1 dimensions the pointlike limit of the previous
case is not divergent, and we can therefore safely take
the limit 6 — 0 in Eqgs. (58), (59), (60) and (61), which
results in
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A7 | )

NICSERE
+ /oo dx
A

eiKiefi(}’Jrl)((l‘HKD
|Mnon|

(ei(a+\r<|) _ 1)2

k| (|| + a)? (etlesi - 1)2]7 (©3)

lz d eikﬁei}’(a_"(‘)

4n /_oo el (Ix[? = )

x (elalx) — 1)(eilati) _ 1)

—l—/w dx
A
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We now have all the ingredients needed to study both
entanglement and general correlations from a quantum
scalar field in 341 and 141 flat spacetimes for the
different switching functions and spatial smearings
considered.

III. ENTANGLEMENT HARVESTING

We are interested in quantifying the entanglement
acquired by particle detectors after their interaction with
the vacuum state of the field. As we will see, factors such as
the dimensionality of spacetime, the nature of the switching
functions, the smearing of the detectors and their internal
energy structure have a dramatic impact on their ability to
harvest field vacuum entanglement.

We will use negativity [29] to quantify entanglement. For
a two-qubit system, the negativity (defined as the sum of
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the negative eigenvalues of the partially transposed density
matrix) is an entanglement monotone which only vanishes
for separable states [30,31].

A. Entanglement harvesting to second order in
perturbation theory

To second order in perturbation theory there is only one
eigenvalue of the partial transpose of Eq. (13) that can be
negative

1
E, = 5 [Lan~+ Lpp— \/(EAA —Lpp)* +4M[F]+O(%).
(66)

Note that a naive inspection of the partial transpose
of Eq. (13) would have produced the apparently always
negative eigenvalue E, = —|L,5|>. However note that
|L45)* is O(A)), and thus E, =0+ O(4)). As we will
discuss later, to find the correct form of E, the whole
fourth-order correction to the density matrix must be
computed, resulting in £, not being negative in general.
Therefore, we define the following negativity estimator:

NO =—E,

_%[EAA +Lpp— \/(EAA —Lpp)> +4MJ?], (67)
so that the negativity, to second order in the coupling
strength, is equal to A/ = max(0, N'?)).

This form of the negativity estimator can be further
simplified when it is assumed that the two detectors are
identical and switched on for the same amount of time (but
with a time delay between them), and therefore £, = L4, =
L. Under this assumption, at leading order in perturbation
theory the previous formula can be written as

N =M-L,,. (68)

This expression shows very intuitively that for the state
to be entangled, the nonlocal term M has to be larger than
the local terms £,, [12]. We can now evaluate the impact
of the smoothness of the switching on the ability of the
detectors to harvest entanglement from the vacuum. In view
of Eq. (68), it is not straightforward what the impact of the
switching may be: a sudden switching may, on the one
hand, increase the local noise (the particle count of the
individual detectors, L4 4 and Lzp), but on the other hand it
is not a priori clear what would be the impact of the
switching on the nonlocal terms M. Therefore we will need
to compare the two scenarios (smooth versus sudden
switching) to confirm if the extra noise introduced by a
sudden switching hinders the detectors’ ability to harvest
entanglement.

In Fig. 1 we present some examples of the negativity in
all the cases defined in Secs. II A and II B. For the binary
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plots showing the parameter region where entanglement
harvesting is possible (a.1, b.1, c.1, d.1, e.1, f.1, g.1, h.1),
we have chosen to fix A/T =0 (no delay between the
switchings) for the sudden switching cases because this
maximizes the parameter region where entanglement har-
vesting is possible. This is because abruptly switched
detectors quickly lose their ability to extract vacuum
entanglement as A/T grows, even in a lightlike connection.
For the Gaussian switching this is not the case, and
therefore we have chosen to show the parameter regions
of entanglement harvesting for A/7T = 3 in order to better
display the features of the parameter dependence.

The plots (a.2, b.2, c.2, d.2, e.2, 2, g.2, h.2) show
the variation in the negativity estimator N () with
the distance between the detectors (d/T) and their
switching delay (A/T) for a representative value of
QT ="7. Notice that, since the negativity is defined as
N =max(N®,0) + O(22), in the cases where the plots
display negative values there is no entanglement harvesting
at all. It is still illustrative in those cases (all of them sudden
switching) to show how far from zero the negativity
estimator N?) would be.

First, we note that the entanglement peaks in the
region where there is lightlike contact between the
detectors (in between the two red, dashed lines). In this
situation both detectors can exchange real quanta via the
background field, resulting in a peak in the negativity that
will also be visible in the study of the total correlations.
In the majority of the cases negativity peaks when there
is full lightlike contact (exactly at the exact center of the
region inside the two red lines in Fig. 1). However, notice
that there are two different trends: the entanglement
increases when the detectors are lightlike connected,
but decreases in a nontrivial way with the spatiotemporal
distance, and thus it is not surprising that in some cases
(for instance, for the 1+ I-dimensional cases with
sudden switching functions) the maxima of the negativity
estimator do not appear at the center of the lightlike
region, although these maxima are still always some-
where in the region of light contact.

Another clear feature that arises from our analysis is
that, perhaps contrary to intuition, the detectors switched
on in a smooth, more adiabatic manner are capable of
harvesting entanglement in a much more efficient way
than suddenly switched detectors, both when the detectors
are in causal contact and when they are spacelike
separated.

Let us focus now on the interesting case of spacelike
entanglement harvesting. Since the detectors cannot
exchange information, spacelike entanglement is the result
of the harvesting of only preexisting correlations in the
quantum vacuum.

We see from Fig. 1 that for smooth Gaussian switching it
is always possible to obtain spacelike entanglement har-
vesting if the internal energy gap of the detectors Q is
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FIG. 1 (color online). Negativity for all the cases described in Secs. I A and II B, in the following order: (a) three-dimensional
(3D) Gaussian switching and Gaussian spatial profile; (b) 3D Gaussian switching and pointlike detectors; (c) 3D sudden
switching and Gaussian spatial profile; (d) 3D sudden switching and near-pointlike detectors (6/7T < 1); (e) one-dimensional
(1D) Gaussian switching and Gaussian spatial profile; (f) 1D Gaussian switching and pointlike detectors; (g) 1D sudden
switching and Gaussian spatial profile; (h) 1D sudden switching and pointlike detectors. The plots a.1), b.1), ..., h.1) (first and
third columns) show in (dark) red the values of d/T and QT for which entanglement harvesting is possible, and in (light) grey
the values for which there is no entanglement harvesting. The plots denoted by a.2), b.2), ..., h.2) (second and fourth columns)
show the specific value of the negativity estimator A/?) as a function of the spatial separation of the detectors and the time delay
between their switching functions for a given value of QT (recall that there is entanglement harvesting when N'? > 0). In all
plots the dashed lines represent the boundaries of the light cone. In the second and fourth columns, the points to the right of the
rightmost dark line represent spacelike separation. These boundaries are placed at A = d = T in the cases of pointlike detectors
which are switched suddenly, and at A = d + 7T/ v/2 in the rest, which is a reasonable estimation given the discussion in Sec. II,
subsection Al. All cases of Gaussian spatial profile have o/T = 1 except for the near-pointlike detectors (plots d.1 and d.2), for
which ¢/T = 0.01. We see that Gaussian switching always allows for spacelike entanglement harvesting for sufficiently large
values of QT, while this is not the case for sudden switching. For the 1 + l-dimensional scenarios the IR cutoff was taken
AT = 0.001, much smaller than all the relevant frequency scales in the setup.
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FIG. 2 (color online).

Dependence of entanglement harvesting on the size of the detectors for various values of the internal energy gap.

The detectors are located in a 3 + 1-dimensional flat spacetime, and are switched on using the Gaussian profile (22). We see that the
larger the detectors, the less efficient they are for entanglement harvesting.

increased (consistent with the analysis in Ref. [13]), but at
the price that the larger the value of Q, the smaller (but
finite) the amount of entanglement harvested. In other
words, for Gaussianly switched detectors, when the energy
gap increases the total amount of entanglement decreases
rapidly, but in exchange the region of nonzero negativity
increases, eventually “leaking” an arbitrary amount into the
spacelike-separation region.

Strikingly, this is not the case for sudden switching,
where the behavior of negativity with the internal gap of
the detectors is dramatically different to the Gaussian
switching case.

In particular, for sudden switching, negativity is no
longer monotonic with the detectors’ energy gap and,
what is more, the values of Q that allow for spacelike
entanglement harvesting are severely limited. We found
that there are even cases in which it is impossible to
harvest entanglement with spacelike-separated suddenly
switched detectors for any value of Q within the range
explored. Increasing values of Q do not seem to
improve this situation (see Figs. lc, 1d, 1lg); it is
only possible for pointlike detectors in 14 1 dimen-
sions to find spacelike entanglement harvesting with a
sudden switching, and increasing € actually reduces
the spacelike harvesting ability even in this case
(see Fig. 1h).

The conclusion we extract is that the increase of the
local noise as a result of a sudden switching hinders our
ability to harvest quantum entanglement from the field,
regardless of any possible beneficial effect that the
sudden switching may have in the nonlocal M, whether
or not the detectors are in causal contact or the dimension
of spacetime.

Finally, let us consider how our ability to harvest
entanglement from the vacuum varies with the size of
the detectors. This behavior is shown in Fig. 2. First note
how the behavior of the detector quickly goes to the
pointlike limit when ¢/T < 1.

For larger 6 we see that as the sizes of the detectors
grow, they become less efficient to harvest vacuum
entanglement. This is true as long as o < 6d, that is,
when the two detector Gaussian smearings are further

apart than about 8 standard deviations. Otherwise, if we
were to allow the detectors to have a spatial overlap (a
rather unphysical situation, however), this overlap enhan-
ces the ability of the detectors to get entangled.

B. Entanglement harvesting beyond second order
in perturbation theory

Recall that in the analysis of the negativity that we
carried out in Sec. Il A we found that there was an
eigenvalue of the partially transposed density matrix, E,,
which was O(4}). This eigenvalue “naively” appeared to be
always negative when taking into account only the con-
tributions coming from the square of second-order pertur-
bative terms. However, to find the right fourth-order
perturbative corrections to the negativity (and in particular,
the right value of E,) it is not enough to cut the perturbative
expansion at second order as in Eq. (13). If we expand p4p
to O(}) we obtain

A0 0ol
0 py py O
PaB = . +0(25), (69)
I
A0 0l
where
Py =1—(Laa+ Lpp) — (B +E + Ey),
Py = Las + &y,
Py = Lpp + By,
Py = B,
Py =M+T,
oY = Lap 1L (10)

Here, all the greek letters denote terms which are
proportional to the fourth power of the coupling strength.
The partial transpose of Eq. (69) has two potentially
negative eigenvalues:
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1

E| = 3 |:(»CAA + Lpp — \/('CAA — Lpp)* + 4|M|2)
4Re(T M)

VAMP + (Las — Lpp)?

(Laa — Lpp)(E) — )
- VAHMP + (Las — ‘CBB)2>:| o). 1)

+<El+Ez—

Ey = (85 — |Lp%) + O(X). (72)

E, is just the eigenvalue found in the study of the second-
order correction with additional fourth-order terms. These
fourth-order corrections are generally smaller than the
second-order ones, so they will only play a role when
the second-order contributions are zero.

We also find that E, is actually not always negative, and
its sign will depend on the value of two competing terms,
one of which is expressed in terms of Eq. (15) and the other
one being
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FIG. 3 (color online). Z; and |L£4z|* for the cases of spatially
smeared detectors in 3 + 1 dimensions and a) Gaussian and b)
sudden switching functions, for a time delay of A = 107 between
their switchings. The vertical dashed lines represent the bounda-
ries of the light cone. Recall that there is a fourth-order
contribution to entanglement harvesting only if |L,z]* > Es,
which never happens in these cases. Notice the use of different
y-axis scales for |£,p|? and Z;.
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=, = / d'k / d'qlé1 (k. q) + & (k. q) + &5k )
k). (73)

where each of the &;(k) are given in Appendix C.

It can be checked that, as a general trend, E, does not
become negative when E; is positive (i.e, when N'? < 0),
and therefore the fourth-order analysis of entanglement
harvesting does not add significatively new results. For
illustration, we show in Fig. 3 the two competing terms 25
and | £45|? in Eq. (72) for the case of 3 + 1 dimensions with
sudden and Gaussian switching. Recall that there would
only be a fourth-order contribution to entanglement
if |Lap)* > Es.

IV. HARVESTING OF MUTUAL INFORMATION

In the previous section we have shown that entangle-
ment harvested between two two-level particle detectors
strongly depends on the detectors’ switching, their spatial
smearing, their internal energy gap and the dimension-
ality of spacetime.

It is also an interesting question to find how particle
detectors can harvest general correlations from the field,
and not only entanglement. For instance, is it possible to
harvest classical correlations from the field while the
detectors remain spacelike separated?.

In this section we will show that the harvesting of
correlations from the field is much easier than harvesting
entanglement. Namely, a pair of detectors prepared in their
ground state can harvest correlations for a much wider
range of scenarios than those that allow for entanglement
harvesting.

We will characterize the total amount of correlations with
the mutual information,

I(pag) = S(pa) + S(pg) — S(pa), (74)

where p, = Trg(pap) (and vice versa) is the partial trace
of psp with respect to subsystem B (A) and S(p) =
—Tr(plogp) is the von Neumann entropy.

For the state given by Eq. (13), the partial subsystems are
described by the following density matrices:

1-£, 0
= , 75
Py < 0 L. ) (75)

so, once expanded to leading order in powers of the
coupling strength, the mutual information takes the form

I(pag) = L 1og(L,) + L_log(L_) — Lyslog(Ly4)
— Lpplog(Lyp) + O(4), (76)

where the quantities £, are defined by
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FIG. 4 (color online).
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Mutual Information for all the cases described in Secs. II A and II B, in the following order: (a) 3D Gaussian

switching and Gaussian spatial profile; (b) 3D Gaussian switching and pointlike detectors; (c) 3D sudden switching and Gaussian spatial
profile; (d) 3D sudden switching and near-pointlike detectors (¢/7 < 1); (¢) 1D Gaussian switching and Gaussian spatial profile; (f) 1D
Gaussian switching and pointlike detectors; (g) 1D sudden switching and Gaussian spatial profile; (h) 1D sudden switching and
pointlike detectors. The graphs show the harvested mutual information as a function of the spatial separation of the detectors and the
time delay between their switching functions for Q7 = 1. In all plots the dashed lines represent the boundaries of the light cone. These
boundaries are placed at A = d + T in the cases of pointlike detectors which are switched suddenly, and at A = d + 77/+/2 in the rest,
which is a reasonable estimation given the discussion in Sec. II, subsection Al. All cases of a Gaussian spatial profile have ¢/T = 1
except for the near-pointlike detectors (plot d), for which ¢/7 = 0.01.

L, = (CAA + Lpp £ \/(LAA — Lpp)* + 4|‘CAB|2>'

(77)

N[ =

Note that in this expression the competition between the
local (£,,) and nonlocal (£, ) terms is also explicit.

In the same fashion as in Sec. III, we show in Fig. 4 a
collection of representative examples of the mutual infor-
mation for all the cases defined in Secs. Il A and II B.

As we expected from the discussion in the study of the
negativity, the mutual information maximizes inside the
light cone. In the same way as for the negativity, the total
correlation between the detectors peaks inside the region of
light contact, where direct exchange of real field quanta is
possible.

We first note that, unlike entanglement, harvesting of
mutual information is possible for the whole spacetime,
even for large temporal and spatial separations between the
detectors long after entanglement harvesting is no longer
possible (see Fig. 5).

Due to this, when the separation between the detectors is
large enough, we can identify the main source of harvested
correlations as classical correlations present in the field
vacuum. Nevertheless, we should not forget that other sources
of quantum correlations (quantum discord [32]) may be
present, and their study in future works may be of interest.

In Fig. 4, we see how the dimensionality of spacetime
influences the harvesting of correlations: the gain of mutual

information during light contact is more efficient in 3 4 1
dimensions than in 1 4 1. Interestingly, for a given value of
QT the amount of correlations harvested in the spacelike-
separation region is higher in the 1 + 1-dimensional case.

We also observe the same effect of “damping and
leakage” that was observed in Sec. III when increasing
the internal energy gap is observed in the case of corre-
lations: increasing Q7 decreases the overall value of the
mutual information but also makes its support outside the
light cone increase.
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FIG. 5 (color online). Mutual information (dashed red) and
negativity (solid blue) to O(42) for 1 + 1-dimensional detectors
with Gaussian spatial smearing and Gaussian switching. The
black, dashed line represents the usual estimation of the effective
end of the lightcone =y + 7/v/2.
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V. CONCLUSIONS

We have performed a detailed study of the phenomenon
of entanglement and mutual information harvesting from
the vacuum state of a scalar field, using a pair of Unruh-
DeWitt particle detectors.

First, we have analyzed the influence on this phenome-
non of various aspects, such as the dimensionality of
spacetime, the nature of the switching of the detectors
(sudden versus smooth), the detectors’ physical size and
their internal energy structure.

While the dimensionality of spacetime does not seem
to strongly influence entanglement harvesting, the gain
of mutual information during light contact is more
efficient in 3 + 1 dimensions than in 1+ 1 dimensions
(e.g., inside an optical fiber). Conversely, the amount of
spacelike-correlation harvesting is noticeably larger in the
1 + 1-dimensional case.

We have made a comparative study of two different kinds
of switching: I) smooth Gaussian and II) sudden switching.
We have shown that the smooth Gaussian switching is much
more efficient than the sudden switching to harvest entan-
glement from the vacuum in all cases: spacelike, timelike
and lightlike. Remarkably, we have found that it is not
possible to harvest spacelike entanglement with sudden
switching, neither in 3 + 1 nor 1+ 1 dimensions, for the
parameter landscape studied (with the exception of pointlike
detectors in 1 4 1 dimensions for a very limited range of
detector configurations and small spatial separations very
close to the light cone). This difficulty of harvesting
entanglement with abruptly switched detectors contrasts
with the case of smooth Gaussian switching, where it is
always possible to find detector configurations for which
there is significant entanglement harvesting for spacelike
separated detectors arbitrarily far away from the light cone.
This result is striking, and runs perhaps contrary to previous
conjectures (suggested by results obtained with nonpertur-
bative harmonic oscillator detectors [26]) that sudden
switching may aid in generating entanglement. Our result
is especially interesting in light of the pioneering studies on
entanglement harvesting that showed that super-oscillatory
switching functions can enhance the detectors’ ability to
harvest entanglement [12].

However, the fact that Gaussian switching is more
efficient than sudden switching to harvest entanglement
stems from the following reason: the more sudden the
switching is, the stronger the local noise (£,,) becomes
[28]. The local noise competes with the nonlocal terms
(M) which give rise to entanglement. The smooth
Gaussian switching strongly attenuates this noise and
therefore facilitates that the nonlocal terms dominate over
the local noise terms.

As for the size of the detectors, we have shown that if the
detectors are smaller than the characteristic interaction time
scale, their harvesting abilities do not substantially deviate
from the pointlike case. When the size of the detectors
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becomes comparable to the interaction time scale, their
ability to harvest entanglement gets increasingly hindered
as their size increases.

The energy gap of the detectors has a strong influence on
the extraction of entanglement and correlations from the
vacuum, but this influence is radically different for smoothly
switched detectors and suddenly switched detectors. For
Gaussian switching it is possible to find values of the gap for
which there is always spacelike entanglement harvesting. In
more detail, increasing the dimensionless parameter Q7 leads
to a “damping and leakage” effect, which allows entangle-
ment to be harvested in a broader range of spatiotemporal
distances at the cost of harvesting less entanglement. This is
not the case for sudden switching, where increasing the
energy gap does not necessarily mean an increase in the area
where entanglement can be harvested. This is consistent with
our previous result that Gaussian switching is generally better
to harvest vacuum entanglement.

We have also discussed that harvesting classical corre-
lations (and possibly quantum discord) is generally easier
than harvesting entanglement. In particular it is possible to
harvest mutual information when we place the two detec-
tors anywhere in the whole spacetime. Even though the
amount of harvested correlation quickly decreases with the
spatiotemporal distance, it only vanishes in the limit of
infinite separation.

Finally, we have analyzed the first subleading-order
correction to the negativity., We have seen that the
next order contribution to the negativity vanishes generally
at smaller spacetime distances than the second-order
contribution, and thus going beyond leading order does
not reveal new phenomenology. Therefore a leading-order
perturbative approximation is generally enough to identify
the regimes in which Unruh-DeWitt detectors can harvest
quantum entanglement from the field vacuum.
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APPENDIX A: EXPLICIT COMPUTATION OF
G,(x), £,, AND M IN THE THREE-
DIMENSIONAL, GAUSSIAN SWITCHING CASE

Obtaining a closed-form expression of G, (k) requires a
more subtle process than G (k, 7,) due to the nesting of the
71, T, integrals. Recall that we star[ from

/ dTl/ dT ia(r)+1,) —1\K\(11—72)

x (e~(@ et 4 e—(m 1) r%)_ (A1)
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The innermost integral can be evaluated straightfor-
wardly, yielding

Ga(x) = \/75 7 [, {e—(n—r)z—if](lk—a)—%(lkw)z

« 1+erf<rl—%i(|lc|+a)>}

+ e—tiiln (l=a)—y(kl+a)| (x| +a)?

« :1 —|—erf<11 —y—%i(|x| +a)>] }

Notice that Eq. (A2) has four summands. Two of them
are combinations of exponential and Gaussian functions,
whereas the other two are of the form

(A2)

Ia,b) = / " dye P Yerf(y —ia).  (A3)

Partial differentiation under the integral sign of the
previous expression with respect to the parameter a
yields

%I(a, b) = /_: dy {—2ae‘“2_i”y_yzerf(y —ia)

—i 2 e—a2Jr(aJriy)z—iby—l2
Nz

= —2al(a, b) —iV2e30-20)°, (A4)

This is a linear, first-order, nonhomogeneous differential
equation, which can be solved, for instance, via variation of
constants. The solution to the homogeneous equation is
simply

Iy(a,b) = Ce™®, (A5)

and now, allowing the constant to be a function of a and b,
and inserting Iy (a, b) into Eq. (A4), we obtain

0

—C(a,b)e™ = —i/2e (0247
a

2a+b
— —iy/me erfi A6
Clant) = -ivreFeti(20). (a0

So the closed form on the integral I(a, b) is
I(a, b) = —iy/me " erfi <a+%> (A7)

s = — T .

V2
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Therefore, by using this in Eq. (A2) we get Eq. (27),

Gali) = ng {\/Ee—%<rf+x|2>+iy<a—|x>

~a+2i)]

T2‘/_ {\f (@ k) +iy (at[x])

1
+ e‘721<— (x| + @),

+e 71(—1}/+1(|K|+a) |K|—a)] (A8)

Now that we have closed expressions for G,(k,7,)
and G, (k) we can compute £,, and M. Recall that, from
Egs. (15) and (16),

o2
L, =2 / dBk(zn)*2| k| G\ (x.7,)Gi(k.7,),  (A9)
o—ikAx ,— K0
‘CAB —ﬂz/d:ich;](K, }’)GT(K, O), (AIO)
,Lk262
M| = 22 / Shekw) € G ). (All)
(27)2|k]|

Writing these integrals in terms of the dimensionless
variable k = kT, using spherical coordinates and choosing
the z axis in the direction of k¥ we obtain

/12 o _ L2
=g |, Akl G x5,
o2
2(1-52)
B Pe—i? B V2raex+*erfc 7\/2\/"’@)
872 (1 + &°) 1+ 62 '

which gives the values for £,, and Lpp,

12 2 —i|K|f cos @
L= —/ dlx| —- I / d(cos 9)67
0 —

872 K|

x e G (k,7)G (k. 0)

22 0o ) R
= —47r2T2ﬂA dfe] sin([k|)e 7 G, (x.7)Gj (k. 0)

Mze_%az (/+ﬂ mr) 7 + /j
8V 213 pV1 + 82 V2V 1 & 52

(—/f—m) 7/ /}_la
—e 204 erfc(l\/_\/l_i__(s2 , (A13)
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where Lp, = L}, and, finally,

22 oo .
M= 25 / dlx| sin(lx|)e" Gy (k)
2 a2
o [ dlsingiaje ¢

« {e‘“"erfc (%;"") + eMlerf <Lf12|"'>} ‘

(Al14)

APPENDIX B: EXPLICIT COMPUTATION
OF S, (x)

To find simple expressions for S,(x), we will
separate the cases in which the switching functions
do and do not overlap. In the nonoverlapping case, let
us assume without loss of generality that detector A is
switched off before detector B is switched on. In this
case, the first contribution of Eq. (42) is trivially zero,
and in the second one the time integrals decouple.
Substituting the dimensionless variables z; =1,;/T
we get

PHYSICAL REVIEW D 92, 064042 (2015)

0([ 7'.01'('
S2non T2/ dTl / ! deeiO’(Tl+72)g_i"“(71—72)
75 1;’\"
(el (a=lx[)(1+7) _ ei<a—lk\)r)(ei(a+\x|) —1)
- (K2 — T2 (B1)
where 73" = Toroff /T,

When the switching functions overlap, a more careful
analysis is required. We assume without loss of generality
that detector A is switched on simultaneously, or before
detector B. For illustration let us further assume that
detector B is switched off simultaneously or after detector
A. The total interaction time interval [T", T%] can be then
subdivided into different regions.

(i) Regions of no overlap: [T, T9"|U[TST, T9].

(ii) Region of overlap: (T%", TST).

Thus we will have three different contributions,

Sy (k) = SZ[TZ",T‘L,’;“] (k) + SZ[Tgff.Tgff] (k) + 52<T%n7T2ff> (x).
(B2)
In the nonoverlapping regions we get a result analogous

to Eq. (B1)—the first contribution is zero and the integrals
decouple in the second—so we obtain

off on
ey L i ia(t4+12) y—ilK|(r—22)
S,Ea sl (k) =T dr, drye*ntn)e E
T()ﬂ TO“
B A

T2 iy (a—|kl)

ellaiel) — pilalr D)+l (=1 o pir(atixl) _ 1),

off
‘S‘z[Tj’ff,T"ff TZ/ dT1 / drze‘“ (71+12) —1\K|(r]—7:2)
T2 ol (r+1) . . )
= W( ia(1=y) _ gilr=)K| _ pila—rIk]) 4 gilar—ixl)) (B3)
In the overlapping region both contributions of Eq. (42) are equal and nonzero, so we can write
S (Ten, T"“ 2T2/ o dTl / drze“' (71+12) —1|K\(11—12)
i (y—1)+a(y+1)] _ elira iy __ lia
— o7 B4
{ a —«x? +2a(|l<|—|—a) (B4)
Adding all three contributions, we obtain Eq. (45).
APPENDIX C: THE FOURTH-ORDER TERM E;
The four components &;(k,7),i = 1,...,4 of E; are
F k 2 F q 2 o A © ' . , )
aitea) = 23 TR [ [ 0 [ an [ ataatt a0 ea(as)e oo
X [ei|k‘<fl*12/)e”‘]‘(’z*ll/)e*i(k*@'(«“/\*xs) + ei‘k|(f2*f|)ei\q|(f|/*lz/)ei(k*lI)'WA*xB) + ei|k\(ll*lll)eim(tz*fﬁ]’ (C])
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i7 k 2 i7 q 2 o A © ' . , )
o) = 23 TR [y [ [ an [ a1t

x [l =11 gilal(r2=1) g=ilk—g)Gea=x2) 4 GilkI(r2=11) il (11" 1) gilhe+a)-(ea=2) - oikl(11—12) gilal(r2=11)] (C2)

Fk 2F q 2 o 1 co tll . ’ ’
&(k.q) —ﬂﬁl%%/ dfl/ dfz/ dtl// dis y (1 )xa(t2)xa(t) )y p(ty) et H2n= =y ta)

X [gi|k\(f1—ll')ei\‘l\(fz—fz')ei(k—q)'(xA—xB) 1 eilkl(=11) pilal(n'=12') p=ilktgq)-(xa—x5) 1 ei\k|(11—f2/)ei\q|(f2—f1/)]’ (C3)

F(k)PIF(q) [« ‘ = W . oy
et =i O [Zan [ an [ [T astnn it e oo
X [gi|k\(fzfll)ei|‘1\<11/*fz/)e*i(k*Q)'(xA*xB) + eilkl(ti=1") pilgl(—1)") pi(k—q)-(xs—x5) + ei|k‘(ll*11/)ei\4‘(12*12/)]_ (C4)

To evaluate these integrals, let us consider the simpler case where the detectors are identical and the detectors’ switching
functions have supports that are far apart. In this case the only nonzero contribution to 25 is &4, which can, under these
assumptions, be split into three parts that we denote as

= )4 W e—i&=1)-(Ba—Br) R

§4a(k’q) 4|k||q| I(K’n)’ (CS)
A FOPF@P e (ips

§4b(k,‘1)—/14W6’( - ﬂ)Rz(K"’l)’ (Co)

oolhog) = POTIE@E ) (1)

Akl |q]

where k = kT and 5 = qT are dimensionless momenta and the functions R;(x,#) are given by

R, (x.n) = / " dry / " dn, / "z / ) Aoy 'y a(t)xp(r2)xa (71 g (2 ) @l tmn = elkl(mmn) gil(m'==") —(C8)
Ry (k) = /w dz, /°° dr /°° dTl//c><> dTZ/)(A(Tl))(B(Tz))(A(Tl/))(B(Tz/)eia(flHZ_T‘/_TZ/)eilk‘(r‘_rz/)ei‘"l(”_”’)’ (C9)

Ri(x,m) = /°° dz, /°° dz, /°° dTl//oo Ao’y a(t)xp(t2)xa (21 Vyp(2y) ) elotrtmn'=m) ikl (m—r) pilnl(=r) —(C10)

Thus 23 can be written as

% = (npr [Talel [ d|n|[ﬁ<k>]2[ﬁ<q>12{““(ﬂ ""};“(ﬂ ) (R, ) + Rae)] + il R (k. n>}. (i)

In the case when the detectors’ switching functions are two Gaussians far apart enough so that their mutual overlap can be
neglected, all the previous integrals admit closed-form expressions. Using Egs. (20) and (22) we get to the final expression
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a2 (1+82)+ 242

A = P
= _— 2(1+6%)
3T 12822 (1 + 6) {e [ +le“<

[x]

(B 7) ﬂ + }/
x < ex1+h) | 1 — jerfi
1 s (T

—a? a—i(f—, 1
det s [T (1020

p+r
V2V1+ 52)}
>i| _ ez(ﬁlz;- [1 + 1slgn(ﬂ y)erf (

lati(B+1)? i
—e 2(14:1;2) erfc (M)]
V2V + &

PHYSICAL REVIEW D 92, 064042 (2015)

L {1 — isign(B — 7>effl<¢2|-ﬁ¢zi—|5z>]}
)
V2V + 8%

128757(1 + ) NN
[a—i(pip)? —i(p+ y)> lati(p—n)I? < i(p— m)]
X |e 21+ erfc e 2+ erfc
[ (fm NN
4 7(1 2 a 2
————— 2V 1 + & — V2rae+Perfc <7)] . Cl12
a1+ ey { NN (C12)
In the case of nonoverlapping sudden switchings, the different R;(x,#) read
=i2a—(y=1)lnl+(2r+ 1))
R (K', ”) = (—ela + el(zanW) — el(a‘f’z"ﬂ) -+ ellnl)(el<a+"<|) — 1)(61(a+y\1<\) — el(7+l)|’c‘)’
' (@ — [nl*) (e = |xc]?)
Ryl = S SO aita _ 2 gt — 172
K1) = el _ el _ ,
(@ + [n])*(a + |x|)?
16 sin? (221) sin2 (2Ll
Byfe) = 19D c13)

(o + InI)z(a + [xe])?

and E; will be given by Eq. (C11), upon substitution of the R;(x,n) integrals.
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