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We analyzed how entanglement harvesting is affected by the performance of a measurement on the
quantum field. The measurement on the field is modeled as the coupling of a particle detector to the field,
followed by a projective measurement performed on the detector. In our analysis, we considered different
arrangements for two detectors harvesting entanglement and an ancillary detector used to perform a
measurement. We found different regimes for how performing measurements on the field affects the
entanglement harvested, depending on the initial and final states of the detector used to measure the field, as
well as its coupling strength. We identified the regimes where it is possible to measure the field during the
preparation of entanglement harvesting protocols without significantly interfering in the entanglement
harvested. We also identify in what regimes the field measurement can degrade or slightly enhance the
ability of particle detectors to harvest entanglement.
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I. INTRODUCTION

The entanglement structure of quantum field theories
(QFTs) plays a relevant role in a variety of phenomena,
ranging from quantum energy teleportation [1,2] and the
black hole information loss problem [3], to the probing of
the confinement transition phase in quantum chromody-
namics [4,5], and the definition of a measurement theory
for quantum fields [6–9]. It is well known that quantum
fields generically display classical and quantum correla-
tions between arbitrary regions of spacetime [10,11].
In fact, the ultraviolet divergence of entanglement
entropy [12] shows that this is a characteristic feature
of the algebra of observables itself, rather than just a
feature of the state of the quantum field [13].
This entanglement can in fact be extracted by pairs of

particle detectors, i.e., nonrelativistic quantum probes
which couple locally to the field. The entanglement
acquired by the particle detectors witnesses the entangle-
ment displayed by the field between the interaction regions.
This phenomena, first noted in [14] and later rediscovered
in [15–17], has become known as entanglement harvesting
[18] and has been the subject of exhaustive study (see,
among many others, [19–36]). Apart from providing an
operational way of accessing the entanglement of quantum

fields, entanglement harvesting is a proxy witness for the
geometry [19,26,28] and topology [23] of spacetime.
One important feature of particle detectors is that they

connect with actual experimental realizations. In particu-
lar, the Unruh-DeWitt (UDW) particle detector [37,38]
captures the most relevant features of the interaction
between atoms and the electromagnetic field [39–41].
With the actual technology in hand, entanglement harvest-
ing should in principle be feasible to reproduce in
experimental setups [42–47].
Measurement and state preparation are intrinsic parts of

any experimental setup in physics. In order to faithfully
model realistic entanglement harvesting protocols we need
to know the effect of measurements on the harvested
correlations. For instance, the usual setups discussed in
the literature often assume the field to be initialized in its
vacuum state (see, e.g., [21,48,49], among many others) or
in coherent states [24,25]. Hence, any realistic implemen-
tation of these protocols requires a fair understanding of
how the very preparation of the setup or even measure-
ments from previous experiments affect our results.
Since measurements are an intrinsic part of any exper-

imental setup in physics, in order to approach realistic
scenarios in which entanglement harvesting protocols
might be implemented we need to analyze the effect of
such measurements in the harvested correlations. For
instance, the usual setups discussed in the literature often
assume the field to be initialized in its vacuum state
(see, e.g., [21,48,49], among many others) or in coherent
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states [24,25]. Hence, any realistic implementation of
these protocols requires a fair understanding of how the
very preparation of the setup or even measurements from
previous experiments affect our results.
The issue of how to model measurements on quantum

fields is an open problem since Rafael Sorkin pointed out in
1992 that the projection postulate could not be exported
from nonrelativistic quantum mechanics to quantum field
theory [8,9]. There are currently two main approaches,
which differ in the way they model the probe with which
the measurement is performed: either treating the probe
as a quantum field [50–52] or as a particle detector [53].
Here, we will use the second approach, where the meas-
urement process is modeled using a particle detector that
is first let to interact with the field, thus gathering
information from the field through the interaction. After
the detector is decoupled from the field, a projective
measurement is performed on the detector, allowing the
experimenter to extract information from the detector, and
thus about the field.
In this paper we aim to analyze the protocol of

entanglement harvesting by a pair of particle detectors in
the presence of a measurement performed by a third party,
who operates another particle detector. We will study how
the result of the measurement and the propagation of the
information about the measurement outcome influences
our ability to harvest entanglement. In Sec. II we introduce
the setup considered with two particle detectors harvesting
entanglement from a quantum field and an additional
detector used to measure it. In Sec. III we identify different
regimes in perturbation theory depending on the relations
between the parameters of the problem and quantify the
entanglement harvested in each regime. In Sec. IV we
consider specific protocols with Gaussian switchings
and pointlike smearings in order to explicitly calculate
the effect of the measurement on the entanglement in the
regimes in which it modifies it at leading order. In Sec. V
we analyze the effect of nonselective measurements. The
conclusions of this manuscript are presented in Sec. VI.

II. SETUP

In this work we consider three experimenters, Alba,
Blanca, and Clara, undergoing timelike trajectories para-
metrized by their proper times as zAðτAÞ, zBðτBÞ, and
zCðτCÞ. Each experimenter is equipped with a probe that
we model as a spatially smeared Unruh-DeWitt particle
detector [37,38], weakly coupled to a real massless
scalar field ϕ̂ðxÞ in a (3þ 1)-dimensional Minkowski
spacetime. Each particle detector is modeled as a two-
level quantum system with a proper energy gap ΩI

between the ground state jgIi and the excited state jeIi,
for I ∈ fA; B; Cg. The particle detectors are initialized in
their ground states, i.e., the density operator that describes
their initial joint state reads

ρ̂ð0ÞABC ¼ jgAihgAj ⊗ jgBihgBj ⊗ jgCihgCj: ð1Þ

The scalar field ϕ̂ðxÞ can be expanded in plane-wave
modes as

ϕ̂ðxÞ ¼
Z

d3kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2πÞ32jkj

p ðâk e−iðjkjt−kxÞ þ H:c:Þ; ð2Þ

where ðt; xÞ are some inertial coordinates for the
event x, and âk and â†k are the annihilation and creation
operators satisfying the canonical commutation relations
½âk; â†k0 � ¼ δð3Þðk − k0Þ. We consider the field to be initially

in the vacuum state ρ̂ð0Þϕ ¼ j0ih0jwhich satisfies âkj0i ¼ 0

for all k. Thus, the initial joint state of the detectors-field
system is

ρ̂ð0Þ ¼ ρ̂ð0ÞABC ⊗ j0ih0j: ð3Þ

The particle detectors couple locally to the quantum field
according to the Hamiltonian weight [54]

ĥðxÞ ¼ ĥAðxÞ þ ĥBðxÞ þ ĥCðxÞ; ð4Þ

where the single interaction between each detector and the
field is given in the interaction picture by

ĥJðxÞ ¼ λJΛðxÞμ̂ðτJÞϕ̂ðxÞ: ð5Þ

Here, λJ is the coupling strength, the spacetime smearing
ΛJðxÞ determines the relative strength of the interaction
between the particle detector and the quantum field at x,
and μ̂JðτJÞ is the monopole moment operator of each
particle detector, which acts over the energy eigenbasis as

μ̂JðτJÞjgJi ¼ eiΩJτJ jeJi; ð6Þ

μ̂JðτJÞjeJi ¼ e−iΩJτJ jgJi: ð7Þ

The time-evolution operator that implements the unitary
evolution due to the Hamiltonian weight in Eq. (4) is then
given by

Û ¼ T exp

�
−i

Z
dVĥðxÞ

�
; ð8Þ

where T denotes time-ordering with respect to an arbi-
trary time-parameter t, and dV is the invariant volume
measure over spacetime. In the regimes that we consider
here, the predictions of the model are independent of the
choice of this time parameter [55]. The time-evolution
operator maps the joint state of the detectors and the field
before the interaction to the joint state after the inter-
action ρ̂ ¼ Ûρ̂ð0ÞÛ†.
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To incorporate the effect of measurements in this setup,
once Clara’s detector interaction is switched off, she
measures a certain observable of her particle detector.
Following the formalism in [53], this process is modeled
applying a rank-one projector P̂ ¼ jsihsj on the detector’s
state, corresponding to the outcome s of the measurement.
Without loss of generality, we can write the outcome
state jsi as1

jsi ¼ ϵjgCi þ
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p
eiξjeCi; ð9Þ

where ϵ is a non-negative real number, and ξ ∈ ½0; 2πÞ.
Unlike performing projective measurements directly on the
field [8,9], this measurement is compatible with relativistic
causality [53]. Note that the projector P̂ can always be
applied after the interactions of detectors A and B with the
field have finished, since P̂ commutes with the Hamiltonian
weights ĥAðxÞ and ĥBðxÞ. This is true even if the meas-
urement is performed on detector C while detectors A and
B are still coupled to the field. The joint detectors-field
system (including the time-evolution and the measurement)
is then

ρ̂s ¼ P̂ Û ρ̂ð0ÞÛ†P̂

TrðP̂ Û ρ̂ð0ÞÛ†P̂Þ : ð10Þ

The state above represents a selective update, correspond-
ing to an observer who has access to the outcome of the
measurement performed on C—and therefore has to be
placed in the causal future of the measurement performance
[53]. The goal is to analyze the entanglement harvested by
detectors A and B in order to understand the effect that the
measurement had on it. To do so, we trace out the degrees
of freedom corresponding to the field and to detector C,
yielding

ρ̂sAB ¼ TrC;ϕðP̂ Û ρ̂ð0ÞÛ†P̂Þ
TrðP̂ Û ρ̂ð0ÞÛ†P̂Þ ¼ hsjTrϕðÛρ̂ð0ÞÛ†Þjsi

TrðP̂ Û ρ̂ð0ÞÛ†P̂Þ : ð11Þ

The time-evolved state does not admit a closed form, but
working in a weak coupling regime allows us to treat it
perturbatively in the coupling strengths. In order to perform
the perturbative analysis in a consistent way, we need to
specify how the orders of the different parameters are
related. Here, we assume that all the coupling strengths

are equal, λA ¼ λB ¼ λC ≡ λ. This assumption allows
us to write the perturbative series in terms of a single
coupling strength λ, simplifying the analysis significantly.2

The Dyson expansion of the time evolution operator then
reads

Û ¼ 1þ
X
k≥1

ÛðkÞ; ð12Þ

with

ÛðkÞ ¼ ð−iÞk
Z

dV1…dVkĥðx1Þ…ĥðxkÞ

× θðt1 − t2Þ…θðtk−1 − tkÞ: ð13Þ

In particular, the numerator of Eq. (11) can be expanded as
(see Appendix A for details)

TrC;ϕðP̂ Û ρ̂ð0ÞÛ†P̂Þ ¼ ϵ2ðρ̂ð0ÞAB þ ρ̂ð2ÞAB Þ
þ ðLCCð1 − 2ϵ2Þ þ κÞρ̂ð0ÞAB

þ γ̂ þ ν̂þ ϵOðλ4Þ þOðλ6Þ; ð14Þ

where the expression for κ is obtained in Appendix A, and
given in Eq. (A18). In the basis fjgAgBi; jgAeBi; jeAgBi;
jeAeBig, the operators above can be written in matrix
form as

ρ̂ð0ÞAB ¼

0
BBB@

1 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

1
CCCA; ð15Þ

1Since we are working in the interaction picture, the specific
form of the projector P̂ depends on the time in which the
measurement is performed, since the outcome state jsi has to be
evolved with the free Hamiltonian correspondingly. This in turn
means that the phase ξ in Eq. (9) depends on the time of the
performance of the measurement. For the sake of a simpler
notation, we will ignore this subtlety in our calculations,
compensating for it by studying the dependence on the phase
ξ later on.

2In particular, doing this we can jointly analyze the measure-
ment and the harvesting protocol just considering the leading
order of the perturbative series. One could indeed analyze the
case where λA, λB, and λC are of the same order of magnitude but
different from each other using the same procedure. In this case,
since the magnitudes of the three strengths are similar, the scale
that characterizes the different orders in perturbation theory
would be the one that sets the magnitude of the three couplings.
However, in this paper we restrict ourselves to identical coupling
strengths to avoid the increased calculational overhead that such
an analysis would require.
Other cases would in general require considering higher

orders to see the interplay between the measurement and the
protocol. For instance, if λA; λB ∼ oðλCÞ, then the effect of the
measurement on the field state would be predominant, and we
would have to go further than leading order to see how the
measurement affects the (now weaker) harvesting protocol. On
the contrary, if λ2C ∼ oðλAλBÞ, then the harvesting protocol would
dominate, and we would have to consider higher order terms to
analyze the effect of the measurement.
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ρ̂ð2ÞAB ¼

0
BBBBB@

−LAA − LBB 0 0 M�
AB

0 LBB L�
AB 0

0 LAB LAA 0

MAB 0 0 0

1
CCCCCA; ð16Þ

γ̂ ¼ ϵ
ffiffiffiffiffiffiffiffiffiffiffiffi
1− ϵ2

p
0
BBB@

0 0 0 0

eiξMAC þ e−iξLAC 0 0 0

eiξMBC þ e−iξLBC 0 0 0

0 0 0 0

1
CCCAþH:c:;

ð17Þ

ν̂ ¼ LCC

0
BBBBB@

−L̃AA − L̃BB 0 0 M̃�
AB

0 L̃BB L̃�
AB 0

0 L̃AB L̃AA 0

M̃AB 0 0 0

1
CCCCCA: ð18Þ

Here, for I; J ∈ fA; B; Cg,

LIJ ¼ λ2
Z

dVdV 0ΛIðxÞΛJðx0ÞeiðΩIτI−ΩJτ
0
JÞWðx0; xÞ: ð19Þ

Also, for I ≠ J,

MIJ ¼ −λ2
Z

dVdV 0ΛIðxÞΛJðx0ÞeiðΩIτIþΩJτ
0
JÞ

× ðθðt − t0ÞWðx; x0Þ þ θðt0 − tÞWðx0; xÞÞ; ð20Þ

and for I; J ∈ fA; Bg,

L̃IJ ¼ LIJ þ
LICL�

JC þMICM�
JC

LCC

; ð21Þ

M̃AB ¼ MAB þ
LACMBC þ LBCMAC

LCC

; ð22Þ

where Wðx; x0Þ ¼ h0jϕ̂ðxÞϕðx0Þj0i is the field Wightman

function. Note that ρ̂ð0ÞAB ¼ jgAihgAj ⊗ jgBihgBj is simply the

initial joint partial state of detectors A and B. The terms ρ̂ð2ÞAB

and γ̂ are of second order in λ, whereas ν̂ and κ are of fourth
order in λ. In particular, κ is subleading for all the
calculations of interest. Finally, in Eq. (11), the denomi-
nator is simply the trace of the numerator, which, using
Eq. (14), we can write as

TrðP̂ Û ρ̂ð0ÞÛ†P̂Þ ¼ ϵ2 þ LCCð1 − 2ϵ2Þ
þ κ þ ϵOðλ4Þ þOðλ6Þ: ð23Þ

This denominator is in fact the probability ProbðsÞ of
measuring the outcome jsi. Along with Eq. (14), this

allows us to find a perturbative expansion for the selectively
updated joint density operator ρ̂sABC given in Eq. (11). As we
will discuss later, it suffices to perform this expansion
up to second order in perturbation theory, since this is
the leading order for the entanglement harvested. This
involves considering a perturbative expansion of Eq. (11).
Note, however, that the expression for ρ̂sAB is not analytic at
ðϵ; λÞ ¼ ð0; 0Þ. This forces us to be specially careful with
the expansions when ϵ ¼ hsjgCi approaches zero (i.e.,
when the outcome state jsi is close to the excited state
jeCi). The necessity of studying separately the case in
which the outcome of the measurement is orthogonal to the
initial state of the measured particle detector was already
pointed out in [53]. One way of making sense of this is to
realize that one cannot expect the updated state of the field
for ϵ ¼ 0 to converge to the vacuum when λC → 0, since if
the particle detector does not couple to the field at all, then
an orthogonal outcome is not possible. However, it is
important to analyze the case where 1 ≫ ϵ > 0, for which
we can take a perturbative approach on the parameter ϵ.
In order to gain further intuition, let us analyze the

behavior of ProbðsÞ, given in Eq. (23), at leading order. If
λ ≪ ϵ, i.e., if the inner product jhsjgCij is large compared
to the coupling strength,3 ProbðsÞ is given at leading order
by ϵ2. In particular, in Eq. (23), the term proportional to ϵ2

is one order of λ below the rest of the terms as long as
ϵ ¼ ΘðλδÞ for δ < 1=2, where we have used the big theta
symbol4 of the Bachmann-Landau notation [56]. We will
refer to the regime ϵ ¼ ΘðλδÞ for δ < 1=2 as the non-
orthogonal regime. This is because in the perturbative
regime λ≪ 1, ϵ¼ ΘðλδÞwith δ< 1=2 guarantees that ϵ≫ λ
(roughly speaking, the distance to orthogonality is much
larger than the displacement that the interaction will cause).
If ϵ ¼ ΘðλδÞ with δ > 3=2, the term proportional to ϵ2 is
instead one order in λ above the leading order in Eq. (23),
which is given by the excitation probability LCC ¼ Θðλ2Þ.
We will call this regime the orthogonal regime, since in this
case ϵ ≪ λ ≪ 1. Finally, if ϵ ¼ ΘðλδÞ for 1=2 < δ < 3=2,
the leading order term in λ in Eq. (23) is ϵ2 þ LCC. We will
refer to this regime as the transition regime. We will study

3Notice that we are considering that the background spacetime
of our setup is (3þ 1)-dimensional. Unlike in any other number
of dimensions, for 3þ 1 spacetime dimensions the coupling
strength λ is dimensionless. Therefore, its magnitude can be
directly compared with the inner product ϵ ¼ jhsjgCij, which is
also a dimensionless quantity.

4Specifically, we say that fðxÞ ¼ ΘðgðxÞÞ when x → a (for
a ∈ R̄) iff there exist positive constants 0 < c1 < c2 such that

c1 < lim inf
x→a

fðxÞ
gðxÞ ≤ lim sup

x→a

fðxÞ
gðxÞ < c2.

This is in contrast with the big O (or big Omicron)
notation, fðxÞ ¼ OðgðxÞÞ, which shall be interpreted as
lim supx→ajfðxÞ=gðxÞj < ∞.
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the entanglement harvested for the different regimes
separately. To understand the effect that the measurement
has in each case, we shall compare the results with the
entanglement that Alba and Blanca would harvest if Clara
were not there to perform her measurement. In the absence
of measurements, the time evolved state would be

ρ̂AB ¼ TrϕðV̂ρ̂ð0ÞAB V̂
†Þ; ð24Þ

where V̂ is the time-evolution operator associated only to
the interactions of detectors A and B, namely

V̂ ¼ T exp

�
−i

Z
dVðĥAðxÞ þ ĥBðxÞÞ

�
: ð25Þ

With the notation used in Eq. (14), the final state is
simply [21]

ρ̂AB ¼ ρ̂ð0ÞAB þ ρ̂ð2ÞAB þOðλ4Þ: ð26Þ

III. ENTANGLEMENT HARVESTING WHEN THE
FIELD IS MEASURED

In order to quantify the entanglement between Alba and
Blanca’s particle detectors, we use the negativity [57]. We
will compute the negativity of ρ̂sAB in each regime and
compare it with the negativity of ρ̂AB corresponding to the
protocol without measurements (wm), which reads [21]

N wm¼max

�
0;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jMABj2þ

ðLAA−LBBÞ2
4

r
−
LAAþLBB

2

�
þOðλ4Þ: ð27Þ

We can associate the term MAB with the quantum corre-
lations acquired by detectors A and B. LAA and LBB are
local terms corresponding to the excitation probabilities of
each detector. Note that the expression is clearly bounded
by jMABj, and the local terms act as noise that can only
decrease the entanglement harvested by the detectors.
If, instead, we consider a protocol in which a third party

has performed a measurement, the resulting postmeasure-
ment state has the following structure in matrix form:

ρ̂sAB ¼

0
BBBBB@

1 − λ2r22 − λ2r33 ΘðλbÞ ΘðλbÞ λ2r�41
ΘðλbÞ λ2r22 λ2r�32 0

ΘðλbÞ λ2r32 λ2r33 0

λ2r41 0 0 0

1
CCCCCA

þOðλ3Þ; ð28Þ

where r22 and r33 are positive and b ≥ 1. In the case
b ≥ 3=2, which corresponds to both the orthogonal and the
nonorthogonal regime, the negativity is given by

N s ¼ λ2 max

�
0;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jr41j2 þ

ðr22 − r33Þ2
4

r
−
r22 þ r33

2

�
þOðλ3Þ; ð29Þ

as seen in Appendix B. The cases with 1 ≤ b < 3=2
correspond to the transition regime. In what follows, we
will analyze the nonorthogonal and orthogonal regimes in
full generality, and analyze the particular case of the
transition regime in which b ¼ 1, for which the negativity
admits a second order power expansion in λ.

A. Nonorthogonal regime

We analyze the case in which the scalar product between
the initial state of detector C, jgCi, and the outcome of the
measurement, jsi, are far from being orthogonal. This
translates into the assumption ϵ ¼ hsjgCi ¼ ΘðλδÞ, with
δ < 1=2. Under these conditions, the probability of the
outcome jsi is at leading order ϵ2, and since λ ≪ 1, we have
that ϵ ≫ λ. Note that by setting δ ¼ 0 we recover the case
in which ϵ is just some finite constant unrelated to the
coupling between the field and detector C. Under these
conditions, the state updated after the measurement can be
expanded as

ρ̂sAB ¼ ρ̂ð0ÞAB þ 1

ϵ2
γ̂ þ ρ̂ð2ÞAB −

LCC

ϵ4
γ̂ þOðλ3Þ

¼

0
BBB@

1 − LAA − LBB Θðλ2−δÞ Θðλ2−δÞ M�
AB

Θðλ2−δÞ LBB L�
AB 0

Θðλ2−δÞ LAB LAA 0

MAB 0 0 0

1
CCCA

þOðλ3Þ: ð30Þ

All the measurement contributions are proportional to the
operator γ̂, and they are contained in the Θðλ2−δÞ entries of
the measurement updated final operator. Using the expres-
sion given in Eq. (29), we find that the negativity for the
measurement updated density operator is given by

N s ¼ max

�
0;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jMABj2 þ

ðLAA − LBBÞ2
4

r
−
LAA þ LBB

2

�
þOðλ3Þ; ð31Þ

which coincides at leading order in λ with the negativity in
the absence of measurements, given in Eq. (27). Despite the
measurement contributing to the joint state of the particle
detectors at leading order, the negativity at leading order is
fully determined by the interactions of detectors A and B,
and therefore independent of the measurement.
Experimental implementations of entanglement harvest-

ing might imply measuring the quantum field during the
preparation of the protocol. These results imply that within
the nonorthogonal regime it is possible to perform weak
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measurements on the quantum field without significantly
affecting the entanglement harvested in an independent
protocol. One easy way to guarantee this is to only measure
the particle detector used to probe the field in a basis whose
elements are not close to orthogonal to the initial state of
such detector (which in this case is its ground state).

B. Orthogonal regime

We now focus on the case in which the scalar product is
small compared to the coupling parameter, i.e., ϵ ≪ λ ≪ 1.
Specifically, we consider ϵ ¼ ΘðλδÞ with δ > 3=2. In
this regime, the probe’s postmeasurement state jsi is close
enough to the excited state so that the probability of
obtaining that outcome, ProbðsÞ, is dominated by the
probability of excitation of detector C, LCC. Under these
conditions, the joint state of the detectors can be expressed as

ρ̂sAB ¼ ρ̂ð0ÞAB þ γ̂

LCC

þ ν̂

LCC

þOðλ3Þ

¼

0
BBBBB@

1 − L̃AA − L̃BB ΘðλδÞ ΘðλδÞ M̃�
AB

ΘðλδÞ L̃BB L̃�
AB 0

ΘðλδÞ L̃AB L̃AA 0

M̃AB 0 0 0

1
CCCCCA

þOðλ3Þ: ð32Þ

Since δ > 3=2, we can again use Eq. (29) to compute the
negativity:

N s ¼ max

�
0;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jM̃ABj2 þ

ðL̃AA − L̃BBÞ2
4

s
−
L̃AA þ L̃BB

2

�
þOðλ3Þ: ð33Þ

In this case, the measurement performed on C does modify
the leading order of the entanglement harvested by A and B.
On the one hand, from Eq. (19) we see that the measurement
enhances the local noise terms by adding positive contri-
butions of the form ðjLICj2 þ jMICj2Þ=LCC, for I ∈ fA; Bg.
On the other hand, from Eq. (20) we also see that the
measurement modifies the nonlocal correlation term. Since
the entanglement harvested is a competition between local
and nonlocal terms [21], it is not clear from the equation
above whether the measurement increases or decreases the
entanglement harvested by the detectors. In Sec. IV, we will
restrict ourselves to a specific case study in order to obtain
some explicit results.

C. Transition regime

We now explore the case where ϵ ¼ ΘðλδÞ with
1=2 < δ < 3=2. Specifically, we will analyze the case
where ϵ and λ are comparable, i.e., when δ ¼ 1. This is
convenient because for the remaining range of values of δ,

the negativity does not admit a power series up to second
order in λ. In the case δ ¼ 1, the final state of the particle
detectors can be expanded as

ρ̂sAB ¼ ρ̂ð0ÞAB þ γ̂ þ ν̂þ ϵ2ρ̂ð2ÞAB

ϵ2 þ LCC

þOðλ3Þ

¼

0
BBB@

1 − L0
AA − L0

BB L0�
B L0�

A M0�
AB

L0
B L0

BB L0�
AB 0

L0
A L0

AB L0
AA 0

M0
AB 0 0 0

1
CCCA

þOðλ3Þ; ð34Þ

with

L0
I ¼

ϵ

ϵ2 þ LCC

ðe−iξM�
IC þ eiξL�

ICÞ; ð35Þ

L0
IJ ¼ LIJ þ

LICL�
JC þMICM�

JC

ϵ2 þ LCC

; ð36Þ

M0
AB ¼ MAB þ

LACMBC þ LBCMAC

ϵ2 þ LCC

; ð37Þ

for I; J ∈ fA; Bg. Note that L0
I ¼ ΘðλÞ, L0

IJ ¼ Θðλ2Þ, and
M0

AB ¼ Θðλ2Þ. Thus, in this case the matrix γ̂, which yields
the terms L0

I, contributes to the joint state of the detectors at
first order in λ. This is in contrast with both the non-
orthogonal and orthogonal regimes, for which the contri-
bution of γ̂ was always of order λ3=2 or higher, and we saw
that it did not affect the entanglement harvested.
Using the matrix form given in Eq. (34), and the methods

given in Appendix B, we can express the negativity of the
postselected state as

N s ¼ max

�
0;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ᾱ2 þ β2 − 2β̄ ᾱþζ

p
2

−
α − β

2

�
þOðλ3Þ; ð38Þ

where we have denoted

α ¼ L0
AA þ L0

BB ; ð39Þ

ᾱ ¼ L0
AA − L0

BB ; ð40Þ

β ¼ jL0
A j2 þ jL0

B j2; ð41Þ

β̄ ¼ jL0
A j2 − jL0

B j2; ð42Þ

ζ ¼ 8 ReðL0
A L0

B M0�
AB Þ: ð43Þ

Wewill obtain explicit results when we examine an explicit
protocol in Sec. IV.
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IV. CASE STUDY: INERTIAL POINTLIKE
DETECTORS WITH GAUSSIAN SWITCHINGS

We have seen that measurements do not affect the
entanglement harvested at leading order in λ in the
nonorthogonal regime. On the other hand, for the out-
comes s for which ϵ ¼ hsjgCi is sufficiently small, i.e., in
the orthogonal and the transition regimes, the measure-
ment has a more disruptive effect on the joint state of
detectors A and B. As seen in Eqs. (33) and (38), in these
regimes the measurement affects the entanglement har-
vested at leading order. In this section we study an explicit
protocol in the simplest spacetime background and detec-
tor trajectories. Namely, we will consider inertial comov-
ing pointlike detectors in Minkowski spacetime with
Gaussian switchings.
We consider that the three particle detectors involved in

the protocol are at rest in the inertial reference frame ðt; xÞ,
and therefore their proper times coincide with the coor-
dinate time t. Their trajectories can be parametrized as
zIðtÞ ¼ ðt; xIÞ, where xI is constant and I ∈ fA; B; Cg, and
their energy gaps are all the same, ΩA ¼ ΩB ¼ ΩC ≡Ω.
For the pointlike case, the spacetime smearing can be
written as

ΛIðt; xÞ ¼ χIðtÞδð3Þðx − xIÞ; ð44Þ

where χ IðtÞ is the so-called switching function, which
controls the strength of the coupling of the detector and
the field in time. For this case study we consider that the
switching functions will be Gaussian,

χIðtÞ ¼
1ffiffiffiffiffiffi
2π

p exp

�
−
ðt − tIÞ2
2T2

�
; ð45Þ

where T determines the effective duration and tI the peaks
of the interaction of each detector with the field. With
these choices, the interactions of the three detectors are
identical in shape, and localized around different points of
spacetime ðtI; xIÞ.
Although the Gaussian switching function for detector C

is nonzero for all t ∈ R,Z þ∞

tCþ5T
dt χCðtÞ < 10−6

Z þ∞

−∞
dt χCðtÞ: ð46Þ

Thus, if we assume that the measurement on detector C
is performed at t ¼ t0 ≥ tC þ 5T, we can consider
that its interaction is effectively decoupled from the field
at the time at which the measurement is performed.5

This approximation allows us to use all the calculations6

given in Sec. II.
Recall that, for all regimes, the negativity is a function of

the terms LIJ and MIJ given in Eqs. (19) and (20). For the
specific protocol presented in this section, the LIJ terms can
be given in closed-form. Due to the translational symmetry
of Minkowski spacetime, all the local terms are equal,
LAA ¼ LBB ¼ LCC ≡ L. The single momentum integral can
be solved explicitly,

L ¼ λ2T2

2π2

Z
∞

0

dk
2
k e−ðΩþkÞ2T2 ð48Þ

¼ e−Ω
2T2 −

ffiffiffi
π

p
ΩTerfcðΩTÞ

8π2
: ð49Þ

The nonlocal terms LIJ, for I ≠ J, can also be cast as a single
momentum integral which admits a closed form

LIJ ¼
λ2T2

2π2

Z
∞

0

dk
2
ke−ðΩþkÞ2T2þiðΩþkÞΔIJ sincðkLIJÞ

¼ λ2

16π3=2
T
LIJ

e−
L2
IJ

4T −
Δ2
IJ

T2

×

�
e
LIJΔIJ

2T2
þiΩLIJ

�
iþ erfi

�
LIJ−ΔIJ

T2
− iΩT

��

þe
−LIJΔIJ

2T2
−iΩLIJ

�
−iþ erfi

�
LIJþΔIJ

T2
þ iΩT

���
; ð50Þ

where LIJ ¼ jxI − xJj is the distance between detectors I and
J, and ΔIJ ¼ tI − tJ is the delay between the peaks of their
switching functions. TheMIJ terms can also be written as a
momentum integral, but they do not admit a closed form:

MIJ ¼ −
λ2T2

4π2
eiΩðtIþtJÞ

Z þ∞

0

dk
2
ke−ðΩ2þk2ÞT2

sincðkLIJÞ

×

�
eiΩΔIJ

�
1 − erf

�
ΔIJ

2T
þ ik

��

þ e−iΩΔIJ

�
1 − erf

�
−ΔIJ

2T
þ ik

���
: ð51Þ

5This kind of approximation is common in relativistic quantum
information and has been studied rigorously in the context of
interaction regions that are effectively spacelike separated, even
when the supports of the detectors’ switching and smearing
functions are not compact (see, e.g., [31,58]).

6In more detail, in this case we should apply the operator
Ûðþ∞; t0ÞP̂ Ûðt0;−∞Þ in Eq. (10) instead of P̂ Û, where

Ûðt2; t1Þ ¼ T exp

�
−i

Z
dV ĥðxÞθðt − t1Þθðt2 − tÞ

�
: ð47Þ

However, if Clara’s detector is effectively switched off at
t > t0 > tC þ 4T, we can assume that the time evolution corre-
sponding to detector C contained in Ûðþ∞; t0Þ is negligible.
Since the time-evolution associated to detectors A and B
commutes with P̂ (they act on different Hilbert spaces), we have
Ûðþ∞; t0ÞP̂ Ûðt0;−∞Þ ≃ P̂ Û.

HOW MEASURING A QUANTUM FIELD AFFECTS … PHYS. REV. D 107, 045011 (2023)

045011-7



Nevertheless, these terms can be easily evaluated numeri-
cally, which will allow us to analyze the effect of the
measurement in the orthogonal and the transition regimes.

