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Abstract

Entanglement harvesting is a relativistic quantum information protocol through which
initially uncorrelated particle detectors become entangled by locally interacting with a
quantum field. This process allows one to extract and repurpose the entanglement naturally
present in quantum fields, even from spacelike-separated regions. Entanglement harvesting
has not been realized in the lab, but multiple experimental platforms to realize it have been
proposed, among which superconducting circuits stand out due to their controllability and
ability to implement strong interactions of detectors with 1+1 dimensional quantum fields.

In this thesis, we start by investigating entanglement harvesting using particle detectors
coupled to a massless scalar field through its derivative, a coupling that captures important
features of light-matter interaction and is naturally realized in superconducting circuits.
We show that detectors in causal contact can still harvest genuine entanglement from the
field, with harvested entanglement peaking when the detectors are fully light-connected.
Additionally, we find that communication and harvesting contributions to the detectors’
entanglement can interfere both constructively and destructively. Surprisingly, this implies
that the presence of entanglement in the field can sometimes inhibit, rather than enhance,
the entangling of the detectors.

We then broaden the analysis to more general entanglement harvesting protocols in-
volving detectors with arbitrary number of energy levels and a general class of couplings to
the field. Furthermore, we study the longitudinal (diagonal) and transversal (off-diagonal)
components of the detector-field interaction. We show that at leading order, entangle-
ment harvesting is dominated by the component transversal to the detectors’ initial state.
Through an explicit qubit model, we further illustrate how increasing the strength of lon-
gitudinal coupling can suppress harvested entanglement via higher-order effects.

Finally, motivated by the prospect of experimental realizations, we introduce a variable-
gap detector model that bridges the gap between idealized Unruh-DeWitt particle detec-
tors and existing implementations in superconducting circuits. Using parameters tailored
to potential experimental setups, we investigate entanglement harvesting in both spacelike-
separated and causally connected scenarios. We find that, while variations in the energy
gap reduce the ability to harvest entanglement in spacelike scenarios, detectors in causal
contact detectors can still become entangled through their interaction with the field. No-
tably, our analysis shows that (due to the derivative coupling nature of the model) even
for causally connected detectors, there are setups where entanglement primarily originates
from the field’s correlations. This demonstrates the potential for genuine entanglement har-
vesting in the lab and opens the door to near-future entanglement harvesting experiments
in superconducting circuits.
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Chapter 1

Introduction

It is well established that the vacuum state of a quantum field contains entanglement
between degrees of freedom located in different spacetime regions, including those that are
spacelike separated [4, 5, 6, 7, 8]. In fact, Bell inequalities can be violated by performing
measurements of local observables of space-like separated regions [9]. In later years, a
family of relativistic quantum information protocols known as entanglement harvesting was
developed to operationally access this entanglement. In these protocols, a pair of initially
uncorrelated particle detectors interact locally with a quantum field and may become
entangled by extracting correlations present in the field state. Entanglement harvesting
was first explored by Valentini and Reznik [9, 10, 11] and further developed later on for
different kinds of fields and backgrounds (see, e.g., [2, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21,
22, 23, 24, 25]).

Particle detector models are internally simple quantum systems that couple locally
to the quantum field. These detectors offer a physically implementable way to probe
entanglement in quantum field theory, avoiding the divergences that often affect field-
theoretic calculations. A widely used example of detector model is the Unruh-DeWitt
(UDW) detector [26, 27, 28, 29, 30], which captures essential features of light–matter
interaction [31, 14]. Entanglement harvesting with detectors has been explored across
various field types and spacetime backgrounds [12, 13, 14, 19, 21, 18], and holds promise
both for understanding the entanglement structure of QFT [32, 33, 34, 35, 36, 37, 38]
and as a way to harness non-locality resources in quantum information [39]. Despite its
significance, entanglement harvesting has not been experimentally realized as of the time
of the writing of this thesis. Implementations have been proposed in linear ion traps [40],
superconducting circuits [41, 42, 43], in graphene [44], in Bose-Einstein condensates [45,
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46] and in nonlinear crystals [47, 48, 49, 50], but so far no direct experimental test of
entanglement harvesting has been performed.

When two detectors interact with spacelike separated regions of a quantum field, any
entanglement they acquire must originate from preexisting correlations in the field, since no
communication between them is possible in such case (see, e.g., [51, 52, 53, 54]). However,
as noted in [55], this is no longer the case when the detectors are causally connected. In
such scenarios, entanglement can arise not only from genuine harvesting but also through
communication mediated by the field. The total entanglement acquired by the detectors
can thus be understood as a combination of two contributions: communication-mediated
entanglement and genuinely harvested entanglement.

This distinction has been explored primarily within the UDW detector model, where
detectors couple linearly to the field amplitude. Previous work showed that, for mass-
less fields in 1+1 and 3+1 dimensional Minkowski spacetime, the entanglement acquired
by light-connected detectors is dominated by communication effects rather than genuine
harvesting [55]. Genuine harvesting was found to contribute meaningfully only in higher
dimensions (n ≥ 5) or when the field has sufficient mass. More recent work has extended
this analysis to curved spacetimes, showing that caustics and secondary null geodesics can
enable genuinely harvested entanglement even in causally connected setups [56]. In this
thesis, we show that it is possible to construct configurations where genuine harvesting
dominates for 1+1D and 3+1D Minkowski spacetime with massless fields, even when the
causal contact between detectors is maximum. This allows us to maximize the genuinely
harvested entanglement even in scenarios where communication is possible. To observe this
behavior, we depart from the standard amplitude coupling and instead consider detectors
coupled to the derivative of the field amplitude.

Derivative coupled detector models have primarily been used to address infrared di-
vergences that arise for massless fields in low dimensional spacetimes [57, 58, 59, 60, 61,
62, 19, 63, 64]. While amplitude coupling IR divergences can be regularized via cutoffs,
the resulting detector dynamics retain some dependence on the chosen cutoff [2, 59, 60].
Derivative coupling, by contrast, avoids such IR issues naturally. Additionally, in 1+1D,
the short-distance behavior of the derivative coupling resembles that of amplitude coupling
in 3+1D [60, 62]. Furthermore, dualities between the amplitude and derivative couplings
were identified in [65]. These features make the derivative model a useful tool for exploring
3+1D-like behavior in simpler 1+1D settings.

Beyond its theoretical usefulness, the derivative coupling has direct connections to
experimentally accessible systems. It more accurately captures certain features of light-
matter interactions [66, 14], and it can be implemented in superconducting circuits [67, 3].
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This implementation consists of a superconducting qubit coupled to a transmission line,
modeled as a 1+1D massless scalar field, as will be presented in the latter parts of this
thesis. Typically, the interaction between the qubit and the transmission line is modeled
using the spin-boson model [68] with an Ohmic bosonic bath, see, e.g., [69, 70, 3]. This
description turns out to be none other than derivative coupling in the language of particle
detectors [67].

Another topic studied in the present thesis relates to previous literature which seemed to
support that communication and harvesting contributions to detector entanglement always
add constructively. Then, one would expect to find more entanglement when communica-
tion occurs through the field, rather than when it does not occur, such as when detectors
are in spacelike separation. However, perhaps surprisingly, we show that communication
does not always contribute positively to entanglement.

Namely, we find that, in general, the contribution of the communication component
and the contribution from the harvesting of preexisting entanglement in the field can ac-
tually interfere. This interference can be constructive, 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 en-
tangled. This phenomenon is not apparent in the setups considered in recent studies in
which this splitting is analyzed (such as [55, 56, 50]). We show that this phenomenon
was not visible because for all the commonly chosen highly symmetric setups (see, e.g.,
[71, 72, 22, 73, 74, 75, 76, 77, 78, 79, 80]) both sources of entanglement contribute construc-
tively to entangle the detectors. In this thesis, 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 of causally connected detectors
which do not get entangled due to destructive interference, even though communication
alone or genuine harvesting alone would have entangled the detectors. These examples are
provided both in Minkowski and De Sitter spacetimes. Conversely, we also find scenarios
where the constructive interference is stronger than in the setups commonly explored in
the literature, further enhancing the entanglement acquired by the detectors.

The last major topic explored in this thesis is the modeling of a proposed experimental
realization of entanglement harvesting in a superconducting circuit platform. The imple-
mentation of entanglement harvesting in superconducting circuits leverages the ability of
these circuits to create “artificial atoms” that can strongly couple to the electromagnetic
field [81, 82]. Specifically, the interaction can reach the ultra-strong coupling regime. At
such strong couplings, the rotating wave approximation, commonly used to describe light-
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matter interaction [83], breaks down [69]. Notably, this approximation is not present in
UDW detector models used in RQI. A key advantage of using superconducting circuits
for RQI experiments is their high tunability, allowing for circuits with switchable coupling
that can reach the ultra-strong regime [84, 85, 3]. This enables superconducting circuit
platforms to access regimes where the amounts of harvested entanglement become signif-
icant. In these setups, the interaction of superconducting qubits with the field inside a
microwave waveguide can be switched on and off within fractions of nanosecond, allowing
these detectors to probe fields in spacelike separated regions.

Our first goal is to strengthen the connection between experimentally implemented
particle detectors in superconducting circuits and the idealized UDW detector models
commonly employed in RQI. We begin with a complete circuit model of the supercon-
ducting implementation. Then, we review the series of approximations upon it that result
in a model that resembles an UDW detector coupled to a 1+1D scalar massless field,
but that retains crucial implementation specific features of the superconducting circuit
platform. These features, which allow to better model realistic experiments, include: a
variable energy gap, coupling to the derivative of the field amplitude, and a soft UV cut-
off. Among these features, derivative coupling stands out for, as previously discussed in
this introduction, naturally removing IR divergences [57, 58, 59, 60, 61, 62, 19, 63, 64],
better modeling light-matter interactions in some regimes [14, 66, 67], and its duality with
amplitude coupling [65]. The impact of the cutoff and its relation to the detector spatial
localization has been previously analyzed in [67]. However, the variable energy gap has
only been explored in very idealized scenarios outside of superconducting circuits and in
timelike connection [79, 80]. In this study, the variation of the energy gap is dictated by
the experimental constraints in the superconducting circuit implementation. Using the
implementation of [3], the variation of the gap is linked to the strength of the coupling,
which is time dependent. This is a constraint whose effect has not yet been fully explored
in the context of RQI protocols.

Once the model is established, we study how these implementation specific features
affect entanglement harvesting. We examine entanglement harvesting both for spacelike
separated and causally connected detectors. To do so, we use the tools described at the
start of the thesis, developed in [55], to split the entanglement into sources: communication
through the field or harvesting of preexisting field entanglement. This split allows us to
identify situations where entanglement is genuinely harvested even in causal contact.

The thesis is organized as follows, in chapter 2, we explore entanglement harvesting
for detectors in causal contact. In section 2.1, we set up a simple entanglement harvest-
ing setup with derivative coupling. Then, section 2.2 describes why and how to split the
harvesting and communication contributions to entanglement acquired by detectors. Sec-
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tion 2.3 compares the communication contributions for amplitude and derivative coupling,
and provides examples where derivative coupling allows to genuinely harvest entanglement
while in full causal communication. Then, section 2.4 reviews a more general protocol of
entanglement harvesting that applies to curved spacetimes, to establish notation and build
the necessary tools that will be used later on. Section 2.5 presents the conditions that
the spacetime, the detectors, and the field Feynmann propagator should meet to guarantee
constructive interference of communication and harvesting. In section 2.6, we show numer-
ical 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 chapter 3 studies the effect of longitudinal and transversal interactions for an
even more general class of entanglement harvesting protocols than the ones presented in
Chapter 2. Firstly, section 3.1 presents entanglement harvesting for detectors with an
arbitrary number of energy levels, which couple to the field through a general class of
couplings. The coupling is split into longitudinal (diagonal) and transversal (off-diagonal)
parts, with evolution solved exactly for the longitudinal part and perturbatively for the
transversal part. Then, section 3.2 shows that the contributions to negativity at leading
order are always dominated by the interaction that is transversal to the initial state of the
detectors. Finally, section 3.3 explores an example for qubit detectors with transversal and
longitudinal coupling, for increasingly large amounts of longitudinal coupling, until higher
order effects make the longitudinal coupling contribute, detrimentally, to negativity.

In chapter 4, we connect the superconducting implementation of detectors to the the-
oretical models usually used in relativistic quantum information, and study the particu-
lar effects of the implementation on entanglement harvesting. The chapter starts with a
section 4.1 that provides the circuit model for implementing particle detectors as a su-
perconducting device. Then, section 4.2 describes the simplifications that turn the detec-
tor implementation model into a UDW-like detector with implementation-specific features
such as a variable gap and derivative coupling. Section 4.3 illustrates the entanglement
harvesting protocol for a pair of variable gap, derivatively coupled detectors. Section 4.4
delineates how to separate the communication and genuine harvesting contributions to
the entanglement acquired by causally connected detectors. Section 4.5 shows how the
implementation-specific features such as gap variation affect entanglement harvesting.

Lastly, chapter 5 summarizes the main results and conclusions of each chapter.
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Chapter 2

Harvesting entanglement in the
presence of communication

Entanglement harvesting is often studied for particle detectors that interact with space-like
separated regions of the quantum field. In such scenarios, detectors cannot communicate,
guaranteeing that any entanglement gathered by the detectors is extracted from the field.
However, this restriction to keep the detectors space-like separated is forgone in this chap-
ter. Then, as [55] pointed out, for causally connected detectors, entanglement can arise not
only from harvesting preexisting correlations in the field but also from communicating via
the field. In this chapter, we start by presenting the counterintuitive case of communication
contribution vanishing at the same time as entanglement becomes the largest, suggesting
that a large amount of entanglement is genuinely harvested. This phenomenon can occur
for—but is not limited to—detectors that couple to the field derivative. Then, we move
onto the topic of interference between the communication and harvesting contributions to
entanglement. In previous studies, these two contributions seem to always add up, increas-
ing the total entanglement [55, 56, 50]. We show that instead the two sources of entangle-
ment—communication and harvesting—can interfere with each other, sometimes canceling
out entirely. This interference was previously missed because entanglement harvesting se-
tups are usually highly symmetric, see for example [71, 72, 22, 73, 74, 75, 76, 77, 78, 79, 80].
Such symmetries guarantee the interference to be constructive, which is a result also pre-
sented in this chapter.

In this chapter, we use natural units ℏ = c = 1, indicate spacetime points as x, denote
their coordinates as xρ, and use the Einstein summation convention over spacetime indices
such as ρ. We will also denote coordinates as (t,x) when t can be interpreted as a time
coordinate. Then, x denotes an n-dimensional vector of spatial coordinates.
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2.1 Entanglement harvesting from the field derivative

To establish the context and notation, we summarize the entanglement harvesting protocol
along the lines of, for example, [2]. However, the protocol presented below differs in the
following: using particle detectors that linearly couple to the time derivative of the field,
instead of the more common choice of coupling to the value of the field itself.

2.1.1 Motivation for coupling to the field derivative

In the usual Unruh-DeWitt particle detector model [26, 27, 28], the coupling between the
detector and the field is linear in the field amplitude. Even if less popular, derivative
coupling, where the detector couples linearly to the (proper) time derivative of the field,
has been widely used in the literature to avoid infrared divergences that affect amplitude
coupling in low dimensional massless field theories [57, 58, 59, 60, 61, 62, 19, 63, 64]. Al-
though such divergences can be regularized with cutoffs, the states of the detectors after
interacting with the field depend, even if weakly, on the chosen cutoff [2, 59, 60]. Derivative
coupling eliminates this dependence and, in 1+1 dimensions, has a similar short-distance
behavior to amplitude coupling in 3+1 dimensions [60, 62]. Dualities between amplitude
and derivative coupling have also been identified [65]. Moreover, derivative coupling better
captures aspects of the interaction between atoms and the electromagnetic field [14, 66].
Additionally, this coupling is realizable in superconducting circuits: superconducting qubits
coupled to transmission lines effectively implement derivative coupling. This implementa-
tion is also often modeled in the literature as the spin-boson model with an Ohmic bath
[68, 69, 70, 67, 3].

Notably, derivative coupling has not been used to explore the distinction between the
two sources of entanglement: communication through the field and harvesting preexist-
ing field entanglement. This distinction was originally explored using amplitude coupling
in [55]. We analyze this split for the derivative coupling case later in this chapter, using
the summary of entanglement harvesting that follows.

2.1.2 Reviewing the free real scalar quantum field

First, we give an overview of the theory of free real scalar quantum fields on (n+1)-
dimensional Minkowski (flat) spacetime. If we fix some inertial frame with coordinates
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(t,x), the action of a free real scalar field of mass m is given by

S[ϕ] =

∫
dt dnx

(
1

2
(∂tϕ)2 − 1

2
(∇ϕ)2 − 1

2
m2ϕ2

)
. (2.1)

Here, we indicate the gradient by ∇ = (∂x1 , . . . , ∂xn)⊤. Applying the Euler-Lagrange
equations to S[ϕ] shows that ϕ(t,x) satisfies the Klein-Gordon equation,

(□ +m2)ϕ(t,x) = 0, (2.2)

with the d’Alembert operator □ = ∂2t −∇2 and the Laplace operator ∇2 = ∂2x1 + . . .+ ∂2xn .
The following plane waves are a complete, orthonormal set of solutions to Eq. (2.2),

uk(t,x) =
ei(k·x−ωkt)√
2(2π)nωk

, k ∈ Rn, (2.3)

with ωk =
√
k2 +m2. Specifically, these solutions are orthonormal with respect to the

Klein-Gordon inner product, which means that they satisfy

(uk, uk′)kg = δ(k − k′), (u∗k, u
∗
k′)kg = −δ(k − k′), (uk, u

∗
k′)kg = 0. (2.4)

Here, ( . , . )kg is defined to be, for any two solutions ϕ1, ϕ2 of the Klein-Gordon equation,

(ϕ1, ϕ2)kg = i

∫
dnxϕ∗

1(t,x)∂tϕ2(t,x) − ∂tϕ
∗
1(t,x)ϕ2(t,x). (2.5)

Importantly, any classical solution ϕ(t,x) to Eq. (2.2) can be expressed as a linear
combination of the mode functions uk(t,x) and their complex conjugates:

ϕ(t,x) =

∫
dnk

(
a∗ku

∗
k(t,x) + akuk(t,x)

)
, (2.6)

where ak are constant complex coefficients. Upon canonical quantization, the field ϕ be-
comes a field operator ϕ̂, expanded in plane-wave modes,

ϕ̂(t,x) =

∫
dnk√

2(2π)nωk

(ei(ωkt−k·x)â†k + ei(k·x−ωkt)âk), (2.7)

where we substituted the value of uk(t,x) using the expression (2.3), and ωk =
√
k2 +m2.

Moreover, the coefficients ak and a∗k were respectively promoted to the annihilation and
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creation operators, âk and â†k. These ladder operators obey the canonical commutation

relations [âk, â
†
k′ ] = δn(k − k′)1̂.

Additionally, one can identify a Lagrangian for the free field associated to the choice of
frame (t,x). This Lagrangian can be found starting from the expression for the action in
equation (2.1) and removing the integral over time. Then, by Legendre transforming the
Lagrangian, the resulting Hamiltonian after quantization is

Ĥfree, ϕ =

∫
dnx

(
1

2
π̂2 +

1

2
(∇ϕ̂)2 +

1

2
m2ϕ̂2

)
, (2.8)

with π̂ = ∂tϕ̂ the field’s canonical momentum. Notably, this Hamiltonian can be rewritten
in terms of the ladder operators,

Ĥfree, ϕ =
1

2

∫
dnk ωk

(
â†kâk + âkâ

†
k

)
. (2.9)

This Hamiltonian mirrors that of a collection of independent quantum harmonic oscillators,
with each field mode labeled by k ∈ Rn and associated with a frequency ωk.

2.1.3 Harvesting protocol with derivative coupling

In order to perform the entanglement harvesting protocol, we consider a pair of detectors
to couple to the field, labeled as A and B. We take these detectors to be inertial and
comoving with the frame (t,x). Moreover, the detectors are two-level quantum systems
that interact locally with the quantum field. Each detector has a free Hamiltonian whose
eigenstates are labeled as the ground state |gν⟩ and the excited state |eν⟩, with ν ∈ {A,B}.
The free Hamiltonian of each detector sets an energy gap Ων between the two states,

Ĥfree, ν = Ων |eν⟩⟨eν | , ν ∈ A,B. (2.10)

The detectors couple to the derivative of the field amplitude in accordance to the following
Unruh-DeWitt interaction Hamiltonian (in the interaction picture) [26, 27, 28]:

Ĥi(t) = Ĥa(t) + Ĥb(t),

Ĥν(t) = λνχν(t)µ̂ν(t)

∫
dnxFν(x)∂tϕ̂(t,x). (2.11)

Notice that the field operator that appears in the interaction is ∂tϕ̂(t,x) instead of the
usual ϕ̂(t,x). The interaction strength is controlled by λν , χν(t) and Fν(x) respectively
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are the switching function and the smearing function, which localize the interaction in time
and space. The monopole moment of each detector is given by

µ̂ν(t) = eiΩνtσ̂+
ν + e−iΩνtσ̂−

ν , (2.12)

where σ̂+
ν = |eν⟩⟨gν | = (σ̂−

ν )†.

For simplicity, we take the detectors to be equal, with λ = λν and Ω = Ων . Moreover,
we use the same switching and smearing functions for both detectors, up to a spacetime
translation,

χν(t) = χ(t− tν), Fν(x) = F (x− xν). (2.13)

The delay between switchings t∆ = tb − ta and the separation x∆ = xb − xa control the
causal relations between the localized interactions, as depicted in Figure 2.1.

Future lightcone of A

Past lightcone of A

Spacelike

Timelike

Timelike

A

B

Figure 2.1: Spacetime diagram depicting with grey ellipses the regions where detectors A
and B interact (strongly) with the field. The diagram shows the delay t∆ and separation
x∆, and the yellow shaded regions indicate null separation from the detector A.

The evolution of the initial state of the full system initially in a state ρ̂0 yields the
evolved state ρ̂ = Û ρ̂0Û

†. We can evaluate the time evolution operator Û through its
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Dyson series:

Û = 1̂︸︷︷︸
Û(0)

−i

∫
dt Ĥi(t)︸ ︷︷ ︸
Û(1)

−
∫

dt

∫ t

dt′ Ĥi(t)Ĥi(t
′)︸ ︷︷ ︸

Û(2)

+O(λ3). (2.14)

Denoting ρ̂(i,j) = Û (i)ρ̂0Û
(j)†, the final state becomes

ρ̂ = ρ̂0 + ρ̂(1,0) + ρ̂(0,1) + ρ̂(2,0) + ρ̂(1,1) + ρ̂(0,2) + O(λ3). (2.15)

To study the entanglement the detectors acquire through the interaction, we need to start
in an initially uncorrelated detector state, and after the interaction trace out the field,
yielding ρ̂ab = Trϕ(ρ̂), and then look at the correlations in the evolved state ρ̂ab. Again to
take a simple case, let us take the common starting assumption that the detectors and the
field start uncorrelated and in their ground states,

ρ̂0 = |ga⟩⟨ga| ⊗ |gb⟩⟨gb| ⊗ |0⟩⟨0| . (2.16)

where |0⟩ is the Minkowski vacuum. Due to the choice of initial state, all the contributions
to ρ̂ab which are of odd order in λ vanish.

Under the given assumptions, the final state of the detectors to leading order in the
coupling strength, represented in matrix form in the basis {|gagb⟩, |eagb⟩, |gaeb⟩, |eaeb⟩} is

ρ̂ab =


1 − 2L 0 0 M∗

0 L Lab 0
0 L∗

ab L 0
M 0 0 0

+ O(λ4), (2.17)

where the local noise is

L = λ2
∫

dt dt′ dnx dnx′ χ(t)χ(t′)F (x)F (x′)

× eiΩ∆tW ∗
tt′(∆t,∆x), (2.18)

and

Lab = λ2e−iΩt∆

∫
dt dt′ dnx dnx′ χ(t)χ(t′)F (x)F (x′)

× eiΩ∆tW ∗
tt′(∆t− t∆,∆x− x∆),

M = −λ2eiΩ(ta+tb)

∫
dt dt′ dnx dnx′ χ(t)χ(t′)F (x)F (x′)

× eiΩ(t+t′)Wtt′(|∆t− t∆|,∆x− x∆), (2.19)
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where ∆t = t− t′ and ∆x = x−x′, t∆ = tb− ta, x∆ = xb−xa, and Wtt′ = ∂t∂t′W , where
W is the Wightman function of the vacuum of (n+1)-dimensional Minkowski spacetime,1

W (∆t,∆x) = ⟨0|ϕ̂(t,x)ϕ̂(t′,x′)|0⟩

=

∫
dnk

2(2π)nωk

e−iωk∆t+ik·∆x. (2.20)

To quantify the amount of entanglement between the detectors, we use the negativ-
ity [86, 87, 88]. This entanglement quantifier is a common choice in the entanglement
harvesting literature (see, e.g. [2, 14, 56, 22]), since it is an entanglement measure even for
mixed states and it is easy to compute. Furthermore, for a system of two qubits, negativity
is a faithful entanglement measure. Negativity is equal to the absolute sum of the negative
eigenvalues of the partially transposed density matrix of the two qubits ρ̂⊤a . For the final
state ρ̂ab given in Eq. (2.17) the negativity is [11, 2]:

N = max(|M| − L, 0) + O(λ4). (2.21)

This expression reveals that entanglement arises from a competition between the nonlocal
correlation term M and the local noise term L. For detectors in causal contact, the
entanglement created between the detectors can be traced to two different sources [55].
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 [4, 5] in the field state (harvesting). In the next section, we
are going to review how one can distinguish between these two different contributions.

2.2 Communication vs genuine harvesting

When two space-like separated detectors entangle, the entanglement must be extracted
from preexisting field correlations. However, when detectors are in causal contact, they
can gain entanglement in two ways: 1) by genuinely harvesting entanglement from the
state of the field, and 2) by exchanging information through the field. In this section,
we review how to decompose the detectors’ correlations into two components, respectively
sourced by genuine harvesting and by communication. This will give us an estimator for
how much of the correlations, and therefore of the entanglement, comes from each source.

1Notice that in the more common case where the detectors couple to the amplitude instead of the
derivative, the expressions in Eq. (2.19) remain the same except for replacing Wtt′ →W .
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This decomposition into harvesting and communication, originally introduced in [55], is
based on the symmetric and antisymmetric parts of the two-point field correlator.

For an arbitrary field state ρ̂ϕ, the two-point correlator is defined as

W (x, x′) = ⟨ϕ̂(x)ϕ̂(x′)⟩ρ̂ϕ , (2.22)

which can be divided into symmetric and antisymmetric parts,

W±(x, x′) =
W (x, x′) ±W (x′, x)

2
. (2.23)

Since W (x′, x) = W ∗(x, x′), we have that W+ and W− respectively are the real and imagi-
nary parts of W , and

W+(x, x′) =
1

2
⟨{ϕ̂(x), ϕ̂(x′)}⟩ρ̂ϕ ,

W−(x, x′) =
1

2
⟨[ϕ̂(x), ϕ̂(x′)]⟩ρ̂ϕ . (2.24)

In [55], it was argued that W+ reflects the preexisting correlations in the field state,
while W− mediates communication through the field. Thus, only W+ can be associated
to genuinely harvested entanglement. We summarize the evidence to support this in the
following:

1. The expectation value of the field commutator [ϕ̂(x), ϕ̂(x′)] is independent of the state
(see, among many others, [53, 55]). Therefore, W− is unaffected by any preexisting
field correlations, which are dictated by the initial field state. In turn, any detector
correlations mediated solely by W− remain the same regardless of the amount of cor-
relations and entanglement initially present in the field. Therefore, the contributions
of W− to the detectors’ entanglement cannot reflect entanglement being harvested
from the field.

Conversely, the expectation value of the field anticommutator {ϕ̂(x), ϕ̂(x′)} does de-
pend on the sate. Therefore, any change in the preexisting field correlations is only
captured by W+, which is consistent with associating W+ to harvested entanglement

2. The communication between two detectors at leading order is exclusively mediated by
W−, with no contribution whatsoever from W+, as shown in [51, 52, 53, 54]. There-
fore, this points towards detectors’ correlations caused by W− being communication-
mediated and detectors’ correlations caused by W+ being genuinely harvested from
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the field. This argument holds at leading order, which is enough for the calcula-
tions in the present thesis that distinguish between communication and harvesting
contributions.

This result is not exclusive to detectors, but rather holds in general for any two
systems A, B that couple to the interaction picture observables Ĉa(t) and Ĉb(t′) of
a third system C. Specifically, at leading order, communication between A and B is
exclusively mediated by [Ĉa(t), Ĉb(t′)]. Furthermore, even non-perturbatively, A and
B can only communicate if [Ĉa(t), Ĉb(t′)] is non-zero. In other words, communication
between A and B is impossible if they only couple to commuting interaction picture
observables of the mediating system C (see, e.g., Appendix A.1).

3. The field commutator fulfills [ϕ̂(x), ϕ̂(x′)] = iE(x, x′)1̂, where E(x, x′) is the causal
propagator. E(x, x′) is equal to the retarded minus the advanced Green’s functions
(see, e.g. [89]). If the quantum field theory were to be replaced by a classical field
theory (where there is no entanglement) the role of the commutator would be played
by the Poisson bracket and the communication through the classical field would be
mediated by this very same propagator. In other words, in classical field theory, these
Green’s functions are what mediates communication between interacting field sources.
Moreover, the Green’s functions, and thusW−, vanish outside the light cone for Klein-
Gordon fields such as the ones we consider. This is required to prevent signaling
between space-like regions and directly relates to the axiom of microcausality in
quantum field theory.

Conversely, the field anticommutator {ϕ̂(x), ϕ̂(x′)} has support even for spacelike
separated events, and thus W+ exclusively sources spacelike entanglement harvesting.

In the expression (2.21) for negativity, the term M accounts for the correlations between
the detectors that contribute positively to entanglement. We split this term M by source,

M = M+ + M−, (2.25)

with M+ being sourced by preexisting field correlations and M− being sourced from
communication. This is done by defining M± analogously to M in (2.19) but keeping only
contributions from W±.

Finally, based on the equation (2.21) for negativity, we define the harvested negativity
N+ and the communication-assisted negativity N− as2

N± = max{|M±| − L, 0} + O(λ4). (2.26)
2A remark to avoid confusion: notice that M− can be non-zero while N− = 0 if the local noise terms

conspire appropriately, or even N ̸= 0 while N± = 0, a case that will appear in the plots of the examples of
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2.3 Canceling out the communication contribution to

entanglement

Now we move onto showing how the behavior of the imaginary part of the two-point
function W− (and therefore of M−) is affected by coupling to ∂tϕ̂ instead of ϕ̂. Moreover,
we limit our exploration to massless fields, with m = 0 and thus ωk = |k|. Remarkably,
we can find regimes in flat spacetime where the communication-mediated correlations M−

become zero in when the light-like contact and the entanglement gathered by the detectors
are maximum.

Denoting as W−
n the antisymmetric part of the two-point function of the vacuum of

(n+1)-dimensional Minkowski spacetime (for a derivation of the expressions below see,
e.g., [55]),

W−
1 (x, x′) = − i

4

(
Θ(|∆x| + ∆t) − Θ(|∆x| − ∆t)

)
, (2.27)

W−
2 (x, x′) = − i sgn(∆t)

4π

Θ (∆t2 − ∆x2)√
∆t2 − ∆x2

, (2.28)

and, for odd n ≥ 3,

W−
n (x, x′) =

n−3
2∑

j=0

iaj
|∆x|n−2−j

(
δ(j)(∆t+ |∆x|)

− (−1)jδ(j)(∆t− |∆x|)
)
, (2.29)

where aj are real numbers and δ(j) are the Dirac delta distribution’s j-th derivative.

The two time derivatives of W−
n that appear in M− in Eq. (2.19) are the only change

introduced by coupling to ∂tϕ̂ instead of ϕ̂. Therefore, for amplitude coupling, as discussed
in the section above and in [55], communication is mediated by W−

n , while, for derivative
coupling, the communication is mediated by ∂t∂t′W

−
n .

For n = 1,

∂t∂t′W
−
1 (x, x′) =

i

4

(
δ(1)(∆t+ |∆x|) + δ(1)(∆t− |∆x|)

)
. (2.30)

the section 2.6. This means that communication-assisted harvesting can occur even if N− = 0. However,
even in such a case the preexisting field correlations are responsible for entanglement occurring between
the detectors. If field correlations were not there, there would be no entanglement between the detectors
at all.
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For n = 2, the following closed expression is valid for any x, x′ that are not light-
connected:

∂t∂t′W
−
2 (x, x′)

=
i sgn(∆t)

4π

(2∆t2 + ∆x2) Θ(∆t2 − ∆x2)

(∆t2 − ∆x2)5/2
, (2.31)

and, in any case, for any x, x′ the distribution can be evaluated from the following integral
form:

∂t∂t′W
−
2 (x, x′) = − i

4π

∫ ∞

0

dω ω2 sin(ω∆t)J0(ω|∆x|), (2.32)

where J0 is the Bessel function of the first kind of order zero.

Furthermore, for odd n ≥ 3,

∂t∂t′W
−
n (x, x′) =

n−3
2∑

j=0

−iaj
|∆x|n−2−j

(
δ(j+2)(∆t+ |∆x|)

− (−1)jδ(j+2)(∆t− |∆x|)
)
. (2.33)

Here, notice that for large enough distances |∆x|, the term with j = n−3
2

dominates, de-

caying as |∆x|−n−1
2 . Interestingly, in this long-distance regime, at least for n odd, ∂t∂tW

−
n

has a behaviour akin to W−
n+4, except that it keeps the |∆x| decay of W−

n .

These expressions show that both W−
n and ∂t∂t′W

−
n are only supported in the light-cone

(and inside the light-cone for W−
1 , W−

2 and ∂t∂t′W
−
2 ), so one might expect that M− peaks

at the light-cone. This is the case when coupling to the amplitude in 1 + 1 and 3 + 1
dimensions, with, for example, Gaussian switching functions [55]. However, this changes
when we couple to the derivative. Then, M− can reach zero even in full light contact (in
1 + 1 D) or in partial light contact (in 3 + 1 D), as we show next.

For simplicity, consider Gaussian profiles for both centered switching and smearing
functions (see Eq. (2.13)),

χ(t) = e−
t2

T2 , F (x) =
1

(
√
πσ)n

e−
x2

σ2 , (2.34)

where T is the interaction time-scale, and σ is the size of the detector. Then, from
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Eq. (2.19),

M = CT

∫
dt− dnx−

e−
t2−
2T2−

x2
−

2σ2

(
√

2πσ)n
Wtt′(|t−− t∆|,x−− x∆),

C = −
√
π

2
λ2eiΩ(ta+tb)− 1

2
(ΩT )2 , (2.35)

where we took the change of variables t± = t ± t′, x± = x± x′ and then integrated over
t+ and x+. To better understand how M− for n = 1 becomes zero in full causal contact,
we integrate over t− analytically. Using that Wtt′ = ∂t∂t′W together with Eq. (2.30),

M−
1 =

iC

4

∫
dx−

(
|x− − x∆| + t∆

T
e−

1
2

(
|x−−x∆|+t∆

T

)2
+

|x− − x∆| − t∆
T

e−
1
2

(
|x−−x∆|−t∆

T

)2) e− x2−
2σ2

√
2πσ

, (2.36)

which becomes easier to interpret in the point-like detector limit, where σ → 0, and for
(|x∆| + |t∆|) ≫ T , so that the causal relationships are well-defined. In these regimes,

M−
1 ≈ iC

4

|x∆| − |t∆|
T

e−
1
2

(
|x∆|−|t∆|

T

)2
. (2.37)

Therefore, for derivative coupling in 1 + 1 dimensions, |M−| is gaussianly suppressed as
we move away from the light-cone, but actually cancels on the light-cone itself (where
|x∆| = |t∆|), as seen in Figure 2.2(a). Simultaneously, |M+| and |M| reach a maximum at
maximum light-like communication, causing the detectors to gather the most entanglement,
and this entanglement being genuinely harvested from the field.

For derivative coupling in 3 + 1 dimensions, M− results from integrating a Gaussian
against δ(2) (in the pointlike limit σ → 0), which causes |M−| to have three peaks, as
seen in Figure 2.2(b), with communication reaching zero in between these peaks, even
though the detectors are in causal contact. This phenomenon allows to genuinely harvest
entanglement from a massless field also in 3+1 dimensions even in partial light-like contact,
contrarily to the amplitude coupling case [55].

2.4 Entanglement harvesting in curved spacetimes

For the sake of completeness and to establish notation, we generalize the entanglement
harvesting protocol presented in section 2.1 to the context of general spacetimes, following
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Figure 2.2: Contributions to the negativity N , see Eq. (2.21), for a series of derivative
coupling and amplitude coupling scenarios. The correlations |M| which contribute to
N are split between the |M+| term (genuine harvesting) the |M−| term (acquired by
communication). The setup uses the Gaussian switching and smearing functions given in
Eq. (2.34), ΩT = 4, |x∆|/T = 5, σ/T = 0.05. The amplitude coupling in 1+1D has an IR
cutoff of ΛT = 0.02, see, e.g. [2]. The λ is an adimensional coupling constant, whose
definition depends on the scenario: for derivative coupling, λ = λ in 1+1D and λ = λ/T in
3+1D. For amplitude coupling, λ = λT in 1 + 1D and λ = λ in 3+1D. The brown vertical
lines denote maximum light contact, and the light yellow coloured regions show the size of
the strong support of the switching function of a detector, taken to be [−3.5T, 3.5T ].

for example [90, 91]. Consider two Unurh-DeWitt detectors [26, 27, 28, 29, 30], A and B,
following timelike trajectories za(τa) and zb(τb) in an arbitrary n + 1 dimensional curved
spacetime M. The quantities τa and τb are the respective proper times of the detectors.

The detectors are two-level quantum systems with the following internal Hamiltonians,

Ĥfree, ν = Ων σ̂
+
ν σ̂

−
ν , ν ∈ A,B. (2.38)
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Here, Ων represents the (proper) internal energy gap, while σ̂+
ν = |eν⟩⟨gν | and σ̂−

ν = |gν⟩⟨eν |
are ladder operators between the respective ground (|gν⟩) and excited (|eν⟩) states. Next,
we describe a common way to couple these detectors to a massless real scalar quantum
field ϕ̂(x) defined on the spacetime M.

The first step is to quantize the field. Consider a free massless real scalar field ϕ(x) in
M, which is assumed to satisfy the Klein-Gordon equation,

(∇ρ∇ρ − ξR)ϕ(x) = 0. (2.39)

Here, ξ is a constant that determines the coupling strength to curvature, R is the scalar
curvature, and ∇ρ denotes the covariant derivative. Next, assume {uk(x), u∗k(x′)} to be a
complete, orthonormal set of solutions to Eq. (2.39) [92, 93]. Then, any classical solution
ϕ(x) is a linear combination of uk(x) and u∗k(x′),

ϕ(x) =

∫
dnk (a∗ku

∗
k(x) + akuk(x)), (2.40)

where ak are constant complex coefficients. After canonically quantizing the field, the field
amplitude ϕ(x) becomes an operator,

ϕ̂(x) =

∫
dnk (u∗k(x)â†k + uk(x)âk), (2.41)

with the coefficients ak promoted to operators. Specifically, âk and â†k are the usual ladder
operators, which satisfy the bosonic canonical commutation relations, namely

[âk, â
†
k′ ] = δn(k − k′). (2.42)

Let us move onto specifying the interaction between the detector and the quantum
field using the covariant Unruh-DeWitt model [90]. For this model, the interaction occurs
within a region of spacetime, according to the following interaction Hamiltonian density 3:

Ĥi(x) = λ
[
Λa(x)µ̂a(τa) + Λb(x)µ̂b(τb)

]
ϕ̂(x). (2.43)

3Usually, this construction assumes that there exists a foliation in which Λν(τν ,x) = χν(τν)Fν(x). This
is justified by the assumption that internal forces keep the detector cohesive. The center of mass follows
the trajectory zν(τν) that defines the detector’s proper time τν , serving as its internal clock. For further
details and justification, see [90, 91], where this model is shown to be suitable for systems like atomic
probes.
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Here, λ is the interaction strength, Λν(x) are the spacetime smearing functions, which
localize the interaction in space and time, and the detectors’ operators µ̂ν are the monopole
moments, given by

µ̂ν(τν) = eiΩντν σ̂+
ν + e−iΩντν σ̂−

ν . (2.44)

The evolution of the joint state of the detectors and the field, in the interaction picture,
is given by the unitary

Û = T exp

(
−i

∫
dV ĥI(x)

)
, (2.45)

where the T indicates that we are using the time ordered exponential4. Moreover, dV
is the invariant spacetime volume element. For a given choice of coordinates (t,x), the
volume element takes the form dV = dtdnx

√
−g, where g is the determinant of the metric

tensor.

Take the full system to be initialized in the interaction picture state

ρ̂0 = |ψa⟩⟨ψa| ⊗ |ψb⟩⟨ψb| ⊗ ρ̂ϕ,0, (2.46)

where |ψa⟩ and |ψb⟩ are arbitrary pure states of the detectors. With this choice, notice that
there are no correlations between detectors in their initial state. Nonetheless, the detectors
can evolve to a mutually entangled state, after time evolution turns the state ρ̂0 into
ρ̂ = Û ρ̂0Û

†, using Eq. (2.45). This can occur even if the detectors are spacelike separated,
for instance, when ρ̂ϕ,0 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 [40, 2]. 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 [4, 5, 11]
and timelike [94, 95, 43] separated.

As an additional assumption to simplify the final result, consider the initial state of the
field ρ̂ϕ,0 to have a vanishing one-point function and three-point function,

Tr
(
ρ̂ϕ,0ϕ̂(x)

)
= 0,Tr

(
ρ̂ϕ,0ϕ̂(x)ϕ̂(x′)ϕ̂(x′′)

)
= 0. (2.47)

4Notice that for detectors that are not point-like, but rather are smeared in space, there is ambiguity
in the time ordering. Nonetheless, reference [91] shows that the evolution will not depend on the ordering
chosen, as long as predictions are kept at leading order in the interaction strength, λ, and suitable initial
states are chosen. For the purposes of the present chapter, we assume that a physically motivated choice
of time ordering has been taken.
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Similar assumptions are commonly taken in entanglement harvesting protocols. Moreover,
the assumption holds for a large variety of states, including the Minkowski vacuum in flat
spacetime and the conformal vacuum in DeSitter. Additionally, it is also true for any Fock
states as well as any zero mean Gaussian states such as thermal states and the squeezed
vacuum.5

Finding a closed form expression for the time evolved state ρ̂ = Û ρ̂0Û
† is not possible

in general. So, instead, we take a perturbative approach in λ. Thus, we expand the time
evolution operator Û via a Dyson series:

Û = 1̂︸︷︷︸
Û(0)

−i

∫
dV1ĥI(x1)︸ ︷︷ ︸
Û(1)

−
∫

dV1

∫
dV2ĥI(x1)ĥI(x2) Θ

(
t(x1) − t(x2)

)
︸ ︷︷ ︸

Û(2)

+O(λ3), (2.48)

where Θ(t) is the Heaviside step function, and t is the time parameter with respect to
which we defined the time ordering. Next, denoting ρ̂(i,j) = Û (i)ρ̂0Û

(j)†, the evolved state
becomes

ρ̂ = ρ̂0 + ρ̂(1,0) + ρ̂(0,1) + ρ̂(2,0) + ρ̂(1,1) + ρ̂(0,2) + O(λ3). (2.49)

To study the entanglement that the detectors acquire through the interaction, we need to
trace out the field, yielding ρ̂ab = Trϕ(ρ̂), the detectors’ evolved state. The terms in ρ̂ab of
order λ and λ3 cancel out, due to the assumption on the initial state of the field stated in
equation (2.47), leaving

ρ̂ab = Trϕ ρ̂ = ρ̂ab,0 + ρ̂
(2,0)
ab + ρ̂

(1,1)
ab + ρ̂

(0,2)
ab + O(λ4) . (2.50)

In order to express this state in matrix form, we consider states |ζa⟩ and |ζb⟩ so that
{|ψaψb⟩ , |ψaζb⟩ , |ζaψb⟩ , |ζaζb⟩} is an orthonormal basis. Without losing generality, we
assume that these states relate to the previously defined ground and excited states of the
detectors as follows,

|gν⟩ = cosαν |ψν⟩ − eiβν sinαν |ζν⟩ ,
|eν⟩ = e−iβν sinαν |ψν⟩ + cosαν |ζν⟩ , (2.51)

for some αν , βν ∈ [0, 2π]. Then, using the results from [96], in the basis {|ψaψb⟩ , |ψaζb⟩ ,
|ζaψb⟩ , |ζaζb⟩}, we get

ρ̂ab =


1 − Laa − Lbb X ∗ Y∗ M∗

X Lbb L∗
ab 0

Y Lab Laa 0
M 0 0 0

+O(λ4) , (2.52)

5What is more, for all the mentioned examples of field states, all the odd-point functions vanish.
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with

Lµν = cos2 αµ cos2 αν Lµν(Ωµ,Ων)

− cos2 αµ sin2 αν e
−2iβν Lµν(Ωµ,−Ων)

− sin2 αµ cos2 αν e
2iβµ Lµν(−Ωµ,Ων)

+ sin2 αµ sin2 αν e
2i(βµ−βν) Lµν(−Ωµ,−Ων), (2.53)

M = cos2 αa cos2 αbM(Ωa,Ωb)

− cos2 αa sin2 αb e
2iβb M(Ωa,−Ωb)

− sin2 αa cos2 αb e
2iβa M(−Ωa,Ωb)

+ sin2 αa sin2 αb e
2i(βa+βb)M(−Ωa,−Ωb), (2.54)

where

Lµν(Ωµ,Ων) = λ2
∫

dV dV ′ei(Ωµτµ(x)−Ωντν(x′))Λµ(x)Λν(x′)W (x′, x), (2.55)

M(Ωa,Ωb) = −λ2
∫

dV dV ′ei(Ωaτa(x)+Ωbτb(x′))Λa(x)Λb(x′)Gf(x, x
′). (2.56)

The terms Lµν and M are usually called local noise and non-local correlations, respec-
tively. The expressions for X and Y are cumbersome and, since we will not use them here,
we refer the interested reader to reference [96]. In equations (2.55) and (2.56), W (x, x′) is
the Wightman function,

W (x, x′) = Tr
[
ϕ̂(x)ϕ̂(x′)ρ̂ϕ,0

]
, (2.57)

whereas Gf(x, x
′) represents the Feynman propagator, which can be written as

Gf(x, x
′) = Tr

[
T ϕ̂(x)ϕ̂(x′)ρ̂ϕ,0

]
= Θ

(
t(x) − t(x′)

)
W (x, x′) + Θ

(
t(x′) − t(x)

)
W (x′, x).

(2.58)

Remember that Θ(t) is the Heaviside step function, and t is the time coordinate with
respect to which we defined the time ordering.

Again, to quantify the amount of entanglement between the detectors, we use the
negativity [86, 87], which is an entanglement measure even for mixed states, and is faithful
for systems of two qubits. Negativity can be computed as the absolute sum of the negative

22



eigenvalues of the partially transposed density matrix ρ̂⊤a . In particular, for the state ρ̂ab
described by Eq. (2.52) we have [2]

N = max{0,V} + O(λ4), (2.59)

with

V =

√
|M|2 +

(
Laa − Lbb

2

)2

− Laa + Lbb

2
. (2.60)

According this expression, entanglement emerges as a competition between the non-local
term M and the local noise terms (Laa and Lbb). For the particular case Laa = Lbb = L
(such as for identical inertial detectors in flat spacetime), the negativity reads

N = max{0, |M| − L} + O(λ4). (2.61)

In section 2.2 we described how to separate, for detectors in causal contact, the two sources
from which entanglement between detectors can arise [55]: communication mediated by
the field (signaling) and preexisting entanglement in the field state (harvesting). As a short
reminder, this required splitting M into

M = M+ + M−, (2.62)

with M− accounting for correlations gained via signaling and M+ accounting for cor-
relations gained via harvesting. This is achieved by defining M± in the same way as M
from (2.54), but only retaining the contributions from W±. In other words, by substituting
the Gf(x, x

′) in Eq. (2.56) by the corresponding G±
f (x, x′), defined as

G±
f (x, x′) = Θ

(
t(x) − t(x′)

)
W±(x, x′) + Θ

(
t(x′) − t(x)

)
W±(x′, x). (2.63)

Furthermore, the harvested negativity N+ and the communication-assisted negativity
N− are now defined in terms of

V± =

√
|M±|2 +

(
Laa − Lbb

2

)2

− Laa + Lbb

2
, (2.64)

so that
N± = max{V±, 0} + O(λ4). (2.65)
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2.5 General results for guaranteeing constructive in-

terference

It is commonly observed in previous literature that the acquired entanglement N is larger
than both N±, which indicates that communication and preexisting field correlations 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”, result-
ing in small N even if both N± 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 harvesting 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 M−) and field correlations (through M+) determine |M| and therefore N . The
local noise terms, Laa and Lbb, of course, also affect entanglement, 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

|M|2 = |M+ + M−|2

= |M+|2 + |M−|2 + 2|M+||M−| cos ∆γ. (2.66)

Here, ∆γ is the relative phase between the complex numbers M+ and M−. This phase
∆γ controls how communication (M−) interferes with field correlations (M+). The inter-
ference can be fully destructive, making |M| the smallest,

|∆γ| = π ⇐⇒ |M| = ||M+| − |M−||, (2.67)

fully constructive, making |M| the largest,

|∆γ| = 0 ⇐⇒ |M| = |M+| + |M−|, (2.68)

or exactly in between, with M+ and M− so that

|∆γ| = π/2 ⇐⇒ |M| =
√

|M+|2 + |M−|2. (2.69)
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In the two latter cases, communication and field correlations collaborate to increase |M|
and thus N . As we will see, the last relation, Eq. (2.69), turns out to be commonly fulfilled
for the simplest choices of UDW detector model, as will be explored in Proposition 3

Next, we explore how to transform a setup from a destructive interference to a con-
structive interference scenario. Concretely, we will show how to transform the parameters
of the harvesting setup to change the sign cos ∆γ in Eq (2.66). In order to find such trans-
formation, it is convenient to denote as MG∗

F
the term M after complex conjugating the

propagator GF. Then,

M = M+ + M−, MG∗
F

= M+ −M−. (2.70)

Consequently,
M±

G∗
F

= ±M±, (2.71)

which implies
|MG∗

F
|2 = |M+|2 + |M−|2 − 2|M+||M−| cos ∆γ, (2.72)

where ∆γ is the relative phase between the original terms M+ and M−. Observe that,
as we were searching for, the term with cos ∆γ, which controls the interference, has the
opposite sign in |MG∗

F
| compared to in |M|. Meanwhile, the communication and field

correlations contributions retain the same size, |M±
G∗

F
| = |M±|.

Therefore, if we find an operation that conjugates GF, we could use it to turn destructive
interference into constructive, 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 parameters of the particle detector model.

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

cosαν |gν⟩ + eiβν sinαν |eν⟩
→ sinαν |gν⟩ + eiβν cosαν |eν⟩ . (2.73)

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

|M̃|2 = |M+|2 + |M−|2 − 2|M+||M−| cos ∆γ,

|M̃±| = |M±|. (2.74)

Therefore, swapping the populations in the ground and excited state (while keeping the rela-
tive phase between them) changes the sign of cos ∆γ. Thus, this swap turns any destructive
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interference into constructive, while keeping the communication and genuine harvesting
contributions unchanged.

Equivalently, the transformation in Eq. (2.73) can be implemented by reversing the
energy gaps Ων → −Ων and the relative phases βν → −βν.

Proof. To prove the proposition, use Eq. (2.54) to see that

(MG∗
F
)∗ =

[
cos2 αa cos2 αbM(−Ωa,−Ωb)

− cos2 αa sin2 αb e
−2iβb M(−Ωa,Ωb)

− sin2 αa cos2 αb e
−2iβa M(Ωa,−Ωb)

+ sin2 αa sin2 αb e
−2i(βa+βb)M(Ωa,Ωb)

]
=M̃. (2.75)

Here we used that (
MG∗

F
(Ωa,Ωb)

)∗
= M(−Ωa,−Ωb), (2.76)

which in turn follows from Eq. (2.56) and Λν = Λ∗
ν .

Finally, substituting M̃ = M∗
G∗

F
into Eqs. (2.71) and (2.72) provides the identities

stated in the proposition.

Notice that according to this result, the stronger the destructive interference is in M,
the stronger the corresponding constructive interference is in M̃.

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

Proposition 2. Let MG∗
F
be M after complex conjugating GF, as in Eq. (2.70). Then,

|M| = |MG∗
F
| ⇐⇒ |M| =

√
|M+|2 + |M−|2 (2.77)

⇐⇒ cos ∆γ = 0.

Proof. The proof follows directly from comparing equations (2.66) and (2.72).

Therefore, |M| = |MG∗
F
| is a sufficient condition for both the communication M−

and field correlations M+ to positively contribute to negativity. Notice that, because of
Eq. (2.75), the result of Proposition 2 also holds if we use M̃ instead of MG∗

F
. Therefore,

if |M| does not change under transforming the initial states as in Eq. (2.73), then there
cannot be destructive interference. Furthermore, whenever |M| = |MG∗

F
|, interference is
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locked in the middle ground with cos ∆γ = 0, and the contributions N− and N+ to the
entanglement between the detectors satisfy

N ≥
√

(N+)2 + (N−)2 ⇒ N ≥ N−, N ≥ N+, (2.78)

as proven in Appendix A.2.

Next, we will provide a framework to find symmetries of the harvesting setup that
enforce the condition |M| = |MG∗

F
|. 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 λ2 contribution to ρ̂ab, denoted
by ρ̂

(2)
ab (the expression is provided in reference [96]). Working with the basis generated by

the tensor product of the general states |ψν⟩ and |ζν⟩, as defined before in Eq. (2.51), we
can write

M = ⟨ζaχb|ρ̂(2)ab |ψaψb⟩ ,

= −λ2
∫

dV dV ′Pa(x)Pb(x′)Gf(x, x
′). (2.79)

where we have defined6

Pν(x) = Λν(x) ⟨ζν |µ̂ν(τν(x))|ψν⟩ . (2.80)

Notice that the terms Pν(x) conveniently group the contributions to M due to each detec-
tor. The condition |M| = |MG∗

F
| thus becomes equivalent to∣∣∣∣ ∫ dV dV ′Pa(x)Pb(x′)Gf(x, x

′)

∣∣∣∣
=

∣∣∣∣ ∫ dV dV ′P ∗
a (x)P ∗

b (x′)Gf(x, x
′)

∣∣∣∣. (2.81)

Now, consider a map T taking a pair of points x, x′ ∈ M to another pair as follows,

T (x, x′) = (T1(x, x
′), T2(x, x

′)). (2.82)

To see the effect of this map on pairs of coordinates, consider a pair of charts (φ, φ′)
mapping pairs of spacetime points (x, x′) to the coordinates (xρ, x′ρ) ∈ Rn+1. We can

6Here we write τν(x) to represent the value of τν when the center of mass of detector ν 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.
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see that T induces a map between the coordinates of pairs of events (yρ, y′ρ) → (xρ, x′ρ)
through

(φ, φ′) ◦ T−1 ◦ (φ−1, φ′−1), (2.83)

i.e., through the composition of T−1 with the chart pair (φ, φ′). Specifically, the coordinates
(yρ, y′ρ) of the pair of points (y, y′) are sent to the the coordinates (xρ, x′ρ) of the pair of
points (T−1

1 (y, y′), T−1
2 (y, y′)). Then, for integrals like the ones in Eq. (2.81), we can use

the map (2.83) as a “change of variables”, as follows7

A =

∫
dV dV ′A(y, y′)

=

∫
dn+1yρ dn+1y′

ρ
√
g(yρ)g′(y′ρ)A(yρ, y′

ρ
)

=

∫
dn+1xρ dn+1x′

ρ
√
g
(
T1(xρ, x′

ρ)
)
g′
(
T2(xρ, x′

ρ)
)

× |J(xρ, x′
ρ
)|A
(
T (xρ, x′

ρ
)
)
, (2.84)

where g and g′ are the determinant of the metric in the coordinates defined by φ and φ′

respectively. Moreover,

J(xρ, x′
ρ
) = det

[
∂(yρ, y′ρ)

∂(xσ, x′σ)

]
(2.85)

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

j(xρ, x′
ρ
) =

√
g
(
T1(xρ, x′

ρ)
)
g′
(
T2(xρ, x′

ρ)
)√

g(xρ)g′(x′ρ)
|J(xρ, x′

ρ
)|, (2.86)

Notice that j(xρ, x′ρ) is invariant under changes of coordinates. Therefore, we can write
Eq. (2.84) in an explicitly coordinate independent way,

A =

∫
dV dV ′ j(x, x′)A

(
T (x, x′)

)
. (2.87)

Now, consider a different integral,

B =

∫
dV dV ′B(x, x′). (2.88)

7Notice that when we replace a function of points in spacetime A(x, x′) by A(xρ, x′
ρ
) we are abusing

notation and what we actually mean is A(x, x′) = A(φ−1(xρ), φ′−1(x′
ρ
)) ≡ A(xρ, x′

ρ
).
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Then, observe that in order to impose the condition |A| = |B| it is sufficient to find a
constant angle θ such that

j(x, x′)A
(
T (x, x′)

)
= eiθB(x, x′). (2.89)

Applying this result to our condition in Eq. (2.81), we obtain the following theorem.

Theorem 1. Consider any transformation T = (T1, T2) that acts on two copies of the
spacetime M, as in equation (2.82). Let Pa and Pb be given by equation (2.80).

Assume there is a constant angle θ such that

P ∗
a

(
T1(x, x

′)
)
P ∗
b

(
T2(x, x

′)
)
Gf

(
T (x, x′)

)
j(x, x′)

Pa(x)Pb(x′)Gf(x, x′)
= eiθ. (2.90)

Then, |M| = |MG∗
F
|, and therefore by Proposition 2,

|M| =
√

|M+|2 + |M−|2. (2.91)

Which means that cos ∆γ = 0 in Eq. (2.66) and that, in particular, the contributions of
communication and preexisting field correlations cannot interfere destructively.

It turns out that we can simplify the condition expressed by Eq. (2.90) if, for a given
spacetime and field configuration, j(x, x′) = 1 and the map T preserves the Feynman
propagator. This simplification is detailed in the following Corollary.

Corollary 1. Assume that the map T = (T1, T2) satisfies

g
(
T1(x

ρ, x′
ρ
)
)
g′
(
T2(x

ρ, x′
ρ
)
)
|J(xρ, x′

ρ
)|2 = g(xρ)g′(x′

ρ
),

Gf

(
T (x, x′)

)
= Gf(x, x

′), (2.92)

Then, the condition

P ∗
a

(
T1(x, x

′)
)
P ∗
b

(
T2(x, x

′)
)

= eiθPa(x)Pb(x′), (2.93)

with θ some constant, becomes sufficient to have

|M| =
√

|M+|2 + |M−|2. (2.94)
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In order 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 A.3. 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. (2.94). Concretely,
in Appendix A.3 we provide conditions on the particle detectors, field, and spacetime of
entanglement harvesting setups so that Eq. (2.94) holds. It is important to have in mind
that these conditions are only sufficient to force cos ∆γ = 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 (∆γ = 0) or fully destructive interference
(∆γ = π) 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. (2.94) holds.
For conciseness, the following proposition presents a simplified version of these conditions,
which will guide the exploration of harvesting setups in the next section.

Proposition 3. Consider entanglement harvesting setups 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.,
Λν(t,x) = χν(t)Fν(x).

5. The proper energy gaps are equal, Ωa = Ωb.

6. In the comoving frame, for some time tr, it is satisfied that either

χν(t+ tr) = χν(tr − t), ν = A,B, (2.95)

or χa(t+ tr) = χb(t− tr). (2.96)

Then, the following relationship holds,

|M| =
√

|M+|2 + |M−|2. (2.97)
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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. (2.95) or
Eq. (2.96) makes the setup symmetric under a certain map T in the way described by
Corollary 1. When Eq. (2.95) holds, the setup becomes symmetric under the following
time reversal around tr,

T (tr + t,x, tr + t′,x′) = (tr − t,x, tr − t′,x′), (2.98)

where the coordinates are chosen to be the standard Minkowski coordinates. Similarly,
when Eq. (2.96) holds, the setup becomes symmetric under a different time reversal around
tr which also includes a time coordinate swap,

T (tr + t,x, tr + t′,x′) = (tr − t′,x, tr − t,x′). (2.99)

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 tr 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 tr. The details of how Proposition 3
guarantees Corollary 1 are provided in Appendices A.3, A.4 and A.5. Appendix A.6 shows
three more general versions of Proposition 3 for arbitrary harvesting setups that follow the
covariant prescription of [90].

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.

2.6 Entanglement through communication and har-

vesting can interfere destructively

In this section, we will present concrete examples both for detectors in Minkowski space-
time and in cosmological scenarios where the assumptions of Proposition 3 (and their

31



generalizations to cosmological spacetimes) are not satisfied. Concretely, we will analyze
scenarios where both the communication-assisted and genuine harvesting contributions 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| =
√

|M+|2 + |M−|2. (2.100)

However, we will see that it is possible to find scenarios where |M| is actually larger
than (2.100) (strong constructive interference) and cases where it is less than (2.100) (de-
structive interference). This showcases that most of the setups previously studied in the
literature are in a very particular middle ground between constructive and destructive
interference of communication and harvesting.

2.6.1 Examples in Minkowski spacetime

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

ds2 = −dt2 + dx2. (2.101)

As usual 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 (t,x), i.e, Λν(x) = χν(t)Fν(x). More
concretely, we assume that the detectors’ centers of mass follow inertial trajectories de-
scribed by za(t) = xa and zb(t) = xb, where xa and xb 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 Lµν and M (see
Eqs. (2.53) and (2.54)) can be written in the following form (with Ωa = Ωb = Ω):

Lµν =
λ2

2(2π)3

∫
dtdt′e−iΩ(t−t′)χµ(t)χν(t′)Kµν(t, t′),

M = − λ2

2(2π)3

∫ ∞

−∞
dt

∫ t

−∞
dt′ Qab(t, t′). (2.102)

Where we have defined the auxiliary functions

Qab(t, t′)=eiΩ(t+t′)Kab(t, t′) (χa(t)χb(t′)+χa(t′)χb(t)) , (2.103)
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Kµν(t, t′) = 2(2π)3
∫

d3xd3x′Fµ(x)Fν(x′)W (t,x; t′,x′). (2.104)

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

Fν(x) =
1

(
√
πσ)3

e−
1
2( |x−xν |

σ )
2

. (2.105)

For this particular choice of smearing (2.104) simplifies to

Kµν(t, t′) =

∫
dk3

|k|
eik·(xµ−xν)e−|k|2σ2

e−i|k|∆t. (2.106)

Notice that in the equation for M, the Heaviside theta function that appears in the
definition of the Feynman propagator, Eq. (2.58), is implemented as a nested integral in the
time variable t. To evaluate Eq. (2.106), we will consider separately the cases µ = ν (same
detectors) and µ ̸= ν (different detectors). First, for µ ̸= ν, we have Kab(t, t′) = Kba(t, t′),
which evaluates to

Kab(t, t′) =
2πi

d
[I(∆t+ d) − I(∆t− d)] . (2.107)

Here, ∆t = t− t′, d = |xa − xb|, and

I(z) =

√
π

2σ
e−

z2

4σ2 − i

σ
D
( z

2σ

)
, (2.108)

where D(x) =
√
π
2
e−x2

erfix is the Dawson function8. For µ = ν, we have

Kνν(t, t′) =
2π

σ2

[
1 − ∆t√

2σ

(
i

√
π

2
e−

∆t2

4σ2 +
√

2D
(

∆t

2σ

))]
. (2.110)

Finally, the term M− associated with signalling can be written as

M− = − λ2

2(2π)3

∫ ∞

−∞
dt

∫ t

−∞
dt′ Q−

ab(t, t′). (2.111)

8The Dawson function is defined as

D(x) := e−x2

∫ x

0

dy e−y2

. (2.109)
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Here, the only difference between Q−
ab(t, t′) and Qab(t, t′) is the replacement Kab(t, t′) →

K−
ab(t, t′), where

K−
ab(t, t′) =

π3/2i

σd

[
e−

(∆t+d)2

4σ2 − e−
(∆t−d)2

4σ2

]
. (2.112)

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 conditions 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
equation (2.95) and equation (2.96). One way to achieve this is by making the switching
functions asymmetric. In particular, we are going to choose skew-normal distributions [97],
namely

S(t;α) = N(α)e−
t2

T2

(
1 + erf

(
αt

T

))
. (2.113)

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

χν(t;α) = S(t− tmax(α) − tν). (2.114)

In this way, we ensure that the maximum of the switching happens at t = tν (see figure
2.3).

Using the switching of Eq. (2.114), we numerically evaluated the expressions for M,
M± and Lνν , thus obtaining results for the negativity N and the two contributions N±.

We display in Figure 2.4 different regimes where the conditions in Eqs. (2.95) and (2.96)
are not fulfilled and the interference between M+ and M− affects the detectors’ ability
to become entangled in different ways. In Fig. 2.4 we present side-to-side results for the
case of asymmetric switching functions (α = 2.35, left column) and symmetric Gaussian
switching (α = 0, right column). Figures 2.4a and 2.4b show |M| and |M±|, Figures 2.4c
and 2.4d show the relative phases between M+ and M−, and Figures 2.4e and 2.4f show
N and N±.

Specifically, in the case α = 2.35 (see Figures 2.4a, 2.4c, 2.4e), there exists a range of
values of ∆t = tb − ta that causes the communication-assisted negativity N− to exceed
the negativity itself. Moreover, we have identified values of ∆t where N− is non-zero even
though N = 0.

For α = 0, condition 6 of Proposition 3 is met, so Eq. (2.97) holds. This means the
relative phase between M+ and M− is ±π/2, leading to constructive interference. In
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Figure 2.3: Non-symmetric switching function for different values of the asymmetry pa-
rameter α.

contrast, for α = 2.35, there are regions with destructive and constructive interference.
Moreover, notice that the constructive interference gets stronger than in the ±π/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. (2.97). Namely, we can choose

χν(t) = e−( t−tν
Tν

)
2

, (2.115)

with Ta ̸= Tb.

We illustrate the case of switching with two different widths in Figures 2.5 and 2.6. We
see that there is an asymmetry in how the detectors are entangled depending on which
detector switches on first, with an advantage when ∆t > 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 N−, do not depend
on the order of coupling. This means that the asymmetry of the negativity with respect
to ∆t is due to interference alone because of how the relative phases change depending on
which detector couples first.

Concretely, when detector B couples first (∆t < 0) the interference is destructive,
reducing the extracted entanglement. Conversely, when A couples first (∆t > 0) we have
constructive interference between the two contributions, with an effect even stronger than
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Figure 2.4: Results for an entanglement harvesting setup in Minkowski spacetime with
non-symmetric switchings. The physical parameters used are: ΩT = 5, d/T = 2.1, and
σ/T = 0.3. In the horizontal axis, we have ∆t = tb − ta. The solid vertical lines (yellow)
represent the lightcones. Figures (a), (c), and (e) correspond to the case α = 2.35, whereas
Figures (b), (d), and (f) display the case α = 0, where we have the standard Gaussian
switching. The appearance of an even symmetry with respect to ∆t in the plots is explained
by Appendix A.7.
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that in Eq. (2.100). Hence, in a configuration with a different switching duration in each
detector, maximizing entanglement requires carefully timing the detectors’ interactions to
avoid the adverse effects of destructive interference.
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Figure 2.5: Numerical results for the negativity (top) and the communication-assisted
negativity (bottom) as a function of the proper time d between the centers of the detectors
and the time delay ∆t 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: ΩTa = 4, σ/Ta = 0.2, and Tb/Ta = 1.3.
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Figure 2.6: Correlations (M) and negativity (N ), divided into harvested (M+,N+) and
communication (M−,N−) components as a function of the time delay ∆t between the
switchings. The harvesting setup is in Minkowski spacetime, with Gaussian switchings
with different time scales, and the physical parameters used are: ΩTa = 4, d/T = 3,
σ/Ta = 0.2, and Tb/Ta = 1.3. The reason for the symmetries with respect to the sign of
∆t are explained in Appendix A.7.

39



2.6.2 Example in a cosmological spacetime

By working in a spacetime that has no time-reversal symmetry, we can also construct an
entanglement harvesting setup where the interference between the contributions from field
correlations and communication violate condition (2.97). As a particular example, we shall
consider a spatially flat FRW spacetime, a setting where entanglement harvesting has been
studied in the past (see, e.g., [98]). In comoving coordinates (t,x) = (t, x, y, z) the line
element reads

ds2 = −dt2 + a(t)2(dx2 + dy2 + dz2). (2.116)

Or, introducing a new time coordinate η

η(t) =

∫ t

0

dt′
1

a(t′)
, (2.117)

we explicitly reveal the conformally flat nature of the metric:

ds2 = −a(η)2(dt2 + dx2 + dy2 + dz2). (2.118)

We now consider a scalar quantum field ϕ̂ conformally coupled to curvature so that the
field satisfies Eq. (2.39) with ξ = 1

6
. In this case, it can be shown (see, e.g., [99]) that the

field ψ̂(x) = a(η)ϕ̂(x) satisfies the Minkowski Klein-Gordon equation. Therefore, the field
modes of ϕ̂(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 factors
a(η).

Now, in order 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 A.5.2, we can derive the following proposition:
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Proposition 4. Consider entanglement harvesting setups where

1. Spacetime is FRW as in Eq. (2.116).

2. The scale factor satisfies
a(t+ tr) = a(tr − t).

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 curvature, and initially in the
conformal vacuum.

5. Spacetime smearings factorize in the comoving frame as the product of a func-
tion of only time and a function of only space, i.e., Λj(t,x) = Tj(t)Xj(x).

6. The proper energy gaps are equal, Ωa = Ωb.

7. In the comoving frame, for some time tr, it is satisfied that either

Tj(t+ tr) = Tj(tr − t), j = A,B, (2.119)

or Ta(t+ tr) = Tb(t− tr). (2.120)

Then, the following relationship holds,

|M| =
√

|M+|2 + |M−|2. (2.121)

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 Lµν , M and M− will be
given by the same equations (2.102) and (2.111) under the replacement

dtdt′ → dtdt′

a(t)a(t′)
. (2.122)

In the auxiliary functions Kab(t, t′) and Kνν(t, t′) of equations 2.107 and (2.110), we also
need to perform the replacement ∆t = t− t′ → ∆η = η(t)−η(t′). Therefore, the numerical
methods applied to compute N in the subsection 2.6.1 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
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example let us choose the scale factor to be that of De Sitter spacetime:

a(t) = eHt. (2.123)

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

χν(t) = e−( t−tν
T )

2

. (2.124)

The smearing functions Fν(t,x) are given by

Fν(t,x) =
1

(
√

2πσa(t))3
e−

1
2( |x−xν |

σ )
2

. (2.125)

where the detector expands with the expansion of the universe and the scale factor in the
denominator comes from the L1 normalization of the smearing function:∫

dx3a(t)3Fν(x, t0) = 1. (2.126)

Notice that even if we choose

Tν(t) = a(t)−3χν(t), (2.127)

Xν(x) = a(t)3Fν(t,x). (2.128)

to ensure consistency with assumption 5 of Proposition 4, it is clear that the form of the ex-
pansion factor, Eq. (2.123) automatically leads to the violation of the conditions expressed
by Eqs. (2.119) and (2.120). Therefore, in the present setup, we have no guarantee that
the relation (2.121) holds.

A particular case of this kind of setup is displayed in Figure 2.7. Analogously to the
instances examined in the Minkowski case, it is observed that the components M± exhibit
interference, leading to scenarios where the communication-mediated negativity surpasses
the total negativity. Additionally, around the region ∆t/T = 0, we observe that the
harvested negativity (N+) can also exceed the value of the negativity (N ). This means
that despite the detectors’ capability to extract preexisting correlations from the field,
the entanglement acquired through communication destructively interferes with the har-
vested entanglement, resulting in the overall entanglement being less than each component
individually.
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Figure 2.7: Numerical results for De Sitter spacetime. The parameters used are: ΩT = 4,
d/T = 2, σ/T = 0.1, and H = 0.1. Here, ∆t = tb − ta
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Chapter 3

Harvesting entanglement with
general couplings: longitudinal and
transversal components

In this chapter, we reach the peak of the progression of this thesis towards increasingly
general entanglement harvesting protocols of two detectors. This progression started with
an entanglement harvesting protocol for derivative coupling in flat spacetime in section 2.1
and then continued with a more general protocol for harvesting in curved spacetimes in
section 2.4. In this chapter, we forgo the assumption of the detectors being qubits, and
allow instead an arbitrary number of detector energy levels. Moreover, particle detectors
usually have simple couplings, such as the product of the monopole operator and field
operator depicted in the Unruh-DeWitt model of Eq. (2.43). These couplings are useful
to obtain clear and concise results. However, these simplifying choices lack the flexibility
to accommodate the range of couplings that appear in implementations of entanglement
harvesting in superconducting circuits. To surpass this limitation, we allow to couple
general operators of the detectors to field operators. Furthermore, we split the coupling
into longitudinal and transversal parts with respect to a preferred detector basis, and
analyze the contributions of these two parts to entanglement harvesting. Throughout this
chapter, ℏ = c = 1 is assumed.

Note of clarification. A version of this chapter will appear in an upcoming paper [1],
which is currently a work in progress.
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3.1 Entanglement harvesting separating the contribu-

tions of longitudinal and transversal interactions

In this section, we provide a general entanglement harvesting protocol, where a pair of
arbitrary detectors couple to a real scalar quantum field. We consider a general form of
coupling, which we then split into longitudinal and transversal parts, which contribute
differently to the entanglement detectors can harvest. This split allows us to provide
analytical expressions for the time evolution for detectors without transversal coupling.
Then, we perturbatively add back the transversal interaction, to obtain the time evolution
for general interactions. Therefore, in the obtained expressions, the longitudinal coupling
is included non-perturbatively and the transversal coupling is included up to second order.

Consider the following interaction Hamiltonian in the interaction picture,

ĤI(t) =
∑
ν

λ̂ν(t)ϕ̂αν

(t). (3.1)

Here, λ̂ν are arbitrary Hermitian operators of the detector ν ∈ {A,B}. Moreover, ϕ̂αa
and

ϕ̂αb
are Hermitian operators of the field, defined through the following notation,

ϕ̂α(t) = i

∫
Rn

dnkα(t,k)â†k − α∗(t,k)âk. (3.2)

The creation and annihilation operators â†k and âk satisfy the canonical commutation

relations [âk, â
†
k′ ] = δ(k − k′)1̂.

For example, in flat spacetime, the field amplitude operator can be expanded in plane
waves as follows,

ϕ̂(t,x) =

∫
Rn

dnk√
2(2π)nωk

(
ei(ωkt−k·x)â†k + ei(k·x−ωkt)âk

)
, (3.3)

where ωk =
√
m2 + |k|2, with m the mass of the field. Notice that ϕ̂(t,x) can be rewritten

in terms of the notation prescribed in Eq. (3.2),

ϕ̂(t,x) = ϕ̂ux(t), ux(t,k) =
ei(ωkt−k·x)√

2(2π)nωk

. (3.4)

Additionally, smeared field amplitudes, which commonly appear in Unruh-DeWitt (UDW)
detector models [26, 27, 28, 29, 30], can be expressed similarly, as shown next. Given a
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spatial smearing F (x), the corresponding smeared ϕ̂(t,x) is equal to∫
Rn

dnxF (x)ϕ̂(t,x) = ϕ̂f (t),

f(t,k) =
eiωktF̃ (−k)√

2(2π)nωk

. (3.5)

Here, we used the following Fourier transform convention,

F̃ (k) =

∫
Rn

dnx eik·xF (x). (3.6)

Next, we define longitudinal and transversal with respect to a choice of orthonormal
basis for the detectors. A usual choice would be to pick the energy eigenbases of the
detectors’ free Hamiltonians, but we do not limit ourselves to this choice. Instead, let
{|ia⟩} and {|jb⟩} be arbitrary orthonormal bases for the detectors A and B, respectively.
Then, all operators can be split into longitudinal and transversal parts with respect to
these bases. For example,

λ̂ν = λ̂ν∥ + λ̂ν⊥, (3.7)

by taking the longitudinal part λ̂ν∥ to be the diagonal components of λ̂ν in the {|iν⟩} basis,

and λ̂ν⊥ being the off-diagonal components. Then, we split the interaction Hamiltonian
accordingly,

ĤI(t) = Ĥ∥(t) + Ĥ⊥(t),

Ĥ∥(t) =
∑
ν

λ̂ν∥(t)ϕ̂αν

(t),

Ĥ⊥(t) =
∑
ν

λ̂ν⊥(t)ϕ̂αν

(t). (3.8)

The advantage of this split is that the longitudinal evolution can be solved analytically
using a Magnus expansion, as presented next. Specifically, by longitudinal evolution we
mean the evolution without transversal interaction, which is

Û ∥(t) = T exp

(
−i

∫ t

t∥

dt1 Ĥ∥(t1)

)
. (3.9)

Here, T exp denotes the time-ordered exponential, and the evolution occurs from a time t∥
to a time t.
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Moreover, we consider

λ̂ν∥(t) = λν∥ χ̂
ν
∥(t),

λ̂ν⊥(t) = λν⊥χ̂
ν
⊥(t), (3.10)

where λν∥ and λν⊥ are parameters that tune the strength of the longitudinal and the transver-
sal interactions, and can be used to perform perturbative expansions. The χ̂ν

∥(t) and χ̂ν
⊥(t)

act as operator versions of switching functions, and include the possibility to turn on and
off the interaction independently for different detector energy levels. For simplicity, we
consider λ∥ and λ⊥ to be parameters that govern the longitudinal and transversal coupling
strength for both detectors,

λa∥ = aa∥λ∥, λb∥ = ab∥λ∥,

λa⊥ = aa⊥λ⊥, λb⊥ = ab⊥λ⊥, (3.11)

where aa∥ , ab∥ , aa⊥, ab⊥ are coefficients of order zero in λ∥, λ⊥.

3.1.1 Analytic expression for the longitudinal evolution

According to the Magnus expansion,

Û ∥(t) = eΩ̂(t), Ω̂(t) =
∞∑
k=1

Ω̂k(t), (3.12)

Ω̂1(t) = −i

∫ t

t∥

dt1 Ĥ∥(t1),

Ω̂2(t) = −1

2

∫ t

t∥

dt1

∫ t1

t∥

dt2 [Ĥ∥(t1), Ĥ∥(t2)], (3.13)

and the Ω̂3, Ω̂4, . . . are integrals of nested commutators of Ĥ∥, which are are zero. These
nested commutators are zero because

[Ĥ∥(t1), Ĥ∥(t2)] = 2
∑
µν

λ̂µ∥ (t1)λ̂
ν
∥(t2)W

µν−(t1, t2),

W µν−(t1, t2) = i

∫
Rn

dnk Im
(
αµ∗(t1,k)αν(t2,k)

)
, (3.14)
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and [Ĥ∥(t), λ̂
ν
∥(t′)] = 0. In order to find Eq. (3.14), we used [λ̂µ∥ (t1), λ̂

ν
∥(t2)] = 0, which holds

due to λ̂µ∥ (t1) and λ̂ν∥(t2) being diagonal on the same basis. Moreover, we used Eq. (3.2) to
find

[ϕ̂αµ

(t1), ϕ̂
αν

(t2)] = 2W µν−(t1, t2)1̂. (3.15)

Substituting Eqs. (3.8) and (3.14) into Eq. (3.13),

Ω̂1(t) = −i
∑
ν

ϕ̂β̂ν

(t),

β̂ν(t,k) =

∫ t

t∥

dt1 λ̂
ν
∥(t1)α

ν(t1,k),

Ω̂2(t) =
∑
µν

Ω̂µν(t),

Ω̂µν(t) = −
∫ t

t∥

dt1

∫ t1

t∥

dt2 λ̂
µ
∥ (t1)λ̂

ν
∥(t2)W

µν−(t1, t2). (3.16)

Here, we defined detector controlled field operators,

ϕ̂β̂ = i

∫
Rn

dnk β̂(k)â†k − β̂†(k)âk, (3.17)

where β̂(k) are detector operators that share a common eigenbasis among all k, i.e.
[β̂(k), β̂(k′)] = 0. Using this definition,

ϕ̂β̂ν

(t) =

∫ t

t∥

dt1 λ̂
ν
∥(t1)ϕ̂

αν

(t1). (3.18)

Finally, the non-perturbative expression for Û ∥ is

Û ∥(t) = eΩ̂2(t)D̂β̂a(t)+β̂b(t), (3.19)

where the operator eΩ̂2(t) acts only on the detectors. Moreover, we defined controlled
displacement operators as

D̂β̂ = e−iϕ̂β̂

. (3.20)

This definition is analogous to displacement operators,

D̂α = e−iϕ̂α

= exp

{∫
Rn

dnkα(k)â†k − α∗(k)âk

}
. (3.21)
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Since below Eq. (3.17) we required that β̂(k) |b⟩ = βb(k) |b⟩ for some detector basis {|b⟩},
then

D̂β̂ =
∑
b

|b⟩⟨b| D̂βb , (3.22)

manifesting the controlled displacement nature of D̂β̂.

In particular, for the basis {|iajb⟩} where longitudinal operators diagonalize, we get

D̂β̂a(t)+β̂b(t) =
∑
ij

|iajb⟩⟨iajb| D̂βa
i (t)+βb

j (t)
. (3.23)

where

β̂ν(t,k) |iν⟩ = βν
i (t,k) |iν⟩ ,

βν
i (t,k) =

∫ t

t∥

dt1 λ
ν
∥,i(t1)α

ν(t1,k),

λ̂ν∥(t) |iν⟩ = λν∥,i(t) |iν⟩ . (3.24)

In summary, D̂β̂a(t)+β̂b(t) applies D̂βa
i (t)+βb

j (t)
on the field when the state of the detectors

is |iajb⟩. Moreover, in the basis {|iajb⟩}, the unitary eΩ̂2(t) can be understood as adding
relative phases between the detector basis states

eΩ̂2(t) =
∑
ij

eΩ2,ij(t) |iajb⟩⟨iajb| ,

Ω2,ij = −ϑaa
ii − ϑbb

jj − ϑab
ij − ϑba

ji , (3.25)

ϑµν
ij (t) =

∫ t

t∥

dt1

∫ t1

t∥

dt2 λ
µ
∥,i(t1)λ

ν
∥,j(t2)W

µν−(t1, t2). (3.26)

Combining the results above,

Û ∥(t) =
∑
ij

eΩ2,ij(t) |iajb⟩⟨iajb| D̂βa
i (t)+βb

j (t)
, (3.27)

where we used definitions from Eqs. (3.21), (3.24) and (3.25).
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3.1.2 Perturbatively including the transversal evolution

This subsection derives the time evolution of the interaction picture state ρ̂(t) under cou-
plings with both longitudinal and transversal components. In Sec. 3.1.1, we obtained the
exact longitudinal evolution, Û ∥(t). However, the same non-perturbative procedure can-
not be applied to compute the transversal part of the evolution. Instead, we are going to
include the transversal interaction perturbatively.

Firstly, we define the transversal picture. The transversal picture state ρ̂t(t) is

ρ̂t(t) = Û ∥†(t)ρ̂(t)Û ∥(t), (3.28)

where ρ̂(t) is the usual interaction picture state. Then, ρ̂t(t) evolves according to

ρ̂t(t) = Û (t)ρ̂t,0 Û †(t),

Û (t) = T exp

(
−i

∫ t

t0

dt1 Ĥt(t1)

)
. (3.29)

Here, T is used to denote the time-ordered exponential, t0 is the initial time, ρ̂t,0 = ρ̂t(t0)
is the initial state, and

Ĥt(t) = Û ∥†(t)Ĥ⊥(t)Û ∥(t). (3.30)

In other words, Ĥt is the transversal picture version of the Ĥ⊥ defined in equation (3.8).
This transversal Hamiltonian can be rewritten as

Ĥt =
∑
ν

λ̂νt
(
ϕ̂αν

+ m̂aν

∥ + m̂bν

∥

)
,

λ̂νt = Û ∥†λ̂ν⊥Û
∥,

m̂µν

∥ (t) = 2i

∫ t

t∥

dt1 λ̂
µ
∥ (t1)W

µν−(t1, t), (3.31)

as shown in Appendix B.1. Notice that the terms λ̂atm̂
ba

∥ and λ̂btm̂
ab

∥ in Ĥt reveal the
presence of a field-mediated interaction between the detectors.

Next, we perturbatively compute ρ̂t(t) by performing a Dyson expansion of Û (t),

Û (t) = Û (0)(t) + Û (1)(t) + Û (2)(t) + O
(
λ3⊥
)
, (3.32)

Û (0)(t) = 1̂,

Û (1)(t) = −i

∫ t

t0

dt1 Ĥt(t1),

Û (2)(t) = −
∫ t

t0

dt1

∫ t1

t0

dt2 Ĥt(t1)Ĥt(t2). (3.33)
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Then, the time-evolved density operator for the state of the detectors and the field is,

ρ̂t = ρ̂t,0 + ρ̂
(1,0)
t + ρ̂

(0,1)
t + ρ̂

(2,0)
t + ρ̂

(1,1)
t + ρ̂

(0,2)
t + O

(
λ3⊥
)
, (3.34)

where we dropped the t dependencies for simplicity of notation.

The corrections are
ρ̂
(i,j)
t = Û (i)ρ̂t,0 Û (j)† . (3.35)

Since we are interested in finding ρ̂(t), we turn ρ̂t(t) back to the interaction picture,
using

ρ̂(t) = Û ∥(t)ρ̂t(t)Û ∥†(t). (3.36)

Then,

ρ̂ = ρ̂(0,0) + ρ̂(1,0) + ρ̂(0,1) + ρ̂(2,0) + ρ̂(1,1) + ρ̂(0,2) + O
(
λ3⊥
)
, (3.37)

ρ̂(i,j) = Û ∥ Û (i)Û ∥†
0 ρ̂0Û

∥
0 Û (j)†Û ∥† , (3.38)

with ρ̂0 = Û ∥
0 ρ̂t,0Û

∥†
0 the initial state, and Û ∥

0 = Û ∥(t0).

This result can be restated in terms of the unitary Û(t) that dictates time evolution,
ρ̂(t) = Û(t)ρ̂0Û

†(t). Specifically, we find

Û = Û ∥
(
Û (0) + Û (1) + Û (2) + O

(
λ3⊥
))
Û ∥†
0 . (3.39)

Here, one can check that perturbatively expanding Û with respect to Ĥ∥ recovers the usual

Dyson expansion for Û in terms of ĤI. This consistency check is provided in Appendix
B.2.

From now on, let us now choose t∥ = t0, which implies ρ̂0 = ρ̂t,0 and Û ∥
0 = 1̂. Then,

Eq. (3.38) simplifies to
ρ̂(i,j) = Û ∥ Û (i)ρ̂0 Û (j)†Û ∥† . (3.40)

Furthermore, we provide expressions for ρ̂(t) in the chosen detector bases {|ia⟩} and
{|jb⟩} in Appendix B.3.
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3.1.3 Evolution of the detectors

In order to study the evolution of the detectors, we trace over the field,

ρ̂ab(t) = Trϕ ρ̂(t). (3.41)

We now apply this to the expression of Eq. (3.37), which includes the transversal coupling
perturbatively,

ρ̂ab = ρ̂
(0,0)
ab + ρ̂

(1,0)
ab + ρ̂

(0,1)
ab

+ ρ̂
(2,0)
ab + ρ̂

(1,1)
ab + ρ̂

(0,2)
ab + O

(
λ3⊥
)
, (3.42)

where we defined ρ̂
(k,l)
ab = Trϕ ρ̂

(k,l), for any indices k, l. The expressions for the components

of ρ̂
(k,l)
ab in the preferred detector basis {|iajb⟩} are provided in Appendix B.4.1.

In order to study the amount of entanglement in ρ̂ab we need an entanglement measure
that applies to mixed states. In this work, we use negativity, which is an entanglement
monotone and is faithful for systems of two qubits [86, 87, 88]. The negativity of a general
bipartite state, such as ρ̂ab, is

N (ρ̂ab) =

∣∣∣∣ρ̂⊤a
ab

∣∣∣∣
1
− 1

2
. (3.43)

Here, ρ̂⊤a
ab denotes the partial transpose of ρ̂ab with respect to the subsystem A, and

||σ̂||1 = Tr
√
σ̂†σ̂ is the trace norm, which is equal to the sum of the singular values of

σ̂. Equivalently, N (ρ̂ab) equals the absolute sum of the negative eigenvalues of ρ̂⊤a
ab. The

latter is the characterization that we will use to compute negativity in the next sections.

3.2 Splitting longitudinal and transversal interactions

with respect to the initial state

Let us explore the entanglement obtained by detectors that start in an arbitrary pure
product state. We will use the expressions for ρ̂ and ρ̂ab obtained in the previous section
to separate longitudinal and transversal contributions to the evolution. Specifically, we
choose the initial state at time t0 to be

ρ̂0 = |ψa⟩⟨ψa| ⊗ |ψb⟩⟨ψb| ⊗ ρ̂ϕ,0, (3.44)
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where ρ̂ϕ,0 is the initial state of the field, and |ψa⟩ and |ψb⟩ are arbitrary initial pure states
for the detectors.

In general, we have freedom to choose the bases {|ia⟩} and {|jb⟩} used to define longi-
tudinal and transversal operators. For our current choice of initial state in Eq. (3.44), it is
convenient to pick

|0a⟩ := |ψa⟩ , |0b⟩ := |ψb⟩ , (3.45)

and then complete the orthonormal bases as preferred to obtain {|ia⟩} and {|jb⟩}. Notice
that |0a⟩ and |0b⟩ are not necessarily the ground state for the detectors. Here, the index 0
solely indicates that these states are the first element of the basis. In other words, for each
detector, we have split the operators into longitudinal and transversal parts with respect
to an orthogonal basis that contains the initial state as first element. Under this choice,
we can rewrite the initial state as

ρ̂0 = |0a0b⟩⟨0a0b| ⊗ ρ̂ϕ,0. (3.46)

Then, given t∥ = t0,

ρ̂ = ρ̂(0,0) + O
(
λ⊥

)
, (3.47)

ρ̂(0,0)(t) = Û ∥(t)ρ̂0Û
∥†(t)

= |0a0b⟩⟨0a0b| ⊗ D̂βa
0(t)+βb

0(t)
ρ̂ϕ,0D̂

†
βa
0(t)+βb

0(t)
, (3.48)

from using Eqs. (3.27) and (3.40). Therefore, if there is no transversal interaction with
respect to the initial state, i.e. λ⊥ = 0, then the detectors remain in the initial state.
The same is not true for the field, upon which the longitudinal interaction causes a time
dependent displacement of its state.

For general interactions, we include the transversal interaction perturbatively, as de-
scribed in subsection 3.1.2, expanding the state as

ρ̂ = ρ̂(0,0) + ρ̂(1,0) + ρ̂(0,1) + ρ̂(2,0) + ρ̂(1,1) + ρ̂(0,2) + O
(
λ3⊥
)
. (3.49)

The expressions for these in the preferred basis can be obtained from particularizing the
results of Appendix B.3 to the choice of initial state of Eq. (3.46).
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3.2.1 Evolution of the detectors

Now, we study ρ̂ab given the initial state of Eq. (3.46). Specifically, we provide the form
of the terms in the expansion

ρ̂ab = ρ̂
(0,0)
ab + ρ̂

(1,0)
ab + ρ̂

(0,1)
ab + ρ̂

(2,0)
ab + ρ̂

(1,1)
ab + ρ̂

(0,2)
ab + O

(
λ3⊥
)
. (3.50)

In order to do so, it is convenient to split the following operators,

Ĥt =
∑
ν

Ĥν
t , Û (1) =

∑
ν

Ûν , Û (2) =
∑
µν

Ûµν , (3.51)

so that

Ĥν
t = λ̂νtϕ̂

αν

t ,

Ûν(t) = −i

∫ t

t0

dt1 Ĥ
ν
t (t1),

Ûµν(t) = −
∫ t

t0

dt1

∫ t1

t0

dt2 Ĥ
µ
t (t1)Ĥ

ν
t (t2), (3.52)

and define the field operators

Û ∥
ij = ⟨iajb|Û ∥|iajb⟩ ,

Ûν
iji′j′ = ⟨iajb| Ûν |i′aj′b⟩ ,

Ûµν
iji′j′ = ⟨iajb| Ûµν |i′aj′b⟩ . (3.53)

Going back to the expression for ρ̂ab, the zeroth order in λ⊥ can be obtained from
Eq. (3.48),

ρ̂
(0,0)
ab = |0a0b⟩⟨0a0b| . (3.54)

The first order contributions in λ⊥, given t∥ = t0 and Eq. (3.40), are

ρ̂
(1,0)
ab = |ξa0b⟩⟨0a0b| + |0aξb⟩⟨0a0b| ,
ρ̂
(0,1)
ab = ρ̂

(1,0)†
ab . (3.55)

Here, |ξν⟩ are orthogonal to the initial states,

⟨ξa|0a⟩ = ⟨ξb|0b⟩ = 0, (3.56)
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and fulfill

|ξν⟩ =
∑
i ̸=0

ξνi |iν⟩ ,

ξai =
〈
Û ∥†
00Û

∥
i0 Ûa

i000

〉
ρ̂ϕ,0

,

ξbj =
〈
Û ∥†
00Û

∥
0j Ûb

0j00

〉
ρ̂ϕ,0

. (3.57)

Here, we denote expectation values as〈
Â
〉
ρ̂ϕ

= Trϕ
(
Âρ̂ϕ

)
. (3.58)

The contributions of order λ2⊥ are

ρ̂
(2,0)
ab =

(
|υaa0b⟩ + |0aυbb⟩ + |M⟩

)
⟨0a0b| ,

ρ̂
(1,1)
ab = L̂aa ⊗ |0b⟩⟨0b| + |0a⟩⟨0a| ⊗ L̂bb + L̂ab + L̂†

ab,

ρ̂
(0,2)
ab = ρ̂

(2,0)†
ab , (3.59)

where

|υνν⟩ =
∑
i

υννi |iν⟩ ,

υaai =
〈
Û ∥†
00Û

∥
i0 Ûaa

i000

〉
ρ̂ϕ,0

,

υbbj =
〈
Û ∥†
00Û

∥
0j Ûbb

0j00

〉
ρ̂ϕ,0

, (3.60)

|M⟩ =
∑
i ̸=0

∑
j ̸=0

Mij |iajb⟩ ,

Mij =
〈
Û ∥†
00Û

∥
ij(Ûab

ij00 + Ûba
ij00)

〉
ρ̂ϕ,0

, (3.61)

L̂νν =
∑
i ̸=0

∑
i′ ̸=0

Lνν
ii′ |iν⟩⟨i′ν | ,

L̂ab =
∑
i ̸=0

∑
j ̸=0

Lab
ij |ia0b⟩⟨0ajb| ,

Laa
ii′ =

〈(
Ûa
i′000

)†
Û ∥†
i′0Û

∥
i0 Ûa

i000

〉
ρ̂ϕ,0

,

Lbb
jj′ =

〈(
Ûb
0j′00

)†
Û ∥†
0j′Û

∥
0j Ûb

0j00

〉
ρ̂ϕ,0

,

Lab
ij =

〈(
Ûb
0j00

)†
Û ∥†
0j Û

∥
i0 Ûa

i000

〉
ρ̂ϕ,0

. (3.62)

55



Further expressions for the expectation values ξνi , υννi , Mij and Lµν
ij are provided in Ap-

pendix B.4.2.

Compiling the results above into a single expression,

ρ̂ab = |0a0b⟩⟨0a0b| +
(
|ξa0b⟩ + |0aξb⟩

)
⟨0a0b|

+ |0a0b⟩
(
⟨ξa0b| + ⟨0aξb|

)
+
(
|υaa0b⟩ + |0aυbb⟩ + |M⟩

)
⟨0a0b|

+ |0a0b⟩
(
⟨υaa0b| + ⟨0aυbb| + ⟨M|

)
+ L̂aa ⊗ |0b⟩⟨0b| + |0a⟩⟨0a| ⊗ L̂bb + L̂ab + L̂†

ab

+ O
(
λ3⊥
)
. (3.63)

3.2.2 Negativity for the detectors

Next, we study the amount of entanglement in ρ̂ab by obtaining an expression for the
negativity N (ρ̂ab). We show that, at leading order in λ⊥, N (ρ̂ab) is a function of solely
the quantities ξai , ξbj , Mij and Laa

ii′ , L
bb
jj′ .

Specifically, the negativity of the detectors is, at leading order in λ⊥,

N (ρ̂ab) = N
(
(σ̂2 − |ψ1⟩⟨ψ1|)⊤a

)
+ O

(
λ3⊥
)
, (3.64)

where

|ψ1⟩ =
(
|ξa0b⟩

)∗
+ |0aξb⟩ ,

σ̂2 =
(
L̂aa

)∗⊗ |0b⟩⟨0b| + |0a⟩⟨0a| ⊗ L̂bb + M̂ + M̂ †,

M̂ =
∑
i ̸=0

∑
j ̸=0

Mij |0ajb⟩⟨ia0b| . (3.65)

These expressions use the definitions of the previous subsection 3.2.1 and ( . )∗ denotes
complex conjugating the coefficients in the {|iajb⟩} basis. Moreover, N

(
(σ̂2 − |ψ1⟩⟨ψ1|)⊤a

)
equals the absolute sum of the negative eigenvalues of σ̂2 − |ψ1⟩⟨ψ1|, which is of order λ2⊥.

In order to show this result, we need to compute the partial transpose of ρ̂ab,

ρ̂⊤a
ab = |0a0b⟩⟨0a0b| + |ψ1⟩⟨0a0b| + |0a0b⟩⟨ψ1|

+ |ψ2⟩⟨0a0b| + |0a0b⟩⟨ψ2| + σ̂2 + O
(
λ3⊥
)
, (3.66)
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where we used the definitions in Eq. (3.65) together with

|ψ2⟩ =
(
|υaa0b⟩

)∗
+ |0aυbb⟩ + |Lab⟩ ,

|Lab⟩ =
∑
i ̸=0

∑
j ̸=0

Lba
ij |iajb⟩ . (3.67)

Remember that ( . )∗ denotes complex conjugating the coefficients in the {|iajb⟩} basis. In
order to compute N (ρ̂ab), we need to know the eigenvalues of ρ̂⊤a

ab. The Appendix B.5
describes how to perturbatively find the eigenvalues of ρ̂⊤a

ab. The main result of this ap-
pendix is that the negative eigenvalues of ρ̂⊤a

ab are the same as the negative eigenvalues of
σ̂2 − |ψ1⟩⟨ψ1|.

Remarkably, for the case studied in this section, i.e. detectors initialized in longitudinal
states, not only the leading order contribution to N (ρ̂ab) is of order λ2⊥, but it is also of
order zero in λ∥. This can be seen from the expressions for ξνi , υννi , Mij and Lµν

ij provided
in Appendix B.4.2. Such expressions are non-perturbative in λ∥, but if we expand them
with respect to λ∥, then we obtain, at leading order

ξνi = −i

∫ t

t0

dt1 λ
ν
⊥,i0(t1)

〈
ϕ̂αν

(t1)
〉
ρ̂ϕ,0

+ O(λ∥),

υννi = −
∑
s̸=i,0

∫ t

t0

dt1

∫ t1

t0

dt2 λ
ν
⊥,is(t1)λ

ν
⊥,s0(t2)W

νν(t1, t2) + O(λ∥),

Mij = −
∫ t

t0

dt1

∫ t

t0

dt2 λ
a
⊥,i0(t1)λ

b
⊥,j0(t2)G

ab(t1, t2) + O(λ∥),

Lµν
ij =

∫ t

t0

dt1

∫ t

t0

dt2 λ
µ
⊥,i0(t1)λ

ν
⊥,0j(t2)W

νµ(t2, t1) + O(λ∥), (3.68)

where we defined

W µν(t1, t2) = ⟨ϕ̂αµ

(t1)ϕ̂
αν

(t2)
〉
ρ̂ϕ,0

,

Gµν(t1, t2) = Θ(t1 − t2)W
µν(t1, t2) + Θ(t2 − t1)W

νµ(t2, t1). (3.69)

Notice that Gµν(t1, t2) is the time ordered version of W µν(t1, t2). Additionally, this defini-
tion is compatible with the W µν− previously introduced in equation (3.14). Specifically,

W µν−(t1, t2) =
W µν(t1, t2) −W νµ(t2, t1)

2
. (3.70)
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The expressions above justify that N (ρ̂ab) is dominated by the coupling that is transver-
sal to the detectors’ initial state. This holds for any initial state of the field ρ̂ϕ,0, but is
only true in the perturbative regime, where λ⊥ and λ∥ are small. In other words,

N (ρ̂ab) ∝ λ2⊥
(
1 + O(λ⊥) + O(λ∥)

)
. (3.71)

Conversely, there are at least two regimes where the effect of the longitudinal interaction
can become relevant: 1) if λ∥ is large, and 2) if the longitudinal interaction is kept on
for a long time. We will explore the first case in the next section with an example qubit
detector.

3.3 Effect of a nonperturbative longitudinal interac-

tion

Now, we look into the the effects of the longitudinal coupling in entanglement harvesting
for a particular example. In light of the previous section, where the longitudinal interaction
did not affect leading order negativity, we will use the non-perturbative results in λ∥ to
explore higher order effects for this parameter.

For this example, we will consider a massless scalar quantum field in (1+1)-dimensional
Minkowski space. In this case, the amplitude of the field can be written as a particular
case of Eq. (3.3),

ϕ̂(t, x) =

∫
R

dk√
4π|k|

(
ei(|k|t−kx)â†k + e−i(|k|t−kx)âk

)
. (3.72)

As a simple model of detector, we will take a pair of qubit UDW detectors. However,
we will couple the detectors to the derivative of the field amplitude ∂tϕ̂(t,x), since this
is the implementation that can be experimentally realized in superconducting circuits, as
seen for example in [67, 3].

Consider UDW detectors with energy gaps Ων and respectively denote their ground
and excited states as |gν⟩ and |eν⟩. This energy eigenbasis is now our preferred longitudi-
nal basis. Then, the following interaction Hamiltonian introduces both longitudinal and
transversal interactions,

ĤI(t) =
∑
ν

λ̂ν(t)

∫
dnxFν(x)∂tϕ̂(t,x), (3.73)
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where the smearing function Fν(x) controls where the detector ν couples to the field, and

λ̂ν(t) = λν⊥χ
ν
⊥(t)µ̂ν(t) + λν∥χ

ν
∥(t) |eν⟩⟨eν | . (3.74)

Here χν
⊥ and χν

∥ are switching functions for the transversal and longitudinal interactions.
These switching functions localize the interaction in time and take on real values. The
operator µ̂ν(t) is called monopole moment operator and is defined as

µ̂ν(t) = eiΩνtσ̂+
ν + e−iΩνtσ̂−

ν , (3.75)

where σ̂+
ν = |eν⟩⟨gν | = (σ̂−

ν )†. Now, we can recast this Hamiltonian in the form of Eq. (3.1),
with the objective to then use the results described in previous sections. First, we recognize
that for the chosen longitudinal basis,

λ̂ν⊥(t) = λν⊥χ
ν
⊥(t)µ̂ν(t), λ̂ν∥(t) = λν∥χ

ν
∥(t) |eν⟩⟨eν | . (3.76)

Additionally, analogously to Eq. (3.5), we find that∫
Rn

dnxFν(x)∂tϕ̂(t,x) = ϕ̂αν

(t),

αν(t, k) = ei|k|t
√

|k|
4π
F̃ ∗
ν (k), (3.77)

where we used that Fν(x) is real, so that F̃ν(−k) = F̃ ∗
ν (k).

Next, consider the detectors to be initialized in their ground states,

ρ̂0 = |gagb⟩⟨gagb| ⊗ ρ̂ϕ,0. (3.78)

This is a longitudinal state of the energy eigenbasis of the detectors, and thus we can use
the results from section 3.2. In particular, the effects of the longitudinal interaction will
only appear beyond leading order on the longitudinal interaction strength.

Under the choices above, the state of the detectors ρ̂ab in the basis {|gagb⟩, |eagb⟩,
|gaeb⟩, |eaeb⟩} at any given point in time becomes

ρ̂ab =


1 − Laa − Lbb ξa∗ ξb∗ M∗

ξa Laa Lab 0
ξb Lab∗ Lbb 0
M 0 0 0


+ O(λ3⊥). (3.79)
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This expression follows from the equations in subsection 3.2.1, after dropping the subindices
indices for succinctness. Moreover, we used the following property of the Dyson expansion:
the trace for the approximation of ρ̂ab is 1, even when the Dyson expansion is truncated
to a finite number of terms.

Following subsection 3.2.2, the negativity of ρ̂ab at leading order is the absolute sum of
negative eigenvalues of

σ̂2 − |ψ1⟩⟨ψ1| =


0 0 0 0
0 Laa − |ξa|2 M∗ − ξa∗ξb∗ 0
0 M − ξaξb Lbb − |ξb|2 0
0 0 0 0

 . (3.80)

The eigenvalues of this matrix can be found analytically, from which one finds that

N (ρ̂ab) = max{0,V} + O(λ3⊥), (3.81)

with

V =

√
|M − ξaξb|2 +

(
Laa − |ξa|2 − Lbb + |ξb|2

2

)2

+
|ξa|2 + |ξb|2

2
− Laa + Lbb

2
. (3.82)

This expression simplifies for the case L = Laa = Lbb, ξ = ξa = ξb, turning into

N (ρ̂ab) = max
{

0, |M − ξ2| + |ξ|2 − L
}

+ O(λ3⊥). (3.83)

We obtain the quantities ξν , Lµν , M by particularizing the expressions of Appendix B.4.2
to the current scenario,

ξν = −iλν⊥

∫ t

t0

dt1 e
ζ(ν,0)(t,t1)χν

⊥(t1)e
iΩνt1

〈
D̂βν(t)−βν(t1)ϕ̂

αν

(t1)
〉
ρ̂ϕ,0

, (3.84)

Lµν = λµ⊥λ
ν
⊥

∫ t

t0

dt1

∫ t

t0

dt2 e
ζ(µ,ν)(t,t1,t2)χµ

⊥(t1)χ
ν
⊥(t2)

×
〈
ϕ̂αν

(t2)D̂βµ(t)−βν(t)+βν(t2)−βµ(t1)ϕ̂
αµ

(t1)
〉
ρ̂ϕ,0

ei(Ωµt1−Ωνt2), (3.85)

M = −λa⊥λb⊥
∫ t

t0

dt1

∫ t1

t0

dt2 e
ζ(ab,0)(t,t1,t2)+i(Ωat1+Ωbt2)χa

⊥(t1)χ
b
⊥(t2)

×
〈
D̂βa(t)+βb(t)−βa(t1)−βb(t2)ϕ̂

αa

(t1)ϕ̂
αb

(t2)
〉
ρ̂ϕ,0

+ A ↔ B. (3.86)
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where by A ↔ B we mean swapping the labels A and B. Moreover, we denoted

βν(t, k) = λν∥

∫ t

t0

dt1 χ
ν
∥(t1)α

ν(t1, k)

βν(t, k) = λν∥(4π)−
1
2 |k|

1
2 F̃ ∗

ν (k)

∫ t

t0

dt1 χ
ν
∥(t1)e

i|k|t, (3.87)

ζ(ν,0)(t, t1) = ϑνν(t1) − ϑνν(t) + Cνν(t, t1),

= −(λν∥)2
∫ t

t1

dt′1

∫ t′1

t1

dt′2 χ
ν
∥(t′1)χ

ν
∥(t′2)W

νν−(t′1, t
′
2), (3.88)

ζ(µ,ν)(t, t1, t2) = ϑµµ(t1) − ϑνν(t2) − ϑµµ(t) + ϑνν(t)

− ϑµν(t) + ϑνµ(t) + Cµµ(t, t1) − Cνµ(t, t1)

+ Cµν(t, t2) − Cνν(t, t2) − Cµν(t1, t2), (3.89)

ζ(ν,ν)(t, t1, t2) = ζ(ν,0)(t2, t1), (3.90)

ζ(ab,0)(t, t1, t2) = −
∑
µν

ϑµν(t) +
∑
ν

Cνa(t, t1) + Cνb(t, t2)

+ ϑaa(t1) + 2ϑab(t1) + ϑbb(t2) − Cab(t1, t2), (3.91)

with ζ(ba,0) equal to ζ(ab,0) with all A and B labels swapped. Finally,

ϑµν(t) = λµ∥λ
ν
∥

∫ t

t0

dt1

∫ t1

t0

dt2 χ
µ
∥ (t1)χ

ν
∥(t2)W

µν−(t1, t2),

Cµν(t, t′) = λµ∥λ
ν
∥

∫ t

t0

dt1

∫ t′

t0

dt2 χ
µ
∥ (t1)χ

ν
∥(t2)W

µν−(t1, t2),

W µν−(t1, t2) =
i

4π

∫ ∞

−∞
dk |k| Im

(
ei|k|(t2−t1)F̃µ(k)F̃ ∗

ν (k)
)
, (3.92)

where the last equality comes from substituting Eq. (3.77) into the definition of W µν−

given in Eq. (3.14).
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3.3.1 Initializing the field in the vacuum state

Next, we choose the field to be initialized in its vacuum state,

ρ̂ϕ,0 = |0ϕ⟩⟨0ϕ| . (3.93)

This assumption allows us to evaluate field expectation values by using the tools from
Appendix B.6, resulting in

ξν = −iλν⊥λ
ν
∥

∫ t

t0

dt1

∫ t

t1

dt2 e
iΩνt1−ϱν(t,t1)χν

⊥(t1)χ
ν
∥(t2)W

νν(t2, t1),

ϱν(t, t1) = (λν∥)2
∫ t

t1

dt′1

∫ t′1

t1

dt′2 χ
ν
∥(t′1)χ

ν
∥(t′2)W

νν(t′1, t
′
2), (3.94)

which fulfills ϱν(t′, t) = ϱν∗(t, t′), and Re
(
ϱν(t, t1)

)
≥ 0. As an intermediate step to obtain

the equation above, we showed that〈
D̂βν(t)−βν(t1)

〉
|0ϕ⟩⟨0ϕ|

eζ
(ν,0)(t,t1) = e−ϱν(t,t1). (3.95)

For succinctness, we only provide the integrals for Lνν , since Lab is not needed to compute
negativity.

Lνν = (λν⊥)2
∫ t

t0

dt1

∫ t

t0

dt2 e
iΩν(t1−t2)−ϱν(t2,t1)χν

⊥(t1)

× χν
⊥(t2)

(
W νν(t2, t1) − (λν∥)2

∫ t2

t1

dt′1 χ
ν
∥(t′1)

×W νν(t′1, t1)

∫ t2

t1

dt′2 χ
ν
∥(t′2)W

νν(t2, t
′
2)
)
, (3.96)

Lastly, for M ,

M = −λa⊥λb⊥
∫ t

t0

dt1

∫ t

t0

dt2 e
−ϱa(t,t1)−ϱb(t,t2)−Gab

∥ (t,t1,t2)

× ei(Ωat1+Ωbt2)χa
⊥(t1)χ

b
⊥(t2)

(
Gab(t1, t2) −Bab(t, t1, t2)

)
, (3.97)

where we defined

Gab
∥ (t, t1, t2) = λa∥λ

b
∥

∫ t

t1

dt′1

∫ t

t2

dt′2 χ
a
∥ (t′1)χ

b
∥(t′2)G

ab(t′1, t
′
2),

Bµν(t, t1, t2) =
(
Bµµ(t, t1, t1) + Bνµ(t, t2, t1)

)(
Bµν(t, t1, t2) + Bνν(t, t2, t2)

)
,

Bµν(t, t1, t2) = λµ∥

∫ t

t1

dt′1 χ
µ
∥ (t′1)W

µν(t′1, t2). (3.98)
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The equations (3.94) until (3.98) also hold more generally, for fields initialized in Gaussian
states for which the expectation value of ϕ̂ is zero. Examples of such states, besides the
vacuum, are thermal states.

3.3.2 Choice of smearing and switching functions

We will consider the smearing functions to be Gaussian, and use detectors of equal shape
and size,

Fν(x) = F (x− xν), F (x) =
1√
πσ

e−
x2

σ2 , (3.99)

with d = |xa − xb| being the distance between the detectors. Then,

F̃ν(k) = eikxν F̃ (k), F̃ (k) = e−
1
4
k2σ2

(3.100)

and substituting into Eq. (3.77),

αν(t, k) = ei(|k|t−kxν)

√
|k|
4π
e−

1
4
k2σ2

, (3.101)

and into Eq. (B.153),

W µν(t1, t2) =

∫ ∞

−∞
dk αµ∗(t1, k)αν(t2, k)

=
1

4π

∫ ∞

−∞
dk |k|e−

1
2
k2σ2

ei|k|(t2−t1)+ik(xµ−xν)

=
1

2π

∫ ∞

0

dk ke−
1
2
k2σ2

cos
(
k(xµ − xν)

)
eik(t2−t1), (3.102)

and taking into account that W µν− = i Im(W µν),

W µν−(t1, t2) =
i

2π

∫ ∞

0

dk ke−
1
2
k2σ2

cos
(
k(xµ − xν)

)
sin
(
k(t2 − t1)

)
. (3.103)

Remarkably, this integral has an analytical solution,

W µν−(t1, t2) =
i

4π

(
J−(t1 − t2 + |xµ − xν |) + J−(t1 − t2 − |xµ − xν |)

)
,

J−(t) = −
∫ ∞

0

dk |k|e−
1
2
k2σ2

sin(kt)

J −(x) = −
√
π√

2σ3
te−

t2

2σ2 . (3.104)
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Analogously, we can define W µν+ = Re(W µν) and obtain that

W µν+(t1, t2) =
i

4π

(
J+(t1 − t2 + |xµ − xν |) + J+(t1 − t2 − |xµ − xν |)

)
,

J+(t) =

∫ ∞

0

dk |k|e−
1
2
k2σ2

cos(kt)

J +(x) =
1

σ2
−

√
2

σ3
tD
(

t√
2σ

)
. (3.105)

where D(x) =
√
π
2
e−x2

erfix is the Dawson function1, with erfi z = −i erf z the imaginary
error function.
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Figure 3.1: Choice of switching function for the transversal interaction.

Moving onto the choice of the longitudinal and transversal switching functions χν
∥(t)

and χν
⊥(t), we take

χν
∥(t) = 1, χν

⊥(t) =

{
sin(πt)2 0 < t < 1,

0 otherwise,
(3.107)

where χa
⊥(t) = χb

⊥(t)χ⊥(t) is illustrated in Figure 3.1. Note that χ⊥(t) is a function with a
continuous derivative, supported on the interval [0, 1], meaning that the transversal inter-
action lasts for exactly one unit of time. The choice χν

∥(t) = 1 means that the longitudinal

1The Dawson function is defined as

D(x) := e−x2

∫ x

0

dy e−y2

. (3.106)
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coupling is constantly active for both detectors. This setup represents the simplest case
without any control over the longitudinal coupling. Our goal is to examine how much a
constant, unintended longitudinal interaction can affect the amount of harvested entangle-
ment.

Notice that even though the longitudinal interaction is always turned on, ρ̂ab only starts
to change at the time t = 0.2 Accordingly, we choose the initial time to be t0 = 0.

3.3.3 Effect of the longitudinal coupling strength on the evolu-
tion of the negativity

For simplicity, let us now consider equal coupling strengths for both detectors λ⊥ = λa⊥ = λb⊥,
λ∥ = λa∥ = λb∥ , and equal energy gaps, Ω = Ωb = Ωb. Combining these with the choices
of smearing and switching functions provided above and with the equations from subsec-
tion 3.3.1, we obtain ξ = ξa = ξb, L = Laa = Lbb. Therefore, we can use the formula (3.83)
for the negativity,

N (ρ̂ab) = max
{

0, |M − ξ2| + |ξ|2 − L
}

+ O(λ3⊥). (3.108)

Note that |M − ξ2|+ |ξ|2 −L is proportional to λ2⊥. Therefore, instead of plotting N (ρ̂ab),
we will plot N (ρ̂ab)/λ2⊥ at leading order, which is independent of the value of λ⊥.

After numerically integrating (3.94), (3.96) and (3.97), under the choices of smearing
and switching of subsection 3.3.2, we obtain Figure 3.2. These figure shows the effects
of progressively higher values of λ∥. These plots reach regimes where higher order effects
on λ∥ are significant, and thus the non-perturbative expressions on λ∥ that we are using
become relevant to obtain the correct result.

2This is only true because the initial state of the detectors, chosen in equation (3.78), is longitudinal,
like the interaction for t < 0.
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Figure 3.2: Numerical results for the scenario of the current section 3.3, with detector
gap Ω = 9, distance between detectors d = 1, and detector size σ = 0.1. The transversal
interaction is turned on at time t = 0 and turned off at t = 1, smoothly, according to
Eq. (3.107). The longitudinal interaction is constantly turned on, and we test different
longitudinal coupling strengths, indicated by the value of λ∥.
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Chapter 4

Harvesting entanglement in a
proposed superconducting
implementation

4.1 Review of superconducting tunable couplers

In this section we will analyze the superconducting circuit model behind implementing
tunable coupling of a superconducting qubit to a transmission line [3]. Namely, in this
implementation, we can tune the coupling between superconducting qubits and a trans-
mission line from zero coupling to the ultra-strong coupling regime in a matter of fractions
of nanosecond. We will review the derivation of the Hamiltonian of this device, which will
be useful for Section 4.2 where we relate it to the typical particle detector models employed
in the literature of entanglement harvesting. To model the system we will follow a circuit
model approach, similarly to the Supplementary material of [69] and to [100, 101].

4.1.1 Quantized transmission line

Superconducting transmission lines provide an experimental system where dynamical de-
grees of freedom of the electromagnetic field can be simplified into a one-dimensional real
scalar quantum field theory. Although it is well-known in the literature of superconduct-
ing quantum devices, for convenience and notation setting purposes, we include here a
brief derivation of the Hamiltonian of the transmission line from its lumped circuit model
depicted in Figure 4.1.
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ℓ0∆x ℓ0∆x

c0∆x c0∆x c0∆x

Φ−1 Φ0 Φ1

∆x ∆x

Figure 4.1: Lumped circuit model of a resistance-less transmission line.

The Hamiltonian of this lumped circuit model is

Htl,∆x =
1

2

∑
i

(Φi+1 − Φi)
2

ℓ0∆x
+

q2i
c0∆x

, (4.1)

where ℓ0 and c0 respectively are the inductance and capacitance per unit length. The
variables Φi and qi respectively are the flux and charge for the node i, and are defined as

Φi(t) =

∫ t

−∞
dt′ Vi(t

′), qi(t) =

∫ t

−∞
dt′ Ii(t

′), (4.2)

where Vi and Ii respectively are the voltage and intensity from the node i to ground.

To get the Hamiltonian of the transmission line, we take the continuum limit, ∆x→ 0,
obtaining

Htl =
1

2

∫
dx

∂xΦ(x)2

ℓ0
+
q(x)2

c0
, (4.3)

where

∂tΦ(x) =
δHtl

δq(x)
=
q(x)

c0
. (4.4)

After quantization, Ĥtl can be recognized as the Hamiltonian of a 1D real massless scalar
quantum field. Its Heisenberg picture amplitude operator Φ̂ is given by

Φ̂(t, x) =
√

ℏZ0

∫
dk√
4π|k|

(ei(ωkt−kx)â†k + H.c.) . (4.5)

Here, Z0 =
√

ℓ0
c0

is the characteristic impedance of the transmission line, ωk = v|k| is the

frequency of the the mode of wavenumber k and v = 1/
√
c0ℓ0 is the speed of light in the
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transmission line. The âk and â†k are the annihilation and creation operators of the mode

k, which fulfill [âk, â
†
k′ ] = δ(k − k′). Using these definitions, one finds that

Ĥtl =
1

2

∫
dk ℏωk

(
â†kâk + âkâ

†
k

)
. (4.6)

To give an idea about the physical scales of the system, typical parameters for the
transmission line are (see e.g., [102, 70])

v ≈ 1.2 · 108 m s−1, Z0 ≈ 50 Ω. (4.7)

We will use these values throughout this work.

There is a frequency scale beyond which electromagnetic signals in the transmission
line get attenuated. This attenuation increases drastically beyond the superconducting gap.
For aluminum, commonly used for superconducting transmission lines, the superconducting
gap is 75 GHz [103]. Therefore, the experimental implementation introduces an effective
UV cutoff scale. The effects of the cutoff and finite size of the superconducting qubits were
explored in [67], and become more relevant for shorter interactions.

In this work, we consider an exponential cutoff at a frequency scale of Ωcut/(2π) =
50 GHz. This cutoff value was found in [70] by matching experimental measurements with
the renormalized frequency of the coupled qubit (which is cutoff dependent), under the
renormalization model of [104, 68]. To implement the cutoff, we modify the field operator
that interacts with the qubit as follows,

Φ̂C(t, x) =
√

ℏZ0

∫
dk

C(ωk)√
4π|k|

(ei(ωkt−kx)â†k + H.c.) . (4.8)

Here, we added the exponentially decreasing weight

C(ω) = e
− |ω|

2Ωcut . (4.9)

As discussed in [67], this implementation of the cutoff is equivalent to the qubit inter-
acting with a spatially smeared version of the field. Specifically,

Φ̂C(t, x) =

∫
dx′ Feff(x′ − x)Φ̂(t, x′), (4.10)

where the effective smearing function Feff(x) is

Feff(x) =
1

2π

∫
dk C(ωk)eikx =

1

2πv
C̃

(
x

v

)
, (4.11)
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with the following Fourier transform convention

f̃(k) =

∫
dx f(x)eikx. (4.12)

The expression for Feff(x) follows from comparing Eqs. (4.5) and (4.8) to see that F̃eff(k) =
C(ωk), and then using the inverse Fourier transform together with ωk = v|k|. Notice that

Feff(x) ∈ R and Feff(x) = Feff(−x), due to F̃eff(k) ∈ R and F̃eff(k) = F̃eff(−k).

In particular, for the exponential cutoff chosen in Eq. (4.9),

Feff(x) =
2Ωcut

πv

1

1 +
(
2Ωcut

v
x
)2 . (4.13)

4.1.2 Tunable coupler and flux qubit

Here we describe the superconducting circuit which performs the role of the detector in
the entanglement harvesting implementation. Following the proposal of [3], this circuit
consists of a flux qubit tunably coupled to the transmission line. This circuit is made out
of Josephson junctions, which can be implemented as a small insulating gap between super-
conducting materials. In circuit diagrams, Josephson junctions are indicated as crosses. In
practice, Josephson junctions always have a capacitance in parallel, indicated by drawing
the crosses in a box.

Consider the flux qubit depicted in Figure 4.2. The qubit subspace consists of the two
lowest energy levels of the circuit. The flux qubit consists of a superconducting loop with
Josephson junctions. The loop is threaded by an external magnetic flux fε, which can
be tuned arbitrarily and is chosen so that the qubit is in the symmetry point, i.e. in a
minimum of the qubit frequency.

γ1 γ2 γ3

fε•

Figure 4.2: Circuit model of a flux qubit. The γi indicate the phase variable of the i-th
Josephson junction.
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The tunable coupler is an additional loop with Josphson junctions, threaded by an
external flux fβ, shown in Figure 4.3. From now on, we will refer to the two lowest energy
levels of the combined circuit presented in Figure 4.3 as the qubit subspace, which differs
from the qubit subspace of the flux qubit.

The transmission line is connected at a and b, which makes the phase operator γ̂5
couple to the transmission line. Then, the parameter fβ allows to tune the coupling
strength between the qubit and the transmission line, by changing the size of γ̂5 in the
qubit subspace.

γ1 γ2 γ3

γ4

fε•

γ5

γ6

a b

fβ•

Figure 4.3: Circuit model of the tunable coupler connected to the flux qubit. The tunable
coupler connects to the transmission line through the points a and b.

The tunable coupler + flux qubit circuit is quantized by using the following conjugate
sets of variables

γ =


γ1
γ2
γ5
γ6

 , p = ℏN = ℏ


N1

N2

N5

N6

 , (4.14)

where the phase degrees of freedom, γi, are 2π-periodic. The resulting Hamiltonian of the
tunable coupler and the flux qubit is

Ĥtc+fq = 2e2N̂⊤C−1N̂ −
∑

i∈{1,2,5,6}

EJi cos(γ̂i)

− EJ3 cos(γ̂1 + γ̂2 − γ̂5 − γ̂6 + 2πfε + 2πfβ)

− EJ4 cos(γ̂5 + γ̂6 − 2πfβ), (4.15)
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where the C is a matrix of capacitances, the EJi is the Josephson energy of the i-th
junction1, and the fε and fβ are external magnetic fluxes, which can be controlled during
the experiment. For a review of the circuit theory for superconducting qubits, which was
used to derive this Hamiltonian, see [105].

Notice that Ĥtc+fq plays the role of the free Hamiltoinan in the usual detector models,
and importantly, it has non-linear cosine terms, which come from the Josephson junctions
and do not appear in most common detector models, such as qubits or harmonic oscillators.
These terms are key to create superconducting qubits and superconducting devices in
general. Moreover, the presence of the external magnetic fluxes fε and fβ in the non-linear
terms is what allows to tune the coupling to the transmission line. However, relating the
Hamiltonian of this circuit to the common detector models requires some work that will
be done in section 4.2. It is there that we will show how this circuit can be approximated
under certain regimes as a variable gap qubit detector.

4.1.3 Coupling the superconducting circuit to the transmission
line

Here, we derive the interaction between a superconducting circuit, such as the tunable
coupler + flux qubit (TC+FQ) circuit, and the transmission line. To do so, we start from
the lumped circuit model depicted in Figure 4.4, which includes both the TC+FQ circuit
and the transmission line, and take the limit ∆x→ 0.

ℓ0∆x ℓ0
∆x
2

ℓ0
∆x
2

c0∆x c0∆x c0∆x

Φ−1 Φ0 Φ1

∆x

TC+FQ
Φa Φb

Figure 4.4: Lumped circuit model of a transmission line coupled to the TC+FQ circuit of
Figure 4.3, depicted as a dashed box.

1Ref. [3] obtained the matrix of capcitances from an electromagnetic simulation of the superconducting
circuit. Then, they found the value of the critical currents Ici = EJi

/φ0 by fitting the numerically
computed qubit frequencies to their measurements for multiple values of fβ and fε. Here, φ0 = ℏ/(2e)
denotes the reduced magnetic flux quanta.
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The circuit in Figure 4.4 has the following Hamiltonian:

Ĥ∆x = Ĥtc+fq +
∑
i

q̂2i
2c0∆x

+
∑
i ̸=0

1

2ℓ0∆x
(Φ̂i+1 − Φ̂i)

2

+
1

ℓ0∆x
(Φ̂a − Φ̂0)

2 +
1

ℓ0∆x
(Φ̂1 − Φ̂b)

2. (4.16)

Here, Φ̂a and Φ̂b respectively denote the fluxes at the nodes a and b of the TC+FQ circuit
depicted in Figure 4.3. These fluxes relate to the branch variable γ̂5 as follows, Φ̂b − Φ̂a =
φ0γ̂5, with φ0 = ℏ

2e
the reduced magnetic flux quanta. Performing the change of variables

Φ̂± = Φ̂b ± Φ̂a and a few algebraic manipulations,

(Φ̂0 − Φ̂a)
2 + (Φ̂1 − Φ̂b)

2

=
1

2
(Φ̂1 − Φ̂0)

2 − (Φ̂1 − Φ̂0)Φ̂− +
Φ̂2

−

2
+

1

2
(Φ̂1 + Φ̂0 − Φ̂+)2. (4.17)

Substituting back into Ĥ∆x,

Ĥ∆x = Ĥtc+fq + Ĥtl,∆x −
Φ̂1 − Φ̂0

ℓ0∆x
Φ̂− +

Φ̂2
−

2ℓ0∆x
+

(Φ̂1 + Φ̂0 − Φ̂+)2

2ℓ0∆x
. (4.18)

Now, taking ∆x→ 0, the Hamiltonian becomes

Ĥ = Ĥtc+fq + Ĥtl + Ĥint,

Ĥint = − 1

ℓ0
Φ̂−∂xΦ̂(xtc+fq). (4.19)

Here, xtc+fq is the position of the TC+FQ circuit, which we effectively treat as point-
like. This treatment is justified because the field cutoff given in Eq. (4.9) (with scale
Ωcut/(2π) = 50 GHz) dominates the TC+FQ circuit physical size2, which is approximately
100 µm in the proposal of [3]. For a more detailed study of how the effects of the cutoff
and the superconducting circuit size combine, see [67].

Moreover, we used that (Φ̂1 + Φ̂0 − Φ̂+)2/∆x → 0 when taking ∆x → 0. This is a
consequence of the following inductor relationships,

Φ̂0 − Φ̂a =
ℓ0∆x

2
Î0a, Φ̂b − Φ̂1 =

ℓ0∆x

2
Îb1. (4.20)

2The cutoff makes it so that distances smaller than v
Ωcut

= 0.38mm are not resolved by the field.
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Here, Î0a and Îb1 respectively are the currents from nodes 0 to a and from nodes b to 1.
Then, from Eq. (4.20) and Φ̂+ = Φ̂a + Φ̂b,

(Φ̂1 + Φ̂0 − Φ̂+)2

∆x
=
ℓ20
4

(Î0a − Îb1)
2∆x = O(∆x), (4.21)

which implies that (Φ̂1 + Φ̂0 − Φ̂+)2/∆x→ 0 as ∆x→ 0.3

Additionally, to obtain Ĥ, we neglected the renormalization term Φ̂2
−/(2ℓ0∆x). This

approximation is common for superconducting circuits coupled to transmission lines. The
renormalization term diverges in the limit ∆x → 0. This divergence could be avoided by
not fully taking the continuum limit, and instead picking a finite value of ∆x. Such a
discretized transmission line has a dispersion relation ω(k) that is linear at small k, but
nonlinearities kick in as k approaches 1/∆x, see e.g. [104]. A reasonable choice of ∆x
would be the one associated to the smallest resolvable length given the measured cutoff,
v/Ωcut = 0.38 mm. For this value of ∆x, the renormalization term would significantly
modify the energy levels of the TC+FQ circuit 4. Nonetheless, in this work we do take the
continuum limit, neglecting the renormalization term, for both ease of computation and
ease of comparison with common UDW detector models. We do not expect that adding
back the renormalization term would change the main conclusions of our work. Notably,
Ĥint remains the same regardless of whether the renormalization term is included. The
effect of the renormalization term will be analyzed in future work.

Finally, notice that the interaction term Ĥint is proportional to the flux jump Φ̂− across
the TC+FQ circuit, which fulfills Φ̂− = φ0γ̂5. Moreover, after replacing Φ̂ by the Φ̂C of
Eq. (4.8), which includes the cutoff, the final expression for Ĥint becomes

Ĥint = −φ0

ℓ0
γ̂5∂xΦ̂C(xtc+fq). (4.22)

While this interaction Hamiltonian is constant, tunability is achieved by controlling the
parameters fβ and fε, which change the projection of γ̂5 on the qubit subspace (i.e., the

3This argument relies on the difference of currents Î0a − Îb1 tending to a finite value as ∆x→ 0. This
difference of currents can be understood as the amount of current flowing into the TC+FQ circuit from
the transmission line. For the circuit model of the TC+FQ circuit given in this chapter, Î0a − Îb1 = 0.
However, one can consider improving the circuit model by adding a capacitive coupling to the ground,
which is present in the actual implementation. Even in that case, we expect the amount of current flowing
from the TC+FQ circuit to the ground through a capacitive coupling to remain finite as ∆x → 0, and
thus the same should apply to Î0a − Îb1.

4If we choose ∆x = 0.38mm, then ℓ0∆x = 0.16 nH, which is comparable to the Josephson inductance
of the junction that lies in the transmission line path. This means that the renormalization term would
contribute significantly to Ĥtc+fq.
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space spanned by the two lowest energy eigenvectors of (4.15)), effectively reducing or
increasing the intensity of the interaction.

4.2 A variable gap particle detector as a model of flux

qubit and tunable coupler

By means of an adiabatic approximation, we will relate the TC+FQ implementation given
in Section 4.1 to a variable gap detector model, which resembles the most common particle
detector used in RQI protocols, the UDW detector.

4.2.1 Simplifying the TC+FQ circuit model

Two-level approximation

To reduce the tunable coupler + flux qubit circuit into a qubit, we need to truncate
the energy levels, keeping only the two lowest-energy eigenvectors of Ĥtc+fq. Neglecting
higher energy levels can be justified when their transition frequencies are large compared
to the qubit transition frequency. Then, if the coupling is switched on and off slowly
enough, the adiabatic theorem forbids transitions that leave the qubit subspace. The
exact conditions under which this adiabatic approximation in the ultra-strong coupling
regime is justified are subtle and will be explored elsewhere. Here we will operate under
the assumption that they hold, as experimentally validated in cases where the coupling
is not too strong [70, 106, 107]. All the quantities of interest for the qubit, such as the
energy gap and coupling strength, can be computed from the numerical diagonalization
of the Hamiltonian Ĥtc+fq in a suitably truncated charge basis. In the TC+FQ circuit,
for each fβ, the value of fε is picked to minimize the qubit transition frequency [3]. This
choice corresponds to a coupling between the qubit and the transmission line that best
approximates the transverse coupling model in UDW detectors. Then, the only remaining
controllable parameter in the qubit Hamiltonian is fβ,

Ĥqb(fβ) = ℏΩ(fβ) |1fβ⟩⟨1fβ | . (4.23)

Here, we denoted as |0fβ⟩ and |1fβ⟩ the ground and first excited states, and as ℏΩ(fβ) the
qubit energy gap. For the qubit approximation it is important to mention that the energy
levels do not cross between the different eigenvectors of the TC+FQ system.
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Notice that the reduction to two levels is not necessary to connect the UDW model to
the TC+FQ system. Indeed UDW detectors with multiple levels are commonplace in the
literature, but for convenience and simplicity of this analysis we will keep it as two levels.

Taking the adiabatic approximation on the free qubit evolution

Changing the parameter fβ over time can induce transitions in the qubit and even cause the
TC+FQ circuit of Figure 4.3 to leave the qubit subspace. These transitions occur even if
the circuit is not connected to the transmission line, and are a consequence of the fact that
the energy eigenstates of the TC+FQ circuit change with fβ. To avoid this phenomenon,
we assume that fβ is tuned slowly enough to apply the adiabatic theorem to the free qubit
evolution.

The adiabatic approximation implies that for a qubit state of the form

|ψqb(t)⟩ = a0(t) |0t⟩ + a1(t) |1t⟩ , (4.24)

where |0t⟩ and |1t⟩ are the ground and first excited state at time t (which are determined
by the choice of fβ(t)), coefficients remain the same under time evolution modulo a relative
phase:

a0(t) = eiθ0(t)a0(0), a1(t) = e−iφ(t)+iθ1(t)a1(0). (4.25)

This is a good approximation for the free evolution of the qubit when the Hamiltonian
Ĥqb(t) changes slowly enough and the energy gap is non-zero, i.e. ℏΩ(t) ̸= 0. The phases
φ(t) and θi(t) in Eq. (4.25) is given by

φ(t) =

∫ t

0

dt ′Ω(t′), θi(t) = i

∫ t

0

dt′ ⟨it′|∂t′|it′⟩, i ∈ {0, 1} (4.26)

with θi(t) called the geometric phase. We choose to set θ0(t) = θ1(t) = 0, which can always
be done when the Hamiltonian depends on a single parameter, by appropriately changing
the basis5.

In summary, the adiabatic limit ensures that there are no transitions between energy
levels due to the free dynamics, since their probabilities pi = |ai|2 remain constant. More-
over, we can guarantee that the circuit stays in the qubit subspace during its free evolution
by similarly applying the adiabatic theorem to the complete multilevel Hamiltonian given
in Eq. (4.15). Therefore, after the adiabatic approximation, the circuit behaves exactly as
a qubit with constant energy eigenbasis {|0⟩, |1⟩} and time-dependent energy gap ℏΩ(t).

5To impose θ0(t) = θ1(t) = 0, we use that the geometric phase can be rewritten as θi(fβ) and absorb it
into the definition of the |ifβ ⟩.
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Transversal coupling approximation

The interaction Hamiltonian obtained in Eq. (4.22) shows that the coupling occurs through
γ̂5. Consider γ̂qb5 to be the restriction of γ̂5 onto the qubit subspace. Then, γ̂qb5 can be
expressed in as a linear combination of identity and Pauli operators,

γ̂qb5 = γxσ̂x + γyσ̂y + γzσ̂z + γid1̂, (4.27)

where σ̂z = |0fβ⟩⟨0fβ | − |1fβ⟩⟨1fβ |. Notice that, for simplicity of notation we have omitted
writing the dependency of all terms on fβ.

In this paper we are going to assume that the longitudinal coupling γz and the term
γid are zero. For fϵ such that the qubit transition frequency is minimal, the longitudinal
coupling γz was shown to be negligible in [3]. Moreover, neglecting γz and γid does not
affect entanglement harvesting at leading order in the coupling strength under the following
sufficient conditions, which are assumed in the next sections: 1) the qubits are prepared
in an eigenstate of their free Hamiltonians, 2) we are under the adiabatic approximation
for the free evolution of the qubits (see Chapter 3).

The transversal coupling coefficients γx and γy as a function of fβ are

γx = Re ⟨1fβ |γ̂5|0fβ⟩ , γy = Im ⟨1fβ |γ̂5|0fβ⟩ . (4.28)

We obtain the states |0fβ⟩ and |1fβ⟩, up to an overall phase, by diagonalizing the Hamil-
tonian in Eq. (4.15). We fix this phase freedom by choosing the energy eigenfunctions to
be real in the phase representation6. This can be done because Ĥtc+fq |ifβ⟩ = Ei(fβ) |ifβ⟩
is a real differential equation in this representation. With this phase choice, the geomet-
ric phases automatically vanish, i.e. ⟨ifβ |∂fβ |ifβ⟩ = 0. To see why, notice that since the
wavefunction of |ifβ⟩ is real, then ⟨ifβ |∂fβ |ifβ⟩ must be real. However, the normalization
condition ⟨ifβ |ifβ⟩ = 1 implies that ⟨ifβ |∂fβ |ifβ⟩ must be imaginary. This only leaves the
possibility that ⟨ifβ |∂fβ |ifβ⟩ = 0, which means that there is no geometric phase for our
choice.

Fixing the phase freedom as described above and using the parameters that match
the design proposal of Ref. [3]7, we obtain the following: for fβ ∈ [0.3, 0.5], γx(fβ) ∈
[−0.02, 0.22] and γy(fβ) = 0, with γx(fβ) an increasing function. Therefore, controlling fβ
tunes the transversal coupling strength γx. The reason for γy(fβ) = 0 is that ⟨1fβ |γ̂5|0fβ⟩

6In the phase representation, the states are represented by wavefunctions such as ψ(γ1, γ2, γ5, γ6). For
i ∈ {1, 2, 5, 6}, the phase operators γ̂i act as a multiplication by γi, and the number operators N̂i act as
the partial derivative −i∂γi .

7Specifically, we use for the critical currents: Ic1 = 0.236 µA, Ic2 = 0.131 µA, Ic3 = 0.236 µA, Ic4 =
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is real. To see this, consider that in the phase representation, ⟨1fβ |γ̂5|0fβ⟩ is the integral of
the product of three real functions. Specifically, the real wavefunctions of |0fβ⟩ and |1fβ⟩,
and the real quantity γ5.

Approximated linear dependence of the gap on the instantaneous transversal
coupling strength

The energy gap of the qubit ℏΩ varies with fβ, which can be rewritten as a dependence of Ω
on the instantaneous transversal coupling strength γx. The exact form of this dependence
is also obtained using the numerical diagonalization of the Hamiltonian of the tunable
coupler + flux qubit. Using the best fit parameters found in [3] for the Hamiltonian (4.15),
results in the data in Figure 4.5.

The figure shows that the dependency Ω(γx) is approximately linear, which implies that

Ω(t) ≈ Ω0 + ∆Ωχ(t). (4.29)

Here, we chose γx(t) = γχ(t), with χ(t) a switching function which takes values between
zero and one, and γ the maximum value of γx(t) reached during the interaction. Moreover,
ℏΩ0 is the energy gap of the free qubit, or in other words, the energy gap when the
interaction is turned off. The product ℏ∆Ω determines the strength of the gap variation
due to the coupling. Precisely, ℏ∆Ω is equal to the difference between the energy gap with
the coupling turned on (when χ(t) = 1) and the coupling turned off (when χ(t) = 0). From
Figure 4.5, we estimate

Ω0

2π
≈ 7.3 GHz,

∆Ω

2π
≈ −23 · γGHz. (4.30)

4.2.2 Result of the simplifications of the TC+FQ circuit model

In summary, section 4.2.1 provided the following approximations to simplify the TC+FQ
circuit:

0.411 µA, Ic5 = 0.584 µA, Ic6 = 0.185 µA, and for the inverse capacitance matrix:

C−1 =


144. −81.5 2.94 18.6
−81.5 196. 6.18 24.8
2.94 6.18 46.1 −32.4
18.6 24.8 −32.4 87.7

 (pF)−1.
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Figure 4.5: The blue dots show the superconducting qubit transition frequency Ω/2π for
each transversal coupling strength γx. This frequency is computed from the numerical
diagonalization of the Hamiltonian (4.15), with parameters chosen to match [3]. The red
line is the linear best fit.

1. The two-level approximation.

2. The adiabatic approximation of the free qubit evolution.

3. The transversal coupling assumption, γid = γz = 0.

4. The linear approximation of the dependence of Ω on γx.

The resulting simplified model resembles a qubit particle detector with variable gap and
spatial derivative coupling. This detector model has the following interaction picture in-
teraction Hamiltonian,

Ĥint(t) = −φ0

ℓ0
γχ(t)µ̂(t)∂xΦ̂C(t, xd). (4.31)

Here, remember that φ0 = ℏ
2e

is the reduced magnetic flux quanta, ℓ0 the inductance per
unit length of the transmission line, γ the adimensional coupling strength, χ(t) ∈ [0, 1] the
switching function, and xd the detector position. Moreover, Φ̂C is the field with cutoff of
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Eq. (4.8), and µ̂(t) is the monopole moment in the interaction picture, given by

µ̂(t) = eiφ(t)σ̂+ + H.c., φ(t) = Ω0t+ ∆Ω

∫ t

0

dt ′χ(t′), (4.32)

with ℏΩ0 the energy gap of the free qubit, ℏ∆Ω the strength of the energy gap variation
due to the coupling, and σ̂+ = |1⟩⟨0|, σ̂− = |0⟩⟨1| the qubit ladder operators.

It is convenient to relate this detector model to the spin-boson model, commonly used
to model superconducting qubits coupled to transmission lines, for comparison with other
works. Appendix C.1 is devoted to showing this relation. When the interaction is fully
switched on (χ(t) = 1), γ relates to the dimensionless spin-boson coupling constant α as
follows,

α =
Rk

8π2Z0

γ2 ≈ 6.54 · γ2, (4.33)

where Rk = h
e2

is the von Klitzing constant, and we used Z0 ≈ 50 Ω (see Eq. (4.7)).

4.2.3 Comparison of the variable gap detector to UDW detectors

Even with the simplifications of the TC+FQ circuit in Subsection 4.2.2, the resulting
detector model (see Eq. (4.31)) has features that have been largely unexplored in the
context of RQI. A very usual choice of interaction Hamiltonian for particle detectors in
the RQI literature is the simple Unruh-DeWitt model, whose interaction with the field
(generating time evolution with respect to the proper time of the detector centre-of-mass)
is given by

Ĥudw(t) = λχ(t)µ̂udw(t)

∫
dxF (x)ϕ̂(t, x). (4.34)

Here, λ is the coupling strength, χ(t) is the switching function, F (x) is the smearing
function, ϕ̂(t, x) is the field amplitude operator, and the monopole operator is

µ̂udw(t) = eiΩtσ̂+ + H.c., (4.35)

where the constant qubit energy gap is Ω and typically natural units ℏ = c = 1 are chosen.

Notice the similarities with the detector that we provided in Eq. (4.31), which therefore
sits in between the full TC+FQ model of the experiment and the simpler UDW model used
in RQI theory. The additional features of our proposed intermediate model are:

1. The gap Ω varies over time, with the variation being proportional to χ(t) (see
Eq. (4.29)).
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2. The detector couples to the spatial derivative of a 1D real massless scalar quantum
field (see Eq. (4.31)).

3. The detector is point-like, but the field has a cutoff (see Eq. (4.8)). This corresponds

to effectively having a smearing that fulfills F̃ (k) = C(ωk), as shown in Eq. (4.11).

These features will impact entanglement harvesting in future experiments that use the
TC+FQ circuit design from [3], but they have not yet been studied in detail in the literature
on entanglement harvesting. Doing precisely this is the object of the following sections.

4.3 Entanglement Harvesting with detectors of vari-

able gap

This section presents a common protocol to perform entanglement harvesting in RQI,
with the modification that we use variable gap detectors with the features highlighted in
Section 4.2.2 instead of the usual UDW detectors. We will refer to this model as VGSD
detector (variable gap, spatial-derivative coupling). It is useful to write this section with
the most generality possible in order to be able to compare with previously existing RQI
literature. Therefore, we will work with an arbitrary coupling strength λ and only make
the substitutions related to the implementation in superconducting circuits in section 4.5.
However, we will still keep full dimensional ℏ and c in the protocol presented below, to
make the translation easier.

Consider a massless scalar 1+1D field. The field amplitude operator, expanded in terms
of plane waves and including a cutoff function, is

ϕ̂C(t, x) =

∫
dk

C(ωk)√
4π|k|

(ei(ωkt−kx)â†k + H.c.) . (4.36)

Here, ωk = c|k|, and C(ωk) is the weight function that implements the cutoff.

In order to harvest entanglement, we couple two VGSD detectors to the field, labeled by
ν ∈ {A,B} according to the following interaction Hamiltonian in the interaction picture,

ĤI(t) = ℏc
∑
ν

λνχν(t)µ̂ν(t)∂xϕ̂C(t, xν). (4.37)
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For the detector ν, λν is the coupling strength, χν(t) is the switching function, xν is the
detector position8, and µ̂ν(t) is the monopole operator in the interaction picture,

µ̂ν(t) = eiφν(t)σ̂+
ν + H.c.,

φν(t) =

∫ t

0

dt ′Ων(t′), (4.38)

with σ̂+
ν = |1ν⟩⟨0ν |, σ̂−

ν = |0ν⟩⟨1ν | the qubit ladder operators and ℏΩν(t) the variable energy
gap.

Using the model above, we compute the final state ρ̂. Given an initial state ρ̂0,

ρ̂ = Û ρ̂0Û
†, Û = T e−i

∫
dt ĤI(t), (4.39)

with the T in the second term is there to denote the time-ordered exponential. We will
assume that λ = λa = λb for simplicity and perform a Dyson expansion of Û on λ,

Û = Û (0) + Û (1) + Û (2) + O(λ3), (4.40)

Û (0) = 1̂,

Û (1) = − i

ℏ

∫
dt ĤI(t),

Û (2) = − 1

ℏ2

∫
t>t′

dt dt′ ĤI(t)ĤI(t
′). (4.41)

Then, the time-evolved density operator for the state of the detectors and the field is

ρ̂ = ρ̂0 + ρ̂(1,0) + ρ̂(0,1) + ρ̂(2,0) + ρ̂(1,1) + ρ̂(0,2) + O(λ3) . (4.42)

where the different corrections are

ρ̂(i,j) = Û (i)ρ̂0Û
(j)† . (4.43)

For our study, let us assume that the field and detectors start uncorrelated,

ρ̂0 = ρ̂ab,0 ⊗ ρ̂ϕ,0 . (4.44)

8Recall that even though we consider the detector to be pointlike, the spatial smearing of the detector
can just be reabsorbed in the cutoff function. See [67].
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We also assume that the initial field states ρ̂ϕ,0 have vanishing odd-point functions, that
is, ∀n ∈ {0, 1, 2, . . .},

Tr
(
ρ̂ϕ,0ϕ̂(t0, x0) . . . ϕ̂(t2n+1, x2n+1)

)
= 0. (4.45)

For example, that is the case for the field vacuum, and any Fock states as well as any zero
mean Gaussian state such as thermal states, squeezed vacuum, etc. With this assumption,
the odd order corrections cancel and the final state for the two detectors (after tracing over
the field) becomes

ρ̂ab = Trϕ ρ̂ = ρ̂ab,0 + ρ̂
(2,0)
ab + ρ̂

(1,1)
ab + ρ̂

(0,2)
ab + O(λ4) . (4.46)

Finally, we assume that the detectors start from the ground state

ρ̂ab,0 = |0a0b⟩⟨0a0b| . (4.47)

The final state has the usual form of the final state in a vacuum entanglement harvesting
setting (see, e.g., [2]). The details of the calculation are also included in Appendix C.2.
The state of the detectors after the interaction, represented in the basis |0a0b⟩, |1a0b⟩,
|0a1b⟩, |1a1b⟩, is

ρ̂ab =


1 − Laa − Lbb 0 0 M∗

0 Laa Lab 0
0 Lba Lbb 0
M 0 0 0

+ O(λ4), (4.48)

with

Lµν = c2λ2
∫

dt dt′ Wxx′(t′, xν , t, xµ)χφµ(t)χ∗
φν

(t′),

M = −c2λ2
∫

dt dt′Gxx′(t, xa, t
′, xb)χφa(t)χφb(t

′),

χφν (t) = eiφν(t)χν(t). (4.49)

The phase φν(t) is given in Eq. (4.38) and

Wxx′(t, x, t′, x′) = ⟨∂xϕ̂C(t, x)∂x′ϕ̂C(t′, x′)⟩ρ̂ϕ,0 ,
Gxx′(t, x, t′, x′) = Θ(t− t′)Wxx′(t, x, t′, x′) + Θ(t′ − t)Wxx′(t′, x′, t, x) , (4.50)

where Θ is the Heaviside step function.
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After the interaction the detectors will be generically entangled. As a measure of the
entanglement acquired by the detectors we will use the negativity. This quantity is a
faithful entanglement monotone for systems of two qubits [87, 88]. The negativity of ρ̂ab
amounts to

N = max(η, 0) + O(λ4),

η =

√
|M|2 − (Laa − Lbb)2

2
− Laa + Lbb

2
. (4.51)

This expression simplifies, for L = Laa = Lbb, to

N = max(|M| − L, 0) + O(λ4). (4.52)

4.3.1 Harvesting from the vacuum

Let us consider that the quantum field is prepared in the vacuum state, given by

ρ̂ϕ,0 = |0ϕ⟩⟨0ϕ| . (4.53)

For the vacuum, the correlators defined in Eq. (4.50) only depend on t− = t − t′ and
x− = x− x′:

Wvac
xx′ (t−, x−) =

1

2πc2

∫ ∞

0

dω ωC(ω)2 cos
(
ω
x−
c

)
e−iωt− ,

Gvac
xx′(t−, x−) = Wvac

xx′ (|t−|, x−). (4.54)

Next, we substitute Wvac
xx′ and Gvac

xx′ back into Lµν and M and provide two ways to simplify
the resulting integrals, each of them helpful in different scenarios.

Integrating over the field modes last

Substituting Eq. (4.54) into Eq. (4.49) leads to

Lνν =
λ2

2π

∫ ∞

0

dω ωC(ω)2|χ̃φν (ω)|2,

Lab =
λ2

2π

∫ ∞

0

dω ωC(ω)2 cos(ωtd)χ̃φa(ω)χ̃φb(ω)∗,

M = −λ2

2π

∫ ∞

0

dω ωC(ω)2 cos(ωtd)

∫
dt dt′ e−iω|t−t′|χφa(t)χφb(t

′). (4.55)
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Here, we used the Fourier transform convention stated in Eq. (4.12). Notice that the
expression for Lba follows from Lba = L∗

ab. Moreover, td stands for the time it takes for
the detectors to send a signal to each other through the field,

td =
|xa − xb|

c
. (4.56)

The expressions for Lµν and M in Eq. (4.55) are similar to the ones obtained for
UDW detectors in (3+1)D that couple to the field amplitude (see, e.g. [2]), with radially
symmetric smearing functions9 F (x).

Integrating over the field modes first

An alternative to Eq. (4.55) and a quite helpful way of evaluating these integrals is to
integrate over ω before performing the time integrals. Doing this, Wvac

xx′ becomes

Wvac
xx′ (t−, x−) =

1

4πc2

(
J
(
t− +

|x−|
c

)
+ J

(
t− − |x−|

c

))
,

J (t) =

∫ ∞

0

dω ωC(ω)2e−iωt. (4.57)

For the exponential cutoff of Eq. (4.9), J (t) has the following analytical expression,

J (t) =
Ω2

cut

(1 + iΩcutt)2
. (4.58)

Substituting Eq. (4.57) back into Eq. (4.49),

Lνν =
λ2

2π

∫
dt dt′ Re

(
J (t′ − t)χφν (t)χ∗

φν
(t′)
)
,

Lab =
λ2

2π

∫
dt dt′ I(t′ − t)χφa(t)χ

∗
φb

(t′),

M = −λ2

2π

∫
dt dt′ I(|t− t′|)χφa(t)χφb(t

′),

I(t) =
1

2

(
J (t+ td) + J (t− td)

)
, (4.59)

9To obtain Lµν and M for the 3+1D amplitude coupling, radially symmetric UDW model, Eq. (4.55)
needs to be modified as follows: 1) replace all cos(ωtd) by sin(ωtd)/(ωtd), 2) fix ℏΩν(t) = ℏΩν , which

implies χφν
(t) = eiΩνtχν(t), 3) replace C(ω) by |F̃ (k)| (with the Fourier transform convention of Eq. (4.12))

evaluated at a radius |k| = ω/c, 4) change the overall constants to account for the different model and
geometry. For example, for the setup in the reference [2], the constants in front of the equations in (4.55)

would be λ2

4π2 instead of λ2

2π .
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where we used J (−t) = J ∗(t) and td = |xa − xb|/c.

Further simplification of the Lµν and M integrals, used to ease the numerical calcula-
tions in the next sections, are explored in Appendix C.3.

4.4 Genuine entanglement harvesting

As previously discussed in chapter 2, when two detectors are in causal contact they can ac-
quire entanglement in two different ways: they can communicate by exchanging information
via the field, but they can also harvest entanglement at the same time. Here, we provide
a reminder of section 2.2, which described how to decompose the entanglement acquired
by causally connected detectors into two components: (a) entanglement extracted from
preexisting field correlations and (b) entanglement mediated by communication through
the field, following [55]. For simplicity in the equations, we denote spacetime points by x
in this section.

The decomposition of the acquired entanglement is based on the two-point correlator
of the field amplitude ϕ̂, which for a field state ρ̂ϕ is

W (x, x′) = ⟨ϕ̂(x)ϕ̂(x′)⟩ρ̂ϕ . (4.60)

This correlator can be split into symmetric and antisymmetric parts

W±(x, x′) =
W (x, x′) ±W (x′, x)

2
. (4.61)

W+ and W− respectively are the real and imaginary parts of W , due to W (x′, x) =
W ∗(x, x′). Moreover,

W+(x, x′) =
1

2
⟨{ϕ̂(x), ϕ̂(x′)}⟩ρ̂ϕ ,

W−(x, x′) =
1

2
⟨[ϕ̂(x), ϕ̂(x′)]⟩ρ̂ϕ . (4.62)

The contribution of W+ to the acquired entanglement can be associated with genuine
harvesting, for the reasons described on section 2.2. Then, the term M in Eq. (4.51) decom-
poses into two parts associated to preexisting field correlations (M+) and communication
(M−),

M = M+ + M−, (4.63)
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where M± contains only the contribution of W±. As an estimator of the amount of
correlations that are genuinely harvested, in this chapter we use the following ratio,

|M+|
|M+| + |M−|

, (4.64)

which ranges from 0 (correlations from communication) to 1 (correlations from harvesting).

In this article, we explore entanglement harvesting with the variable gap detector mod-
els of Eq. (4.37). These detectors do not couple to ϕ̂, but rather to ∂xϕ̂C, which incorporates
a derivative and the cutoff as prescribed in Eq. (4.36). Nonetheless, the analysis above to
separate the communication and genuine harvesting contributions still carries. Further-
more, the current scenario is analogous to the 1+1D derivative coupling case with smearing
explored in section 2.3.10

4.5 Exploring the effects of the implementation fea-

tures on entanglement harvesting

In this section, we study entanglement harvesting using the detectors of Eq. (4.31), mo-
tivated by the experimental implementation. As shown in Section 4.2, these particular
VGSD detectors are designed to emulate the TC+FQ superconducting circuit implemen-
tation demonstrated in [3]. Our goal is to evaluate the effect the combined variable gap and
derivative coupling features on the ability of the detectors to harvest entanglement. To do
so, we will numerically compute the amount of entanglement acquired by VGSD detectors,
using the results of Section 4.3. We will do so in a variety of experimentally accessible
scenarios, and estimate how much of the entanglement is actually harvested from the field
(see Section 4.4).

First of all, we apply the calculations of Section 4.3 to the VGSD detector of Eq. (4.31).
This amounts to substituting the speed of light c, the coupling strength λν , and the time
dependency of the energy gap ℏΩν(t) by expressions that match the superconducting im-
plementation.

Firstly, the speed of light in the transmission line is not c, but rather a function of its
capacitance c0 and inductance l0 per unit length: v = 1/

√
c0ℓ0. We recall that common

values are of the order of v ≈ 0.3 c. This modification affects the definition of td, which

10Remember that having a cutoff is equivalent to having a smeared field, as shown in Eq. (4.10).

87



now becomes the time required for signals to travel between the detectors through the
transmission line,

td =
|xa − xb|

v
. (4.65)

Secondly, to determine λν , we need to relate it with γν . To do so, we compare the partic-
ular interaction Hamiltonian of Eq. (4.31) with the general VGSD interaction Hamiltonian
of Eq. (4.37). The models match when

λν = − φ0

ℏvℓ0
γν
√

ℏZ0 = −
√

Rk

8πZ0

γν ≈ −4.53 · γν , (4.66)

where we used φ0 = ℏ/(2e), Z0 = vℓ0, and Rk = h/e2. The numerical value comes from
choosing Z0 ≈ 50 Ω, as in Eq. (4.7). Notably, λ2ν = παν , where αν is the dimensionless
spin-boson coupling constant of Eq. (4.33), for the detector ν (where we recall ν ∈ {A,B}).

Finally, we link the dependency Ων(t) to the switching on and off of the interactions.
Specifically, we use the following simple linear dependence that matches well with the
superconducting implementation (see Eq. (4.29)),

Ων(t) = Ω0
ν + ∆Ωνχν(t). (4.67)

Therefore,

φν(t) = Ω0
νt+ ∆Ων

∫ t

0

dt ′χν(t′). (4.68)

4.5.1 Fixed vs tunable parameters

Here, we split the parameters of the particular VGSD model of Eq. (4.31) into two cate-
gories: fixed parameters that cannot be changed once the superconducting device is fabri-
cated and tunable parameters that can be freely changed without requiring any redesign
or fabrication of a new device. For simplicity, let us consider that the two detectors are
equal: λ = λa = λb, Ω0 = Ω0

a = Ω0
b, ∆Ω = ∆Ωa = ∆Ωb.

We give the following fixed parameters experimentally realistic values, which best mimic
the implementation demonstrated in [3],

• Ω0/(2π) ≈ 7.3 GHz for the transition frequency of the free qubit (see Eq. (4.30)).

• ∆Ω/(2π) ≈ 5.2 · λGHz for the difference between the transition frequency of the
qubit when the coupling is fully switched on and Ω0/(2π) (see Eqs. (4.30) and (4.66)).
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• Ωcut/(2π) ≈ 50 GHz for the transmission line cutoff frequency, matching [70].

• Z0 ≈ 50 Ω for the transmission line impedance, matching [70].

• v ≈ 1.2 · 108 m s−1, as measured in [102] for a typical superconducting coplanar
waveguide.

• td = d
v

= 1 ns for the time the detectors take to signal to each other. Equivalently, the
detectors are separated by d = 12 cm, which is is feasible with the current fabrication
methods [108].

These fixed parameters will be kept the same for all the exploration, except for td. Testing
different td can advise the choice of distance between detectors in future entanglement
harvesting experiments.

The following tunable parameters will be varied during the following numerical explo-
ration, to understand their effects on entanglement harvesting,

• The coupling strength λ. We test the λ shown in Table 4.1. These values are in the
achievable range λ ∈ [−1, 0.1]. This range is obtained from combining Eq. (4.66)
with the range γ ∈ [−0.02, 0.22] obtained from the numerical simulations outlined in
subsection 4.2.1.

• The switching function χν(t). Our choices of switching functions are detailed next,
in subsection 4.5.2.

Scenario λ γ α ∆Ω
2π

(GHz)

1 → 0 → 0 → 0 → 0
2 −0.1 0.02 0.003 −0.5
3 −0.3 0.07 0.03 −1.6
4 −0.65 0.14 0.1 −3.4
5 −1 0.22 0.3 −5.2
6 0.1 −0.02 0.003 0.5

Table 4.1: This table depicts the scenarios that will be explored in the present section.
The → 0 corresponds to the weak coupling limit. The qubit transition frequency variation
follows ∆Ω/(2π) ≈ 5.2 · λGHz.
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Gaussian Cosine Ramps, Sf = 0.4 Isosceles Trapezoid, Sf = 0.4
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Figure 4.6: (a) Gaussian switching shape, with 5 standard deviations shown. (b) Cosine
ramps switching shape with Sf = 0.4. (c) Isosceles trapezoid switching shape with Sf =
0.4.

4.5.2 Explored switching functions

To simplify our exploration, we will choose switching functions χν(t) such that

χν(t) = X

(
t− tν
T

)
, (4.69)

where:

• X(s) is a single shape for the switching function of both detectors, which fulfills
X(s) = X(−s).

• T is the duration or time-scale of the interaction.

• tν controls the time at which the detector ν is switched on and off. In our setup,
only the delay t∆ = tb − ta affects the entanglement acquired by the detectors.

The explored switching function shapes X(s) are provided next.

Gaussian Switching Shape

The Gaussian switching is common in the literature of entanglement harvesting and we
explore it to ease comparisons with established results. Its shape is

X(s) = e−s2 , (4.70)

plotted in Figure 4.6(a).
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Cosine Ramps Switching Shape

The cosine ramps switching function lasts for a finite time and has a continuous derivative.
Its shape is

X(s) =


1 |s| ≤ Sf

2
,

1
2

+ 1
2

cos
(
π 2|s|−Sf

1−Sf

)
Sf

2
< |s| < 1

2
,

0 1
2
≤ |s|,

(4.71)

with an example plotted in Figure 4.6(b). Sf is the portion of time that the interaction
remains at its maximum.

Isosceles Trapezoid Switching Shape

The isosceles trapezoid switching function lasts a finite time and is continuous. Its shape
is

X(s) =


1 |s| ≤ Sf

2
,

1−2|s|
1−Sf

Sf

2
< |s| < 1

2
,

0 1
2
≤ |s|,

(4.72)

with an example plotted in Figure 4.6(c). Sf is the portion of time that the interaction
remains at its maximum.

4.5.3 Effect of duration and delay

First, we study the effect of T and t∆, which respectively are the interaction duration and
the delay between the detector switchings. The fixed parameters are kept as indicated in
subsection 4.5.1, and the results for the scenarios of Table 4.1 are respectively shown in
Figures 4.7, 4.8, 4.9, 4.10, 4.11, 4.12. The scenarios 1 to 5 and the corresponding Figures 4.7
to 4.11 are presented in order of increasingly negative coupling strength and corresponding
larger (negative) gap variation ∆Ω. Additionally, the scenario 6 and Figure 4.12 show
the case of small positive ∆Ω. Here and from now on, the negativity and the harvesting
estimator are numerically computed using the simplified integrals given in Appendix C.3.

First, we observe that the negativity decreases quickly with T for the Gaussian switch-
ing, while decreasing much slower with T for the cosine ramps switching and even slower
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Gaussian Cosine Ramps, Sf = 0 Isosceles Trapezoid, Sf = 0.2
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Figure 4.7: Plots for the scenario 1 of Table 4.1: λ → 0, ∆Ω → 0. The following
applies to Figures 4.7, 4.8, 4.9, 4.10, 4.11 and 4.12: The first row shows N /λ2,
with white indicating N = 0, while darker colors indicate progressively smaller but non-
zero N . The second row shows the harvesting estimator |M+|/(|M−| + |M+|), which
goes from 0 (all entanglement acquired by communication) to 1 (all entanglement from
genuine harvesting). The horizontal axes indicate the switching timescale or duration T
and the vertical axes indicate the delay t∆ between switchings. Each column explores a
different switching function, which are, from left to right: Gaussian, cosine ramps with
Sf = 0, isosceles trapezoid with Sf = 0.2. The horizontal solid line indicates full lightlike
contact. For the compact switchings, the detectors’ interactions are spacelike below the
lower dashed lines and timelike above the upper dashed lines. Outside the region enclosed
by the dashed yellow lines, only the 5σ tails of the Gaussian switchings overlap.
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Gaussian Cosine Ramps, Sf = 0 Isosceles Trapezoid, Sf = 0.2
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Figure 4.8: Analogous to Figure 4.7, but for scenario 2 of Table 4.1, with λ = −0.1 and
gap variation ∆Ω = −0.5.
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Gaussian Cosine Ramps, Sf = 0 Isosceles Trapezoid, Sf = 0.2
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Figure 4.9: Analogous to Figure 4.7, but for scenario 3 of Table 4.1, with λ = −0.3 and
gap variation ∆Ω/(2π) = −1.6 GHz.
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Gaussian Cosine Ramps, Sf = 0 Isosceles Trapezoid, Sf = 0.2
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Figure 4.10: Analogous to Figure 4.7, but for scenario 4 of Table 4.1, with λ = −0.65 and
gap variation ∆Ω/(2π) = −3.4 GHz.
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Gaussian Cosine Ramps, Sf = 0 Isosceles Trapezoid, Sf = 0.2
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Figure 4.11: Analogous to Figure 4.7, but for scenario 5 of Table 4.1, with λ = −1 and
gap variation ∆Ω/(2π) = −5.2 GHz.
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Gaussian Cosine Ramps, Sf = 0 Isosceles Trapezoid, Sf = 0.2
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Figure 4.12: Analogous to Figure 4.7, but for scenario 6 of Table 4.1, with λ = 0.1 and
gap variation ∆Ω = 0.5.
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for the isosceles trapezoid switching. This is true regardless of the choice of parameters in
the problem.

Let us now focus on Figure 4.7, which shows the acquired negativity in the weak
coupling limit λ → 0, the case without gap variation. In order to determine the amount
of entanglement that is genuinely harvested from the field, we also plot the harvesting
estimator from Eq. (4.64). Since the negativity is multiplied by λ2 at leading order, we plot
N /λ2. For switching functions of compact support (cosine ramps and isosceles trapezoid),
the detectors acquire negativity mostly when they have partial or full light contact, which
is indicated as being inside the dashed yellow lines in the plots. Nonetheless, there is some
negativity outside the dashed lines, which indicates that spacelike and timelike harvesting
are both possible. Notice that spacelike harvesting is still possible when the cutoff is taken
to be infinitely large Ωcut → ∞, as depicted in Appendix C.4. Furthermore, looking at
the genuine harvesting indicator on the second row of plots, i.e. the subfigures 4.7(d),
4.7(e), 4.7(f), we observe that a significant amount of entanglement harvesting is possible
in causal contact. For Gaussian switching, we observe that when the detectors are in full
lightlike contact (yellow solid line at t∆ = 1 ns) all the acquired entanglement is harvested
(and not acquired through communication), with two peaks of communication at partial
lightlike contact. This is not surprising and matches the results of the previous chapter 2.
For the cosine ramps and isosceles trapezoid switchings, the genuine harvesting estimator
displays rapidly oscillatory patterns in the regions of causal contact. Nonetheless, this also
means that genuine lightlike entanglement harvesting is possible for these finite duration
switching functions.

Next, we analyze how varying the energy gap affects entanglement harvesting by com-
paring the scenarios of Figures 4.7, 4.8, 4.9, 4.10, 4.11, each with progressively larger
(negative) gap variations ∆Ω driven by making the coupling strength λ more negative. As
∆Ω becomes more negative, both spacelike and timelike entanglement harvesting decrease.
Conversely, in the region inside the dashed lines, where detectors are in causal contact,
negativity increases overall. The change in shape of the negativity and genuine harvesting
estimator can partially be intuited from the change in detector gap. Since for negative
∆Ω the gap becomes smaller, the T axis in terms of units of Ω−1 is effectively rescaled.
Specifically, the shape of the plotted quantities ‘stretches’ in the horizontal axis around
T = 0 as ∆Ω becomes more negative. We also explored one scenario with small positive
∆Ω, and encountered spacelike harvesting, as shown in Figure 4.12.
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4.5.4 Spacelike harvesting for finite duration switchings

We now study harvesting in the regime of strict spacelike separation and, hence, only for the
cases of the compactly supported switching functions: the cosine ramps and the isosceles
trapezoid. Usually, spacelike detectors acquire more entanglement the closer they are to
being in causal contact and the distance at which spacelike separated detectors can harvest
entanglement increases with the smoothness of the switching function (see Appendix C.4).
Taking this into account, we consider two ways to place the detectors and to switch on the
interactions, depicted in Figure 4.13, which maximize the harvested entanglement. These
two ways are as follows:

1. Place the detectors at a fixed distance, i.e. with a constant td, and pick their switching
delay to be t∆ = td − T . The reason for this choice stems from detectors being
spacelike as long as |t∆| ≤ td − T . For larger |t∆|, detectors would be in lightlike
contact, and for even larger |t∆|, timelike separated. Therefore, t∆ = td−T makes the
detectors as close as possible to being in causal contact while keeping them spacelike,
maximizing the acquired entanglement. This choice is illustrated in a spacetime
diagram in subfigure 4.13(a). The acquired negativity is shown in Figure 4.14 for
td = 1 ns and in Figure 4.15 for td = 0.5 ns.

2. Place two simultaneously switched detectors, t∆ = 0, as close as possible while keep-
ing their interactions spacelike. This is achieved by allowing td to take the value
td = T . This choice is illustrated in a spacetime diagram in subfigure 4.13(b) and
the acquired negativity is shown in Figure 4.16.

Figures 4.14, 4.15 and 4.16 show the final negativity of the detectors as a function of:
1) the interaction duration T and 2) the switching function parameter Sf , as defined in
Eqs. (4.71) and (4.72). Each figure provides plots for the scenarios of Table 4.1 that have
some non-zero negativity. We observe that large negative values of ∆Ω make spacelike
harvesting harder by reducing the range of parameters (T and Sf ) where negativity is
non-zero. This is consistent with the findings in subsection 4.5.3. On the other hand,
increasing λ improves negativity, which has a λ2 prefactor. However, a stronger coupling is
accompanied by larger gap variation, due to ∆Ω/(2π) ≈ 5.2 ·λGHz. Eventually, the larger
negative ∆Ω has a stronger negative effect, making spacelike harvesting impossible for
strong couplings. For small positive ∆Ω (scenario 6), the regions with non-zero negativity
are moderately larger compared to when there is no gap variation (scenario 1), but this
comes at the cost of a slight decrease in the maximum negativity that can be harvested.

Looking at the differences caused by the positioning of the detectors, one finds that the
most entanglement is found when td = T and t∆ = 0, as shown in Figure 4.16. However,
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Figure 4.13: Spacetime diagrams with gray rectangles representing the detectors’ interac-
tions. (a) Case t∆ = td − T , with td fixed. The entanglement harvested in this case is
shown in Figure 4.14 (td = 1 ns) and Figure 4.15 (td = 0.5 ns). (b) Case td = T , t∆ = 0.
The entanglement harvested in this case is shown in in Figure 4.16.

this choice is impractical in an actual setup, because the distance between detectors is
fixed after the device is built, and cannot be tuned to match the interaction duration T .
This leaves the tuning of t∆ for a fixed td as the way to maximize harvested entanglement
for a given T in a superconducting implementation. This method allows to reach the
negativities shown in Figures 4.14 and 4.15. Furthermore, by comparing Figure 4.14 (fixed
td = 1 ns) and Figure 4.15 (fixed td = 0.5 ns), we observe that reducing td has two main
effects: 1) reducing the range of values of T for which the interaction can be spacelike, 2)
increasing spacelike negativity, but only for T ≈ td. Specifically, for the explored cases,
if T < 0.45 ns, the negativity is the same regardless of wether td = 0.5 ns or td = 1 ns.
The difference appears for T ∈ [0.45 ns, 0.5 ns], for which negativity is larger in the case
td = 0.5 ns. For T ∈ [0.5 ns, 1 ns], only td = 1 ns allows for the detectors to be spacelike.
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Figure 4.14: Negativity acquired by spacelike detectors. To ensure the negativity is
the largest, we explore the boundary where interactions become spacelike, by choosing
t∆ = td − T , with td = 1 ns. This arrangement is depicted in the spacetime diagram of
Figure 4.13(a). The following applies to Figures 4.14, 4.15, and 4.16: The plots’
horizontal axes are the switching durations T and the vertical axes are the portion of the
switching function that is flat Sf and at full coupling. The switching function for the left
column is the cosine ramps and for the right column the isosceles trapezoid. The rows
respectively correspond to the scenarios 1, 2, 3 and 6 of Table 4.1.
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Figure 4.15: Negativity acquired by spacelike detectors. The plots are analogous to Fig-
ure 4.14, with the only difference being that the distance between detectors is reduced so
that td = 0.5 ns.
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Figure 4.16: Negativity acquired by spacelike detectors. The plots are analogous to Fig-
ure 4.14, with the exceptions of fixing t∆ = 0 and allowing the distance between detectors
to vary as td = T , as depicted in the spacetime diagram of Figure 4.13(b). Moreover, the
rows show the scenarios 1, 2, 3, 4 and 6 of Table 4.1.
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4.5.5 Effect of the distance between detectors

Here we show how the entanglement acquired by the detectors changes with the distance
between them. Finding an optimal distance is important, since it cannot be changed after
building the superconducting device.

Now, when plotting the negativity and the genuine harvesting estimator we will use
as independent variables td and t∆. The variable td determines the distance between
the probes, and the delay t∆ can compensate the reduction in negativity that occurs
when separating the detectors, since the amount of harvested entanglement is ruled by the
distance of the detectors’ interactions to each other’s lightcones. Moreover, t∆ is easily
tunable in the superconducting implementation. We explore the scenarios in Table 4.1.
Results for scenarios 1 to 5 are respectively shown in Figures 4.17, 4.18, 4.19, 4.20, 4.21,
in order of increasingly negative coupling strength and gap variation. Additionally, results
for scenario 6 (small positive gap variation) are shown in Figure 4.22. We explore the
three switching function shapes given in subsection 4.5.2. We pick values of T and Sf for
scenario 1 (∆Ω → 0) that have considerable spacelike harvesting. For the rest of scenarios,
which have different ∆Ω, we pick T so that the adimensional quantity T (Ω0 + ∆Ω) stays
constant, and we keep a constant Sf .

We observe, consistently with subsections 4.5.3 and 4.5.4, that larger negative ∆Ω
concentrates the negativity towards the lightcone, reducing the amount of parameters for
which spacelike entanglement harvesting occurs. For the explored scenario with largest
negative ∆Ω (scenario 5 of Table 4.1), there is no spacelike harvesting, as in Figure 4.21.
However, negativity in causal contact grows considerably. Moreover, entanglement can still
be harvested for all explored ∆Ω for detectors in causal contact, according to the genuine
harvesting estimator.

The figures show that negativity is higher when the detectors are in causal contact, i.e.
|t∆| ≈ td. At the same time, the negativity around |t∆| ≈ td decreases with increasing td.
However, this decay slows down and eventually halts. After such point, the negativity only
depends on t∆ − td and is unaffected by further separating the detectors. This parameter
t∆ − td quantifies the distance of the detector B from the lightcone of the detector A.

This behavior is particular of 1+1D fields, and contrasts with the usual entanglement
harvesting results in 3+1D, where the negativity along the lightcone always keeps decaying
with distance. In 1+1D the decay along the lightcone stops because the two point correla-
tions of the vacuum of the field tend to non-zero values as the distance along the lightcone
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Gaussian, T=0.07 ns Cosine Ramps, T=0.21 ns, Sf=0 Isosceles Trapezoid, T=0.16 ns, Sf=0.2
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Figure 4.17: Scenario 1 of Table 4.1, with λ → 0, ∆Ω → 0. The following applies
to Figures 4.17, 4.18, 4.19, 4.20, 4.21 and 4.22: The first row shows N /λ2, with
N = 0 in white. The second row shows |M+|/(|M−| + |M+|), which goes from 0 (all
entanglement from communication) to 1 (all entanglement from harvesting). td is the
signaling time and t∆ the delay between switchings. The columns use, from left to right,
the switching functions: 1) Gaussian, T = 0.07 ns, 2) cosine ramps, T = 0.21 ns, Sf = 0,
3) isosceles trapezoid, T = 0.16 ns, Sf = 0.2. The diagonal solid lines indicate full lightlike
contact. Outside the dashed lines, either there is no light contact (compact switchings) or
only the 5σ tails of the Gaussian can interact. To aid visualization, the values of negativity
larger than the thresholds indicated in the legend are plotted yellow.
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Gaussian, T=0.075 ns Cosine Ramps, T=0.22 ns, Sf=0 Isosceles Trapezoid, T=0.17 ns, Sf=0.2
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Figure 4.18: Analogous to Figure 4.17, but for scenario 2 of Table 4.1, with λ = −0.1,
∆Ω/(2π) = −0.5 GHz. Moreover, each column of plots uses, from left to right, Gaussian
switching with T = 0.075 ns, cosine ramps switching with T = 0.22 ns, Sf = 0, and isosceles
trapezoid switching with T = 0.17 ns, Sf = 0.2.
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Gaussian, T=0.09 ns Cosine Ramps, T=0.27 ns, Sf=0 Isosceles Trapezoid, T=0.21 ns, Sf=0.2
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Figure 4.19: Analogous to Figure 4.17, but for scenario 3 of Table 4.1, with λ = −0.3,
∆Ω/(2π) = −1.6 GHz. Moreover, each column of plots uses, from left to right, Gaussian
switching with T = 0.09 ns, cosine ramps switching with T = 0.27 ns, Sf = 0, and isosceles
trapezoid switching with T = 0.21 ns, Sf = 0.2.

107



Gaussian, T=0.13 ns Cosine Ramps, T=0.38 ns, Sf=0 Isosceles Trapezoid, T=0.29 ns, Sf=0.2
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Figure 4.20: Analogous to Figure 4.17, but for scenario 4 of Table 4.1, with λ = −0.65,
∆Ω/(2π) = −3.4 GHz. Moreover, each column of plots uses, from left to right, Gaussian
switching with T = 0.13 ns, cosine ramps switching with T = 0.38 ns, Sf = 0, and isosceles
trapezoid switching with T = 0.29 ns, Sf = 0.2.
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Gaussian, T=0.23 ns Cosine Ramps, T=0.71 ns, Sf=0 Isosceles Trapezoid, T=0.54 ns, Sf=0.2
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Figure 4.21: Analogous to Figure 4.17, but for scenario 5 of Table 4.1, with λ = −1,
∆Ω/(2π) = −5.2 GHz. Moreover, each column of plots uses, from left to right, Gaussian
switching with T = 0.23 ns, cosine ramps switching with T = 0.71 ns, Sf = 0, and isosceles
trapezoid switching with T = 0.54 ns, Sf = 0.2.
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Gaussian, T=0.065 ns Cosine Ramps, T=0.2 ns, Sf=0 Isosceles Trapezoid, T=0.15 ns, Sf=0.2
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Figure 4.22: Analogous to Figure 4.17, but for scenario 6 of Table 4.1, with λ = 0.1,
∆Ω/(2π) = 0.5 GHz. Moreover, each column of plotss uses, from left to right, Gaussian
switching with T = 0.065 ns, cosine ramps switching with T = 0.2 ns, Sf = 0, and isosceles
trapezoid switching with T = 0.15 ns, Sf = 0.2.
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increases. This can be seen from Eq. (4.57),

Wvac
xx′ (t−, x−) =

1

4πc2

(
J
(
t− +

|x−|
v

)
+ J

(
t− − |x−|

v

))
, (4.73)

and defining u± = |t−| ± |x−|
v

,

lim
u+→∞

Wvac
xx′ (t−, x−)

∣∣
u−=ctt.

=
1

4πc2
J
(
|t−| −

|x−|
v

)
, (4.74)

which will be non-zero and even large if |t−| ≈ |x−|
v

. The negativity exhibits the same
limit behavior, but replacing t− and |x−|/v by the corresponding t∆ and td. Moreover, if
|t∆| ≈ td, the negativity along the lightcone plateaus for td ≫ Ω−1

cut, T . This can be deduced
from the expressions for L and M of Eq. (4.59), by taking a change of variables t→ s+ ta,
t′ → s′ + tb.

In 3+1D, there would be a 1/|x−| prefactor in the two point correlator of the field am-
plitudes in the vacuum, Wvac, which would cause correlations and communication to decay
with distance even along the lightcone. However, as already discussed, this decay does not
occur in the 1+1D case, which we are interested in due to the the field implementation
being superconducting transmission lines. This suggests that detectors in causal contact
or close to it can be placed far apart without losing most negativity.
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Chapter 5

Conclusions and Outlook

Discussion for chapter 2

The first scenario studied in this thesis considers a pair of particle detectors in causal
contact, which get entangled through their interaction with a quantum field. The entan-
glement between the detectors could generally come from 1) their exchange of information
through the field, and 2) from from extracting preexisting entanglement in the field. When
the second contribution dominates we can say that the detectors are harvesting entangle-
ment from the field. In previous results it was shown than in most common cases in flat
spacetime and for massless fields, when the (the interaction regions of the) detectors are
in full light contact, the entanglement they acquire is dominated by communication [55]
(with interesting exceptions to this rule appearing in spacetimes with caustics [56]).

In contrast, section 2.3 showed that if the particle detectors couple through a massless
field in flat spacetimes through the so-called derivative coupling, it is possible to have the
peak of entanglement between the detectors happening while they are in full light contact,
and (more importantly) the source of that entanglement is genuine harvesting and not
communication. This is relevant since the derivative coupling is arguably important both
from the theoretical and experimental points of view. In the first case, to sidestep IR
ambiguity problems and to study problems in reduced dimensions, and in the second,
because it adequately models superconducting qubits coupled to transmission lines.

Moreover, we explored the interplay between the two different ways, communication
and harvesting, in which two particle detectors can get entangled through their interaction
with a quantum field. The analysis demonstrated that, in general entanglement harvesting
setups, the contributions are not always additive, but instead they can interfere both de-
structively and constructively. Then, we provided sufficient conditions for an entanglement
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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.

Finally, we presented simple examples in Minkowski and cosmological spacetimes us-
ing entanglement harvesting setups that violate these conditions and for which the two
contributions to harvesting a) combine constructively, amplifying the total amount of en-
tanglement beyond previously observed scenarios and b) interfere destructively, 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.

These results suggest that if one wants to make two detectors entangled through short
interactions with a quantum field, one can enhance the amount of entanglement acquired by
the detectors by choosing the setup so that the two contributions interfere constructively.

Discussion for chapter 3

At the beginning of this chapter, we introduced the most general entanglement harvesting
protocol considered in this thesis. Detectors are modeled as arbitrary quantum systems
with a finite or countable basis, and couple to the field via the product of a detector
operator and a field operator. The only assumption on the field operator is that it can be
expressed as a linear combination of ladder operators. This framework is flexible enough
to encompass implementations in superconducting circuits, such as the one discussed in
Chapter 4.

Within this framework, we decompose the detector–field interaction into longitudinal
(diagonal) and transversal (off-diagonal) components relative to a preferred detector basis.
While this basis can be chosen to be the energy basis, the results hold for any choice
of basis. A key finding is that entanglement harvesting, as quantified by the negativity,
is primarily driven by the part of the coupling that is transversal to the initial state.
Specifically, the leading contribution is second order in the transversal coupling strength
and zeroth order in the longitudinal one. Thus, longitudinal effects appear only beyond
leading order, becoming significant only for sufficiently strong or prolonged longitudinal
interactions.
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We analyze these higher-order effects using an expression for the negativity that is per-
turbative in the transversal interaction but non-perturbative in the longitudinal one. As
an example, we consider a qubit detector for which entanglement is successfully harvested
after smoothly switching on and off the transversal interaction. We then examine how a
constant, spurious longitudinal interaction suppresses this entanglement. The suppression
grows as the longitudinal coupling strength increases, eventually eliminating harvesting
entirely, for the explored case. We also observe that strong longitudinal coupling can lead
to the detectors getting more excited during and after the harvesting protocol. The expres-
sions derived here allow to accurately estimate when the longitudinal interaction effects
become relevant. This can inform future implementations of entanglement harvesting in
superconducting circuits, where longitudinal interactions can occur.

Discussion for chapter 4

In the last chapter before the conclusions, we strengthened the connection of entanglement
harvesting in theoretical Relativistic Quantum Information (RQI) to practical experiments
in superconducting circuits. We did so by modeling superconducting circuits as Unruh-
DeWitt (UDW) detectors with features such as variable energy gaps and derivative coupling
to a 1+1D field. While these features had been previously explored separately, here we
explore them together and include an explicit mapping of the parameters of the theoretical
models to the experimental parameters in superconducting circuit implementations.

A major contribution is the analysis of the effects on entanglement harvesting of the
variable gap detector models that mimic superconducting implementations such as the one
in [3]. Specifically, the variable gap detectors that we consider have a linear reduction in
the energy gap due to the coupling (and thus the switching function). For these models,
we numerically explored a wide range of parameters, including strength of the gap vari-
ation, detector positions, switching functions, and interaction durations. In the scenarios
explored, we observe that increasing the gap variation reduces the entanglement acquired
by spacelike detectors but does not completely cancel it. Furthermore, this reduction does
not occur for detectors in lightlike contact, for which genuine harvesting (subtracting the
contributions from communication between the detectors) can even see an enhancement.
Moreover, we also see that increasing the distance between detectors does not significantly
impair their ability to become entangled, which is a feature of using 1+1D quantum fields.

In more detail, for detectors in causal contact, we considered the two contributions
of the entanglement acquired by the detectors, in line with chapter 2: entanglement due
to communicating through the field and entanglement that is actually extracted from
preexisting field correlations. Using the tools from [55] to split these two contributions,
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we show that having a variable gap does not preclude entanglement harvesting, but rather
can even enhance it for detectors in causal contact. This endorses the possibility that this
entanglement could be detected in future implementations in those superconducting devices
where gap variations cannot be avoided in the ultra-strong coupling regime. Conversely,
this work motivates improved implementation designs where the gap variation is reduced
or even completely avoided1 in order to explore spacelike entanglement harvesting.

Outlook

The works in this thesis lead to further research questions to explore in the future, presented
below.

Let us start with chapter 2, whose overarching topic is entanglement harvesting for
detectors in causal contact. Specifically, we looked at how to split the detectors’ entangle-
ment and correlations into a part sourced by communication and a part harvested from
the preexisting field correlations. The following list proposes future work related to this
topic:

1. Consider that the split into communication and harvesting provided in section 2.2
only works up to second order in perturbation theory (which is the leading order for
the entanglement acquired by the detectors). Therefore, it would be of interest to
develop a way to split detector entanglement that works for non-perturbative calcu-
lations. A possible way to guarantee that there are no communication contributions
would be as follows: set the commutator of the field to zero for the terms where
both detectors participate, while keeping the rest of the non-perturbative calculation
the same. One would expect that the remaining entanglement after this modifica-
tion would be exclusively harvested. However, the usefulness and adequacy of this
hypothetical approach remains as future work.

2. Better understanding the split into communication and harvesting, by replacing the
quantum field with a discrete version of it: a chain, or lattice, of coupled harmonic
oscillators. In such a model, the entanglement between the harmonic oscillators is
well defined. Then, the propagation of entanglement along the harmonic oscillator
chain could be studied and related to the discrete versions of the commutator and
anticommutator of the field operator.

1Furthermore, in principle, spacelike harvesting could be improved in setups where the gap of the
detector is fully tunable during the experiment. This could be done by optimizing over all possible
functions of time that the gap could be tuned to follow. However, this goes beyond the scenarios explored
in this thesis.
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3. Exploring how to take advantage of the interference phenomenon between communi-
cation and harvesting contributions to entanglement. We are interested in exploring
how the parameters can be chosen so that interference can be made constructive,
enhancing the entanglement acquired by the detectors.

Secondly, Chapter 3 explored the entanglement harvesting protocol for a very general
class of detector models and couplings. Furthermore, it split the evolution into a non-
perturbatively computed longitudinal part and a perturbatively computed transversal part.
Further research using this work would include:

1. Explore further examples of detectors that include both longitudinal and transversal
terms. A motivation to study these would be to choose couplings that better mimic
the experimental implementation in superconducting circuits, such as the one studied
in Chapter 4. In that chapter, we neglected the longitudinal terms to simplify the
analysis, since their effect is of subleading order in perturbation theory. However, a
more complete treatment of the interaction, by using the tools of Chapter 3, would
be interesting to verify whether it is justified to neglect the longitudinal terms.

2. Optimizing the amount of harvested entanglement by controlling the detector opera-
tor that couples to the field. This could be achieved via tuning the free Hamiltonian
of the detector, or equivalently, via applying unitary gates to the detectors. This
changes the interaction picture operator of the detector that couples to the field.
Controlling this operator optimally to harvest the most entanglement is a promis-
ing avenue. Importantly, such optimization would be implementable on detectors
built in superconducting circuits, since this platform allows applying unitaries to the
detectors.

Finally, the context of Chapter 4 is the implementation of detectors and entanglement
harvesting in superconducting circuits. Specifically, we focused on improving the RQI theo-
retical models for detectors so that they better match the superconducting implementation,
while remaining simple. However, to better predict experiments, we would want to further
improve the accuracy of the modeling, including more elements of the implementation.
Such improvements include:

1. Not taking the approximations listed in subsection 4.2.1. This would imply the use
of multi-level detectors, with non-trivial free dynamics, and a coupling to the field
through more general detector operators.

116



2. Further examine the continuum limit for the circuit model of the transmission line
tunably coupled to the superconducting qubit. This was done in subsection 4.1.3.
There, as commonly done in previous literature, we neglected the renormalization
term that modifies the detector Hamiltonian and that diverges in the continuum limit.
We want to explore the validity of this assumption or, alternatively, to find what
corrections need to be included in the model. As mentioned in the same subsection,
we plan to do this by comparing the discrete circuit model with finite discretization
length ∆x and the continuous field model with a cutoff. We expect the cutoff to play
a major role, since it also induces a minimum resolution for the field amplitude.

3. The quantization procedure we followed in subsection 4.1.2 assumes that the external
magnetic fluxes fε and fβ are constant. However, we intend to rapidly change this
fluxes during the experiment to quickly turn on and off the interaction with the field.
To properly include the effects of time-dependent flux in our model, we plan to follow
the recent work in [109, 110, 111].

4. We choose the field cutoff to be exponential, see equation (4.9), since it is simple and
has been previously used in the literature. However, a future work would be to design
experiments that distinguish between different cutoff shapes. Then, performing such
experiments on the detector implementation would allow to find a best fit for the
cutoff.

5. For simplicity, we assumed that the detectors and field start in the vacuum state,
i.e. a zero temperature state. However, in reality, the expected temperature for the
experiment is around 20-30mK. This effect has been preliminarily explored in [101],
using a simpler UDW model with parameters that match the experiment. For the
case explored there, increasing temperature decreases entanglement harvesting until
it no entanglement is harvested for temperatures higher than 30mK. Therefore, it is
important to include the effect of the temperature in more accurate models of the
implementation.

6. The model used for the transmission line assumes it is infinite and has no boundaries.
In such case, waves propagate away to infinity unimpeded. However, in the real
implementation, the transmission line is finite, and we expect partial reflections on
their boundaries [3]. Including these reflections in the model is relevant to quantify
their effect on entanglement harvesting.

The resulting model will be more complex, and need extensive use of numerical calculations
to predict the amount of harvested entanglement. However, its higher accuracy will be cru-
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cial in determining the setups for which harvesting is largest, facilitating an experimental
realization.

118



References
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[38] Ivan Agullo, Béatrice Bonga, Eduardo Mart́ın-Mart́ınez, Sergi Nadal-Gisbert, T. Rick
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Appendix A

Appendices for Chapter 2

A.1 Communication at leading order through a me-

diating system

Here we provide an quick review on how to compute estimator for the ability of a system
A to send a signal to a system B, through a mediating system C, at leading perturbative
order. This scenario generalizes the case of a pair of detectors communicating through a
quantum field. For a more thorough analysis see [53, 54].

To quantify communication from A to B, it is useful to distinguish between the full
time evolution Û , and the time evolution if we only allow the system ν ∈ {A,B} and C to
interact, which we denote as Ûν . Then, all the conributions to the final state of B coming
from the existence of A, i.e. how A influences the final state of B, can be expressed as

ρ̂signalb = Trac(Û ρ̂0Û
† − Ûbρ̂0Û

†
b), (A.1)

for any initial state ρ̂0.

For simplicity, we restrict ourselves to interaction Hamiltonians (in the interaction
picture) of the form

Ĥi(t) = Ĥa(t) + Ĥb(t),

Ĥν(t) = Ôν(t)Ĉν(t). (A.2)

Here, Ôa(t) and Ôb(t) are observables of the system A and B respectively. The operators
Ĉa(t) and Ĉb(t) are observables of the mediating system C.

130



To further showcase the role of [Ĉa(t), Ĉb(t′)] in communication we explicitly compute
ρ̂signalb to the leading order in a perturbative expansion. Using the Dyson series for the time
evolution generated by Ĥi,

ρ̂signalb = Trac

(
Û

(1)
b ρ̂0Û

†(1)
a +

(
Û

(2)
ab + Û

(2)
ba

)
ρ̂0 + H.c.

)
+ O

(
Ôm

a Ô
l
b

)
, (A.3)

where m, l ≥ 1, m+ l ≥ 3 and we defined

Û (1)
ν = −i

∫
dt Ĥν(t),

Û (2)
µν = −

∫
dt

∫ t

dt′ Ĥµ(t)Ĥν(t′). (A.4)

Then, using the properties of the trace, and that observables from different systems com-
mute,

Trac
(
Û

(1)
b ρ̂0Û

†(1)
a

)
=

∫
dt dt′ Ôb(t) Trac

(
ρ̂0Ôa(t′)Ĉa(t′)Ĉb(t)

)
, (A.5)

Trac
(
(Û

(2)
ab + Û

(2)
ba )ρ̂0

)
= −

∫
dt dt′ Ôb(t) Trac

(
ρ̂0Ôa(t′)

×
(

Θ(t′ − t)Ĉa(t′)Ĉb(t) + Θ(t− t′)Ĉb(t)Ĉa(t′)
))
, (A.6)

where Θ is the Heaviside step function. Substituting back into ρ̂signalb ,

ρ̂signalb =

∫
dt

∫
t

dt′ [Ôb(t′),Trac
(
ρ̂0Ôa(t)[Ĉa(t), Ĉb(t′)]

)
]

+ O
(
Ôm

a Ô
l
b

)
, (A.7)

with m, l ≥ 1, m + l ≥ 3. Therefore, at leading order, the communication is mediated
solely by the commutator [Ĉa(t), Ĉb(t′)], as we wanted to show. Notice that [Ĉa(t), Ĉb(t′)]
only contributes for t′ ≥ t, i.e. A can only message B through Ĉb(t′) after A has coupled to
Ĉa(t), as would be expected. This order adequately reverses if we consider communication
from B to A.
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Non-perturbative case: Remarkably, communication is impossible if the observables of
system C in Eq. (A.2) commute, i.e. if [Ĉa(t), Ĉb(t′)] = 0, then ρ̂signalb = 0. This follows
from noticing that, under this assumption, [Ĥa(t), Ĥb(t′)] = 0, and thus Û = ÛaÛb = ÛbÛa,
which after substituting in Eq. (A.1) and using the cyclic property of the trace together
with ÛaÛ

†
a = 1̂ shows that ρ̂signalb = 0. In other words, communicating through C requires

coupling to non-commuting interaction picture observables of C. Notice that the same is
not necessarily true for gaining correlations. A and B can get correlated even if they couple
to commuting interaction picture observables of C, by extracting preexisting correlations
in C.

A.2 Inequality between negativity and its communi-

cation and harvesting contributions

Here, we would like to show that the assumption

|M| =
√
|M+|2 + |M−|2 (A.8)

implies the following relation between the negativity and its contributions:

N ≥
√

(N+)2 + (N−)2. (A.9)

Let us prove this statement by considering different cases.

• Case 1: N+ = 0.

The relation (A.9) becomes equivalent to N ≥ N−, which is directly verified us-
ing |M| ≥ |M−| in the definition of negativity and its associated components, namely
Eqs. (2.60) and (2.64).

• Case 2: N− = 0.

The argument is analogous to case 1.

• Case 3: N+ ̸= 0 and N− ̸= 0.

Here, we have N± = V± > 0. Let us define

L± =
|Laa ± Lbb|

2
. (A.10)
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In this way, we can write

V =
√

|M|2 + L2
− − L+,

V± =
√

|M±|2 + L2
− − L+. (A.11)

Then, using Eq. (A.8), we can cast the statement of Eq. (A.9) into

0 ≤ V2 − (V+)2 − (V−)2 (A.12)

= −L2
− + 3L2

+ + 2L+

(
V+ + V− −

√
|M|2 + L2

−

)
,

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

8L2
+V+V− + 4L+(L2

+ − L2
−)(V+ + V−) + (L2

+ − L2
−)2 ≥ 0. (A.13)

Finally, this statement is true because because of L+ ≥ 0, L2
+ ≥ L2

− and the assumption
V± > 0. Therefore, we conclude that given the relation (A.8), the statement (A.9) is true.

A.3 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 tr of a time coordinate in an arbitrary
coordinate system (t,x):

T (x, x′) = (Tr(x), Tr(x′)),

Tr(tr + t,x) = (tr − t,x). (A.14)

The hypotheses of Corollary 1 are satisfied if the following assumptions hold:

1. g(tr + t,x) = g(tr − t,x),

2. GF(tr + t,x, tr + t′,x′) = GF(tr − t,x, tr − t′,x′),
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3. Λν(tr + t,x) = Λν(tr − t,x),

4. For some constant θν,

⟨ζν |µ̂ν

(
τν(tr + t,x)

)
|ψν⟩ = eiθν ⟨ψν |µ̂ν

(
τν(tr − t,x)

)
|ζν⟩ .

Here, we recall that g is the determinant of the metric, Gf is the Feynman propagator,
{Λν} are the spacetime smearing functions, and |ζν⟩ are the states orthogonal to the initial
states |ψν⟩ as defined in Eq. (2.51).

Symmetry 2. Time reversal around tr in the arbitrary coordinates (t,x) & swap of space-
time points:

T (x, x′) = (Tr(x′), Tr(x)),

Tr(tr + t,x) = (tr − t,x). (A.15)

The hypotheses of Corollary 1 are satisfied if the following assumptions hold:

1. g(tr + t,x) = g(tr − t,x),

2. GF(tr + t′,x′, tr + t,x) = GF(tr − t,x, tr − t′,x′),

3. Λa(tr + t,x) = Λb(tr − t,x),

4. For some constant θ,

⟨ζa|µ̂a

(
τa(tr + t,x)

)
|ψa⟩ = eiθ ⟨ψb|µ̂b

(
τb(tr − t,x)

)
|ζb⟩ .

Symmetry 3. Time reversal around tr in the arbitrary coordinates (t,x), reflection about
x0 in (t,x) & swap of spacetime points:

T (x, x′) = (Trr(x′), Trr(x)),

Trr(tr + t,x0 + x) = (tr − t,x0 − x). (A.16)

The hypotheses of Corollary 1 are satisfied if the following assumptions hold:

1. g(tr + t,x0 + x) = g(tr − t,x0 − x),

2. GF(tr + t′,x0 + x′, tr + t,x0 + x)
= GF(tr − t,x0 − x, tr − t′,x0 − x′),
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3. Λa(tr + t,x0 + x) = Λb(tr − t,x0 − x),

4. For some constant θ,

⟨ζa|µ̂a

(
τa(tr + t,x0 + x)

)
|ψa⟩

= eiθ ⟨ψb|µ̂b

(
τb(tr − t,x0 − x)

)
|ζb⟩ .

Notice that in this symmetry the distance between the detectors at time tr can be
adjusted by changing x0, in contrast to Symmetry 2, where the detectors must be at the
same place at time tr.

Symmetry 4. Proper time swap and reversal around υr/2. To better describe this sym-
metry, we use the coordinates (τν , x̃ν) where Λν(τν , x̃ν) = χν(τν)Fν(x̃ν) and where τν are
the proper times of the detectors.1

Now we can express this symmetry as

T (τa, x̃a, τb, x̃b) = (υr − τb, x̃a, υr − τa, x̃b), (A.17)

where pairs of spacetime points are expressed in the joint coordinates (τa, x̃a, τb, x̃b). The
hypotheses of Corollary 1 are satisfied if the following assumptions hold:

1. ga(τa, x̃a)gb(τb, x̃b) = ga(υr − τb, x̃a)gb(υr − τa, x̃b).

2. GF(τa, x̃a, τb, x̃b) = GF(υr − τb, x̃a, υr − τa, x̃b),

3. χa(τ) = χb(υr − τ),

4. Ωa = Ωb = Ω,

5. βa + βb = Ωυr,

6. | cosαa| = | cosαb|, | sinαa| = | sinαb|.

Here, the gν are the determinant of the metric in (τν , x̃ν) coordinates, and the detectors’
initial states are

|ψν⟩ = cosαν |gν⟩ + sinανe
iβν |eν⟩ . (A.18)

1In the usual prescription for detectors, (τν , x̃ν) will be chosen to be the Fermi normal coordinates
associated to the detectors’ trajectories. However, the result given here holds regardless of whether (τν , x̃ν)
are chosen to be the Fermi normal coordinates.
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Notice that assumptions 4, 5, and 6 appear because they are sufficient to show that

⟨ζa|µ̂a(τ)|ψa⟩ = eiΩυr ⟨ζb|µ̂b(υr − τ)|ψb⟩ , (A.19)

with |ζν⟩ the states orthogonal to |ψν⟩ as defined in Eq. (2.51).

In order for this T to satisfy Corollary 1, first notice that |J(τa, x̃a, τb, x̃b)| = 1.
Then, the symmetry assumptions 1 and 2 directly translate to the conditions required
by Eq. (2.92). It only remains to show that Eq. (2.93) is fulfilled. This condition asks that
for some constant angle θ,

P ∗
a

(
T1(x, x

′)
)
P ∗
b

(
T2(x, x

′)
)

= eiθPa(x)Pb(x′). (A.20)

Substituting the definition of Pν ,

Pν(x) = Λν(x) ⟨ζν |µ̂ν(τν(x))|ψν⟩ , (A.21)

and using Λν(τν , x̃ν) = χν(τν)Fν(x̃ν), one sees that to satisfy Eq. (A.20) the following
conditions are enough:

χa(τ) = χb(υr − τ), (A.22)

⟨ζa|µ̂a(τ)|ψa⟩ = eiθ/2 ⟨ψb|µ̂b(υr − τ)|ζb⟩ . (A.23)

The condition over the monopole operators µ̂ν simplifies by using the identity

⟨ζν |µ̂ν(τν)|ψν⟩ = eiβν
(
cνe

i(Ωντν−βν) − sνe
−i(Ωντν−βν)

)
, (A.24)

where we denote sν = sin2 αν , cν = cos2 αν . Together with the hypotheses Ωa = Ωb = Ω,
βa = −βb + Ωυr, ca = cb, sa = sb,

⟨ζa|µ̂a(τ)|ψa⟩
= eiβa

(
cae

i(Ωτ−βa) − sae
−i(Ωτ−βa)

)
= eiβa

(
cbe

−i(Ω(υr−τ)−βb) − sbe
i(Ω(υr−τ)−βb)

)
= eiΩυr ⟨ψb|µ̂b(υr − τ)|ζb⟩ . (A.25)

Therefore, Eq. (A.23) is fulfilled with θ = 2Ωυr. This completes proving that the assump-
tions 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 ∆γ = 0, i.e.

|M| =
√

|M+|2 + |M−|2, (A.26)
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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. Λ∗

ν ̸= Λν . All the results presented in this section can be general-
ized to account for complex spacetime smearings, but we have restricted our results to real
smearings for simplicity. For complex smearings, the Hamiltonian interaction density for
each detector in the interaction picture becomes ĥI,ν(x) = λΛν(x)eiΩντν σ̂+

ν + H.c., with H.c.
denoting the Hermitian conjugate. Therefore, the expression for M also changes (see, e.g.,
[114]). Nonetheless, the requirements specified for each symmetry only need a modification
of the conditions of Λν (or χν). Specifically, whenever 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.

A.4 Further simplifications of the hypotheses of Corol-

lary 1

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

Lemma 1. Consider the two sets of coordinates (τν , x̃ν) with ν ∈ {A,B}, where Λν(τν , x̃ν) =
χν(τν)Fν(x̃ν). Given coordinates (t,x), the time reversal around tr is Tr(tr + t,x) = (tr − t,x).
Assume that

1. Given τr,ν = τν(tr,0),

τν(x) = 2τr,ν − τν
(
Tr(x)

)
,

x̃ν(x) = x̃ν

(
Tr(x)

)
. (A.27)

2. χν(τ) = χν(2τr,ν − τ).

3. βν = Ωντr,ν.

Recall that βν is the relative phase in the detectors’ initial states |ψν⟩ = cosαν |gν⟩ +
sinανe

iβν |eν⟩.

Under these assumptions, the conditions 3 and 4 of Symmetry 1 are fulfilled.
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Proof. We prove the condition 3 first, to do so, keep in mind that

Λν(t,x) = χν

(
τν(t,x)

)
Fν

(
x̃ν(t,x)

)
. (A.28)

Then, using the time reversibility condition over χν ,

χν

(
τν(tr − t,x)

)
= χν

(
2τr,ν − τν(tr − t,x)

)
= χν

(
τν(tr + t,x)

)
. (A.29)

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

Λν(tr − t,x) = χν

(
τν(tr − t,x)

)
Fν

(
x̃ν(tr − t,x)

)
= χν

(
τν(tr + t,x)

)
Fν

(
x̃ν(tr + t,x)

)
= Λν(tr + t,x). (A.30)

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

⟨ζν |µ̂ν(τν)|ψν⟩ = eiβν
(
cνe

i(Ωντν−βν) − sνe
−i(Ωντν−βν)

)
, (A.31)

where sν = sin2 αν , cν = cos2 αν and we recall that |ζν⟩ are the states orthogonal to the
initial state |ψν⟩ as defined in Eq. (2.51). Substituting into the following expression,

⟨ζν |µ̂ν

(
τν(tr − t,x)

)
|ψν⟩

= eiΩντr,ν
(
cνe

i
(
Ωντν(tr−t,x)−Ωντr,ν

)
− sνe

−i
(
Ωντν(tr−t,x)−Ωντr,ν

))
= eiΩντr,ν

(
cνe

−i
(
Ωντν(tr+t,x)−Ωντr,ν

)
− sνe

i
(
Ωντν(tr+t,x)−Ωντr,ν

))
= e2iΩντr,ν ⟨ψν |µ̂ν

(
τν(tr + t,x)

)
|ζν⟩ , (A.32)

where the condition over τν given by Eq. (A.27), and that βν = Ωντr,ν , finishing the proof.

Lemma 2. Consider the two sets of coordinates (τν , x̃ν) with ν ∈ {A,B}, where Λν(τν , x̃ν) =
χν(τν)Fν(x̃ν). Given coordinates (t,x), the time reversal around tr is Tr(tr + t,x) = (tr − t,x).
Assume that
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1. Given υr = τa(tr,0) + τb(tr,0),

τa(x) = υr − τb
(
Tr(x)

)
,

x̃a(x) = x̃b

(
Tr(x)

)
. (A.33)

2. Fa(x̃) = Fb(x̃).

3. χa(τ) = χb(υr − τ).

4. Ωa = Ωb = Ω.

5. βa + βb = Ωυr.

6. | cosαa| = | cosαb|, | sinαa| = | sinαb|,

where we recall that the detectors’ initial states are |ψν⟩ = cosαν |gν⟩ + sinανe
iβν |eν⟩.

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

Λν(t,x) = χν

(
τν(t,x)

)
Fν

(
x̃ν(t,x)

)
. (A.34)

Then, using the time reversibility condition over the χν ,

χa

(
τa(tr − t,x)

)
= χb

(
υr − τa(tr − t,x)

)
= χb

(
τb(tr + t,x)

)
, (A.35)

and similarly,
Fa

(
x̃a(tr − t,x)

)
= Fb

(
x̃b(tr + t,x)

)
. (A.36)

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

Λa(tr − t,x) = χa

(
τa(tr − t,x)

)
Fa

(
x̃a(tr − t,x)

)
= χb

(
τb(tr + t,x)

)
Fb

(
x̃ν(tr + t,x)

)
= Λb(tr + t,x). (A.37)

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

⟨ζν |µ̂ν(τν)|ψν⟩ = eiβν
(
cνe

i(Ωντν−βν) − sνe
−i(Ωντν−βν)

)
, (A.38)
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where sν = sin2 αν , cν = cos2 αν and we recall that |ζν⟩ are the states orthogonal to the
initial state |ψν⟩ as defined in Eq. (2.51). The proof finishes by combining this identity with
the hypotheses ca = cb, sa = sb, Ωa = Ωb = Ω, βa = −βb + Ωυr, and with the assumption
over the τν ,

⟨ζa|µ̂a

(
τa(tr − t,x)

)
|ψa⟩

= eiβa
(
cae

i(Ωτa(tr−t,x)−βa) − sae
−i(Ωτa(tr−t,x)−βa)

)
= eiβa

(
cbe

−i(Ωτb(tr+t,x)−βb) − sbe
i(Ωτb(tr+t,x)−βb)

)
= eiΩυr ⟨ψb|µ̂b

(
τb(tr + t,x)

)
|ζb⟩ . (A.39)

Lemma 3. Consider the two sets of coordinates (τν , x̃ν) with ν ∈ {A,B}, where Λν(τν , x̃ν) =
χν(τν)Fν(x̃ν). Given coordinates (t,x), the time reversal around tr and reflection around
x0 is Trr(t,x) = (2tr − t, 2x0 − x). Assume that

1. Given υr = τa(tr,0) + τb(tr,0),

τa(x) = υr − τb
(
Trr(x)

)
,

x̃a(x) = x̃b

(
Trr(x)

)
. (A.40)

2. Fa(x̃) = Fb(x̃).

3. χa(τ) = χb(υr − τ).

4. Ωa = Ωb = Ω.

5. βa + βb = Ωυr.

6. | cosαa| = | cosαb|, | sinαa| = | sinαb|.

where we recall that the detectors’ initial states are |ψν⟩ = cosαν |gν⟩ + sinανe
iβν |eν⟩.

Under these assumptions, the 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 Fν to be equal, while the
assumptions of Symmetry 3 ask spacetime smearings Λν to be related by a spatial reflection
and a time reversal. However, the equality between Fν is actually expected because the
spatial smearing functions Fν are defined in their corresponding prescription coordinates
(τν , x̃ν), which we assumed to be related by a time reflection and a space reflection, as in
Eq. (A.40).
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A.5 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 re-
quired for each of the T maps described in Appendix A.3 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.

A.5.1 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 A.3 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 f any inertial coordinate system (t,x) and any constants tr and x0, the
Feynmann propagator GF fulfills

GF(t,x, t′,x′) = GF(2tr − t′, 2x0 − x′, 2tr − t, 2x0 − x)

= GF(2tr − t′,x′, 2tr − t,x)

= GF(2tr − t,x, 2tr − t′,x′). (A.41)

And therefore, these relations fulfill the condition 2 for the Symmetries 1, 2, 3. Moreover,
since g(t,x) = −1, the condition 1 of all these symmetries is also fulfilled.
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Proof. The Wightman of the Minkowski vacuum for a scalar field is

W (t,x, t′,x′) =
1

(2π)n

∫
dnk

2ωk

eik·(x−x′)e−iωk(t−t′), (A.42)

with ωk =
√
k2 +m2. The Minkowski vacuum Wightman function fulfills

W (t,x, t′,x′) = W (∆t, |∆x|), (A.43)

where we denoted W (∆t, |∆x|) = W (∆t, |∆x|, 0,0) and ∆t = t− t′, ∆x = x− x′. Then,
from the definition of GF in Eq. (2.58), we have

GF(t,x, t′,x′)

= Θ(∆t)W (∆t, |∆x|) + Θ(−∆t)W (−∆t, |∆x|)
= W (|∆t|, |∆x|). (A.44)

Therefore, Eq. (A.41) is fulfilled because all of the equated expressions for GF have the
same values of |∆t| and |∆x|.

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

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 (t,x), the spacetime smearing factorizes Λν(t,x) = χν(t)Fν(x).

6. χν(t) = χν(2tr − t).

Then, the conditions of Symmetry 1 are fulfilled.

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

To prove the conditions 3 and 4 of Symmetry 1, we show next that the assumptions
of Lemma 1 hold. First, choose both coordinate systems (τa, x̃a) and (τb, x̃b) to be (t,x).
Then, the assumption 1 of Lemma 1 holds. The assumption 2 holds because of χν(t) =
χν(2tr − t) and tr = τr,ν . Finally, the assumption 3 upon the relative phases βν is trivially
satisfied because both initial states are either |ψν⟩ = |gν⟩ or |ψν⟩ = |eν⟩.
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Lemma 6. Assume that, for a given constant tr,

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 (t,x), the spacetime smearing factorizes Λν(t,x) = χν(t)Fν(x).

6. Ωa = Ωb.

7. χa(t) = χb(2tr − t).

8. Fa(x) = Fb(x).

Then, the conditions of Symmetry 2 are fulfilled.

Proof. Shown analogously to Lemma 5, using Lemma 2 instead of Lemma 1. Additionally,
| cosαa| = | cosαb| and | sinαa| = | sinαb| 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 tr,

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 (t,x), the spacetime smearing factorizes Λν(t,x) = χν(t)Fν(x).

6. Ωa = Ωb.

7. χa(t) = χb(2tr − t).

8. Fa(x) = Fb(2x0 − x).

Then, the conditions of Symmetry 3 are fulfilled.
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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 (τa, x̃a) to be (t,x), here we
choose (τb, x̃b) to be instead

τb(t,x) = t, x̃b(t,x) = 2x0 − x. (A.45)

Lemma 8. Assume that, for a given constant tr,

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 (t,x), the spacetime smearing factorizes Λν(t,x) = χν(t)Fν(x).

6. Ωa = Ωb.

7. χa(t) = χb(2tr − t).

Then, the conditions of Symmetry 4 are fulfilled, by picking both coordinate systems (τν , x̃ν)
to be (t,x).

Proof. Since we picked both (τν , x̃ν) to be the inertial comoving frame (t,x), then the
determinants of the metric in coordinates (τν , x̃ν) satisfy ga = gb = −1 under the given
assumptions, hence fulfilling the condition 1 of Symmetry 4. The condition 2 over GF

becomes the following: for a given constant tr = υr/2,

GF(t,x, t′,x′) = GF(2tr − t,x, 2tr − t′,x′), (A.46)

which is true regardless of tr for the Minkowski vacuum, as shown in Lemma 4.

The conditions 3 and 4 of Symmetry 4 are the assumptions 6 and 7 of the current
lemma, using the relationship tr = υr/2.

Finally, condition 5 upon the relative phases βν is trivially satisfied because of the initial
states of the detectors are either both the ground or both the excited state, and condition
6 (| cosαa| = | cosαb|, | sinαa| = | sinαb|) is fulfilled as well for the same reason.
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Finally, Proposition 3 of the main text follows from combining the assumptions of
the 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 A.3 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 Fν(x) needs to be checked in Proposition 3.
Thus the assumptions of Proposition 3 result from solely combining the assumptions of
Lemmas 5 and 8. Moreover, we take Ωa = Ωb to be a condition of Proposition 3 for
simplicity, even though this condition is not needed to satisfy Lemma 5. In general, the
conditions 5 and 6 of the Proposition 3 can be replaced by the following less restrictive
combined condition: in the comoving frame, for some time tr, it is satified that either

χν(t+ tr) = χν(tr − t), ν = A,B, (A.47)

or χa(t+ tr) = χb(t− tr) and Ωa = Ωb. (A.48)

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 = −λ2
∫

dt dt′ dx dx′ eiΩ(t+t′)χa(t)χb(t′)

× Fa(x)Fb(x′)Gf(t,x, t
′,x′). (A.49)

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

A.5.2 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 harvest-
ing scenarios prescribed in the subsection 2.6.2. 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. (2.122) and the
substitution of t by η(t) in GF. Moreover, using the assumption Λν(t,x) = Tν(t)Xν(x)
results in

M = −λ2
∫

dt dt′ dx dx′ eiΩ(t+t′)Ta(t)Tb(t′)

× Xa(x)Xb(x′)
Gf

(
η(t),x, η(t′),x′)
a(t)a(t′)

. (A.50)
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Here, GF is the usual expression in inertial coordinates of the Feynmann 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 Ω < 0. Therefore, this case is
automatically included in Eq. (A.50), and in the current proof.

Notice that if we define

G̃f(t,x, t,x
′) =

Gf

(
η(t),x, η(t′),x′)
a(t)a(t′)

, (A.51)

then the expression for M becomes the same as for the scenarios of Proposition 3 (see

Eq. (A.49)), but with G̃f, Tν(t), Xν(x) instead of Gf, χν(t), Fν(x). Therefore, to get

the analogous Proposition 4, we need G̃f and Tν(t) to fulfill the corresponding conditions
specified in the Symmetries 1 and 4, which were the ones used to derive Proposition 3.
Notice that now, to define the Symmetry 4, we need to use the comoving coordinates (t,x)
as prescription coordinates for the detectors. This is a consequence of assuming that the
split Λν(t,x) = Tν(t)Xν(x) happens in the comoving coordinates, and that the detectors’
proper times coincide with the comoving time t.

The conditions over Tν(t) are directly stated in Proposition 4 and are the same as for
χν(t) in Proposition 3. Furthermore, since condition 2 of Symmetries 1 and 4 was needed to

prove Proposition 3, here we also need to verify whether G̃f satisfies to the same condition.
Namely, we would like to show that

G̃f(t,x, t
′,x′) = G̃f(2tR − t,x, 2tR − t′,x′),

= G̃f(2tR − t′,x, 2tR − t,x′). (A.52)

To show that this relation is indeed fulfilled, first notice that the second equal sign can
be readily checked by substituting the definition of G̃f and using that GF fulfills the same
equality, as shown in Lemma 4. Second, we need to show that G̃f is time symmetric around
tR. For this proof, we start with the hypothesis of Proposition 4 that a(t) = a(2tr − t).
Then, the conformal time (as defined in Eq. (2.117)) fulfills

η(t) = 2η(tr) − η(2tr − t), (A.53)
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which can be readily verified by taking the derivative with respect to t. Then,

G̃f(t,x, t
′,x′)

=
Gf

(
η(t),x, η(t′),x′)
a(t)a(t′)

=
Gf

(
2η(tr) − η(2tr − t),x, 2η(tr) − η(2tr − t′),x′)

a(2tr − t)a(2tr − t′)

=
Gf

(
η(2tr − t),x, η(2tr − t′),x′)
a(2tr − t)a(2tr − t′)

= G̃f(2tr − t,x, 2tr − t′,x′), (A.54)

where we used the first line of Eq. (A.41) for the Minkowski vacuum GF. This completes
the proof that Eq. (A.52) holds under the hypothesis that a(t) = a(2tr − t). Bringing
everything together, an analogous version of Proposition 3 holds for FRW spacetimes,
resulting in Proposition 4.

A.6 Alternative symmetry conditions for detectors pre-

scribed in Fermi normal coordinates

A.6.1 Conditions for the time reversibility and spatial reflection
symmetry of Fermi normal coordinates

Here we shall study how pairs of Fermi normal coordinates are related by a time reversal
or a time reversal combined with a spatial reflection. Knowing the symmetries respected
by the Fermi normal coordinates is instrumental in determining the symmetries of the
entanglement harvesting setup. This is the case when the harvesting setup uses the usual
covariant prescription for the Unruh-DeWitt detector [90] which is based on the Fermi
normal coordinates adapted to the detector trajectory z(τ). Concretely, given an arbitrary
coordinate system (t,x), we will consider the transformations:

Tr(t,x) = (2tr − t,x), Trr(t,x) = (2tr − t, 2x0 − x), (A.55)

where time reversals are performed around the time tr, and the spatial reflection is per-
formed about the point x0. 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 Tr
or by Trr, which will be later used in Appendix A.6.2.
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First, we recall how to construct the Fermi normal coordinates (τ,X) adapted to a
timelike curve z(τ), where τ is the curve’s proper time. Choose a fixed proper time τ0,
and pick an orthonormal basis

{
eρ(τ0)

}
in the tangent space to z(τ0), such that e0 = ż(τ0).

This basis extends to the whole curve,
{
eρ(τ)

}
, by imposing that the basis vectors are

Fermi-Walker (FW) transported along the curve. A vector field vα on the curve is FW
transported if

Dvα

dτ
+ (aαuβ − uαaβ)vβ = 0, (A.56)

where uα and aα are the components of u = dz/dτ and a = Du/dτ , the four-velocity
and four-acceleration of the curve, respectively. Moreover, we use D/dτ to denote the
directional covariant derivative along z(τ), which for a vector v = vα∂α is

Dvα

dτ
=

dvα

dτ
+ Γα

βγv
βuγ. (A.57)

Notably, u is always FW transported, therefore e0(τ) = u(τ). Moreover,
{
eρ(τ)

}
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 {eρ(τ)} in a way that it does not rotate with respect to the curve. To
see this concretely, consider coordinates where uρ = (u0, 0, 0, 0), and define the two-form
ωαβ = 2a[αuβ]. In this case, the only non-vanishing components of ωαβ are ωi0 = −ω0i,
i = 1, 2, 3, since aρuρ = 0. Thus, the second term in Eq. (A.56) is essentially describing the
projection of vρ along the 3-vector ni = ωi0, which describes the rotation of the orthonormal
“spatial” frame ei along the trajectory.

Now, we define the Fermi normal coordinates as follows. Let Np be the normal neigh-
borhood of p, which is the set of points that are connected to p by a unique geodesic. For
each τ , denote with Στ the space-like hypersurface orthogonal to u(τ). This hypersurface
consists of all the points in Nz(τ) that can be reached by geodesics that start from z(τ)
and start with tangent vectors orthogonal to u(τ). These hypersurfaces Στ constitute rest
spaces around z(τ), and locally define a foliation of spacetime. Then, the coordinates
(τ,X) are assigned to the point expz(τ)

(
Xaea(τ)

)
∈ Στ . Here, we use the convention that

latin indices run over spatial components, a = 1, . . . , n. The exponential map is defined as

expp

(
v
)

= γv(1), (A.58)

where γv(s) is a geodesic that fulfills γv(0) = p, γ̇v(0) = v. Notice that in this prescription
z(τ) has coordinates (τ,0), and its proper distance to a point with coordinates (τ,X) is
|X| =

√∑
a(X

a)2.
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Lemma 9. Choose arbitrary (t,x) coordinates, in which the metric components are gρσ.
Consider a pair of time-like curves zν(τν), ν = A,B, parametrized by their proper times
τν. Denote the coordinates of the curves’ points as

(
t, zν(t)

)
. Assume that for some tr,

1. gρσ(tr + t,x) = s(ρ, σ)gρσ(tr − t,x),

2. za(tr + t) = zb(tr − t),

Here, s(ρ1, ρ2, . . . , ρn) = 1 if the number of zeros among the set of arguments ρ1, . . . , ρn
is even and s(ρ1, ρ2, . . . , ρn) = −1 otherwise. Then, there exist Fermi normal coordinates
(τν , x̃ν) adapted to the trajectories zν(τν) that are related by

τa(tr + t,x) = υr − τb(tr − t,x),

x̃a(tr + t,x) = x̃b(tr − t,x), (A.59)

with υr = τr,a + τr,b, where τr,ν are the proper times that fulfill tr = z0ν(τr,ν).

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

[f(t)]r = f(2tr − t). (A.60)

Then, the assumptions of the lemma can be simply rewritten as

[gρσ]R = s(ρ, σ)gρσ, [za]r = [zb]r. (A.61)

Next, let us show that these assumptions imply that

i) [gρσ]r = s(ρ, σ)gρσ,

ii) [∂λgρσ]r = s(ρ, σ, λ)∂λgρσ,

iii) [Γλ
ρσ]r = s(ρ, σ, λ)Γλ

ρσ,

iv) [uρa]r = −s(ρ)uρb,

v) [aρa]r = s(ρ)aρb.

Showing that s(ρ, σ)gρσ is the inverse of [gρσ]r is enough for i),

s(ρ, σ)gρσ[gσλ]r = s(ρ, λ)gρσgσλ = δλρ . (A.62)
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For ii), it is enough to use i) and to notice that for a general function h(t,x),

∂0[h]r = −[∂0h]r, ∂a[h]r = [∂ah]r. (A.63)

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

Γλ
ρσ =

1

2
gλϵ (∂σgϵρ + ∂ρgϵσ − ∂ϵgρσ) . (A.64)

Proving iv) starts from taking the derivative on the trajectory condition, to obtain [ża]r =
−żb. Then, using

u0ν =
dt

dτν
, uaν =

dt

dτν
ża
ν , (A.65)

together with gρσu
ρ
νu

σ
ν = −1, implies

dt

dτν
=
√

−g00 − 2ga0ża
ν − gabża

ν ż
b
ν . (A.66)

Therefore, using [ża]r = −żb and ii), we get[
dt

dτa

]
r

=
dt

dτb
. (A.67)

Then, substituting back on Eq. (A.65) allows showing iv). Finally, to prove v), combine

aαν =
dt

dτν

duαν
dt

+ Γα
βγu

β
νu

γ
ν (A.68)

with Eqs. (A.63), (A.67), 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 {eρ(t)} that is
FW transported along za and fulfills e0 = ua. Define fρ such that

(fρ)
α = s(ρ, α)[(eρ)

α]r. (A.69)

We now will show that this basis is FW transported along zb. Let us start reversing the
FW transport equation that the {eρ} fulfill,

0 =

[
D(eρ)

α

dτa
+ (aαau

β
a − uαaa

β
a)gβγ(eρ)

γ

]
r

= −s(ρ, α)

(
D(fρ)

α

dτb
+ (aαbu

β
b − uαba

β
b)gβγ(fρ)

γ

)
, (A.70)
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where we used the relations ii), iv), v), and also[
D(eρ)

α

dτa

]
r

=

[
dt

dτa

d(eρ)
α

dt
+ Γα

βγ(eρ)
βuγa

]
r

= −s(ρ, α)
D(fρ)

α

dτb
, (A.71)

which used Eqs. (A.63), (A.67), (A.69), and relations iii), iv). Therefore, the {fρ}, as
defined in Eq. (A.69) are FW transported along zb. Moreover, the {fρ} are orthonormal
because

(fρ)
α(fσ)βgαβ =

[
(eρ)

α(eσ)βgαβ
]
r

= ηρσ, (A.72)

where ηρσ is the Minkowski metric. Lastly, f0 = ub, because

(f0)
α = −s(α)[(e0)

α]r = −s(α) [uαa ]r = uαb . (A.73)

All these results guarantee that the orthonormal basis {fρ(t)} can be used to define the
Fermi normal coordinates along zb. From now on, let us use {eρ} and {fρ} to respectively
define the Fermi normal coordinates (τa, x̃a) around za(τa) and (τb, x̃b) around zb(τb).

Next, we check the relationships in Eq. (A.59) between (τa, x̃a) and (τb, x̃b). For any
spacetime point pa, we define pb as follows. We denote the Fermi normal coordinates j of
the point pν as

τpν = τν(pν), x̃pν = x̃ν(pν). (A.74)

Then, pb is chosen so that the coordinates of pa and pb are related by

τpa = υr − τpb , x̃pa = x̃pb , (A.75)

with υr = τr,a+τr,b, where τr,ν are the proper times that fulfill tr = z0ν(τr,ν). By expressing
the points pν in the coordinate system (t,x) on Eqs. (A.74) and (A.75), one can see that the
Eq. (A.59) that we want to prove is equivalent to showing Tr(pa) = pb, with Tr as defined
in (A.55). Therefore, to complete the proof, it will be enough to show that Tr(pa) = pb is
true, as is done next.

Consider a geodesic γa(λ) such that

γa(0) = za(τpa), γ̇a(0) = x̃apaea
(
z0a(τpa)

)
. (A.76)

Notice that, by the definition of the Fermi normal coordinates, we have γa(1) = pa. Next,
define γb(λ) as

γb(λ) = Tr(γa(λ)). (A.77)

151



The next steps are to show that such γb(λ) is a geodesic that fulfills

γb(0) = zb(τpb), γ̇b(0) = x̃apbfa
(
z0b(τpb)

)
. (A.78)

We start checking the first identity in the equation above by computing

d

dτ

((
z0b
)−1(

2tr − z0a(τ)
))

= −
u0a
(
z0a(τ)

)
u0b
(
2tr − z0a(τ)

) = −1, (A.79)

where we used the statement iv) that we proved at the start of the proof. Therefore, for
some constant τ0,

z0b(τ0 − τ) = 2tr − z0a(τ). (A.80)

To find τ0, choose τ = τr,a, so that

z0b(τ0 − τr,a) = 2tr − z0a(τr,a) = tr, (A.81)

which means τ0− τr,a = τr,b, and thus τ0 = υr. Substituting back to Eq. (A.80), and using
τpa = υr − τpb ,

z0b(τpb) = 2tr − z0a(τpa), (A.82)

and therefore, γ0b(0) = z0b(τpb). Moreover, we have γab(0) = zab(τpb) because γab(0) = zaa(τpa)
and

za

(
z0a(τpa)

)
= zb

(
2tr − z0a(τpa)

)
= zb

(
z0b(τpb)

)
, (A.83)

where we used the assumption za(t) = zb(2tr− t). This completes showing the claim from
Eq. (A.78) that γb(0) = zb(τpb).

To get the identity for γ̇b(0) in Eq. (A.78), we start from the definition of γb given in
Eq. (A.77). Expressing this definition in (t,x) coordinates gives

γ0b(λ) = 2tr − γ0a(λ), γab(λ) = γaa(λ). (A.84)

Then, taking derivatives w.r.t. λ, we get

γ̇αb (λ) = s(α)γ̇αa (λ). (A.85)

Combining this result with Eqs. (A.69), (A.75) and (A.82) leads to

γ̇αb (0) = s(α)γ̇αa (0)

= s(α)x̃apa(ea)
α
(
z0a(τpa)

)
= x̃apb(fa)

α
(
z0b(τpb)

)
, (A.86)
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which, as we wanted to show, is the expression for γ̇b(0) in Eq. (A.78).

Finally, let us show that γb is a geodesic. Taking the derivative w.r.t. λ in Eq. (A.85),

γ̇αb (λ) = s(α)γ̇αa (λ), γ̈αb (λ) = s(α)γ̈αa (λ). (A.87)

Then, substituting these expressions into the geodesic equation which γa fulfills,

γ̈αa = −Γα
βγ

(
γ0a, γ

a
a

)
γ̇βa γ̇

γ
a ,

s(α)γ̈αb = −s(α)Γα
βγ

(
2tr − γ0a, γ

a
a

)
γ̇βb γ̇

γ
b ,

γ̈αb = −Γα
βγ

(
γ0b, γ

a
b

)
γ̇βb γ̇

γ
b , (A.88)

where we also used the statement iii) and Eq. (A.77). The last line is, as we wanted, the
geodesic equation for γb.

Therefore, γb matches the requirements of the exponential map definition and thus
pb = γb(1). Now, remember that Tr(γa(λ)) = γb(λ). Then, choosing λ = 1, Tr(pa) = pb.
This finally completes the proof that

τa(tr + t,x) = υr − τb(tr − t,x),

x̃a(tr + t,x) = x̃b(tr − t,x). (A.89)

Lemma 10. Choose arbitrary coordinates (t,x), in which the metric components are gρσ.
Consider a time-like curve z(τ), parametrized by its proper time τ . Denote the coordinates
of the curve’s points as

(
t, z(t)

)
. Assume that for some tr,

1. gρσ(tr + t,x) = s(ρ, σ)gρσ(tr − t,x),

2. z(tr + t) = z(tr − t),

Here, s(ρ1, ρ2, . . . , ρn) = 1 if the number of zeros among the set of arguments ρ1, . . . , ρn
is even and s(ρ1, ρ2, . . . , ρn) = −1 otherwise. Then, the Fermi normal coordinates (τ, x̃)
adapted to the trajectory z(τ) fulfill

τ(tr + t,x) = 2τr − τ(tr − t,x),

x̃(tr + t,x) = x̃(tr − t,x), (A.90)

where τr is the proper time that fulfills tr = z0(τr).
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Proof. The assumptions of this lemma fulfill the hypotheses of Lemma 9 for the case
z(τ) = za(τ) = zb(τ). Then, Lemma 9 provides two coordinate systems (τa, x̃a) and
(τb, x̃b) adapted to z(τ), which are related by the Eq. (A.59). 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(τ). However, Eq. (A.59) implies that

x̃a(tr,x) = x̃b(tr,x), (A.91)

which means that there is a spatial surface where both Fermi normal coordinates (τa, x̃a)
and (τb, x̃b) adapted to z(τ) are the same. This can only happen if (τa, x̃a) and (τb, x̃b)
are the same coordinate systems, thus proving that there are Fermi normal coordinates
adapted to z(τ) that fulfill Eq. (A.90), finishing the proof.

Lemma 11. Choose arbitrary coordinates (t,x), in which the metric components are gρσ.
Consider a pair of time-like curves zν(τν), ν = A,B, parametrized by their proper times
τν. Denote the coordinates of the curves’ points as

(
t, zν(t)

)
. Assume that for some tr,

1. gρσ(tr + t,x0 + x) = gρσ(tr − t,x0 − x),

2. za(tr + t) = 2x0 − zb(tr − t).

Then, there exist Fermi normal coordinates (τν , x̃ν) adapted to the trajectories zν(t) that
are related by

τa(tr + t,x0 + x) = υr − τb(tr − t,x0 − x),

x̃a(tr + t,x0 + x) = x̃b(tr − t,x0 − x), (A.92)

with υr = τr,a + τr,b, where τr,ν are the proper times that fulfill tr = z0ν(τr,ν).

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

[f(t)]r = f(2tr − t),

[h(t,x)]rr = h(2tr − t, 2x0 − x). (A.93)

Then, following similar steps to the previous proof,
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i) [gρσ]r = gρσ,

ii) [∂λgρσ]rr = −∂λgρσ,

iii) [Γλ
ρσ]rr = −Γλ

ρσ,

iv) [uρa]r = uρb,

v) [aρa]r = −aρb.

Notice that these relations are useful because the trajectories 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 {eρ(t)} and {fρ(t)}, which respectively are FW transported
along za(τa) and zb(τb), and that fulfill

[(eρ)
α]r = (fρ)

α. (A.94)

Then, we again pick {eρ(t)} and {fρ(t)} to respectively define the Fermi normal coordinates
adapted to za(τa) and zb(τb). The final part of the proof is also analogous to Lemma 9,
but changing Eq. (A.77) to relate γa and γb by Trr instead of Tr.

A.6.2 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 the
Appendices A.3 and A.4 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 [90], where the detector ν is prescribed in the Fermi
normal coordinates (τν , x̃ν) adapted to its trajectory zν(τν). These coordinates are valid lo-
cally around the trajectory and factorize the smearing function, Λν(τν , x̃ν) = χν(τν)Fν(x̃ν).
Moreover, τν are the proper times of the detectors.

Proposition 5. Let gρσ be the metric components in an arbitrary coordinate system (t,x),
zν(t) the spatial components of the detectors’ trajectories and (τν , x̃ν) the Fermi normal
coordinates adapted to zν(t). Assume that

1. gρσ(tr − t,x) = s(ρ, σ)gρσ(tr + t,x),

2. GF(tr − t,x, tr − t′,x′) = GF(tr + t,x, tr + t′,x′),
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3. zν(tr − t) = zν(tr + t),

4. Λν(τν , x̃ν) = χν(τν)Fν(x̃ν),

5. χν(τr,ν − τν) = χν(τr,ν + τν),

6. βν = Ωντr,ν,

where τr,ν = τν(tr, zν(tr)), and s(ρ, σ) is the sign function defined in Lemma 10. Moreover,
recall that the detectors’ initial states are |ψν⟩ = cosαν |gν⟩ + sinανe

iβν |eν⟩.
These assumptions are sufficient to fulfill the conditions given in Symmetry 1, 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. (A.27) 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(tr − t,x) = g(tr + t,x), is fulfilled due to the assumption of the
proposition on the components gρσ.

Proposition 6. Let gρσ be the metric components in an arbitrary coordinate system (t,x),
zν(t) the spatial components of the detectors’ trajectories and (τν , x̃ν) the Fermi normal
coordinates adapted to zν(t). Assume that

1. gρσ(tr − t,x) = s(ρ, σ)gρσ(tr + t,x),

2. GF(tr − t,x, tr − t′,x′) = GF(tr + t′,x′, tr + t,x),

3. za(tr − t) = zb(tr + t),

4. x̃a(tr,x) = x̃b(tr,x),

5. Λν(τν , x̃ν) = χν(τν)Fν(x̃ν),

6. χa(τ) = χb(υr − τ),

7. Fa(x̃) = Fb(x̃),

8. Ωa = Ωb = Ω,

9. βa + βb = Ωυr,

10. | cosαa| = | cosαb|, | sinαa| = | sinαb|,
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where υr = τa(tr, za(tr))+τb(tr, zb(tr)) and s(ρ, σ) is the sign function defined in Lemma 9.
Moreover, recall that the detectors’ initial states are expressed as |ψν⟩ = cosαν |gν⟩ + sinανe

iβν |eν⟩.
These assumptions are sufficient to fulfill the conditions given in Symmetry 2, 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 gρσ be the metric components in an arbitrary coordinate system (t,x),
zν(t) the spatial components of the detectors’ trajectories and (τν , x̃ν) the Fermi normal
coordinates adapted to zν(t). Assume that

1. gρσ(tr − t,x0 − x) = gρσ(tr + t,x0 + x),

2. GF(tr − t,x0 − x, tr − t′,x0 − x′)
= GF(tr + t′,x0 + x′, tr + t,x0 + x),

3. za(tr − t) = 2x0 − zb(tr + t),

4. x̃a(tr,x0 − x) = x̃b(tr,x0 + x),

5. Λν(τν , x̃ν) = χν(τν)Fν(x̃ν),

6. χa(τ) = χb(υr − τ),

7. Fa(x̃) = Fb(x̃),

8. Ωa = Ωb = Ω,

9. βa + βb = Ωυr,

10. | cosαa| = | cosαb|, | sinαa| = | sinαb|,

where υr = τa(tr,x0 + za(tr)) + τb(tr,x0 − zb(tr)). Moreover, recall that the detectors’
initial states are expressed as |ψν⟩ = cosαν |gν⟩ + sinανe

iβν |eν⟩.
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 the Lemmas 3 and 11.
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A.7 Additional symmetries when swapping the times

at which the detectors are switched

In the numerical results of figures 2.4 and 2.6 we have observed symmetries with respect
to changing the sign of ∆t = tb − ta. 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. GF(t,x, t′,x′) = GF(t′,x, t,x′), in the comoving frame of reference.

4. The switching functions are equal besides a time shift, χν(t) = χ(t − tν) (in the
comoving frame of reference, where Λν(t,x) = χν(t)Fν(x)).

5. Equal gaps, Ωa = Ωb.

Then,

M = MS, M± = M±
S , (A.95)

where S denotes swapping ta and tb.

Proof. Using the assumptions to simplify the Eqs. (2.54) and (2.56), and defining Ω =
Ωa = Ωb,

M = −λ2
∫

dt dx dt′ dx′ eiΩ(t+t′)χ(t− ta)χ(t′ − tb)

× Fa(x)Fb(x′)Gf(t,x, t
′,x′)

= MS, (A.96)

where, to obtain the last equality, we performed a change of variables t → t′, t′ → t and
used the hypotheses over and GF.

The same result holds for M±, because the only difference is using G±
F , which have the

same symmetries as GF.

158



This Proposition 8 implies that the quantities in the plots of Figure 2.4 must be even
functions along the ∆t axis, which is exactly the case. The condition over GF is automat-
ically fulfilled for the vacuum of Minkowski, as seen in Lemma 4.

Finally, the following proposition applies to the scenario of Figure 2.6, causing the odd
symmetry that can be seen in the plot of the relative phase (after adding π/2 to the relative
phase). In such plot, the swap indicated by S in what will be Eqs. (A.97) is equivalent to
changing the sign of ∆t = tb − ta. The condition over GF 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. Λν(t,x) = χν(t)Fν(x) in the comoving frame (t,x).

4. χν(tν + t) = χν(tν − t).

5. GF(t,x, t′,x′) = GF(ta + tb − t,x, ta + tb − t′,x′).

Then,

|M±| = |M±
S |, cos ∆γ = − cos (∆γ)S, (A.97)

where S indicates swapping ta, tb, and ∆γ the relative phase between M+ and M−.

Proof. Using the assumptions to simplify the Eqs. (2.54) and (2.56), the definition of M±,
and that switching ta and tb changes χa(t) into χa(t+ ta− tb) and χb(t) into χb(t+ tb− ta),

M±
S = −λ2

∫
dt dx dt′ dx′ ei(Ωat+Ωbt′)G±

f (t,x, t′,x′)

× χa(t+ ta − tb)χb(t′ + tb − ta)Fa(x)Fb(x′)

= −λ2ei(Ωa+Ωb)(ta+tb)

∫
dt dx dt′ dx′ e−i(Ωat+Ωbt′)

× χa(t)χb(t′)Fa(x)Fb(x′)G±
f (t,x, t′,x′)

= ei(Ωa+Ωb)(ta+tb)M±(−Ωa,−Ωb). (A.98)

Here, to get the second equality, we performed the change of variables t → ta + tb − t,
t′ → ta + tb − t′ and used the hypotheses upon χν and GF.

Finally, we get the Eq. (A.97) by applying Proposition 1 for the case where the initial

states of the detector are the ground states, and thus M±(−Ωa,−Ωb) = M̃±.
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Appendix B

Appendices for Chapter 3

B.1 Computing the transversal picture Hamiltonian

This appendix derives the expression for Ĥt of Eq. (3.31), via computing the transversal
picture of λ̂ν⊥ and ϕ̂αν

,

λ̂νt = Û ∥†λ̂ν⊥Û
∥, ϕ̂αν

t = Û ∥†ϕ̂αν

Û ∥. (B.1)

First, let us show that

Û ∥(t) = eΩ̂
aa(t)+Ω̂bb(t)+2Ω̂ba(t)D̂β̂a(t)D̂β̂b(t)

= eΩ̂
aa(t)+Ω̂bb(t)+2Ω̂ab(t)D̂β̂b(t)D̂β̂a(t), (B.2)

by substituting into Eq. (3.19) the following expressions,

D̂β̂a(t)+β̂b(t) = e−iϕ̂β̂a(t)−iϕ̂β̂b(t)

= e−iϕ̂β̂a(t)

e−iϕ̂β̂b(t)

eΩ̂
ba(t)−Ω̂ab(t)

= e−iϕ̂β̂b(t)

e−iϕ̂β̂a(t)

eΩ̂
ab(t)−Ω̂ba(t). (B.3)

Here, we used the Baker-Campbell-Hausdorff formula, [β̂µ, β̂ν ] = 0, and that

1

2
[ϕ̂β̂a(t), ϕ̂β̂b(t)] = Ω̂ba(t) − Ω̂ab(t). (B.4)
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Then, substituting Eq. (B.2) into Eq. (B.1),

λ̂at = e−2Ω̂ab

Γ̂a
⊥e

2Ω̂ab

,

λ̂bt = e−2Ω̂ba

Γ̂b
⊥e

2Ω̂ba

,

Γ̂ν
⊥ = e−Ω̂νν

D̂†
β̂ν
λ̂ν⊥D̂β̂νe

Ω̂νν

. (B.5)

Here, Γ̂ν
⊥ is an operator of the field and a transversal operator for the detector ν. Remember

that β̂ν and Ω̂µν were defined in Eq. (3.16) and D̂β̂ in Eq. (3.20). In order to obtain the

expressions in Eq. (B.5) we used the fact that D̂β̂b and eΩ̂
bb

commute with λ̂a⊥, and the
analogous statement swapping A and B.

Let us now find the components of Γ̂ν
⊥ in the basis {|iν⟩},

⟨iν |Γ̂ν
⊥|i′ν⟩ = ⟨iν |λ̂ν⊥|i′ν⟩ eϑ

νν−+
ii′ii′ D̂−βν−

ii′
. (B.6)

Here, we defined

ϑµν−+

ii′jj′ (t) =

∫ t

t∥

dt1

∫ t1

t∥

dt2 λ
µ−
∥,ii′(t1)λ

ν+
∥,jj′(t2)W

µν−(t1, t2),

βν−
ii′ (t,k) =

∫ t

t∥

dt1 λ
ν−
∥,ii′(t1)α

ν(t1,k),

λν±∥,ii′ = λν∥,i ± λν∥,i′ . (B.7)

In order to find Eq. (B.6), we used the Baker-Campbell-Hausdorff formula to get

D̂†
βν
i
D̂βν

i′
= eiϕ̂

βνi e−iϕ̂
βν
i′

= eiϕ̂
βνi −iϕ̂

βν
i′ e

1
2
[ϕ̂βνi ,ϕ̂

βν
i′ ]

= eϑ
νν
ii′−ϑνν

i′iD̂−βν−
ii′
, (B.8)

where ϑµν
ij was defined in Eq. (3.26). We also used that

ϑνν−+

ii′ii′ = ϑνν
ii − ϑνν

i′i + ϑνν
ii′ − ϑνν

i′i′ . (B.9)

Next, using Û ∥ from Eq. (3.19),

ϕ̂αν

t = D̂†
β̂a+β̂b

e−Ω̂2ϕ̂αν

eΩ̂2D̂β̂a+β̂b

= D̂†
β̂a+β̂b

ϕ̂αν

D̂β̂a+β̂b

= ϕ̂αν

+ i[ϕ̂β̂a+β̂b

, ϕ̂αν

]

= ϕ̂αν

+ m̂aν

∥ + m̂bν

∥ , (B.10)
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Here, we used that

D̂†
β̂
ϕ̂αD̂β̂ = ϕ̂α + i[ϕ̂β̂, ϕ̂α]. (B.11)

This equality can be derived from the Campbell identity,

eX̂ Ŷ e−X̂ = Ŷ +
[
X̂, Ŷ

]
+

1

2!

[
X̂,
[
X̂, Ŷ

]]
+ . . . , (B.12)

by using that the nested commutators of ϕ̂β̂ and ϕ̂α go to zero. This is true because the
β̂(k) commute among themselves and with âk, and [âk, â

†
k′ ] = δ(k − k′)1̂. Moreover, we

defined

m̂µν

∥ (t) = i[ϕ̂β̂µ

(t), ϕ̂αν

(t)],

= 2i

∫ t

t∥

dt1 λ̂
µ
∥ (t1)W

µν−(t1, t), (B.13)

which are longitudinal operators of the detector µ. To find the explicit expression for the
commutator in the second line, we used Eqs. (3.15), (3.18), and that λ̂µ∥ is Hermitian.

Finally, combining the results above, one finds that

Ĥt =
∑
ν

λ̂νt(ϕ̂αν

+ m̂aν

∥ + m̂bν

∥ ), (B.14)

with λ̂νt from Eq. (B.5) and m̂µν

∥ from Eq. (B.13). Here it becomes apparent that the field

is mediating an interaction between the detectors, since Ĥt contains terms such as λ̂atm̂
ba

∥

and λ̂btm̂
ab

∥ , which involve both detectors.

B.2 Perturbative expansion of the longitudinal evo-

lution

As a check, we recover the Dyson expansion for Û(t) from the expression we obtained in
Eq. (3.39) which includes the non-perturbative longitudinal interaction and the perturba-
tive transversal interaction.

The expression for Û(t) is

Û(t) = T exp

(
−i

∫ t

t0

dt1 ĤI(t1)

)
. (B.15)
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Therefore, we aim to recover the following Dyson expansion,

Û(t) = Û (0)(t) + Û (1)(t) + Û (2)(t) + O(Ĥ3
I ), (B.16)

Û (0)(t) = 1̂,

Û (1)(t) = −i

∫ t

t0

dt1 ĤI(t1),

Û (2)(t) = −
∫ t

t0

dt1

∫ t1

t0

dt2 ĤI(t1)ĤI(t2), (B.17)

by performing an expansion of Eq. (3.39) up to second order on the longitudinal interaction
Ĥ∥, and its corresponding parameter, λ∥.

First, let us expand Û ∥ from Eq. (3.19),

Û ∥(t) = eΩ̂2(t)e−iϕ̂β̂a(t)+β̂b(t)

=
(
1̂ + Ω̂2(t) + O

(
λ4∥
))(

1̂− iϕ̂β̂a(t)+β̂b(t)

− 1

2

(
ϕ̂β̂a(t)+β̂b(t)

)2
+ O

(
λ3∥
))

= 1̂− iϕ̂β̂a(t)+β̂b(t) + Ω̂2(t) −
1

2

(
ϕ̂β̂a(t)+β̂b(t)

)2
+ O

(
λ3∥
)
, (B.18)

Here, we can identify

Û ∥(t) = Û ∥(0)(t) + Û ∥(1)(t) + Û ∥(2)(t) + O
(
λ3∥
)
, (B.19)
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Û ∥(0)(t) = 1̂,

Û ∥(1)(t) = −iϕ̂β̂a(t)+β̂b(t)

= −i

∫ t

t∥

dt1 Ĥ∥(t1),

Û ∥(2)(t) = Ω̂2(t) −
(
ϕ̂β̂a(t)+β̂b(t)

)2
= −1

2

∫ t

t∥

dt1

∫ t1

t∥

dt2 [Ĥ∥(t1), Ĥ∥(t2)]

− 1

2

∫ t

t∥

dt1

∫ t

t∥

dt2 Ĥ∥(t1)Ĥ∥(t2)

= −
∫ t

t∥

dt1

∫ t1

t∥

dt2 Ĥ∥(t1)Ĥ∥(t2), (B.20)

which is the result that we would have expected if we computed Û ∥ via a Dyson expansion
instead of analytically.

On what follows, for simplicity, we take the choice t∥ = t0. Then, using the expansion

for Û ∥, Eq. (3.38) becomes

Û =
(
Û ∥(0) + Û ∥(1) + Û ∥(2) + O

(
λ3∥
))

×
(
Û (0) + Û (1) + Û (2) + O

(
Ĥ3

⊥

))
= 1̂ + Û ∥(1) + Û (1) + Û ∥(2) + Û ∥(1) Û (1) + Û (2) + O(Ĥ3

I ), (B.21)

where O(Ĥ3
I ) includes any terms of order λ3∥, λ

2
∥λ⊥, λ∥λ

2
⊥, λ3⊥ or higher.

Now, let us also take a perturbative expansion of the Û (1) and Û (2) from Eq. (3.33),

Û (1)(t) = −i

∫ t

t0

dt1 Ĥ⊥(t1)

−
∫ t

t0

dt1

∫ t1

t0

dt2 [Ĥ⊥(t1), Ĥ∥(t2)] + O
(
λ2∥λ⊥

)
,

Û (2)(t) = −
∫ t

t0

dt1

∫ t1

t0

dt2 Ĥ⊥(t1)Ĥ⊥(t2) + O
(
λ∥λ

2
⊥

)
, (B.22)
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where we used Eq. (B.20) with the choice t∥ = t0, and that

Ĥt = Û ∥†Ĥ⊥Û
∥

= Ĥ⊥ + Û ∥(1)†Ĥ⊥ + Ĥ⊥Û
∥(1) + O

(
λ2∥λ⊥

)
. (B.23)

Now, combining Eqs. (B.21) and (B.22), and grouping terms of the same order in ĤI =
Ĥ∥ + Ĥ⊥, we find that

Û (0)(t) = 1̂,

Û (1)(t) = Û ∥(1) − i

∫ t

t0

dt1 Ĥ⊥(t1)

= −i

∫ t

t0

dt1 ĤI(t1), (B.24)

Û (2)(t) = −
∫ t

t0

dt1

∫ t

t0

dt2 Ĥ∥(t1)Ĥ⊥(t2)

−
∫ t

t0

dt1

∫ t1

t0

dt2

(
Ĥ∥(t1)Ĥ∥(t2)

+ [Ĥ⊥(t1), Ĥ∥(t2)] + Ĥ⊥(t1)Ĥ⊥(t2)
)

= −
∫ t

t0

dt1

∫ t1

t0

dt2 Ĥ∥(t1)Ĥ∥(t2). (B.25)

These results match the Dyson expansion of Û provided in (B.17), showing that taking a
perturbative expansion with respect to the longitudinal interaction in the expression for Û
of Eq. (3.39) recovers the expected result.

B.3 Interaction picture state in the longitudinal basis

Here, we provide ρ̂(t) in the chosen detector bases {|ia⟩} and {|jb⟩}. Remember that ρ̂(t)
is the state of the field and detectors for which we performed the entanglement harvesting
protocol, and the detector bases are the ones used to define longitudinal and transversal.
Specifically, we will give expressions for the field operators ⟨iajb|ρ̂(t)|i′aj′b⟩, which can be
used to reconstruct the state of the detectors and the field at any time,

ρ̂(t) =
∑
iji′j′

|iajb⟩⟨i′aj′b| ⊗ ⟨iajb|ρ̂(t)|i′aj′b⟩ . (B.26)
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In order to organize the expression for ρ̂(t), let us define

Ĥν
t = λ̂νtϕ̂

αν

t ,

Ûν(t) = −i

∫ t

t0

dt1 Ĥ
ν
t (t1),

Ûµν(t) = −
∫ t

t0

dt1

∫ t1

t0

dt2 Ĥ
µ
t (t1)Ĥ

ν
t (t2), (B.27)

so that

Ĥt =
∑
ν

Ĥν
t , Û (1) =

∑
ν

Ûν , Û (2) =
∑
µν

Ûµν . (B.28)

Moreover, taking t∥ = t0 for simplicity, define

ρ̂(ν,0) = Û ∥ Ûν ρ̂0Û
∥† = ρ̂(0,ν)†,

ρ̂(µ,ν) = Û ∥ Ûµρ̂0 Ûν†Û ∥† = ρ̂(ν,µ)†,

ρ̂(µν,0) = Û ∥ Ûµν ρ̂0Û
∥† = ρ̂(0,µν)†, (B.29)

so that

ρ̂(1,0) =
∑
ν

ρ̂(ν,0), ρ̂(1,1) =
∑
µν

ρ̂(µ,ν), ρ̂(2,0) =
∑
µν

ρ̂(µν,0). (B.30)

Considering the above together with

⟨iajb|ρ̂|i′aj′b⟩ = ⟨iajb|
(
ρ̂(0,0) + ρ̂(1,0) + ρ̂(0,1) + ρ̂(1,1)

+ ρ̂(2,0) + ρ̂(0,2)
)
|i′aj′b⟩ + O

(
λ3⊥
)
, (B.31)

and ρ̂(0,1) = ρ̂(1,0)†, ρ̂(0,2) = ρ̂(2,0)†, we see that it is enough to provide expressions for

⟨iajb|ρ̂(0,0)|i′aj′b⟩ , ⟨iajb|ρ̂(ν,0)|i′aj′b⟩ ,
⟨iajb|ρ̂(µ,ν)|i′aj′b⟩ , ⟨iajb|ρ̂(µν,0)|i′aj′b⟩ , (B.32)

for µ, ν ∈ {A,B}, as done next.

⟨iajb|ρ̂(0,0)|i′aj′b⟩ = Û ∥
ij ⟨iajb|ρ̂0|i′aj′b⟩ Û

∥†
i′j′ , (B.33)
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⟨iajb|ρ̂(a,0)|i′aj′b⟩ = Û ∥
ij

∑
k ̸=i

Ûa
ijkj ⟨kajb|ρ̂0|i′aj′b⟩ Û

∥†
i′j′ ,

⟨iajb|ρ̂(b,0)|i′aj′b⟩ = Û ∥
ij

∑
l ̸=j

Ûb
ijil ⟨ialb|ρ̂0|i′aj′b⟩ Û

∥†
i′j′ , (B.34)

⟨iajb|ρ̂(a,a)|i′aj′b⟩

= Û ∥
ij

∑
k ̸=i

∑
k′ ̸=i′

Ûa
ijkj ⟨kajb|ρ̂0|k′aj′b⟩

(
Ûa
i′j′k′j′

)†
Û ∥†
i′j′ ,

⟨iajb|ρ̂(a,b)|i′aj′b⟩

= Û ∥
ij

∑
k ̸=i

∑
l′ ̸=j′

Ûa
ijkj ⟨kajb|ρ̂0|i′al′b⟩

(
Ûb
i′j′i′l′

)†
Û ∥†
i′j′ ,

⟨iajb|ρ̂(b,a)|i′aj′b⟩

= Û ∥
ij

∑
l ̸=j

∑
l′ ̸=j′

Ûb
ijil ⟨ialb|ρ̂0|k′aj′b⟩

(
Ûa
i′j′k′j′

)†
Û ∥†
i′j′ ,

⟨iajb|ρ̂(b,b)|i′aj′b⟩

= Û ∥
ij

∑
l ̸=j

∑
l′ ̸=j′

Ûb
ijil ⟨ialb|ρ̂0|i′al′b⟩

(
Ûb
i′j′i′l′

)†
Û ∥†
i′j′ , (B.35)

⟨iajb|ρ̂(aa,0)|i′aj′b⟩ = Û ∥
ij

∑
k

Ûaa
ijkj ⟨kajb|ρ̂0|i′aj′b⟩ Û

∥†
i′j′ ,

⟨iajb|ρ̂(ab,0)|i′aj′b⟩ = Û ∥
ij

∑
k ̸=i

∑
l ̸=j

Ûab
ijkl ⟨kalb|ρ̂0|i′aj′b⟩ Û

∥†
i′j′ ,

⟨iajb|ρ̂(ba,0)|i′aj′b⟩ = Û ∥
ij

∑
k ̸=i

∑
l ̸=j

Ûba
ijkl ⟨kalb|ρ̂0|i′aj′b⟩ Û

∥†
i′j′ ,

⟨iajb|ρ̂(bb,0)|i′aj′b⟩ = Û ∥
ij

∑
l

Ûbb
ijil ⟨ialb|ρ̂0|i′aj′b⟩ Û

∥†
i′j′ . (B.36)

Here, we denoted

Û ∥
ij = ⟨iajb|Û ∥|iajb⟩ ,

Ûν
iji′j′ = ⟨iajb| Ûν |i′aj′b⟩ ,

Ûµν
iji′j′ = ⟨iajb| Ûµν |i′aj′b⟩ . (B.37)

167



Moreover, to derive the equations above, we used that Û ∥ is longitudinal and thus diag-
onal with respect to {|ia⟩} and {|jb⟩}, while Ûa is transversal with respect to {|ia⟩} and
longitudinal with respect to {|jb⟩}. Additionally, Ûab is transversal with respect to both
{|ia⟩} and {|jb⟩}, and Ûaa is longitudinal with respect to {|jb⟩}. All these statements are
also true upon swapping the detector labels.

Next, we provide explicit expressions for the field operators Û ∥
ij, Ûν

iji′j′ , Ûµν
iji′j′ , defined

in Eq. (B.37).

First, using Eq. (3.27),

Û ∥
ij = eΩ2,ijD̂βa

i +βb
j
, (B.38)

where D̂βa
i +βb

j
is a displacement (see Eq. (3.21)). Moreover,

Ω2,ij = −ϑaa
ii − ϑbb

jj − ϑab
ij − ϑba

ji ,

ϑµν
ij (t) =

∫ t

t∥

dt1

∫ t1

t∥

dt2 λ
µ
∥,i(t1)λ

ν
∥,j(t2)W

µν−(t1, t2),

βν
i (t,k) =

∫ t

t∥

dt1 λ
ν
∥,i(t1)α

ν(t1,k),

λν∥,i = ⟨iν | λ̂ν∥ |iν⟩ , (B.39)

with W µν− from Eq. (3.14), and αν from Eq. (3.1). Here, remember that we picked t∥ = t0.

Second,

Ûa
iji′j′(t) = −iδjj′

∫ t

t0

dt1 λ̂
a
t,ij′i′j′(t1)ϕ̂

αa

t,i′j′(t1),

Ûb
iji′j′(t) = −iδii′

∫ t

t0

dt1 λ̂
b
t,i′ji′j′(t1)ϕ̂

αb

t,i′j′(t1), (B.40)
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Ûaa
iji′j′(t) = −δjj′

∫ t

t0

dt1

∫ t1

t0

dt2
∑
k ̸=i,i′

λ̂at,ij′kj′(t1)

× λ̂at,kj′i′j′(t2)ϕ̂
αa

t,i′j′(t1)ϕ̂
αa

t,i′j′(t2),

Ûbb
iji′j′(t) = −δii′

∫ t

t0

dt1

∫ t1

t0

dt2
∑
l ̸=j,j′

λ̂bt,i′ji′l(t1)

× λ̂bt,i′li′j′(t2)ϕ̂
αb

t,i′j′(t1)ϕ̂
αb

t,i′j′(t2),

Ûab
iji′j′(t) = −

∫ t

t0

dt1

∫ t1

t0

dt2 λ̂
a
t,iji′j(t1)

× λ̂bt,i′ji′j′(t2)ϕ̂
αa

t,i′j′(t1)ϕ̂
αb

t,i′j′(t2),

Ûba
iji′j′(t) = −

∫ t

t0

dt1

∫ t1

t0

dt2 λ̂
b
t,ijij′(t1)

× λ̂at,ij′i′j′(t2)ϕ̂
αb

t,i′j′(t1)ϕ̂
αa

t,i′j′(t2), (B.41)

where by
∑

k ̸=i,i′ we mean summing over all the possible values of the index k, except for
the cases when k equals to i or i′. Moreover,

ϕ̂αν

t,ij = ⟨iajb|ϕ̂αν

t |iajb⟩ ,
λ̂νt,iji′j′ = ⟨iajb| λ̂νt |i′aj′b⟩ , (B.42)

and using Appendix B.1,

ϕ̂αν

t,ij = ϕ̂αν

+
(
maν

∥,i +mbν

∥,j

)
1̂,

mµν

∥,i(t) = ⟨iµ|m̂µν

∥ (t)|iµ⟩ = 2i

∫ t

t∥

dt1 λ
µ
∥,i(t1)W

µν−(t1, t),

λ̂at,iji′j′ = δjj′ ⟨ia|λ̂a⊥|i′a⟩ e
2ϑab

ij −2ϑab
i′j+ϑaa−+

ii′ii′ D̂−βa−
ii′
,

λ̂bt,iji′j′ = δii′ ⟨jb|λ̂b⊥|j′b⟩ e
2ϑba

ji−2ϑba
j′i+ϑbb−+

jj′jj′ D̂−βb−
jj′
,

ϑµν−+

ii′jj′ = ϑµν
ij − ϑµν

i′j + ϑµν
ij′ − ϑµν

i′j′ ,

βµ−
ii′ = βµ

i − βµ
i′ . (B.43)

We also provide an alternative expression for λ̂µt,iji′j′ that works for both µ ∈ {A,B},

λ̂µt,iji′j′ = ⟨iajb|λ̂µ⊥|i′aj′b⟩ eϑiji′j′ D̂−βa−
ii′ −βb−

jj′
,

ϑiji′j′ = ϑaa−+

ii′ii′ + ϑab−+

ii′jj′ + ϑba−+

jj′ii′ + ϑbb−+

jj′jj′ . (B.44)
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To find this, consider

λ̂µt,iji′j′ = ⟨iajb|λ̂µ⊥|i′aj′b⟩ Û
∥†
ij Û

∥
i′j′ , (B.45)

Û ∥†
ij Û

∥
i′j′ = eΩ2,i′j′−Ω2,ijD̂†

βa
i +βb

j
D̂βa

i′+βb
j′

= eϑiji′j′ D̂−βa−
ii′ −βb−

jj′
, (B.46)

ϑiji′j′ = Ω2,i′j′ − Ω2,ij +
1

2

[
ϕ̂βa

i +βb
j , ϕ̂

βa
i′+βb

j′
]
. (B.47)

Here, we used Eq. (B.38), D̂†
α = D̂−α, and applied the Baker-Campbell-Hausdorff formula

to combine the displacement operators as follows,

D̂αD̂β = e−iϕ̂α

e−iϕ̂β

= e−
1
2
[ϕ̂α,ϕ̂β ]e−iϕ̂α−iϕ̂β

= e−
1
2
[ϕ̂α,ϕ̂β ]D̂α+β. (B.48)

Then, by considering

1

2

[
ϕ̂βµ

i (t), ϕ̂βν
j (t)
]

=

∫ t

t∥

dt1

∫ t

t∥

dt2 λ
µ
∥,i(t1)λ

ν
∥,j(t2)W

µν−(t1, t2)

= ϑµν
ij (t) − ϑνµ

ji (t) (B.49)

and

Ω2,ij = −ϑaa
ii − ϑbb

jj − ϑab
ij − ϑba

ji ,

ϑµν−+

ii′jj′ = ϑµν
ij − ϑµν

i′j + ϑµν
ij′ − ϑµν

i′j′ , (B.50)

one can show that

ϑiji′j′ = ϑaa−+

ii′ii′ + ϑab−+

ii′jj′ + ϑba−+

jj′ii′ + ϑbb−+

jj′jj′ . (B.51)
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B.4 Evolution of the state of the detectors

The state of the detectors in the interaction picture is obtained from ρ̂(t) by tracing over
the field,

ρ̂ab(t) = Trϕ ρ̂(t). (B.52)

We are going to find the components in the {|iajb⟩} basis of the following expression for
ρ̂ab, which includes the transversal coupling perturbatively,

ρ̂ab = ρ̂
(0,0)
ab + ρ̂

(1,0)
ab + ρ̂

(0,1)
ab + ρ̂

(1,1)
ab

+ ρ̂
(2,0)
ab + ρ̂

(0,2)
ab + O

(
λ3⊥
)
. (B.53)

Analogously to Appendix B.3, we split these perturbative contributions further,

ρ̂
(1,0)
ab =

∑
ν

ρ̂
(ν,0)
ab , ρ̂

(1,1)
ab =

∑
µν

ρ̂
(µ,ν)
ab , ρ̂

(2,0)
ab =

∑
µν

ρ̂
(µν,0)
ab . (B.54)

Here,

ρ̂
(ν,0)
ab = Trϕ ρ̂

(ν,0) = ρ̂
(0,ν)†
ab ,

ρ̂
(µ,ν)
ab = Trϕ ρ̂

(µ,ν) = ρ̂
(ν,µ)†
ab ,

ρ̂
(µν,0)
ab = Trϕ ρ̂

(µν,0) = ρ̂
(0,µν)†
ab , (B.55)

with ρ̂(ν,0), ρ̂(µ,ν), ρ̂(µν,0) defined in Eq. (B.29).

Then, in the {|iajb⟩} basis, and for any possible indices x, y,

⟨iajb|ρ̂(x,y)ab |i′aj′b⟩ = Trϕ
(
⟨iajb|ρ̂(x,y)|i′aj′b⟩

)
. (B.56)

Analogously to Appendix B.3, in order to find the compontents of all the perturbative
terms in Eq. (B.53), it is enough to provide expressions for

Trϕ
(
⟨iajb|ρ̂(0,0)|i′aj′b⟩

)
, Trϕ

(
⟨iajb|ρ̂(ν,0)|i′aj′b⟩

)
,

Trϕ
(
⟨iajb|ρ̂(µ,ν)|i′aj′b⟩

)
, Trϕ

(
⟨iajb|ρ̂(µν,0)|i′aj′b⟩

)
, (B.57)

for µ, ν ∈ {A,B}, as done next. These expressions will be enough thanks to the fact that

ρ̂
(0,1)
ab = ρ̂

(1,0)†
ab , ρ̂

(0,2)
ab = ρ̂

(2,0)†
ab . Moreover, since we will be using Appendix B.3, we are under

the choice t∥ = t0.
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First, using Eq. (B.33),

⟨iajb|ρ̂(0,0)ab (t)|i′aj′b⟩
= Trϕ Û

∥†
i′j′(t)Û

∥
ij(t) ⟨iajb|ρ̂0|i′aj′b⟩

= e−ϑiji′j′ (t) Trϕ D̂βa−
ii′ (t)+βb−

jj′ (t)
⟨iajb|ρ̂0|i′aj′b⟩ , (B.58)

where we were able to use the cyclicity of the trace because Û ∥†
i′j′ is an operator of the field.

Moreover, we used Eq. (B.46), together with ϑi′j′ij = −ϑiji′j′ and βµ−
i′i = −βµ−

ii′ .

Next, from Eq. (B.34),

⟨iajb|ρ̂(a,0)ab |i′aj′b⟩ =
∑
k ̸=i

Trϕ Û
∥†
i′j′Û

∥
ij Ûa

ijkj ⟨kajb|ρ̂0|i′aj′b⟩ ,

⟨iajb|ρ̂(b,0)ab |i′aj′b⟩ =
∑
l ̸=j

Trϕ Û
∥†
i′j′Û

∥
ij Ûb

ijil ⟨ialb|ρ̂0|i′aj′b⟩ , (B.59)

Substituting the expressions for Ûµ
ijkj given in Eq. (B.40),

Û ∥†
i′j′(t)Û

∥
ij(t)Ûa

ijkj(t)

= −i

∫ t

t0

dt1 Û
∥†
i′j′(t)Û

∥
ij(t)λ̂

a
t,ijkj(t1)ϕ̂

αa

t,kj(t1),

Û ∥†
i′j′(t)Û

∥
ij(t)Ûb

ijil(t)

= −i

∫ t

t0

dt1 Û
∥†
i′j′(t)Û

∥
ij(t)λ̂

b
t,ijil(t1)ϕ̂

αb

t,il(t1). (B.60)

Moreover, using Eqs. (B.43), (B.44) and (B.46) and the property D̂αD̂β = e−
1
2
[ϕ̂α,ϕ̂β ]D̂α+β

shown in Eq (B.48),

Û ∥†
i′j′(t)Û

∥
ij(t)λ̂

a
t,ijkj(t1)

= e
ζ
(a,0)

ijki′j′ (t,t1) ⟨ia|λ̂a⊥(t1)|ka⟩ D̂βa−
ii′ (t)+βb−

jj′ (t)−βa−
ik (t1)

,

Û ∥†
i′j′(t)Û

∥
ij(t)λ̂

b
t,ijil(t1)

= e
ζ
(b,0)

ijli′j′ (t,t1) ⟨jb|λ̂b⊥(t1)|lb⟩ D̂βa−
ii′ (t)+βb−

jj′ (t)−βb−
jl (t1)

, (B.61)
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ζ
(a,0)
ijki′j′(t, t1)

= −ϑiji′j′(t) + ϑijkj(t1) + Caa
ii′ik(t, t1) + Cba

jj′ik(t, t1),

ζ
(b,0)
ijli′j′(t, t1)

= −ϑiji′j′(t) + ϑijil(t1) + Cab
ii′jl(t, t1) + Cbb

jj′jl(t, t1). (B.62)

Here, we defined

Cµν
ii′jj′(t, t

′)

=
1

2

[
ϕ̂βµ−

ii′ (t), ϕ̂
βν−
jj′ (t′)

]
=

∫ t

t∥

dt1

∫ t′

t∥

dt2 λ
µ−
∥,ii′(t1)λ

ν−
∥,jj′(t2)W

µν−(t1, t2), (B.63)

with λµ−
∥,ii′ as defined in Eq. (B.7),

λν−∥,ii′ = λν∥,i − λν∥,i′ . (B.64)

Moreover, remember that, as stated in Eqs. (B.43) and (B.44),

ϑiji′j′ = ϑaa−+

ii′ii′ + ϑab−+

ii′jj′ + ϑba−+

jj′ii′ + ϑbb−+

jj′jj′ ,

ϑµν−+

ii′jj′ = ϑµν
ij − ϑµν

i′j + ϑµν
ij′ − ϑµν

i′j′ ,

βµ−
ii′ = βµ

i − βµ
i′ . (B.65)

In conclusion, Û ∥†
i′j′(t)Û

∥
ij(t)λ̂

µ
t,ijkl(t1) is proportional to a displacement operator. There-

fore, ⟨iajb|ρ̂(µ,0)ab |i′aj′b⟩ only contains integrals with their integrand comprised of one dis-
placement operator, times a field operator in the transversal picture, which is of the form

ϕ̂αν

t,ij(t1) = ϕ̂αν

(t1) +
(
maν

∥,i(t1) +mbν

∥,j(t1)
)
1̂, (B.66)

as given in Eq. (B.43).

173



Next, from Eq. (B.35),

⟨iajb|ρ̂(a,a)ab |i′aj′b⟩

=
∑
k ̸=i

∑
k′ ̸=i′

Trϕ
(
Ûa
i′j′k′j′

)†
Û ∥†
i′j′Û

∥
ij Ûa

ijkj ⟨kajb|ρ̂0|k′aj′b⟩ ,

⟨iajb|ρ̂(a,b)ab |i′aj′b⟩

=
∑
k ̸=i

∑
l′ ̸=j′

Trϕ
(
Ûb
i′j′i′l′

)†
Û ∥†
i′j′Û

∥
ij Ûa

ijkj ⟨kajb|ρ̂0|i′al′b⟩ ,

⟨iajb|ρ̂(b,a)ab |i′aj′b⟩

=
∑
l ̸=j

∑
l′ ̸=j′

Trϕ
(
Ûa
i′j′k′j′

)†
Û ∥†
i′j′Û

∥
ij Ûb

ijil ⟨ialb|ρ̂0|k′aj′b⟩ ,

⟨iajb|ρ̂(b,b)ab |i′aj′b⟩

=
∑
l ̸=j

∑
l′ ̸=j′

Trϕ
(
Ûb
i′j′i′l′

)†
Û ∥†
i′j′Û

∥
ij Ûb

ijil ⟨ialb|ρ̂0|i′al′b⟩ . (B.67)

Then, (
Ûµ
i′j′k′l′(t)

)†
Û ