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We reveal that the information exchange between particle detectors and their ability to harvest
correlations from a quantum field can interfere constructively and destructively. This allows for scenarios
where the presence of entanglement in the quantum field is actually detrimental to the process of getting the

two detectors entangled.
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I. INTRODUCTION

There has been a recent push to study entanglement in
quantum field theory through particle detector models.
Unlike other techniques, particle detector models provide
a way to implement localized measurements that make
sense in terms of physically implementable settings and
are self-regularized and hence free from spurious diver-
gences. The family of relativistic quantum information
protocols known as entanglement harvesting consists
of localized particle detectors that get entangled by
extracting preexisting entanglement from a quantum field.
This was first explored by Valentini and Reznik [1,2] and
further developed later on for different kinds of fields and
backgrounds (see, e.g., [3—17]).

Nonetheless, as first pointed out by [18], not all
entanglement acquired by the detectors comes from the
correlations in the quantum field. In fact, when the
detectors are in causal contact, they can also get entangled
via communication. In [18] it was argued that one can split
the acquired entanglement acquired by the detectors into
two different sources: communication-mediated entangle-
ment and genuinely harvested entanglement.

In previous literature it was argued that these two
contributions always combine so that there is more entan-
glement when communication through the field is allowed
than in spacelike separation. However, perhaps surpris-
ingly, we show that this is not always the case.

Namely, we find that, in general, the contributions of the
communication component and the contribution coming
from the harvesting of preexisting entanglement in the field
can actually interfere. This interference can be constructive,
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amplifying even more the amount of entanglement acquired
by the detectors, but also destructive so that the harvesting
contribution and the communication contribution cancel
and the detectors fail to get entangled. This phenomenon is
not apparent in the setups considered in recent studies in
which this splitting is analyzed (such as [18-20]). We show
that this phenomenon was not visible because for all the
commonly chosen highly symmetric setups (see, e.g.,
[14,21-30]) both sources contribute constructively to the
entanglement between detectors. In this paper, we provide
sufficient conditions, fulfilled by commonly explored
scenarios, such that the interference between the two
sources is guaranteed to be constructive.

Then, guided by these conditions we provide examples
in Minkowski and de Sitter spacetimes where destructive
interference causes the detectors to not get entangled while
in causal contact, even though communication alone or
genuine harvesting alone would have entangled the detec-
tors. Conversely, we also find scenarios where the con-
structive interference is stronger than in the setups
commonly explored in the literature, further enhancing
the entanglement acquired by the detectors.

Our manuscript is organized as follows. In Sec. II we
review the protocol of entanglement harvesting, to establish
notation and build the necessary tools that will be used later
on. In Sec. III, we review the splitting of the entanglement
acquired by detectors into a communication component and
a genuine harvesting component. Section IV presents the
main results, namely the conditions that the spacetime, the
detectors, and the field Feynmann propagator should meet
to guarantee constructive interference. In Sec. V, we show
numerical examples in Minkowski and de Sitter spacetimes
where these conditions are violated. There, we find that
interference can go through the full range from completely
destructive to fully constructive. The concluding remarks
appear in Sec. VL.

© 2024 American Physical Society
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II. ENTANGLEMENT HARVESTING

For the sake of completeness and establishing notation,
we review the protocol of entanglement harvesting follow-
ing, e.g., Ref. [5]. Consider two Unurh-DeWitt detectors
[31-35], A and B, following timelike trajectories z,(z,)
and z,(z,) in an (n + 1)-dimensional spacetime M. Here,
we assume that 7, and 7, are the respective proper times of
the detectors.

The detectors are considered to be two-level quantum
systems whose internal Hamiltonians are given by

N

for j = A,B. Here, Q; represents the (proper) internal
energy gap, while &j* = |ej)<gj| and 67 = |gj><ej| are

ladder operators between the respective ground and excited
states.

The detectors are coupled to a massless real scalar
quantum field ¢(x) defined on the spacetime M. The field
is assumed to satisfy the Klein-Gordon equation,

(VV, = ER)h(x) = 0. (2)

where £ is a constant and R is the scalar curvature.
Assuming {uy (X), u (X')} to be a complete, orthonormal
set of solutions to Eq. (2), we can write an explicit
expression for the field as

b = / IR (X)oy + (X)), ()

Here, the ladder operators satisfy the usual bosonic
canonical commutation relations, namely

(g 4] = 6" (k ~ p). (4)

We consider the usual covariant prescription for the
Unruh-DeWitt (UDW) detector [36] where the interactions
happen in a finite region of spacetime according to the
following interaction Hamiltonian density':

ill (X) = AAL(X)fip(74) + Ag(X)fig (TB)]a’(X)- (5)

'Notice that this construction assumes that there is a foliation
where the spacetime smearing factorizes into switching and
smearing functions A;(z;,x) = y;(z;)F;(x) and that there is a
family of frames in which all the spatial points in the support of
F;(x) remain at the same coordinate distance to a “center of
mass” of the detector j. The detector’s internal forces keep the
detector cohesive. The trajectory of this center of mass z;(z;)
defines the proper time 7; associated with the detector j (i.e., the
center of mass is assumed to carry the internal clock of the
detector). The details and assumptions that go into this con-
struction can be found in [36,37], where it is discussed that this
kind of construction is reasonable to model systems such as
atomic probes.

Here, the detectors’ monopole moments are given by

A

Rj(z)) = 619"71'57 + e‘igﬂ.f&f, (6)

and A;(x) are the spacetime smearing functions.
Time evolution in the interaction picture is thus imple-
mented through the operator2

U, =Texp <—i / dezI(x)>, (7)

where dV is the invariant spacetime volume element that
for a given choice of coordinates (¢,x) takes the form
dV = dtd"x,/=g, where g is the determinant of the metric
tensor.

As it is common in entanglement harvesting protocols,
we can assume that the initial state of the field is a zero-
mean Gaussian state py  (as, for example, the Minkowski
vacuum in flat spacetime and the conformal vacuum in de
Sitter). The detectors can be set in arbitrary pure states [y, )
and |yg). The initial state of the full system is then
written as

Po = |V’A><WA| ® |1//B><V/B| ®/A’z/),()- (8)

With this choice, notice that the detectors’ initial state
has no correlations whatsoever. Nonetheless, after time
evolving the state p, with Eq. (7), the detectors can evolve
to a mutually entangled state. This can occur even if the
detectors are spacelike separated, for instance, when p,  is
the vacuum. This is so because the detectors harvest
preexisting entanglement in the field’s initial state. The
process of extracting entanglement from the field to two
localized detectors has become known as entanglement
harvesting [5,38]. For example, when the field’s initial state
is the Minkowski vacuum, it is well known that there is
entanglement in the field between degrees of freedom in
regions that are spacelike [2,39,40] and timelike [41-43]
separated.

The state of the detectors after they couple to the field is
givenby p,; = Tr, [U,po U] To express this state in matrix
form, we consider states |{,) and |{;) so that B =
{lwaws). [wals). |Csws).1sCs) } is an orthonormal basis.
In terms of the previously defined ground and excited states
of the detectors, we can write

l9;) = cosajly;) — e¥isinaj|(;),

|ej> — ¢ b Sil’lOlj‘l,Uj> —+ cos aj|£fj), (9)

Notice that for spatially smeared detectors there is an
ambiguity in the definition of time ordering. However, it was
shown in [37] that if we keep all our predictions to leading order
in the perturbative parameter 1 and choose suitable initial states,
then the evolution will not depend on the time ordering chosen, so
this ambiguity is irrelevant for this work.
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for some a;, #; €[0,2x]. Thus, in the basis B we have

I =L =Ly X VM
X Loy L 0
ﬁAB = BB e + 0(}”4)7 (10)
Yy Ly Laa 0
M 0 0 0
with
L;; = [cos’a;cos?a;L;;(Q;, Q)
— cos’asina;e L (Q;, —Q))
— sin’a;cos’a;e?iL (-9, Q)
+ sin?a;sina; 2P PIL (—Q; —Q))], (11)
M = [cos? a, cos? ayM (Q,, Q;)
— cos? a, sin® a e M(Q,, —Q;)
— sin? a, cos? aze? P M(-Q,, Q;)
+ sin? a, sin? a2t M (—-Q,, —Q,)],  (12)

where

Lij(Q,9Q)) =22 / dvav' e @mm BN (x)A; (X)W (X, X),

(13)

M(Q,,Q,) = —A? / dVAV el @ antam) A (x) Ay (X))

X Ge(X,X'). (14)
The terms £;; and M are usually called local noise and
nonlocal correlations, respectively. The expressions for X
and ) are cumbersome and, since we will not use them
here, we refer the interested reader to Ref. [44]. In Egs. (13)
and (14), W(x,X') is the Wightman function,

Wx.X) = Teldx) (X )pygo): (15)
whereas G(X,X') represents the Feynman propagator,
which can be written as
Gu(x.X) = T[T HOOHX )]
=0 —-)WXX)+0( -nHwkx,x). (16)
Here, ©(t) is the Heaviside step function, and ¢ describes
any time coordinate.

The amount of entanglement between the detectors can
be quantified by the negativity [45]. Such a choice of
entanglement quantifier is common in the entanglement
harvesting literature (see, e.g., [5,6,14,19]), since it is an
entanglement measure even for mixed states.

For a system of two qubits, negativity is a faithful
entanglement measure, and it is defined as the absolute sum
of the negative eigenvalues of the partially transposed
density matrix of the two qubits p’+. In particular, for the
state p,, described by Eq. (10) we have [5]

N = max{0, V} + O(2*), (17)

with

VY= \/|./\/l|2 + (’CAA_LBB>2 _'CAA+’CBB
2 2 '

According to expression (18), we can see that, in general,
the entanglement emerges as a competition between the
nonlocal term M and the local noise terms (£,, and Ly).
For the particular case where L£,, = Lz = £ (such as
identical inertial detectors in Minkowski spacetime), the
negativity reads

(18)

N =

- L} + 0. (19)
When the detectors are in causal contact, it is possible to
trace back the entanglement created between the detectors
to two different sources [18]. On the one hand, the detectors
can get entangled via communication through the field
(signaling) and, on the other hand, the detectors can get
entangled by extracting the entanglement already present
[39,40] in the field state (harvesting). In the next section,
we are going to review how one can distinguish between
these two different contributions.

III. COMMUNICATION VS GENUINE
HARVESTING

When two detectors in spacelike separation get
entangled through their interaction with the field, it is
clear that this entanglement has to come from the preexist-
ing correlations in the field itself. However, when they are
in causal contact, the detectors could very well be gaining
entanglement both through genuine harvesting from the
field state and also through the direct exchange of infor-
mation through the field. The techniques to separate these
two contributions were first laid out in [18], where the
authors use the state dependence of the symmetric (real)
and antisymmetric (imaginary) parts of the Wightman
function to split the negativity into signaling and genuine
harvesting contributions. Following the same notation as in
[18], we are going to denote by N~ the negativity
computed if only the signaling contribution is kept in
the M term, and N the negativity if we only keep the
symmetric contribution of the Wightman function for the
M term. Then, determining if entanglement is harvested or
if it is acquired through communication is done by

025016-3



MATHEUS H. ZAMBIANCO et al.

PHYS. REV. D 110, 025016 (2024)

comparing the total amount of entanglement A and the
signaling contribution N/ ~.

Concretely, to define N we first look at the state
dependence of the symmetric and antisymmetric parts of
the Wightman function. We separate the Wightman func-
tion as follows:

W(x,x') = WH(x,x) + W= (x,X), (20)

where the symmetric and the antisymmetric parts are,
respectively, given by

Wr(x.x) = %Tr({ffﬁ(x), $(X')}Py) (21)

and

W= (x,X) = %Tr([ﬁﬁ(X), P(X)]pyg)- (22)

From the general expression of the field ¢(x) in Eq. (3) and
the canonical commutation relations (4), it is clear that the
commutator [$(X), ¢(xX)] is a multiple of the identity, and
hence its expectation is state independent (see the explicit
calculations in, among many others, [18,46]). The state
independence of W~(x,x') is key to separating the two
contributions: any entanglement whose origin can be traced
back to this component of the Wightman function cannot be
associated with preexisting entanglement in the field, since
one could consider a state of the field with no entangle-
ment, and yet this contribution would be unchanged.
Consequently, it must be concluded that the antisymmetric
part of the Wightman function is not associated with true
entanglement harvesting but rather contributes only to
signaling.

Using the decomposition of the Wightman in Eq. (20),
we can formally define the symmetric and antisymmetric
parts of the Feynman propagator as

GE(x,X') = O(t — " )WE(X, X') + O(¢ — t)WE (X, x).
(23)

Then, we can split the nonlocal term M into two
contributions, namely

M=M"+ M, (24)
and the components M* can be defined by simply

changing the Feynman propagator in Eq. (14) by the
corresponding terms G (X, X'). Finally, we write

Lo —Lys\2 L L
V:I:_\/|M:t|2+( AA2 BB) _ AA; BB’ (25)

so that the harvested negativity N and the communica-
tion-assisted negativity N~ can be expressed as’

NE = max{V*,0} + O(2*). (26)

IV. GENERAL RESULTS FOR GUARANTEEING
CONSTRUCTIVE INTERFERENCE

It is commonly observed in previous literature that the
acquired entanglement N is larger than both N'*, which
indicates that communication and preexisting field corre-
lations work together to entangle the detectors. However,
this is not the case in general. There are situations where
communication and field correlations can ‘“destructively
interfere,” resulting in small A" even if both A/* are
relatively large. In this section, we will explore this
phenomenon by describing all the ways in which the
contributions from communication and preexisting field
correlations can add up to build entanglement. Then, we
explore a set of transformations of the harvesting setup that
turn scenarios where communication and genuine harvest-
ing contributions to |M]| cancel each other into scenarios
where they collaborate. After this, we provide a set of (easy
to check) sufficient conditions under which communication
and harvesting are always collaborating constructively.

For this exploration, we will focus on the study of the
correlation term | M| which always contributes positively
to N. The current section specifically presents how
communication (through M7™) and field correlations
(through M) determine | M| and therefore N. The local
noise terms, £,, and Ly, of course, also affect entangle-
ment; however, they are local to each detector and
hence independent of communication and correlations
acquired of the detectors, and thus are ignored in the
present section.

Starting from the most general scenario, |M| can be
small even if |[M™| and | M| are relatively large, because

IMP = IMF+ M]?
= |M*]2+ M2+ 2 MF || M| cos Ay.  (27)

Here, Ay is the relative phase between the complex
numbers M™ and M~. This phase Ay controls how
communication (M™) interferes with field correlations

3A small remark to avoid confusion due to the names given to
the different contributions to negativity: notice that M~ can still
be nonzero and N~ =0 if the local noise terms conspired
appropriately (or it could even happen that A #0 while

* =0, a case that will appear in the plots of the examples
of Sec. V). This means that there can be some communication-
assisted harvesting even if N~ = 0. However, what is true is that
even in such a case the preexisting field correlations are
responsible for the entanglement between the detectors. If field
correlations were not there, there would be no entanglement in the
detectors at all.
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(M™). The interference can be fully destructive, making
| M| the smallest,

[Ay| =7 & M| = [|MF] = [M]|, (28)
fully constructive, making | M| the largest,
|Ay[ =0 & M| = MT|+ M7, (29)

or exactly in between, with M™ and M~ so that

Ay = 7/2 & [M] = /M + M2 (30)

In the two latter cases, communication and field correla-
tions collaborate to increase | M| and thus N'. As we will
see, the last relation, Eq. (30), turns out to be commonly
fulfilled for the simplest choices of the UDW detector
model, as will be explored in Proposition 3.

Next, we explore how to transform a setup from a
destructive interference to a constructive interference sce-
nario. Concretely, we will show how to transform the
parameters of the harvesting setup to change the sign
cos Ay in Eq (27). To find such a transformation, it is
convenient to denote as M the term M after complex
conjugating the propagator G. Then,

M=M+M",  Mg=M-M". (3

Consequently,

Mi; =+M*, (32)
which implies
Mq:|* = IMF2 + M2 =2 MF|[M~[cos Ay,  (33)

where Ay is the relative phase between the original terms
M and M~. Observe that, as we were searching for, the
term with cos Ay, which controls the interference, has the
opposite sign in [Mg:| compared to in [M|. Meanwhile,
the communication and field correlations contributions
retain the same size, | M. | = [M*].

Therefore, if we find an operation that conjugates G, we
could use it to turn destructive interference into construc-
tive, as previously described. The next proposition shows
how one can achieve that by changing the initial state of the
particle detectors or, equivalently, transforming the param-
eters of the particle detector model.

Proposition 1. Consider an operation that transforms
arbitrary states of the detectors j = A, B as follows:

cosajlg;) + e¥isinajle;) — sina;lg;) + e¥icosajle;).

(34)

Let M be M after performing this transformation on the
initial state of the detectors. Then,

M2 = IMFP+ | M]P = 2| MF || M| cos Ay,
[ME| = M. (35)

Therefore, swapping the populations in the ground and
excited states (while keeping the relative phase between
them) changes the sign of cos Ay. Thus, this swap turns any
destructive interference into constructive, while keeping the
communication and genuine harvesting contributions
unchanged.

Equivalently, the transformation in Eq. (34) can be
implemented by reversing the energy gaps Q; — —Q;
and the relative phases f; — —f;.

Proof. To prove the proposition, use Eq. (12) to see that

(Mg:)* = [cos’a,cos?ayM (—Q,, —€)
— cos?a,sinagze e M(—Q,, Q)
— sin’a,cos’aze P M(Q,, —Qy)
+ sina, sin?aze 2Ot M(Q,, Q)]
=M. (36)

Here we used that
(MG: (Q4, Q)" = M(-Q4, =€), (37)

which in turn follows from Eq. (14) and A; = A’;

Finally, substituting M= M. into Eqgs. (32) and (33)
provides the identities stated in the proposition. [

Notice that according to this result, the stronger the
destructive interference is in M, the stronger the corre-
sponding constructive interference is in M.

Now, we are ready to explore the conditions that
enforce cos Ay = 0.

Proposition 2. Let Mg be M after complex conjugat-
ing Gy, as in Eq. (31). Then,

M| =[Mq:| & |M|=/IMT]>+|M~|* & cos Ay =0.

(38)

Proof. The proof follows directly from comparing
Egs. (27) and (33). m

Therefore, |[M| = |[Mg:| is a sufficient condition for
both the communication M~ and field correlations M™ to
positively contribute to negativity. Notice that, because of
Eq. (36), the result of Proposition 2 also holds if we use M
instead of M. Therefore, if | M| does not change under
transforming the initial states as in Eq. (34), then there
cannot be destructive interference. Furthermore, whenever
M| = | Mg|, interference is locked in the middle ground
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with cos Ay = 0, and the contributions N~ and A" to the
entanglement between the detectors satisfy

N2AJNTPHN 22NN, N2NT, (39)

as proven in Appendix A.

Next, we will provide a framework to find symmetries
of the harvesting setup that enforce the condition
IM| = |Mg:|. This framework is based on performing
coordinate transformations in the integral for M. To keep
this method as general as possible and simultaneously
simplify the derivation, we use the order A% contribution to
Pap» denoted by ﬁ[@ (the expression is provided in
reference [44]). Working with the basis generated by the
tensor product of the general states |y;) and |{;), as defined
before in Eq. (9), we can write

M = {(Curs |5 )
= —/12/dVdV’PA(X)PB(X’)GF(X, x'),  (40)
where we have defined*
P(x) = N (X) (&l (z;(x)) lw;). (41)
Notice that the terms P;(X) conveniently group the con-

tributions to M due to each detector. The condition | M| =
| Mg:| thus becomes equivalent to

'/dVdV’PA(x)PB(x’)GF(x,x’)

= ' / AVAV'PL(X)PL(X)Ge(x.X)|.  (42)

Now, consider a map T taking a pair of points X, X' €M to
another pair as follows:

T(x,X') = (T{(X,X), T(x,X)). (43)

To see the effect of this map on pairs of coordinates,
consider a pair of charts (¢, ¢") mapping pairs of spacetime
points (X,X') to the coordinates (x*,x*)€R"*!. We can
see that T induces a map between the coordinates of pairs
of events (y,y*) — (x#,x) through

(@.¢")oT™ o (97! g"7"), (44)

i.e., through the composition of T-! with the chart pair
(@, ¢'). Specifically, the coordinates (y*, y'*) of the pair of

*Here we write 7 ;(X) to represent the value of z; when the
center of mass of detector j is in the same leaf (of the Fermi-
Walker foliation where the spacetime smearing factorizes as
mentioned in footnote 1) as the spacetime point X.

points (y,y’) are sent to the coordinates (x*, x'*) of the pair
of points (T7'(y,y'), T5'(y,y')). Then, for integrals like
the ones in Eq. (42), we can use the map (44) as a “change
of variables,” as follows>:

A—/dVdV’A(y, y')

:/ drrlyrd Tty /g(y)g (") A, y*)

= [ st /T ) T ()

X [J(x#, xXM)|A(T (2, X)), (45)

where ¢g and ¢ are the determinants of the metric in the
coordinates defined by ¢ and ¢’, respectively. Moreover,

Jat ) = g S22 (46)

is the determinant of the Jacobian matrix of the change of
variables. For convenience, let us define

V(T (x*, x%)) g (To(x*, X))
g(x*)g' (x™)

j, x%) = [ (o, X))

(47)

Notice that j(x#,x’) is invariant under changes of coor-
dinates. Therefore, we can write Eq. (45) in an explicitly
coordinate independent way,

A= /dVdV’j(x,x’)A(T(x,x’)). (48)
Now, consider a different integral,
B= /dVdV’B(x, x'). (49)

Then, observe that to impose the condition |A| = |B] it is
sufficient to find a constant angle v such that
i(x, X)A(T(x,X')) = “B(x,X). (50)
Applying this result to our condition in Eq. (42), we obtain
the following theorem.
Theorem 1. Consider any transformation T = (T, T,)

that acts on two copies of the spacetime M, as in Eq. (43).
Let P, and P, be given by Eq. (41).

*Notice that when we replace a function of points in spacetime
A(x,x') by A(x*,x"), we are abusing notation and what we
actually mean is A(X,X') = A(p~' (x*), '~ (x™*)) = A(x#, X'*).
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Assume there is a constant angle v such that

PUT (X)) Py(To(X.X)) Ge(T (x.X))j(X.X)
P (X)Py(X) Gr(X.X')

=ev. (51)

Then,

M| = |MG;

(M = /IMFP+ M, (52)

which means that cosAy =0 in Eq. (27) and that, in
particular, the contributions of communication and preex-
isting field correlations cannot interfere destructively.

It turns out that we can simplify the condition expressed
by Eq. (51) if, for a given spacetime and field configuration,
i(x,x") = 1 and the map T preserves the Feynman propa-
gator. This simplification is detailed in the following
Corollary.

Corollary 1. Assume that the map T = (T, T,) satisfies

, and therefore by Proposition 2,

g(T1 (6, x"))g (T (3, X)) [T (x, x¥)[> = g(x) g (x*),
Ge(T(x. X)) = Ge(x.X'), (53)

Then, the condition
PL(T (%, X)) P5(Ty(x, X)) = e“P(X)Py(X),  (54)

with v some constant, becomes sufficient to have

(M =/ IMFP+ M2 (55)

To apply this result to physical situations, it will be
helpful to further simplify this corollary when certain
symmetries are present in the detector dynamics. Several
of these possible symmetries are explored in Appendix B.
From there, we derive that in many cases, which happen to
frequently appear in the literature, communication and field
correlations must “collaborate” to generate entanglement
between detectors. Moreover, this collaboration happens in
the very specific way described by Eq. (55). Concretely, in
Appendix B we provide conditions on the particle detec-
tors, field, and spacetime of entanglement harvesting setups
so that Eq. (55) holds. It is important to have in mind that
these conditions are only sufficient to force cos Ay = 0 and,
in turn, to rule out destructive interference. Nonetheless, as
we shall see in the next section, it is easy to find setups even
with fully constructive interference (Ay = 0) or fully
destructive interference (Ay = x) just by violating these
conditions. Therefore, even if these conditions are not
necessary, they seem to be present in all cases that we know
of where Eq. (55) holds. For conciseness, the following
proposition presents a simplified version of these condi-
tions, which will guide the exploration of harvesting setups
in the next section.

Proposition 3. Consider entanglement harvesting set-

ups where

(1) Spacetime is flat.

(2) The field is initially prepared in the Minkowski
vacuum, and the detectors start both in their ground
state or both in their excited state.

(3) The detectors are inertial and comoving.

(4) Spacetime smearings are separable in the detectors’
comoving frame, i.e., A;(t,x) = y;(¢)F;(x).

(5) The proper energy gaps are equal, Q, = €.

(6) In the comoving frame, for some time fy, it is
satisfied that either

)(j(t+ tR) :)(j(tR - l‘), j:A,B, (56)

or  yu(t+1tx) = xe(t — tg). (57)

Then, the following relationship holds:

M| = /I MFP+ M. (58)

The reader familiar with entanglement harvesting will
likely recognize these conditions as being satisfied for
many cases analyzed in previous literature. Therefore, very
often we see this kind of “collaboration” between the
communication-assisted term and the genuine harvesting
term when it comes to detectors getting entangled while
they are in causal contact.

For the harvesting setups specified by this proposition,
fulfilling either Eq. (56) or Eq. (57) makes the setup
symmetric under a certain map 7 in the way described
by Corollary 1. When Eq. (56) holds, the setup becomes
symmetric under the following time reversal around fg:

T(tx +t,x,tg +7,x') = (tx — t,x, 1, — 1, X), (59)

where the coordinates are chosen to be the standard
Minkowski coordinates. Similarly, when Eq. (57) holds,
the setup becomes symmetric under a different time
reversal around #; which also includes a time coordinate
swap,

T(ty +t,x,tg +1,X) = (g = ¢, x, 1 — 1,x'). (60)

The reasons for why the whole setup is symmetric are that,
first, Minkowski spacetime and the corresponding vacuum
are symmetric under time reversal at all times, allowing #;
to have an arbitrary value. Second, the conditions over the
initial states of the detectors, their trajectories, gaps, and
switching functions are sufficient to ensure that the field-
detector interactions are time reversal symmetric around
some fy. The details of how Proposition 3 guarantees
Corollary 1 are provided in Appendixes B, C, and D.
Appendix E shows three more general versions of
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Proposition 3 for arbitrary harvesting setups that follow the
covariant prescription of [36].

In summary, the symmetries in Proposition 3 forbid
destructive interference. However, it is not difficult to think
of physical scenarios where these symmetries are violated.
We will illustrate this in the next section, where we will
show scenarios with both destructive interference and
stronger constructive interference than those described
by Proposition 3.

V. ENTANGLEMENT THROUGH
COMMUNICATION AND HARVESTING
CAN INTERFERE DESTRUCTIVELY

In this section, we will present concrete examples both for
detectors in Minkowski spacetime and in cosmological
scenarios where the assumptions of Proposition 3 (and their
generalizations to cosmological spacetimes) are not satisfied.
Concretely, we will analyze scenarios where both the
communication-assisted and genuine harvesting contribu-
tions to negativity will be greater than the actual negativity
acquired by the detectors, showing a destructive interference
between the communication contribution to entanglement
and the entanglement acquired through harvesting.
Moreover, most cases previously studied in the literature
satisfy the conditions of Proposition 3, and therefore the two
contributions to entanglement while in causal contact were
constructively interfering in a particular way, satisfying

(M =/ IMFP+ M2 (61)

However, we will see that it is possible to find scenarios
where | M| is actually larger than (61) (strong constructive
interference) and cases where it is less than (61) (destructive
interference). This showcases that most of the setups
previously studied in the literature are in a very particular
middle ground between constructive and destructive inter-
ference of communication and harvesting.

A. Minkowski spacetime

First, let us consider two detectors in 3 + 1 Minkowski
spacetime. We adopt coordinates x* = (¢,x) where the
metric reads

ds? = —di? + dx?. (62)

Asusual for two inertial comoving detectors, we will assume
that the localization of both detectors A and B is given by
spacetime smearing functions which can be split into a
switching and spatial smearing in the coordinates (7,x), i.e.,
A;(X) = x;(t)F;(x). More concretely, we assume that the
detectors’ centers of mass follow inertial trajectories
described by z,(7) = x, and z;(¢) = x5, where x, and x,
are constant 3-vectors. We will assume that both detectors
start in their respective ground states and that the state of the
field is initially prepared in the Minkowski vacuum, the

expressions for £;; and M [see Egs. (11) and (12)] can be
written in the following form (with Q, = Q, = Q):

2

p oty
L;; Zm/dfdﬂe A t))(i(t))(j(f/)Kij(l, ),

/12 o0 t , ,
M - —m/_mdt/_oodt QAB(t7t)’ (63)

where we have defined the auxiliary functions

Qu(1.1) = &XTIK  (8.0) ora () (1) + 241 (1)),
(64)

K;i(t.1) = 2(27r)3/d3xd3x/Fi(x)Fj(x’)W(t,x;t’,x’).
(65)

To follow a common choice in the literature, for the spatial
smearing function, we take a Gaussian profile, namely

_if =l
ﬁe N ) . (66)

For this particular choice of smearing (65) simplifies to

Fi(x) =

dk3 . 2.2 H
K;(t.1) = /Welk'<x"_x/)€_k “emikIAL T (67)

Notice that in the equation for M, the Heaviside theta
function that appears in the definition of the Feynman
propagator, Eq. (16), is implemented as a nested integral in
the time variable 7. To evaluate Eq. (67), we will consider
separately the cases i = j (same detectors) and i # j
(different detectors). First, for i # j, we have K, (7,7) =
Ky (2,1), which evaluates to

2mi
=2

K (1,7) y Z(At+d)—Z(At—d)]. (68)

Here, At =t—1, d = |x, —xg|, and
I(0) = V2 i —1D<Z), (69)
20

6

where D(x) = 4e‘xzerﬁx is the Dawson function.
For i = j, we have

K;(1.7) = (27—721 {1 = % <i\/§e_§ - ﬂD(?—(j))}
(71)

®The Dawson function is defined as

D(x) = e /Ox dye™". (70)
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Finally, the term M~ associated with signaling can be
written as

o /12 o) t e ,
M ——W/_ood[/_oodtQAB([’t)' (72)

Here, the only difference between Qy;(7,¢') and Q,5(2, 1)
is the replacement K ,,(t,7) - Kx,(t,7'), where

KA_B([,Z/): 12 — e 42

(73)

/4 [ _ara? _(M)z]
e
O

To proceed with the numerical evaluation of all the relevant
terms, we need to define an expression for the switching
function of the detectors. Notice that, in the current setup,
conditions 1 through 5 of Proposition 3 are satisfied.
Therefore, to create a numerical scenario where the con-
ditions of the proposition are not satisfied we need to pick a
switching function that violates Condition 6. For this, we
can employ switchings that contradict both Egs. (56) and
(57). One way to achieve this is by making the switching
functions asymmetric. In particular, we are going to choose
skew-normal distributions [47], namely

S(t;a) = N(a)e <1 +erf (a%) ) L4

Here, N(a) stands for a dimensionless normalization factor
that ensures that the maximum value of S(7; @) is 1. Denoting
by fna (@) the point such that S(7.(a);a) =1, we can
define the switchings for j = A, B as follows:

Xi(ta) = S(t = tyge (@) = 1;). (75)

In this way, we ensure that the maximum of the switching
happens at t = 1; (see Fig. 1).

Using the switching of Eq. (75), we numerically evalu-
ated the expressions for M, M*, and L ;j» thus obtaining
results for the negativity A/ and the two contributions N/,

We display in Fig. 2 different regimes where the
conditions in Egs. (56) and (57) are not fulfilled
and the interference between M™ and M~ affects the
detectors’ ability to become entangled in different ways.
In Fig. 2 we present side-to-side results for the case of
asymmetric switching functions (a = 2.35, left column)
and symmetric Gaussian switching (a = 0, right column).
Figures 2(a) and 2(b) show |[M| and |[M¥|, Figs. 2(c)
and 2(d) show the relative phases between M™ and M~
and Figs. 2(e) and 2(f) show N and N*.

Specifically, in the case a = 2.35 [see Figs. 2(a), 2(c),
and 2(e)], there exists a range of values of At = 1; — ¢, that
causes the communication-assisted negativity N~ to
exceed the negativity itself. Moreover, we have identified
values of At where N~ is nonzero even though N = 0.

o o o =
> o ) o
T T T T

Switching function

o
[N)

©
=)
T

—2|.0 —i.5 —1|.0 —6.5 OjO 0i5 110 1f5 2;0
(t=t)/T

FIG. 1. Nonsymmetric switching functions for different values
of the asymmetry parameter a.

For a =0, Condition 6 of Proposition 3 is met, so
Eq. (58) holds. This means the relative phase between M™
and M~ is £7/2, leading to constructive interference. In
contrast, for @ = 2.35, there are regions with destructive
and constructive interference. Moreover, notice that the
constructive interference gets stronger than in the +7z/2
relative phase scenario.

Another way of violating Condition 6 of Proposition 3 is
to use different shapes for the switching functions of each
detector. Indeed, by choosing Gaussian switchings of
different widths we can violate the condition in Eq. (58).
Namely, we can choose

2()=c <_> (76)

with T, # T}.

We illustrate the case of switching with two different
widths in Figs. 3 and 4. We see that there is an asymmetry
in how the detectors are entangled depending on which
detector switches on first, with an advantage when At > 0
[the detector with shorter switching time (A) couples to the
field before the detector with a longer switching time (B)].
However, we note that the contributions to negativity, N *
and =, do not depend on the order of coupling. This
means that the asymmetry of the negativity with respect to
At is due to interference alone because of how the relative
phases change depending on which detector couples first.

Concretely, when detector B couples first (At < 0), the
interference is destructive, reducing the extracted entangle-
ment. Conversely, when A couples first (At > 0), we have
constructive interference between the two contributions,
with an effect even stronger than that in Eq. (61). Hence, in
a configuration with a different switching duration in each
detector, maximizing entanglement requires carefully tim-
ing the detectors’ interactions to avoid the adverse effects of
destructive interference.
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2 -
1 -
0 -
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At/T

x1073
7_
(e) — N —
6 - N 7
——_—— A
5.
4 4
3_
27 \ 7
L] -
0 . . . .
—4 0 4 0
AT AT

FIG. 2. Results for an entanglement harvesting setup in Minkowski spacetime with nonsymmetric switchings. The physical
parameters used are the following: QT = 5, d/T = 2.1, and 6/T = 0.3. In the horizontal axis, we have At = t, — t,. The solid vertical
lines (yellow) represent the light cones. (a), (c), and (e) correspond to the case a = 2.35, whereas (b), (d), and (f) display the case a = 0,
where we have the standard Gaussian switching. The appearance of an even symmetry with respect to At in the plots is explained by

Appendix F.

B. Example in a cosmological spacetime

By working in a spacetime that has no time-reversal
symmetry, we can also construct an entanglement harvest-
ing setup where the interference between the contributions
from field correlations and communication violate con-
dition (58). As a particular example, we shall consider a
spatially flat Friedmann—Robertson—Walker (FRW) space-
time, a setting where entanglement harvesting has been
studied in the past (see, e.g., [48]). In comoving coordinates
(t,x) = (t,x,y,z) the line element reads

ds? = —df® + a(1)>(dx® + dy? + dz?). (77)
Or, introducing a new time coordinate 7,
(1) = / “ar ) (78)
= J Tawy

we explicitly reveal the conformally flat nature of the
metric:

ds? = —a(n)*(d? + dx? 4+ dy* + dz?). (79)
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FIG. 3. Numerical results for the negativity (top) and the
communication-assisted negativity (bottom) as a function of
the distance d between the centers of the detectors and the time
delay At between the centers of the switchings. The entanglement
harvesting setup is in Minkowski spacetime with Gaussian
switchings of different length scales, and the physical parameters
used are QT, =4, 6/T, =0.2, and T/T, = 1.3.

We now consider a scalar quantum field gfﬁ conformally
coupled to curvature so that the field satisfies Eq. (2) with
&= %. In this case, it can be shown (see, e.g., [49]) that the
field §(x) = a(n)¢(x) satisfies the Minkowski Klein-
Gordon equation. Therefore, the field modes of ¢(x)
and the Wightman function W(x, x’) for this case can be
obtained from the ones from the Minkowski case by
simply introducing additional multiplicative scale fac-
tors a(n).

Now, to concretely find setups where the interference
between M™ and M~ leads to a novel behavior of the
negativity, the guiding principle will be the violation of a
more general version of Proposition 3 that applies to FRW
spacetimes. As demonstrated in Appendix D2, we can
derive the following proposition:

—_— Ml
x107° l _
—-= M7
1.25 - ——— M
1.00 4
0.75 4
0.50 4
0.25 4
0.00
6
, o Arg(MT/IMT)

FIG. 4. Numerical results for negativity, harvested negativity,
and communication-assisted negativity as a function of the time
delay At between the center of the switchings. The entanglement
harvesting setup is in Minkowski spacetime with Gaussian
switchings with different length scales, and the physical param-
eters used are QT,=4, d/T=3, o¢/T,=0.2, and
Ty/T, = 1.3. The appearance of symmetries with respect to
the sign of At in the plots is explained in Appendix F.

Proposition 4. Consider entanglement harvesting set-

ups where

(1) Spacetime is FRW as in Eq. (77).

(2) The scale factor satisfies a(t + tz) = a(ty — ).

(3) Both detectors are comoving with the Hubble flow
and are initially both in the ground state or both in
the excited state.

(4) The field is massless, conformally coupled to cur-
vature, and initially in the conformal vacuum.

(5) Spacetime smearings factorize in the comoving
frame as the product of a function of only time
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and a function of only space, ie., A;(t,x) =
(6) The proper energy gaps are equal, Q, = Q.
(7) In the comoving frame, for some time fg, it is
satisfied that either

s’j(t—’_tR) :sj<tR_t)’ J=A,B, (30)

or (14 t) =1 —1p). (81)

Then, the following relationship holds:

M =/ IMFP+ M. (82)

Assuming that the initial state of the field is the
conformal vacuum and that the detectors both start in their
respective ground states, the terms £;;, M, and M~ will be
given by the same Egs. (63) and (72) under the replacement

ded?
drdd’ - ———. (83)
a(t)a(t')

In the auxiliary functions K,4(z,#') and K;;(z,7) of
Egs. (68) and (71), we also need to perform the replacement
At =1t—1 — An =n(t) —n(¢'). Therefore, the numerical
methods applied to compute A in Sec. VA and all
associated terms transition smoothly to this case. All that
remains is to specify a particular example of FRW
spacetime and choose the shape and switching functions
to model our detectors. As a concrete example let us choose
the scale factor to be that of de Sitter spacetime:

a(t) = e, (84)

As for the detectors, let us choose both the switchings
and the spatial smearing functions to be Gaussians. That is,
the functions y;(¢) will be given by

2 =e <_> (85)

Fi(t.x) = (86)

(V2roa(t))? ’
where the detector expands with the expansion of the

universe and the scale factor in the denominator comes
from the L' normalization of the smearing function:

/ A a(1)F,(x. 1) = 1. (87)

o Arg(MtTIM™)

0 m
N /\
—7 5 —5 0 —2 5 0. O .
At/T
x1076
8 u
6 u
4
2 m
0 T Ll T T T
-7.5 =5.0 . 0.0 . . 7.5
At/T
FIG. 5. Numerical results for de Sitter spacetime. The
parameters used are QT =4, d/T =2, o/T =0.1, and
H = 0.1. Here, At =t — ¢,.
Notice that even if we choose
T(1) = a(t)7x;(1), (88)
X(x) = a(t)3Fj(t,x), (89)

to ensure consistency with Assumption 5 of Proposition 4,
it is clear that the form of the expansion factor, Eq. (84)
automatically leads to the violation of the conditions
expressed by Eqgs. (80) and (81). Therefore, in the present
setup, we have no guarantee that the relation (82) holds.

A particular case of this kind of setup is displayed in
Fig. 5. Analogously to the instances examined in the
Minkowski case, it is observed that the components M*
exhibit interference, leading to scenarios where the
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communication-mediated negativity surpasses the total
negativity. Additionally, around the region At/T = 0, we
observe that the harvested negativity (N*) can also exceed
the value of the negativity (\). This means that despite the
detectors’ capability to extract preexisting correlations from
the field, the entanglement acquired through communica-
tion destructively interferes with the harvested entangle-
ment, resulting in the overall entanglement being less than
each component individually.

VI. CONCLUSIONS

We explored the interplay between the two different ways
in which two particle detectors can get entangled through
their interaction with a quantum field. Namely, (1) harvesting
preexisting entanglement from the field and (2) acquiring
entanglement by exchanging information through the field
when the detectors are in causal contact. The analysis
demonstrated that, in general entanglement harvesting set-
ups, these contributions are not always additive, but instead
they can interfere both destructively and constructively.

We provided sufficient conditions for an entanglement
harvesting setup to not display destructive interference
between these two contributions. We discuss that the reason
this phenomenon was not observed in the past is because
these conditions are met in the scenarios commonly explored
in the literature, which typically have a lot of symmetry.

We then showed simple examples in Minkowski and
cosmological spacetimes using entanglement harvesting
setups that violate these conditions and for which the two
contributions to harvesting (a) combine constructively,
amplifying the total amount of entanglement beyond
previously observed scenarios, and (b) interfere destruc-
tively, preventing the detectors from getting entangled. For
example, whenever the detectors are in causal contact and
the switching functions are not time symmetric, we can see
regimes where due to destructive interference the detectors
cannot get entangled. This is so even though in these
regimes harvesting alone or communication alone would
have gotten the detectors entangled.

This study suggests that if one wants to make two
detectors entangled through short interactions with a
quantum field, one can enhance the amount of entangle-
ment acquired by the detectors by choosing the setup so
that the two contributions interfere constructively.
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APPENDIX A: INEQUALITY BETWEEN
NEGATIVITY AND ITS COMMUNICATION
AND HARVESTING CONTRIBUTIONS

Here, we would like to show that the assumption

M| = \[IMFP? + M2

implies the following relation between the negativity and its
contributions:

(A1)

N >\ /(NT)2+ (N2 (A2)
Let us prove this statement by considering different cases.
(1) Case 1: Nt =0.
The relation (A2) becomes equivalent to
N > N, which is directly verified using |[M| >
|M™| in the definition of negativity and its asso-
ciated components, namely Eqgs. (18) and (25).
(2) Case 2: N~ =0.
The argument is analogous to case 1.
(3) Case 3: N* #£0 and N~ #0.
Here, we have N/= = V* > 0. Let us define

L. :M. (A3)
2
In this way, we can write
VE=\[IMEP+ L2 - L. (A4)

Then, using Eq. (A1), we can cast the statement of
Eq. (A2) into
0V -V -(v7)?
=-L2 +303

+2L+(v+ +V =/ IMP +cz). (AS)

Next, we get rid of the square root by moving it to
the other side of the inequality and then taking the
square on both sides. Further manipulation allows us
to rewrite the inequality as

8L2VTV- + 4L, (L2 — L2)(V + V)

(L2 - L2 0. (A6)
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Finally, this statement is true because of £, >0,
L% > £* and the assumption V* > 0. Therefore, we
conclude that given the relation (A1), the statement
(A2) is true.

APPENDIX B: EXAMPLES OF SYMMETRIES
THAT SATISFY COROLLARY 1

Here, we focus on examples of maps T constructed to
satisfy the hypotheses of Corollary 1. In particular, we
provide sufficient conditions for the harvesting setups so
that all the Corollary hypotheses are fulfilled. Moreover,
these examples are later used to prove Propositions 3 and 4
of the main text.

Symmetry 1. Time reversal around the value #, of a time
coordinate in an arbitrary coordinate system (z,x):

T(x,X) = (Tx(x), Tr (X)),

Tp(ty + 1,x) = (1 — t,x). (B1)
The hypotheses of Corollary | are satisfied if the following
assumptions hold:
(1) gty +1.x) = g(ty — 1.x),
(2) Ge(tg +t,x,tg +1/,X') = Gp(tg — t,x, 1, —
(3) Aj(tg +1.x) = Aj(tg — 1, x),
(4) For some constant v,

7.x),

(il (z (bt 1.2) )y ) = ey (2 (= £.))IC )

Here, we recall that g is the determinant of the metric, G is
the Feynman propagator, {A;} are the spacetime smearing
functions, and |{;) are the states orthogonal to the initial
states |y;) as defined in Eq. (9).

Symmetry 2. Time reversal around f; in the arbitrary
coordinates (z,x) and swap of spacetime points:

T(x,X) = (Tx(X). Tx(X)).

Tr(ty +1,x) = (1 — 1,x). (B2)
The hypotheses of Corollary 1 are satisfied if the following
assumptions hold:

(1) g(tx + 1,x) = g(tx — 1,x),

2) Gu(tg +1, Xty +1,x) = Gty — t,x, 1, — ', X'),

3) A (tx +1,x) = Ay(tx — 1, %),

(4) For some constant v,

(Cality(za(te +1,%))|ya)
= e (g (75 (1x — 1,%))1C5)-
Symmetry 3. Time reversal around f; in the arbitrary

coordinates (7,x), reflection about x; in (¢,x) and swap of
spacetime points:

T(X7X/) = (TRR(X/)’ TRR(X))7

Trr(ty + 1,x0 +x) = (tg — 1,X9 — X). (B3)
The hypotheses of Corollary 1 are satisfied if the following
assumptions hold:

(1) g(tR + tvx() —I—X) = g(tR - tvx() —X),

2) Gu(tg+1t xg+x" 1y +1,x0+x) =Gty —t,x0—X, ty—

' xy—x"),
(3) Au(tr +1,x0 +x) = Ap(te —
(4) For some constant v,

t,Xg —X),

<‘:A|ﬁA(7A(IR +1,%0 +x))|WA>
= iD<WB|ﬁB(TB(tR —1,Xg _x)>|CB>‘

Notice that in this symmetry the distance between the
detectors at time 7, can be adjusted by changing x;, in
contrast to Symmetry 2, where the detectors must be at the
same place at time t;.

Symmetry 4. Proper time swap and reversal around vy /2.
To better describe this symmetry, we use the coordinates
(j,X;) where A(z;,%;) = y;(z;)F;(%;) and where 7; are
the proper times of the detectors.

Now we can express this symmetry as

T(7,,%,, 75, %) = (Vg — 75, %5, 0 — T4, %), (B4)
where pairs of spacetime points are expressed in the joint
coordinates (z,,%,, 7y, ¥y). The hypotheses of Corollary 1
are satisfied if the following assumptions hold:

(1) ga(74,% )98 (75, %5) = ga (Vg — T3, %) g5 (0r — 74, %),

(2) Gi(za,%a, 75, %) = Gp(g — T3, X, Vg — 74, ),

() xa(0) = xu(0x = 7).

@) Q, =Q; =9,

(5) Pa+ Ps = Quy,

(6) |cosa,| =|cosayl, |sina,| = |sinay|.

Here, the g; are the determinant of the metric in (7;,¥;)
coordinates, and the detectors’ initial states are

ly;) = cosajlg;) + sina;eile;). (BS)
Notice that Assumptions 4, 5, and 6 appear because they
are sufficient to show that
(Cala(@wy) = ¥ (Cylits (0 — 7)|ya),  (BO6)
with [;) the states orthogonal to |y;) as defined in Eq. (9).
For this T to satisfy Corollary 1, first notice that
|/ (74, %4, 75, %5)| = 1. Then, the symmetry Assumptions
1 and 2 directly translate to the conditions required by

In the usual prescription for detectors, (7 X j) will be chosen
to be the Fermi normal coordinates associated with the detectors’
trajectories. However, the result given here holds regardless of

whether (z;,%;) are chosen to be the Fermi normal coordinates.
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Eq. (53). It only remains to show that Eq. (54) is fulfilled.
This condition asks that for some constant angle v,

PA(T, (x.X))Py(T2(x. X)) = €“P,(x)Py(X).  (B7)
Substituting the definition of P;,
Pi(x) = A; 0012 (;(0)) lw;). (B8)

and using A;(7;,%;) = y,(z;)F;(¥;), one sees that to satisfy
Eq. (B7) the following conditions are enough:

)(A(T) :)(B(UR_T)v (B9)

(Calita()ly,) = eiy/2<l//B|/fA‘B(UR = 17)|Cs)- (B10)

The condition over the monopole operators i; simplifies by
using the identity

(€l () ) = ei(e;e Do) — s e @50). - (BL)
where we denote s; = sin® a;, ¢; = cos? a;. Together with
the hypotheses Q, = Q; = Q, f, = —f5 + Quy, ¢\ = Cp,

SA = Sg»

(NROINES eiﬂA(CAei(QT_ﬂA) - SAe_i(QT_ﬂA))

o eiﬂA(cBe_i(Q(UR_T)_ﬂB> — SBei(Q(UR_T)_ﬂB>)

= &yt (0g = 7)[C). (B12)
Therefore, Eq. (B10) is fulfilled with v = 2Qo;. This
completes proving that the assumptions in the statement
of Symmetry 4 are enough to fulfill Corollary 1.

Summary: Corollary 1 holds for harvesting setups that
meet the conditions described in any of the symmetries
presented in this section. We recall that for such symmetric
setups, cos Ay =0, i.e.,

M = /IMFP + M,

which precludes any destructive interference between M
and M~.

As a final remark, a common extension of the UDW
detector model includes complex spacetime smearings, i.e.,
Aj # A;. All the results presented in this section can be
generalized to account for complex spacetime smearings,
but we have restricted our results to real smearings for
simplicity. For complex smearings, the Hamiltonian inter-
action density for each detector in the interaction picture
becomes /; ;(X) = AA;(X)e'¥%i&T + H.c., with H.c. denot-
ing the Hermitian conjugate. Therefore, the expression for
M also changes (see, e.g., [50]). Nonetheless, the require-
ments specified for each symmetry only need a modifica-
tion of the conditions of A; (or y;). Specifically, whenever

(B13)

an equality between smearing or switching functions
appears, one of the sides has to be conjugated, and the
equality only needs to be fulfilled up to a constant
complex phase.

APPENDIX C: FURTHER SIMPLIFICATIONS
OF THE HYPOTHESES OF COROLLARY 1

In this appendix, we introduce several lemmas that
simplify Conditions 3 and 4 of Symmetries 1, 2, and 3,
respectively.

Lemma 1. Consider the two sets of coordinates (z;,¥;)
with je€{A,B}, where A;(7;.%;) = x;(7;)F;(X;). Given
coordinates (z,x), the time reversal around 7 is
Ti(ty + t,x) = (tg — £,x). Assume that

(1) Given 7y ; = 7,(t;,0),

Tj(x> = Q’TR,j - Tj(TR<X))’
¥;(x) = %;(Tr(x)). (C1)

(2) )(j(f) :)(j(ZTR,j - 1).

(3) B =Qjty
Recall that f3; is the relative phase in the detectors’ initial
states [y;) = cosa;|g;) + sina;eile;).

Under these assumptions, Conditions 3 and 4 of
Symmetry 1 are fulfilled.

Proof. We prove Condition 3 first; to do so, keep in mind
that

Aj(t.x) = y;(z;(t,x))F;(%;(t,x)). (C2)

Then, using the time reversibility condition over y;,

2Tty = .x)) = x;(27p ; — 7;(tg — 1, X))

= y;(7;(te + 1,X)). (C3)

Substituting back into the first equation shows Condition 3
of Symmetry 1,

Ayt = 1) = 7;(j (1 — £.2)) F; (85 (1 — 1.%))
xi(7i(te + 1.%))F(%;(te + 1.X))
A

(g +1.x).

(C4)

To prove Condition 4 of Symmetry 1, let us use the
identity

(Cilaj(z)lw) = e¥i(c;eHnh) — 5,7 @mh) - (C5)
where s; = sin? a;, ¢; = cos? a;, and we recall that |£;) are
the states orthogonal to the initial state [y ;) as defined in
Eq. (9). Substituting into the following expression:
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))|‘/’,> — i rR,(C i (Q)7 (1 —1.X)=Qj7y ;)

—Sje (erj(tR tx)_QjTRAj))

(€l (et

— i TRI(C o~ 1(Q7; (1 +1.x)—Qy1y )
—sje (Q,T,(IRH.X)—QI-TR,]))

A%t (yr | (2 (1 + 1,X))[C ),
(Co)

where the condition over 7; is given by Eq. (C1), and that
pj = Qjty j, finishing the proof. m
Lemma 2. Consider the two sets of coordinates (z;,¥;)
with je€{A,B}, where A;(7;.%;) = y;(z;)F;(X;). Given
coordinates (z,x), the time reversal around 17 is
Tp(tg + t,x) = (tx — 1,x). Assume that
(1) Given vy = 7,(tg,0) + 75 (2, 0),

X, (x) = %5 (Tx(x)) (C7)
(2) Fu(®) = Fy(%).
(3) xalr) = xp(vg — 7).

4) Q,=Q; =Q.

(5) ,BA +ﬂB = QUR'

(6) |cosa,| =|cosayl, |sina,| = |sinag|,
where we recall that the detectors’ initial states are
ly;) = cosaylg;) + sinaje’ile;).

Under these assumptions, Conditions 3 and 4 of
Symmetry 2 are fulfilled.

Proof. We prove Condition 3 first; to do so, keep in mind
that

A1, x) x))F;(%;(1,x)).

Then, using the time reversibility condition over the y;,

= x,(z;(t, (CB)

Za(Ta(ty = 1.X)) = yg(vg — 74 (tz — 1. X))
= xp(tp(tx + 1,%)), (C9)
and similarly,
Fy(®a(te —1.x)) = F(¥s(te + 1,x)).  (C10)

Substituting these back into the first equation completes the
first half of the proof,

Aty = 1,x) = g (to(te — 1,%))F A (X, (1 — 1.X))
=y (T (te + tvx))FB(-’Ej(tR +t,x))

= Ag(ty +1.X). (C11)

To prove Condition 4 of Symmetry 2, let us use the
identity

(¢ilaj(z)lw;) = Vi (c;e @) —g,emi@mh)) - (C12)

where s; = sin’ a;, ¢; = cos” a;, and we recall that |{ ;) are
the states orthogonal to the initial state |y;) as defined
in Eq. (9). The proof finishes by combining this identity
with the hypotheses c, = cp, Sy =85, Q4 = Qy = Q,
B = —Pp + Qug, and with the assumption over the z;,

(Calfia(zalte = 1,%))|yy)
— eiﬂA(CAei<QTA(tR_7vx)_ﬂA> — 5 e_i(QTA(tR_t‘x)_ﬁA))

f— eiﬂA(CBe_i(QTB([R+tx)_ﬂB) j— S e (QTB(IR+tx> ﬂB))

= & (| fig (75 (1 + 1,%))1C3). (C13)

"
Lemma 3. Consider the two sets of coordinates (z;,¥;)

with je€{A,B}, where A;(7;.%;) = x;(z;)F;(X;). Given

coordinates (t, x), the time reversal around #, and reflection

around x is Tye(t,x) = (2t — 1,2xy — x). Assume that
(1) Given vy = 7,(tz,0) + 75 (2, 0),

TA(X) =V — TB(TRR(X))’

jA(X) :iB(TRR(X))' (CM‘)
() FA(j.) - FB(-f)'
(3) xa(t) = xp(vg — 7).

4 Q, =Q; =Q.

(5) Pa+ Py = Quy.

(6) |cosa,| = |cosayl, |sina,| = |sinag],
where we recall that the detectors’ initial states are
ly;) = cosaylg;) + sina;eile;).

Under these assumptions, Conditions 3 and 4 of
Symmetry 3 are fulfilled.

This lemma is proven analogously to the previous
Lemma 2. Notice the following apparent incompatibility:
the lemma asks the smearing functions F; to be equal,
while the assumptions of Symmetry 3 ask spacetime
smearings A; to be related by a spatial reflection and a
time reversal. However, the equality between F; is actually
expected because the spatial smearing functions F; are
defined in their corresponding prescription coordinates
(Tj,fcj), which we assumed to be related by a time
reflection and a space reflection, as in Eq. (C14).

APPENDIX D: SIMPLIFYING THE SYMMETRIES
FOR THE MOST COMMON ENTANGLEMENT
HARVESTING SCENARIOS

Many of the scenarios analyzed in the literature of
entanglement harvesting already restrict themselves to very
symmetric particular setups. While this is done for different
reasons (mainly simplifying the math) this yields important
simplifications of the conditions required for each of the T
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maps described in Appendix B to be symmetries that fulfill
the assumptions of Corollary 1.

In particular, we will show how the usual assumptions in
the literature for harvesting in flat spacetime and FRW yield
Propositions 3 and 4 of the main text.

1. Sufficient symmetries for harvesting
and communication collaboration
in Minkowski spacetime

This subappendix proves Proposition 3 of the main text.
This proof consists of showing that the conditions for
the symmetries provided in Appendix B are fulfilled in
Minkowski spacetime, for fields that are prepared in the
vacuum and inertial, comoving, symmetrically switched
detectors that are prepared both in the ground state or both
in the excited state.

Lemma 4. Assume that

(1) The spacetime is flat.

(2) The field starts in the Minkowski vacuum.

This implies that for any inertial coordinate system (¢,x)
and any constants 7, and x, the Feynmann propagator G
fulfills

Gp(t,x,1,x") = Go(2ty — 1, 2x¢ — X', 2ty — 1,2x5 — X)
= Gp(2ty — ', X', 2ty — 1,X)

= Gp(2ty — t,x, 2ty — ', x'). (D1)
And therefore, these relations fulfill Condition 2 for
the Symmetries 1, 2, 3. Moreover, since g(t,x) = —1,
Condition 1 of all these symmetries is also fulfilled.

Proof. The Wightman of the Minkowski vacuum for a
scalar field is

1 dk . N ,
W(t,x, t’,x/) — (2 )”/ elk*(x—x)e—la)k(t—l)’ (DZ)
T

Z(I)k

with wy = Vk* + m?. The Minkowski vacuum Wightman
function fulfills

W(t,x,7,x") = W(Ar,

Ax]), (D3)

where we denoted W(Af, |Ax|) = W(At, |Ax|,0,0) and
At =1t —1,Ax = x —x'. Then, from the definition of G;
in Eq. (16), we have

Gi(t,x,7,x)
= O(Arn)W(At, |Ax|) + O(—Ar)W(-At, |Ax|)

= W(|At|, |Ax]). (D4)

Therefore, Eq. (D1) is fulfilled because all of the equated
expressions for G have the same values of |Ar| and
|Ax|. L]

Lemma 5. Assume that, for a given constant fg,

(1) The spacetime is flat.

(2) The field starts in the Minkowski vacuum.

(3) The detectors start both in their ground state or both

in their excited state.

(4) The detectors are inertial and comoving.

(5) In the comoving frame (¢,x), the spacetime smear-

ing factorizes A;(t,x) = y;(t)F;(x).

©) 2;(1) = 1,2t — 1).

Then, the conditions of Symmetry 1 are fulfilled.

Proof. First, Conditions 1 and 2 of Symmetry | hold
because of Lemma 4.

To prove Conditions 3 and 4 of Symmetry 1, we show
next that the assumptions of Lemma 1 hold. First, choose
both coordinate systems (z,,%,) and (7, %) to be (7,x).
Then, Assumption 1 of Lemma 1 holds. Assumption 2
holds because of y;(t) = y;(2tx —t) and t, = 7y ;. Finally,
Assumption 3 upon the relative phases f; is trivially
satisfied because both initial states are either |y;) = |g;)
or ;) = ey !

Lemma 6. Assume that, for a given constant fg,

(1) The spacetime is flat.

(2) The field starts in the Minkowski vacuum.

(3) The detectors start both in their ground state or both

in their excited state.

(4) The detectors are inertial and comoving.

(5) In the comoving frame (7,x), the spacetime smear-

ing factorizes A;(t,x) = y;(¢)F;(x).

6) Q, = Q.

(7) xa(t) = 2 (2t — 1).

(8) Fylx) = Fy(x).

Then, the conditions of Symmetry 2 are fulfilled.

Proof. Shown analogously to Lemma 5, using Lemma 2
instead of Lemma 1. Additionally, | cos a,| = | cos ;| and
| sina,| = | sin a| hold because of restricting the initial states
of the detectors to be both ground or both excited. [

Lemma 7. Assume that, for a given constant fg,

(1) The spacetime is flat.

(2) The field starts in the Minkowski vacuum.

(3) The detectors start both in their ground state or both

in their excited state.

(4) The detectors are inertial and comoving.

(5) In the comoving frame (7,x), the spacetime smear-

ing factorizes A;(t.x) = y;(t)F;(x).

©6) Q, =Q;.

(D xa(t) =52t — 1)

(8) Fu(x) = Fy(2x0 —x).

Then, the conditions of Symmetry 3 are fulfilled.

Proof. Shown analogously to Lemma 5, using Lemma 3
instead of Lemma 1. The major difference is that while we
still choose the coordinate system (z,,%,) to be (#,x), here
we choose (3, %) to be instead

75(1,x) =1,

X5(t,x) = 2xy — x. (D5)
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Lemma 8. Assume that, for a given constant fg,
(1) The spacetime is flat.
(2) The field starts in the Minkowski vacuum.
(3) The detectors start both in their ground state or both
in their excited state.
(4) The detectors are inertial and comoving.
(5) In the comoving frame (7,x), the spacetime smear-
ing factorizes A;(t,x) = y;(1)F;(x).
©6) Q, =Q,.
(D xa(t) = (2t — 1).
Then, the conditions of Symmetry 3 are fulfilled, by
picking both coordinate systems (z 7). ¥;) to be (t.x).
Proof. Since we picked both (z;,%;) to be the inertial
comoving frame (z,x), then the determinants of the
metric in coordinates (z;,%;) satisfy g, = gy = —1 under
the given assumptions, hence fulfilling Condition 1 of
Symmetry 4. Condition 2 over G, becomes the following:
for a given constant f, = v,/2,

Gp(t,x,1',x") = G.(2ty — t,x, 2t — ', x), (D6)
which is true regardless of t; for the Minkowski vacuum, as
shown in Lemma 4.

Conditions 3 and 4 of Symmetry 4 are Assumptions 6 and
7 of the current lemma, using the relationship #; = vy /2.

Finally, Condition 5 upon the relative phases f; is
trivially satisfied because the initial states of the detectors
are either both the ground or both the excited state, and
Condition 6 (|cosa,| =
fulfilled as well for the same reason. [

Finally, Proposition 3 of the main text follows from
combining the assumptions of Lemmas 5, 6, 7, 8.
Specifically, fulfilling any of these lemmas is enough to
have the corresponding symmetry and thus for Corollary 1
to hold. It is worth noticing that although we included one
lemma per symmetry of Appendix B for completion,
Lemmas 6 and 7 become redundant after Lemma 8,
because whenever Lemmas 6 or 7 hold, then Lemma 8
also holds. This explains why no condition upon F(x)
needs to be checked in Proposition 3. Thus the assumptions
of Proposition 3 result from solely combining the assump-
tions of Lemmas 5 and 8. Moreover, we take Q, = €, to be
a condition of Proposition 3 for simplicity, even though this
condition is not needed to satisfy Lemma 5. In general,
Conditions 5 and 6 of Proposition 3 can be replaced by the
following less restrictive combined condition: in the
comoving frame, for some time #, it is satisfied that either

)(j(t_'—tR):)(j(tR_t)’ J=A.B, (D7)
or y(t+1t)=ys(t—1ty) and Q, =Q,.  (D8)
For future convenience, we point out that, in the

scenarios where Proposition 3 applies and both detectors
start in the ground state, M simplifies to

M= -2 / dedr' dxdx’ e )y, (1), ()

X F,(x)Fy(x)Ge(t,x, 7, x"). (D9)

If both detectors start in the excited state, Q in the
expression above picks up a negative sign.

2. Sufficient symmetries for constructive interference
between harvesting and communication in FRW
spacetimes

Here, we show that Proposition 4 for FRW spacetimes
holds for the entanglement harvesting scenarios prescribed
in Sec. V B. The proof arises from the fact that M can be
rewritten to have an analogous form to the M term of
setups where Proposition 3 applies. Concretely, the only
changes are the replacement given in Eq. (83) and the
substitution of ¢ by 5(¢f) in G,. Moreover, using the
assumption A;(7,x) = T;(1)%;(x) results in

M= -2 / dtdt’dxdx’eiﬂ<f+f’)sA(t)<zB(z’)

X X, (x) %, (x’) (D10)

Here, G is the usual expression in inertial coordinates of
the Feynman propagator for the Minkowski vacuum, as
given in the proof of Lemma 4. Notice that this expression
for M assumes that both detectors start in the ground state.
The case where both detectors are prepared in the excited
state amounts to considering Q < 0. Therefore, this case is
automatically included in Eq. (D10) and in the cur-
rent proof.
Notice that if we define

> n_ Ge(n(1).x.n(t'),x")
Gp(t,x,1,x') = a(t)a() ,

(D11)

then the expression for M becomes the same as for the
scenarios of Proposition 7 [see Eq. (D9)], but with GF,
<;(1), X;(x) instead of Gy, y;(1), F](:\c) Therefore, to get
the analogous Proposition 4, we need Gy and & ;(¢) to fulfill
the corresponding conditions specified in Symmetries 1
and 4, which were the ones used to derive Proposition 3.
Notice that now, to define Symmetry 4, we need to use the
comoving coordinates (z,x) as prescription coordinates for
the detectors. This is a consequence of assuming that the
split A;(z,x) = T;(t)¥;(x) happens in the comoving
coordinates, and that the detectors’ proper times coincide
with the comoving time z.

The conditions over Z;(t) are directly stated in
Proposition 4 and are the same as for y;(z) in
Proposition 3. Furthermore, since Condition 2 of
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Symmetries 1 and 4 was needed to prove Proposition 3,
here we also need to verify whether G, satisfies the same
condition. Namely, we would like to show that

GF(t,x, 7,x') = G.(2tg — t,x,2t5 — 1, X'),

= G2ty — 1/, x,2tg — 1,X). (D12)
To show that this relation is indeed fulfilled, first notice that
the second equal sign can readily be checked by substitut-
ing the definition of G, and using that G, fulfills the same
equality, as shown in Lemma 4. Second, we need to show
that G, is time symmetric around f,. For this proof, we start
with the hypothesis of Proposition 4 that a(t) = a(2t, — t).
Then, the conformal time [as defined in Eq. (78)] fulfills

n(t) =2n(tx) = n

which can be readily be verified by taking the derivative
with respect to ¢. Then,

(2t — 1), (D13)

Ge(t,x,t.x)
_ Ge(n(0). x,n().x)
a(t)a ( t')
_ Ge(2n(te) —n(2tx — 1), %, 2n(tz) —n(2t = 1), )
N a2ty — t)a(2ty — ')
B Ge(n(2tx = 1),%,n(2tg = '), x")
N a2ty — t)a(2ty — ')
= Gp(2tg — t,x, 2t — 1, ¥'), (D14)

where we used the first line of Eq. (D1) for the Minkowski
vacuum Gg. This completes the proof that Eq. (D12)
holds under the hypothesis that a(r) = a(2ty —1).
Bringing everything together, an analogous version of
Proposition 3 holds for FRW spacetimes, resulting in
Proposition 4.

APPENDIX E: ALTERNATIVE SYMMETRY
CONDITIONS FOR DETECTORS PRESCRIBED
IN FERMI NORMAL COORDINATES

1. Conditions for the time reversibility and spatial
reflection symmetry of Fermi normal coordinates

Here we shall study how pairs of Fermi normal coor-
dinates are related by a time reversal or a time reversal
combined with a spatial reflection. Knowing the sym-
metries respected by the Fermi normal coordinates is
instrumental in determining the symmetries of the entan-
glement harvesting setup. This is the case when the
harvesting setup uses the usual covariant prescription for
the Unruh-DeWitt detector [36] which is based on the
Fermi normal coordinates adapted to the detector trajectory
z(7). Concretely, given an arbitrary coordinate system
(1,x), we will consider the transformations

Tp(t,x) = (2t — 1,x), Tre(t,x) = (213 — 1,2x9 — X),

(E1)

where time reversals are performed around the time #; and
the spatial reflection is performed about the point x,. The
lemmas in this appendix provide the conditions on the
metric and trajectories for the pair of Fermi normal
coordinates to be related either by Ty or by Tgg, which
will be used later in Appendix E 2.

First, we recall how to construct the Fermi normal
coordinates (7, X) adapted to a timelike curve z(z), where
7 is the curve’s proper time. Choose a fixed proper time 7,
and pick an orthonormal basis {€,(7y)} in the tangent
space to z(zy), such that €y = Z(zg). This basis extends to
the whole curve, {e,(z)}, by imposing that the basis
vectors are Fermi-Walker (FW) transported along the
curve. A vector field v* on the curve is FW transported if

Dv*
dr

+ (a“uP — u*al vy =0, (E2)
where u® and a® are the components of u = dz/dr and
a = Du/dr, the four-velocity and four-acceleration of the
curve, respectively. Moreover, we use D/dz to denote the
directional covariant derivative along z(z), which for a
vector V = v%9,, is

Dy? d a
v v — 4T Py,

dr ~ dr pr (E3)

Notably, u is always FW transported, and therefore
€y(7) = u(z). Moreover, {€,(7)} remains an orthonormal
basis for each point of the curve. The idea behind the
definition of the FW transport is to generalize the parallel
transport to account for the possible change in orientation
introduced by the acceleration of the trajectory. That is, we
would like to transport the frame {€,(7)} in a way that it
does not rotate with respect to the curve. To see this
concretely, consider coordinates where u* = (uO,O, 0,0),
and define the two-form wys = 2aj,ug. In this case, the
only nonvanishing components of w,; are w;y = —wy;,
i=1, 2, 3, since a'u, = 0. Thus, the second term in
Eq. (E2) is essentially describing the projection of v* along
the 3-vector n' = @, which describes the rotation of the
orthonormal “spatial” frame e; along the trajectory.

Now, we define the Fermi normal coordinates as follows.
Let \V, be the normal neighborhood of p, which is the set
of points that are connected to p by a unique geodesic. For
each 7, denote with X, the spacelike hypersurface orthogo-
nal to u(z). This hypersurface consists of all the points in
N () that can be reached by geodesics that start from z(z)
and start with tangent vectors orthogonal to u(z). These
hypersurfaces X, constitute rest spaces around z(z) and
locally define a foliation of spacetime. Then, the coordi-
nates (z, X) are assigned to the point exp, ;) (X“€,(7)) EZ..
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Here, we use the convention that latin indices run over
spatial components, a = 1, ..., n. The exponential map is
defined as

€XPp (V) = (1), (E4)

where y, () is a geodesic that fulfills y,(0) = p, 7,(0) = v.
Notice that in this prescription z(z) has coordinates (z,0),
and its proper distance to a point with coordinates (z, X)
is |X] = /3o, (X9)%

Lemma 9. Choose arbitrary (#,x) coordinates, in which
the metric components are g,,. Consider a pair of timelike
curves Z;(z;), j = A, B, parametrized by their proper times
7;. Denote the coordinates of the curves’ points as (t,z;(1)).
Assume that for some t,

(]) g;w(tR + t9x) = S(/’l’y)gﬂv(IR -

(2) zy(tx +1) = z5(tx — 1).

Here, s(uy,45,...,u,) =1 if the number of zeros
among the set of arguments yy,...,u, is even and
s(uy, pos .-y y) = —1 otherwise. Then, there exist Fermi

normal coordinates (7;,%;) adapted to the trajectories

Z;(z;) that are related by

t,x),

Ty (tg +1,X) = vg — (g — 1.X),

Xu(tg +1,x) =Xp(tg — 1,X), (E5)

with vy = 7 5 + 7 3, Where 7y ; are the proper times that
fulfill 7, = 29(zx ;).

Proof. Let us start defining a convenient notation: for any
function f(7), let

(0] = f2t —1). (E6)
Then, the assumptions of the lemma can be simply
rewritten as

[g;w}}z = S(Iu’y>gﬂw [ZA}R = [ZB]R' (E7)

Next, let us show that these assumptions imply that
@ [¢"] = s(u,v)g",
(11) [aﬁg;w]R = S(/l, v, A)algﬂya
(i) [, )x = s, v, )
(iv) [ui]e = —s(u)us,
v) [a}g]R = S(ﬂ)ag'
Showing that s(u,v)g" is the inverse of [g,,]; is enough

for (1),

s(u )9 [Guale = (1. 1) ¢ 9,1 = 8. (E8)

For (ii), it is enough to use (i) and to notice that for a general
function h(t,x),

ao[h}R = _[aOh]R’ 9y [h]R = [aah}R' (E9)

Relation (iii) follows from combining (i) and (ii) with the
formula for the Christoffel symbols, namely

1
F;/Ev = Eglﬂ(augau + aﬂg(ﬂ/ - aﬂg/w)' (EIO)

Proving (iv) starts from taking the derivative on the

trajectory condition, to obtain [2,], = —zZ. Then, using
dr dr
o4 ——— Ell
u" dTJ u] dT] z] ( )
together with g, u//u’ = —1, implies
dt . s
dr. \/ =900 ~ 29402} = Gark. jzf- (E12)
T
Therefore, using [2,], = —Z; and (ii), we get
dr dr
{_} _ (E13)
dr, |, drg

Then, substituting back on Eq. (E11) allows showing (iv).
Finally, to prove (v), combine

(E14)

with Egs. (E9), (E13), and relations (iii), (iv).

Next, we prove that the FW transported orthonormal
bases along the curves can be related by a time-reversal
transformation. Consider an orthonormal basis {e,(#)} that
is FW transported along z, and fulfills ) = u,. Define f,
such that

(f.)" = s(u. a)[(€,) s (E15)
We now will show that this basis is FW transported along
Z,. Let us start reversing the FW transport equation that the
{e,} fulfill,

D(e,)
0= [P+ (el - sy to, |
T R
D(f,)
= —s(u, Q) <% + (afuly — ugag)gﬂy(fﬂ)7>, (E16)
B

where we used the relations (i), (iv), (v), and also

P, = [ e ),
= st (E17)
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which used Egs. (E9), (E13), (E15), and relations (iii), (iv).
Therefore, the {f,}, as defined in Eq. (El5), are FW
transported along z,. Moreover, the {f,} are orthonormal
because

(fﬂ)a<fv)ﬂgaﬂ = [(eﬂ)a(ev>ﬂgaﬁ]k = N> (Elg)

where 7,,, is the Minkowski metric. Last, fy = ug, because

(fo)* = —s(a)[(€0)"ly = =s(@)[u]y = ug. ~ (E19)

All these results guarantee that the orthonormal basis
{f,(¢)} can be used to define the Fermi normal coordinates
along z,. From now on, let us use {e,} and {f,} to
respectively define the Fermi normal coordinates (z,,%,)
around z,(z,) and (7, %) around z,(zy).

Next, we check the relationships in Eq. (ES5) between
(75,%,) and (7, X;). For any spacetime point p,,, we define
p; as follows. We denote the Fermi normal coordinates j of
the point p; as

, =7;(P;).  Xp, =X;(P)). (E20)
Then, pg is chosen so that the coordinates of p, and py are
related by

TPA =0~ TpB’ ipA = ips’ (EZI)
with vy = 7 5 + 7 3, Where 7y ; are the proper times that
fulfill 7, = Z?(TR, ;). By expressing the points p; in the
coordinate system (z,x) on Eqgs. (E20) and (E21), one can
see from Eq. (E5) that what we want to prove is equivalent
to showing Ty(p,) = Py, With Ty as defined in (E1).
Therefore, to complete the proof, it will be enough to
show that T (p,) = p; is true, as is done next.

Consider a geodesic y,(4) such that

7a0) =24(7p,).  7a(0) = %5 €0(R(7p,)).  (E22)
Notice that, by the definition of the Fermi normal coor-
dinates, we have y,(1) = p,. Next, define y,(1) as

78(4) = Tr(ra(2)). (E23)
The next steps are to show that such y, (1) is a geodesic that
fulfills
n0)=2y(5,).  7(0) = B (8(r,).  (B24)
We start checking the first identity in the equation above by
computing

; | B ug(Zg(T» _
— ()" (2t = (7)) = w2 -3()

-1, (E25
% (E25)

where we used statement (iv) that we proved at the start of
the proof. Therefore, for some constant 7,

Dy —7) = 2ty — (7). (E26)

To find 7, choose 7 = 7y ,, so that
Zg (TO - TR.A) =2tz — Zg (TR,A) = Iy, (E27)
which means 7y -1z, = 7z5, and thus 75 = vg.

B

Substituting back to Eq. (E26), and using 7, = vz — 7,

B

23(tp,) = 2ty — 22(7p, ), (E28)
and therefore, y§(0) = z3(zp,). Moreover, we have
75(0) = z(zp,) because y§(0) = z£(zp, ) and

ZA(ZQ(TPA)) =z (2t — Zg(TpA)) = Zp (Zg (TpB))’ (E29)
where we used the assumption z,(f) = z;(2tz — ). This
completes showing the claim from Eq. (E24) that
78(0) = Zy(zp,).-

To get the identity for 7, (0) in Eq. (E24), we start from

the definition of y; given in Eq. (E23). Expressing this
definition in (z,x) coordinates gives

() =26 —=12(A),  ra(2) =ri(2). (E30)
Then, taking derivatives with respect to 4, we get
78(4) = s(@)7i(4). (E31)

Combining this result with Eqs. (E15), (E21), and (E28)
leads to

75(0) = s(a)74(0) = s(a)xp, (6,)*(zX(zp,))

= Xp, (fo)*(z3(7p,)), (E32)

which, as we wanted to show, is the expression for 7,(0)
in Eq. (E24).
Finally, let us show that y; is a geodesic. Taking the
derivative with respect to 1 in Eq. (E31),
75(4) = s(@)7i(4).  75(A) = s(@)yi(4).  (E33)
Then, substituting these expressions into the geodesic
equation which y, fulfills,

78 = =T% (. v )77
s(@)7g = =s(@)T, (2t — 12, v4)Phih,

75 = —T%,(rS, v&)iavh, (E34)
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where we also used statement (iii) and Eq. (E23). The last
line is, as we wanted, the geodesic equation for y;.
Therefore, y, matches the requirements of the
exponential map definition and thus p, = y,(1). Now,
remember that Ty (y,(4)) = y5(4). Then, choosing 1 = 1,
Tx(pa) = Pg- This finally completes the proof that

Ta(ty +1,X) = vp — T(fy
Xo(tg + 1,x) = X5(t — 1,X).

—1,x),
(E35)

|

Lemma 10. Choose arbitrary coordinates (¢,x), in which
the metric components are g,,. Consider a timelike curve
z(7), parametrized by its proper time 7. Denote the
coordinates of the curve’s points as (7,z(7)). Assume that
for some ¢,

(1) g/w([R + t’x) = s(ﬂ’y)g/w(tlz

(2) z(tg +1) =z(tg — 1).
Here, s(uy,49,...,u,) =1 if the number of zeros
among the set of arguments pu,...,u, is even and
s(py, Mo, ..o 1,) = —1 otherwise. Then, the Fermi normal
coordinates (z,%) adapted to the trajectory z(z) fulfill

- tﬂx)’

7(tg + t,x) = 27 — 7(tg — 1, %),

X(tg +1,x) =%(ty — 1,x), (E36)
where 7, is the proper time that fulfills 7, = 7°(zy).

Proof. The assumptions of this lemma fulfill the hypoth-
eses of Lemma 9 for the case z(7) =z,(7) = z3(7).
Then, Lemma 9 provides two coordinate systems
(7s,%,) and (75,%;) adapted to z(r), which are related
by Eq. (E5). A priori, these two coordinate systems
could be different, because there is freedom in the choice
of orthonormal basis that defines any Fermi normal
coordinates adapted to z(z). However, Eq. (E5) implies
that

X5 (tr, X) = X5 (tp. ), (E37)

which means that there is a spatial surface where both
Fermi normal coordinates (z,,%,) and (z,,%;) adapted to
z(z) are the same. This can only happen if (z,,%,) and
(73, %) are the same coordinate systems, thus proving that
there are Fermi normal coordinates adapted to z(z) that
fulfill Eq. (E36), finishing the proof. ]

Lemma 11. Choose arbitrary coordinates (¢, x), in which
the metric components are g,,. Consider a pair of timelike
curves z;(z;), j = A, B, parametrized by their proper times
7;. Denote the coordinates of the curves’ points as (t,z;(t)).
Assume that for some t,

(1) gﬂl/(tR + 1, X +x) = g/u/(tR — 1, X _x>’

(2) za(te +1) = 2x9 —z(tx — 1).
Then, there exist Fermi normal coordinates (z;, X;) adapted
to the trajectories z;(f) that are related by

T (tx + 1% +X) = vg — 75(te

¥p(tg + 1,x0 +x) = % (1 — 1,X0 —X),

—1,X)—X),
(E38)

with vy = 7z 5 + 7 5, Where 7y ; are the proper times that
fulfill £, = 29(zx ;).

Proof. This lemma is proven analogously to Lemma 9,
so we will only point out the differences. Here, it is
convenient to instead use the following notation for any
functions f(t), h(t,x):

()] = ftx 1),

[h(t,%) ] = (28, — 1,250 —x). (E39)

Then, following similar steps to the previous proof,
(1) [g;w] = gm/’

(11) [alg/w] alg/w’
(i) ) = Fﬁy,
(iv) [MK] = up,

) [a ] = —ag.

Notice that these relations are useful because the trajecto-
ries transform into one another when performing a time
reversal and a spatial reflection. These relations can be used
to find a pair of orthonormal basis {e,(r)} and {f,()},
which, respectively, are FW transported along z,(z,) and
Z,(7y), and that fulfill

(E40)

Then, we again pick {e,(¢)} and {f,(¢)} to, respectively,
define the Fermi normal coordinates adapted to z,(z,) and
Z,(7y). The final part of the proof is also analogous to
Lemma 9, but changing Eq. (E23) to relate y, and y by Trg
instead of T. L

2. Simplified conditions to satisfy Corollary 1
when detectors are prescribed in the Fermi
normal coordinates

Here we combine the results obtained in the previous
subappendix with the results of Appendixes B and C to get
simplified propositions that guarantee no destructive inter-
ference between harvesting and communication. This
section assumes that we follow the covariant UDW detector
prescription of [36], where the detector j is prescribed in
the Fermi normal coordinates (z;,%;) adapted to its
trajectory z;(z;). These coordinates are valid locally around
the trajectory and factorize the smearing function,
Aj(7;.%;) = x;(z;)F;(X;). Moreover, 7; are the proper
times of the detectors.

Proposition 5. Let g,, be the metric components in
an arbitrary coordinate system (z,x), z;(f) the spatial
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components of the detectors’ trajectories, and (z;,%;) the
Fermi normal coordinates adapted to z;(¢). Assume that

(1) gt —t,x) = 54, ) g (tx + 1,%),

2) Gp(tg —t,x, 1 — ', x") = Gty + t,x,t, + ', X'),
3) Zj(tR _f) = zj(tR =+ t),~

5) xj(trj—17;)

(6) ﬂj = QjTR,j»
where 7, ; = 7;(tx.2;(tx)) and s(u,v) is the sign function
defined in Lemma 10. Moreover, recall that the detectors’
initial states are |y;) = cosa;|g;) + sina;e’i|e;).

These assumptions are sufficient to fulfill the conditions
given in Symmetry 3, thus fulfilling Corollary 1.

This proposition follows from fulfilling the hypotheses
of Lemma 10 in order to get the time reversibility condition
over the Fermi normal coordinates in Eq. (C1) of Lemma 1
and, in turn, fulfill Conditions 3 and 4 of Symmetry 1.
Moreover, notice that Condition 1 of Symmetry 1, i.e.,
g(ty — t,x) = g(ty + t,x), is fulfilled due to the assumption
of the proposition on the components g, .

Proposition 6. Let g, be the metric components in an
arbitrary coordinate system (¢,x), z;(¢) the spatial compo-
nents of the detectors’ trajectories, and (7;,X;) the Fermi
normal coordinates adapted to z;(#). Assume that

(D) gu(tr = 1.%) = s(p, 1) g (1 + 1.%),

2) Gu(tg —t,x, 1 — ', x") = Gp(ty + 1, %', 1ty + 1, %),

() za(tx — 1) =zt + 1),

=xj(trj + 7)),

9) Pa+ Ps = Quy,
(10) |cosa,| = |cosayl, | sina,| = | sin ag],
where vy = 7, (1, 24(fr)) + 75(fr. 25(fx)) and s(u.v) is
the sign function defined in Lemma 10. Moreover, recall
that the detectors’ initial states are expressed as |y;) =
cosa;lg;) + sina;e’ile;).

These assumptions are sufficient to fulfill the conditions
given in Symmetry 1, thus fulfilling Corollary 1.

This proposition follows analogously to the previous
one, by combining the conditions in Symmetry 2 and the
Lemmas 2 and 9.

Proposition 7. Let g, be the metric components in an
arbitrary coordinate system (¢,x), z;(¢) the spatial compo-
nents of the detectors’ trajectories, and (z;,X;) the Fermi
normal coordinates adapted to z;(7). Assume that

(1) gﬂl/(tR —1,X _x) = g/u/(tR + 1, X0 +x)’

(2) Gi(tg—t.x9—x,tx—1' x0—x")=Gp(tx+1 xo+x', 1z +

t,x9+x),

() za(te = 1) = 2x9 — 25 (tx + 1),

(4) xA(tR’xO _x) - xB(tR’xO +x)

(5) Aj(z;.%;) = y;(z;)F;(%;),

(6) xa(2) :)(B(UR 7),

(7) FA(¥) = Fy(®),

(B) Q, =€ =0Q,

9) Pa+ P = Quy,

(10) |cosa,| = |cosag|, |sina,| = | sinayg],

where vy =7, (tx, X0 +2,(tx)) + 75 (tr.X0—25 (7z) ). Moreover,
recall that the detectors’ initial states are expressed as
ly;) = cosajlg;) + sina;eile;).

These assumptions are sufficient to fulfill the conditions
given in Symmetry 3, thus fulfilling Corollary 1.

This following proposition follows analogously to the
previous ones, by combining the conditions in Symmetry 3
and Lemmas 3 and 11.

APPENDIX F: ADDITIONAL SYMMETRIES
WHEN SWAPPING THE TIMES AT WHICH
THE DETECTORS ARE SWITCHED

In the numerical results of Figs. 2 and 4 we have
observed symmetries with respect to changing the sign
of At =t —t,. Here we show why these symmetries are
expected.

Proposition 8. Assume that

(1) The spacetime is flat.

(2) The detectors are inertial and comoving, and start in

the ground state.

3) Gi(t,x,7,x') = Ge(¢,x,1,x"),

frame of reference.

(4) The switching functions are equal besides a time

shift, y;(t) = y(t —t;) [in the comoving frame of

in the comoving

reference, where A;(1,x) = y,;(1)F;(x)].
(5) Equal gaps, Q, = Q.
Then,
M=M;, M =M, (F1)

where S denotes swapping ¢, and f;.
Proof. Using the assumptions to simplify Egs. (12) and
(14), and defining Q = Q, = Qg,

M= -2 / drdxd?'dx’ ey (1 — 1)y (f — ;)

X F\(x)Fy(')Gy(t.x. ., x')

— M, (F2)
where, to obtain the last equality, we performed a change of
variables r — ¢, ¥ -t and used the hypotheses over
and Gy.

The same result holds for M¥, because the only
difference is using Gi, which have the same symmetries
as Gy. [

Proposition 8 implies that the quantities in the plots of
Fig. 2 must be even functions along the At axis, which is
exactly the case. The condition over G is automatically
fulfilled for the vacuum of Minkowski, as seen in Lemma 4.

025016-23



MATHEUS H. ZAMBIANCO et al.

PHYS. REV. D 110, 025016 (2024)

Finally, the following proposition applies to the scenario
of Fig. 4, causing the odd symmetry that can be seen in the
plot of the relative phase (after adding z/2 to the relative
phase). In such a plot, the swap indicated by S in what will
be Egs. (F3) is equivalent to changing the sign of
At =tz —t,. The condition over Gy is automatically
fulfilled for the vacuum of Minkowski, as seen in Lemma 4.

Proposition 9. Assume that

(1) The spacetime is flat.

(2) The detectors are inertial and comoving, and start in

the ground state.

(3) Aj(t,x) = y;(t)F;(x) in the comoving frame (z,x).

@) xi(t;+1) =yx;(t;—1).

(5) G(t,x, 7, x') = Gp(ty + ty — t,x, 1, + 1, — 1, X).
Then,

IME| = M

, cos Ay = —cos(Ay)s, (F3)

where S indicates swapping ¢,, 5, and Ay the relative phase
between M™ and M~.

Proof. Using the assumptions to simplify Eqs. (12) and
(14), the definition of M%, and that switching ¢, and #,
changes y,.(t) into y.(r+1t,—1t,) and yu(¢) into
Xt + 15 = 14),

ME = —/12/dtdxdt’dx/ei@f«’*gﬁf’)G;f(t,x, £,x')

X gt 4ty — ty)yp (! 4ty — 1,)F (%) Fy (x')
= _ﬂzei(QA+QB)<tA+tB>/dtdxdt/dx’e_i<QAt+QBt’>

X (O () F A (X) Fy(x') G (2. x. 1. x')

= ei(QA+QB)(tA+tB)Mi(_QA, -Q). (F4)
Here, to get the second equality, we performed the change
of variables r — t, + 1ty —t, ¥ — t, + t — ¢ and used the
hypotheses upon y; and Gr.

Finally, we get the Eq. (F3) by applying Proposition 1 for
the case where the initial states of the detector are the
ground states, and thus M*(-Q,, —Q,) = M=, .
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