A. Orthogonal regime

In this subsection, we consider several entanglement
harvesting scenarios, and we study the effect that the
measurement has on the entanglement harvested when
we are in the orthogonal regime. Thus, in these scenarios
the negativity is given by Eq. (33).
First, we consider a protocol in which Alba and Blanca

harvest spacelike entanglement from the quantum field. In
this setup, their detectors are switched on at the same
coordinate time, that is ΔAB ¼ 0, and we take the proper
distance between them to be LAB. We take detector C to be
located at the middle point between detectors A and B,
setting LAC ¼ LBC ¼ LAB=2 (see Fig. 1).
If we fix LAB ¼ 5T, the interaction regions of the

detectors A and B can be considered to be effectively
spacelike separated for entanglement harvesting purposes.
Namely, it was shown in [58] that for this specific setup,
communication between the detectors has a negligible
effect in the entanglement that they harvest (see also
[31]). The negativity of ρ̂sAB in this configuration is plotted
in Fig. 2 as a function of the delay ΔAC ¼ ΔBC, for different
energy gaps. We consider positive values for the delay, so
that this configuration can be understood, e.g., as a
simplified model for a spacelike entanglement harvesting
protocol in which a measurement is performed during the
preparation of the experiment. For comparison, we also
plotted with dashed lines the negativity of ρ̂AB, which
corresponds to the entanglement harvested with the same
protocol for Alba and Blanca, but without Clara’s inter-
vention, i.e., without measurements. Several values of Ω
were chosen to see that the effect of the measurement

does not qualitatively change as a function of the energy
gap. As a baseline for comparison, we used the value
of Ω for which the maximum of the negativity of ρ̂AB is
reached, which was found in [58] to be approximately
Ωmax ≈ LAB=2T2 ¼ 2.5=T. For each value of ΩT, the
negativity of ρ̂sAB is always below the negativity of ρ̂AB.
Therefore, the measurement decreases the entanglement
harvested. We observe that if the delay between the
switching function for C and the switching functions for
A and B is small enough, the measurement destroys the
entanglement acquired by A and B up to second order in λ
for every examined case. The negativity of ρ̂sAB increases
with ΔAC. For large values of ΔAC, the negativity of ρ̂sAB
tends asymptotically to the negativity of ρ̂AB. This is
because the field correlations of the interaction region of
C with the interaction regions of A and B decay as the delay
between them increases. Indeed, as ΔAC ¼ ΔBC increases,
the nonlocal terms LIC and MIC involving detector C
decrease, and we have that L̃IJ and M̃IJ tend to LIJ and
MIJ, respectively [see Eqs. (21) and (22)]. Therefore, the
effect of the measurement on entanglement harvested
becomes negligible for large enough delays.
The reader might be surprised by the fact that for

configurations in which A, B and C are supposed to be
spacelike separated, the measurement performed by Clara
on detector C can end up not only affecting the entangle-
ment harvested by A and B, but completely destroying it.
One can make sense of this taking into account that the state
ρ̂sAB only has physical meaning in a region of spacetime
when the correlations between A and B can be measured.
This necessarily corresponds to a “processing region”
[53,59] in the causal future of both Alba and Blanca,
which, given the configuration in Fig. 1, will also be in the
causal future of Clara’s measurement. The outcome of the
measurement will therefore be available to the processing
region, and since detector C is correlated with the field,
which is correlated with detectors A and B, the corre-
sponding update does indeed affect the joint state of A and

FIG. 1. Configuration in a slice of spacetime of the interaction
regions (in blue) of the three detectors involved in the first example
protocol, i.e., with parameters LAC ¼ LBC ¼ LAB=2 ¼ 2.5T and
ΔAB ¼ 0.

FIG. 2. (Solid lines) Negativity in the orthogonal regime
of ρ̂sAB as a function of the delay ΔAC for different values of
the energy gap ΩT, and parameters LAC ¼ LBC ¼ LAB=2 ¼ 2.5T
and ΔAB ¼ 0. This plot corresponds to the scheme in Fig. 1.
(Dashed lines) Negativity of ρ̂AB for the same values of LAB and
ΔAB for different ΩT.
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B, even if both the interaction and the measurement of C are
spacelike separated from the interactions of detectors A and
B with the field.
Note that with the choice of parameters analyzed in

Fig. 2, detectors A and B interact with the field in
effectively spacelike separated regions. However, due to
its position, C is in effective causal contact with both A and
B. Because of this, in this case one might wonder then if the
leading order effect of the measurement is due to the
interaction of the detector with the field (which then
propagates to the effective interaction regions of detectors
A and B), rather than to the projective measurement
performed on the detector and the field correlations. In
order to clarify this, we analyzed the behavior of the
negativity for the same configuration depicted in Fig. 1, but
with a larger separation between the particle detectors:
LAC ¼ LBC ¼ LAB=2 ¼ 5T. The results are plotted in Fig. 3.
For this choice of parameters, we can consider that as
ΔAC ¼ ΔBC approaches zero, the interaction region of
detector C is effectively spacelike separated from those
of detectors A and B. We then observe that even when the
three interactions are effectively causally disconnected, the
measurement does destroy the entanglement harvested. We
conclude that the three detectors get correlated due to their
interactions with the field, and it is indeed Clara’s meas-
urement what sabotages the entanglement between A
and B.
Notice that the fact that the selective measurement on

C affects A and B does not mean that it can be used to
send information from C to A and B. Indeed, the reason
the measurement on C affects the joint state of the
detectors A and B is that we are postselecting the state
to having obtained a particular outcome of the meas-
urement of C. Thus, the effect we are witnessing when a
spacelike measurement on C affects A and B is not one
of faster-than-light signalling, but one of correlations
between the state of C (and therefore the outcome
of the measurement performed on it) and the joint state
of A and B.

We now analyze the effect of the measurement in a
timelike entanglement harvesting protocol. Notice that
due to the strong Huygens principle in 3þ 1 spacetime
dimensions, when the detectors are in strictly timelike
separation, the entanglement acquired between is not due
to communication but rather is genuine harvesting of the
field correlations (see, e.g., [31]). For simplicity, we set
LAB ¼ LAC ¼ LBC ¼ 0, and we keep constant the delay
between the switching functions of Alba and Blanca to be
ΔAB. For this setup, we vary the delay ΔAC > 0, as depicted
in Fig. 4.
The negativity of ρ̂sAB in the orthogonal regime for this

configuration is plotted in Fig. 5 as a function of the delay
ΔAC > 0, for different values of the energy gap. This
configuration could model, e.g., a timelike entanglement
harvesting protocol for which a measurement has been
performed during its preparation. We also plot the neg-
ativity of ρ̂AB corresponding to the protocol when Clara
does not carry out any measurement. We observe a similar
behavior to the spacelike entanglement harvesting protocol

FIG. 3. (Solid lines) Negativity in the orthogonal regime
of ρ̂sAB as a function of the delay ΔAC for different values of
the energy gap ΩT, and parameters LAC ¼ LBC ¼ LAB=2 ¼ 5T
and ΔAB ¼ 0. This plot corresponds to the scheme in Fig. 1.
(Dashed lines) Negativity of ρ̂AB for the same values of LAB and
ΔAB for different ΩT.

FIG. 4. Configuration in a slice of spacetime of the interaction
regions (in blue) of the three detectors involved in the first
example protocol, i.e., with parameters LAC ¼ LBC ¼ 0.

FIG. 5. (Solid lines) Negativity in the orthogonal regime of ρ̂sAB
as a function of the delay ΔAC > 0 for different values of the
energy gap ΩT, and parameters LAC ¼ LBC ¼ LAB ¼ 0 and
ΔAB ¼ 5T. This plot corresponds to the scheme in Fig. 4. (Dashed
lines) Negativity of ρ̂AB for the same values of LAB and ΔAB for
different ΩT.
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previously analyzed. In particular, the measurement
destroys the entanglement harvested at second order by
Alba and Blanca for small enough ΔAC. As ΔAC increases,
the detectors start harvesting entanglement, and the neg-
ativity of ρ̂sAB tends to that of ρ̂AB for large values of ΔAC, for
the same reason as in the case of the spacelike harvesting
configuration in Fig. 2.
Finally, we also analyze the case in which detector C

interacts with the field at a time between the interactions of
A and B, as shown in Fig. 6. We fixedΔBA ¼ 5T. For all the
values of ΔAC and for all the different energy gaps studied,
we find that the measurement cancels the entanglement
between detectors A and B up to second order.
Overall, in all the configurations studied we have

associated the measurement in the orthogonal regime with
a decrease or even a complete cancellation of the entan-
glement harvested. However, if the delay between the
switching function of detector C and the switching func-
tions of the rest of the detectors is large enough, the effect
of the measurement is suppressed. This is because the
field correlations between the interaction region of C and
the region where harvesting is performed decay with the
spacetime separation between them, so that the selective
measurement reveals increasingly less information about
the field at the harvesting region.

B. Transition regime

In this subsection, we analyze the effect that the
measurement has on the entanglement harvested when
we are in the transition regime, for the same configurations
studied in the previous subsection. Thus, in these scenarios
negativity is given by Eq. (38).
As discussed in Sec. III, the matrix γ̂ only yields a

leading order contribution to the negativity in the transition
regime. We will see that this contribution yields a more
complex behavior than both the nonorthogonal regime, in

which the negativity is not affected at leading order, and the
orthogonal regime, in which the measurement decreases the
negativity. In particular, in this case the entanglement
harvested can be increased by a third party performing
field measurements.
Recall that in the transition regime we analyzed the case

ϵ ¼ ΘðλÞ, and note that in this case the specific value of ϵ
affects ρ̂sAB at leading order [see Eqs. (34)–(37)]. For
simplicity, in what follows we take ϵ ¼ λ.
We first analyze the contribution of the measurement

in a scenario of spacelike entanglement harvesting (the
situation on Fig. 1). As before, we set ΔAB ¼ 0 and
LAC ¼ LBC ¼ LAB=2 ¼ 2.5T. The negativity for this con-
figuration is plotted in Fig. 7 as a function of the delay
between the switching function of detectors A and C,
ΔAC > 0, for different values of the phase ξ [see Eq. (9)]
and fixed energy gapΩT ¼ 2.5. We also plot the negativity
of ρ̂AB for the same configuration. The measurement
introduces small damped oscillations with the parameter
ΔAC that converge for large ΔAC to the negativity of ρ̂AB,
with the phase of the oscillations controlled by ξ. It is worth
pointing out that the relative difference between the
negativity of ρ̂sAB and the negativity of ρ̂AB is never larger
than a 0.1%. This may however be related to the fact that
we are working in a weak measurements regime, and
therefore using a stronger coupling between detector C and
the field might yield a higher relative enhancement.
In any case, we see that the effect is small. In fact, we

performed the analysis for a different set of parameters,
namely, ΔAB ¼ 0 and LAC ¼ LBC ¼ LAB=2 ¼ 5T, with a
fixed energy gap of LAB=2T2 ¼ 5=T, observing that in this
case it is not possible to distinguish numerically the
negativity of ρ̂AB and the negativity of ρ̂sAB. This is related
to the fact that the terms LIJ andMIJ decay with the energy
gap. As seen in Eqs. (35)–(38), the measurement contri-
butions to the negativity are given by products of the form
LICL�

JC, MICM�
JC, and LICMJC. Meanwhile, the contribu-

tions due to the entanglement harvesting protocol per-
formed by A and B, which are present both with and
without measurements, are given in terms of LIJ and MAB.
As a result, the measurement contributions decay faster

FIG. 6. Configuration in a slice of spacetime of the interaction
regions (in blue) of the three detectors involved in the first
example protocol, i.e., with parameters LAC ¼ LBC ¼ LAB ¼ 0.

FIG. 7. (Solid lines) Negativity in the transition regime of ρ̂sAB
as a function of ΔAC for different values of ξ, and ΩT ¼ 2.5,
LAC ¼ LBC ¼ LAB=2 ¼ 2.5T and ΔAB ¼ 0. This plot corresponds
to the scheme in Fig. 1. (Dashed line) Negativity of ρ̂AB for the
same values of LAB, ΔAB and ΩT.

HÉCTOR MAESO-GARCÍA et al. PHYS. REV. D 107, 045011 (2023)

045011-10



with the energy gap. Since we have considered a value
of the gap that is double7 the value used for the analysis in
Fig. 7, the effect of the measurement is suppressed. This is
in contrast with the behavior displayed in the orthogonal
regime, when the energy gap does not modify the relative
magnitude of the effect of the measurement in the neg-
ativity of ρ̂sAB with respect to ρ̂AB.
We now analyze the effect of the measurement in a

timelike harvesting protocol (see Fig. 4). As for the
orthogonal regime, we set LAB ¼ LAC ¼ LBC ¼ 0 and
ΔBA ¼ 5T. The negativity of ρ̂AB is plotted in Fig. 8 as a
function of ΔAC > 0 for different values of ξ and for
ΩT ¼ 2.5. As for the spacelike protocol, we observe
damped oscillations that converge to the negativity of
ρ̂AB for large values of the delay ΔAC. The phase of the
oscillations is determined by the parameter ξ.
Finally, Fig. 9 shows the analysis for a timelike protocol

with 0 < ΔCA < ΔBA ¼ 5T (see scheme in Fig. 6). A
similar oscillatory behavior of the negativity with ΔCA is
observed. The amplitude of the oscillations is maximized if
the delays ΔCA and ΔBC are equal.
Overall, we have associated the effect of the measure-

ment in the transition regime with small modifications of
the negativity at leading order, which are suppressed with
the energy gap. The measurement introduces oscillations
with the delay between the switching function of detector C
and the switching functions of detectors A and B.

V. NONSELECTIVE MEASUREMENT

In previous sections we have discussed protocols in
which the measurement taking place is a selective one, i.e.,
the outcome is known and the state of the system is updated
accordingly. However, it is also possible to consider the
case in which the measurement performed by Clara is
nonselective. The update in this case only takes into
account that the measurement is performed, but not the
outcome, since this information is assumed to be

unavailable. This update is the weighted average of the
updates associated with all the possible outcomes, where
the weights are their corresponding probabilities of occur-
rence. Let us denote with jsi; js̄i the eigenstates associated
with the possible outcomes of the measurement, which
form an orthonormal basis of the Hilbert space of detector
C. The nonselectively updated joint detectors-field state
ρ̂NS is then given by

ρ̂NS ¼ ProbðsÞρ̂s þ Probðs̄Þρ̂s̄; ð52Þ

where ρ̂s and ρ̂s̄ are the updates corresponding to each
outcome, given by Eq. (11), and ProbðsÞ and Probðs̄Þ are
their probabilities, given by Eq. (23). This update corre-
sponds to an observer who is aware of the measurement
being performed but who is not aware of its outcome
[53,60,61]. Alba and Blanca would use this update if Clara
is spacelike separated from them but she told them before-
hand that she would perform the measurement. The above
equation can be expanded as

ρ̂NS ¼ jsihsjÛρ̂ð0ÞÛ†jsihsj þ js̄ihs̄jÛρ̂ð0ÞÛ†js̄ihs̄j: ð53Þ

Tracing out the degrees of freedom corresponding to the
field and detector C, we recover the partial state of detectors
A and B,

ρ̂NSAB ¼ TrC;ϕðρ̂NSÞ
¼ hsjÛρ̂ð0ÞÛ†jsi þ hs̄jÛρ̂ð0ÞÛ†js̄i
¼ TrC;ϕðÛρ̂ð0ÞÛ†Þ: ð54Þ

This is in fact the same final partial state that would be
obtained if the three detectors had interacted with the field
and the nonselective projective measurement on detector C
had not been performed at all [53]. Moreover, this state
does not contain any term related to detector C up to second
order in λ. Concretely,

FIG. 8. (Solid lines) Negativity in the transition regime of ρ̂sAB
as a function of ΔAC for different values of ξ, and ΩT ¼ 2.5,
LAC ¼ LBC ¼ LAB ¼ 0 and ΔBA ¼ 5T. This plot corresponds to
the scheme in Fig. 4. (Dashed line) Negativity of ρ̂AB for the same
values of LAB, ΔBA and ΩT.

FIG. 9. (Solid lines) Negativity in the transition regime of ρ̂sAB
as a function of the delay 0 < ΔCA < ΔBA for different values of
the phase ξ, and parameters ΩT ¼ 2.5, LAC ¼ LBC ¼ LAB ¼ 0
and ΔBA ¼ 5T. This plot corresponds to the scheme in Fig. 4.
(Dashed line) Negativity of ρ̂AB for the same values of LAB, ΔBA

and ΩT.

7This is because for larger separation distances one needs to
consider larger energy gaps to harvest entanglement [21,22].
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ρ̂NSAB ¼ ρ̂ð0ÞAB þ ρ̂ð2ÞAB þOðλ4Þ; ð55Þ

where ρ̂ð2ÞAB is given in Eq. (16). This is, up to second order in
λ, the same joint state for detectors A and B that we get
when there is no detector C involved in the protocol, i.e.,
ρ̂AB given in Eq. (26). Therefore, the negativity for the
nonselective measurement at leading order is given by
Eq. (27). The entanglement harvested in the nonselective
measurement is not affected by neither the interaction of
detector C with the field nor the (nonselective) projective
measurement performed on it.

VI. CONCLUSIONS

In this paper, we have explored how entanglement
harvesting is affected by the performance of selective
and nonselective measurements of the quantum field—as
modeled in [53], i.e., using particle detectors. For weakly
coupled detectors with identical coupling strengths, we
found that the effect of the measurement at leading order is
strongly dependent on the relation between the coupling
parameter of the detector used to measure the field and the
outcome of the measurement. Specifically, we identified
three different regimes depending on the relation between
the coupling strength λ and the modulus of the scalar
product between the postmeasurement state on the initial
state of the probe used to measure the field ϵ, which is a
measure of how (non)orthogonal these two states are to
each other.
For ϵ ≫ λ (nonorthogonal regime), we found that the

measurement does not affect the entanglement harvested at
leading order—even though it does affect the joint state of
the particle detectors harvesting entanglement up to second
order in λ, which is the leading order of the negativity. For
ϵ ≪ λ (orthogonal regime), we studied numerically spe-
cific setups, finding that the measurement acts as a source
of noise that sabotages the entanglement harvested. For the
same setups, we saw that if ϵ ∼ λ (transition regime), the
measurement has a small effect that can in principle yield
small enhancements of the entanglement harvested for an
adequate choice of parameters of the protocol. We noted
that the effects of the measurement are suppressed as the
time interval between the measurement and the entangle-
ment harvesting protocol increases. Finally, we studied the
effect of nonselective measurements, to find that they do
not affect the entanglement harvested at leading order. This
makes clear that the disruptive effects of the measurement
on the entanglement harvested observed in the orthogonal
and transition regimes are due to postselection.
Since our study reveals that the measurement protocol

affects the results of entanglement harvesting, it is arguable
that the process of state preparation and measurement may
be important in an experimental implementation of the
protocol. As such, analyses of the kind performed in this

paper may be relevant for future experimental explorations
of this relativistic quantum information protocol.
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APPENDIX A: MEASUREMENT UPDATED
DENSITY OPERATOR

In this Appendix we prove that Trϕ;C½P̂ Û ρ̂ð0ÞÛ†P̂�
admits the expansion used in Eq. (14). First, we note that

Trϕ;C½P̂ Û ρ̂ð0ÞÛ†P̂� ¼ hsjTrϕ½Ûρ̂ð0ÞÛ†�jsi
¼ hsjρ̂ABCjsi; ðA1Þ

where ρ̂ABC ¼ Trϕ½Ûρ̂ð0ÞÛ†�. Using the Dyson expansion of
the time-evolution operator given in Eq. (13), ρ̂ABC can be
written as

ρ̂ABC ¼ ρ̂ð0ÞABC þ ρ̂ð2ÞABC þ ρ̂ð4ÞABC þOðλ6Þ; ðA2Þ

where ρ̂ðkÞABC is proportional to λk:

ρ̂ð2ÞABC ¼Trϕ½Ûð2Þρ̂ð0Þ�þTrϕ½Ûð1Þρ̂ð0ÞÛð1Þ†�þTrϕ½ρ̂ð0ÞÛð2Þ†�;
ðA3Þ

ρ̂ð4ÞABC ¼
X4
i¼0

Trϕ½ÛðiÞρ̂ð0ÞÛð4−iÞ†�: ðA4Þ

Notice that the odd-order corrections cancel because all the
odd-point functions of the vacuum are zero. Using that
detector C is initially in its ground state, and Eq. (9) for the
outcome state jsi, we have that

hsjρ̂ð0ÞABCjsi ¼ ϵ2ρ̂ð0ÞAB : ðA5Þ

Regarding the second order terms, we have that
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hsjρ̂ð2ÞABCjsi ¼
X

I;J∈fA;B;Cg
λ2
�Z

dVdV 0ΛIðxÞΛJðx0Þhsjμ̂JðτJ0Þρ̂ð0ÞABCμ̂IðτIÞjsiWðx; x0Þ

−
Z

dVdV 0ΛIðxÞΛJðx0Þhsjμ̂IðτIÞμ̂JðτJ0Þρ̂ð0ÞABCjsiWðx; x0Þθðt − t0Þ

−
Z

dVdV 0ΛIðxÞΛJðx0Þhsjρ̂ð0ÞABCμ̂JðτJ0Þμ̂IðτIÞjsiWðx0; xÞθðt − t0Þ
�
: ðA6Þ

In the expression above, we analyze separately
the terms which only involve the detectors harvesting
entanglement, A and B, the local terms associated to the
detector used to perform the measurement, C, and the
cross-terms involving the pairs (A, C) and (B, C). Namely,
we use X

I;J∈fA;B;Cg
¼

X
I;J∈fA;Bg

þ
X

I;J∈fCg
þ

X
I;J∈fA;Cg

I≠J

þ
X

I;J∈fB;Cg
I≠J

: ðA7Þ

The terms involving detectors A and B yield ϵ2ρ̂ð2ÞAB ,

with ρ̂ð2ÞAB given by Eq. (16). The local terms in C yield

LCCð1 − 2ϵ2Þρ̂ð0ÞAB . The last two summands in the expres-
sion above yield the correlation matrix γ̂ given by

Eq. (17). hsjρ̂ð2ÞABCjsi is thus obtained adding all the
contributions:

hsjρ̂ð2ÞABCjsi ¼ ϵ2ρ̂ð2ÞAB þ LCCð1 − 2ϵ2Þρ̂ð0ÞAB þ γ̂: ðA8Þ

It is left to calculate

hsjρ̂ð4ÞABCjsi ¼
X4
i¼0

hsjTrϕ½ÛðiÞρ̂ð0ÞÛð4−iÞ†�jsi: ðA9Þ

In order to compute the negativity at leading order in
perturbation theory for the cases in which ϵ is sufficiently
small (i.e., in the orthogonal and transition regimes), we
only need to calculate up to fourth order terms in λ. In
particular, in these regimes the only fourth order terms
that influence the negativity are those which are not
proportional to any power of ϵ. Since jhsjgCij ¼ ϵ, we
have that jhsjeCij ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p
¼ 1þOðϵ2Þ, and thus we

only need to compute the terms for which the
time-evolution yields jeCiheCj. These terms are charac-
terized by having the Hamiltonian weight ĥC acting an odd
number of times on each side of the initial state ρ̂ð0ÞABC. Thus,
we need not to calculate hsjTrϕ½Ûð0Þρ̂ð0ÞÛð4Þ†�jsi and
hsjTrϕ½Ûð4Þρ̂ð0ÞÛð0Þ†�jsi since they only yield terms pro-
portional to ϵ. The only terms that yield contributions of
order zero in ϵ are those with a single Hamiltonian weight
ĥCðxÞ acting on each side of ρ̂ABC:

hsjÛð2Þρ̂ð0ÞABCÛ
ð2Þ†jsi ¼ hsjTrϕ

� X
I;J∈fA;Bg

Z
dVdV 0dV 00dV 000ðĥIðxÞĥCðx0Þ þ ĥCðxÞĥIðx0ÞÞρ̂ð0ÞABC

× ðĥJðxÞĥCðx0Þ þ ĥCðxÞĥJðx0ÞÞθðt − t0Þθðt00 − t000Þ
�
jsi þ ϵOðλ4Þ: ðA10Þ

This can be rewritten as

hsjÛð2Þρ̂ð0ÞABCÛ
ð2Þ†jsi ¼ λ4

X
I;J∈fA;Bg

Z
dVdV 0dV 00dV 000ΛIðxÞΛCðx0ÞΛJðx00ÞΛCðx000ÞeiΩCðτ0C−τ000C ÞeiðΩIτI−ΩJτ

00
J Þ

× ½Wðx000; x00; x; x0Þθðt − t0Þθðt00 − t000Þ þWðx000; x00; x0; xÞθðt0 − tÞθðt00 − t000Þ
þWðx00; x000; x; x0Þθðt − t0Þθðt000 − t00Þ þWðx000; x00; x; x0Þθðt0 − tÞθðt000 − t00Þ�
× ðjeAihgAjÞδAIðjeBihgBjÞδBI jgAihgAj ⊗ jgBihgBjðjgAiheAjÞδAJðjgBiheBjÞδBJ þ ϵOðλ4Þ; ðA11Þ

where δKL is the Kronecker delta. To go from Eqs. (A10) to (A11) we have performed changes of variables x ↔ x0, x00 ↔ x000

in order to have ĥI evaluated at x and ĥJ at x00. Since the field is initially in its vacuum state, which is a quasifree state, the
4-point function can be expressed in terms of the two point function as

Wðx1; x2; x3; x4Þ ¼ Wðx1; x2ÞWðx3; x4Þ þWðx1; x3ÞWðx2; x4Þ þWðx1; x4ÞWðx2; x3Þ:
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Combining this with the relation θðt − t0Þ þ θðt0 − tÞ ¼ 1, the expression above can be rearranged as

hsjÛð2Þρ̂ð0ÞABCÛ
ð2Þ†jsi ¼ LCCL̃AAjeAiheAj ⊗ jgBihgBj þ LCCL̃BBjgAihgAj ⊗ jeBiheBj

þ LCCL̃ABjeAihgAj ⊗ jgBiheBj þ LCCL̃
�
ABjgAiheAj ⊗ jeBihgBj þ ϵOðλ4Þ; ðA12Þ

where LCC is the excitation probability of detector C, and L̃IJ is given by Eq. (21). We now compute the fourth order terms

left, namely hsjÛð3Þρ̂ð0ÞABCÛ
ð1Þ†jsi and hsjÛð1Þρ̂ð0ÞABCÛ

ð3Þ†jsi:

hsjÛð3Þρ̂ð0ÞABCÛ
ð1Þ†jsi ¼ hsjTrϕ

� X
I;J∈fA;Bg

Z
dVdV 0dV 00dV 000ðĥCðxÞĥIðx0ÞĥJðx00Þ þ ĥIðxÞĥCðx0ÞĥJðx00Þ

þ ĥIðxÞĥJðx0ÞĥCðx00ÞÞρ̂ð0ÞABCĥCðx000Þθðt − t0Þθðt0 − t00Þ
�
jsi þ κ1jgAihgAj ⊗ jeBiheBj þ ϵOðλ4Þ; ðA13Þ

where κ1 is a local term of C given by

κ1 ¼ hsjTrϕ
� X
I;J∈fA;Bg

Z
dVdV 0dV 00dV 000ĥCðxÞĥIðx0ÞĥJðx00Þρ̂ð0ÞABCĥCðx000Þθðt − t0Þθðt0 − t00Þ

�
jsi: ðA14Þ

Finally,

hsjÛð3Þρ̂ð0ÞABCÛ
ð1Þ†jsi þ hsjÛð1Þρ̂ð0ÞABCÛ

ð3Þ†jsi ¼ LCCM̃ABjeAihgAj ⊗ jeBihgBj þ LCCM̃
�
ABjgAiheAj ⊗ jgBiheBj

− LCCL̃AAjgAihgAj ⊗ jgBihgBj − LCCL̃BBjgAihgAj ⊗ jgBihgBj þ κ2jgBi
× hgBj ⊗ jgAihgAj þ ϵOðλ4Þ; ðA15Þ

with κ2 given by

κ2 ¼Tr½hsjÛð3Þρ̂ð0ÞABCÛ
ð1Þ†jsiþhsjÛð1Þρ̂ð0ÞABCÛ

ð3Þ†jsi�: ðA16Þ

The fourth order terms are obtained adding the contribu-
tions of Eqs. (A9), (A12), and (A15), yielding

hsjρ̂ð4ÞABCjsi ¼ κρ̂ð0ÞAB þ ν̂þ ϵOðλ4Þ; ðA17Þ

with ν̂ given by Eq. (18) and

κ ¼ κ1 þ κ2: ðA18Þ

Finally, we add the terms proportional to λ0, λ2 and λ4,
which are given by Eqs. (A5), (A8), and (A17), respec-
tively. This completes the proof for the expansion stated in
Eq. (14).

APPENDIX B: NEGATIVITY

In this Appendix we show that the negativity of a density
operator of the form of Eq. (28) is given by Eq. (29). The
negativity of a two-qubit system is a function of the
negative eigenvalues of the partially transposed density
operator (partially transposing with respect to either of the

subsystems A or B, which yields the same eigenvalues).
Concretely, we can write

N ðρ̂ABÞ ¼
X
j

jxjj − xj
2

; ðB1Þ

where xj are the eigenvalues of the partially transposed
density matrix. Note that the expression above reduces to
the absolute value of the sum of negative eigenvalues of
the partially transposed density matrix. Given the density
matrix in Eq. (28), its partial transpose with respect to
subsystem B is given by

0
BBB@

1 − λ2r22 − λ2r33 ΘðλbÞ ΘðλbÞ λ2r�32
ΘðλbÞ λ2r22 λ2r�41 0

ΘðλbÞ λ2r41 λ2r33 0

λ2r32 0 0 0

1
CCCAþOðλ3Þ:

ðB2Þ

The characteristic polynomial of the matrix above reads

PðxÞ ¼ x4 − x3 þ ðr22 þ r33 þOðλ3ÞÞx2
þ ðjr41j2 − r22r33 þOðλ5ÞÞ þOðλ8Þ: ðB3Þ
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In order to find the roots of the above expression, we need
to follow a method that is consistent with the perturbative
expansion, as in, e.g., [24]. Assume that x is a root of
Eq. (B3). We expand it in λ as

x ¼ xð0Þ þ xð1Þ þ xð2Þ þOðλ3Þ; ðB4Þ

where xðiÞ is proportional to λi. We impose PðxÞ ¼ 0 and
set the terms of order i in λ equal to zero, starting by i ¼ 0

and increasing the order until we determine xð0Þ, xð1Þ and
xð2Þ up to the order we need. In the first step, for i ¼ 0, we
obtain

½xð0Þ�3½xð0Þ − 1� ¼ 0: ðB5Þ

Hence, either xð0Þ ¼ 0 or xð0Þ ¼ 1. For i ¼ 1, we get

4½xð0Þ�3xð1Þ − 3½xð0Þ�2xð1Þ ¼ 0: ðB6Þ

If xð0Þ ¼ 0, the equation above vanishes. If xð0Þ ¼ 1, the
equation allows to find xð1Þ ¼ 0. For i ¼ 2, we obtain the
equation

4½xð0Þ�3xð2Þ þ 6½xð0Þxð1Þ�2 − 3½xð0Þ�2xð2Þ − 3½xð1Þ�2xð0Þ
þ xð0Þðr22 þ r33Þ ¼ 0: ðB7Þ

If the zeroth order term is zero, i.e., xð0Þ ¼ 0, all the terms of
the equation above also vanish. If xð0Þ ¼ 1 and xð1Þ ¼ 0, the
equation above simplifies to xð2Þ þ ðr22 þ r33Þ ¼ 0, which
allows us to find the second order term of the eigenvalue.
Therefore, we have completely characterized one of the
eigenvalues up to second order in perturbation theory:

x1 ¼ 1 − r22 − r33 þOðλ3Þ: ðB8Þ

Henceforth, we can restrict to the case in which the
zeroth order term vanishes, xð0Þ ¼ 0. For i ¼ 3, we obtain
½xð1Þ�3 ¼ 0, which implies xð1Þ ¼ 0. Consequently, the
remaining eigenvalues are quadratic in the coupling
strength, x ¼ xð2Þ þOðλ3Þ. There are no terms in the
equation PðxÞ ¼ 0 proportional to λ4 or λ5. For sixth order,
we get

−½xð2Þ�3 þ ðr22 þ r33Þ½xð2Þ�2 þ ðjr41j2 − r22r33Þxð2Þ ¼ 0:

ðB9Þ

Hence, xð2Þ is a root of the previous expression. The
solutions are

xð2Þ2 ¼ 0; ðB10Þ

xð2Þ3 ¼ ðr22 þ r33Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr22 þ r33Þ2 þ 4ðjr41j2 − r22r33Þ

p
2

;

ðB11Þ

xð2Þ4 ¼ ðr22 þ r33Þ −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr22 þ r33Þ2 þ 4ðjr41j2 − r22r33Þ

p
2

:

ðB12Þ

Therefore, the eigenvalues left read

x2 ¼ 0þOðλ3Þ; ðB13Þ

x3¼
ðr22þr33Þþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr22þr33Þ2þ4ðjr41j2−r22r33Þ

p
2

þOðλ3Þ;
ðB14Þ

x4¼
ðr22þr33Þ−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr22þr33Þ2þ4ðjr41j2−r22r33Þ

p
2

þOðλ3Þ:
ðB15Þ

The negativity is derived from the negative eigenvalues of
the partially transposed density operator. The eigenvalue x1
is always positive, since we are assuming that λ is a small
parameter. The eigenvalue x2 is zero (and therefore non-
negative) to second order in perturbation theory. The
eigenvalue x3 is positive since it is a sum of positive terms.
Therefore, the only eigenvalue that can be negative (to
second order) is x4. Thus the negativity is

N s¼max
�
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr22þ r33Þ2

4
þjr41j2− r22r33

r

−
r22þ r33

2
þOðλ3Þ

�

¼max

�
0;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr22− r33Þ2

4
þjr41j2

r
−
r22þ r33

2
þOðλ3Þ

�
:

ðB16Þ
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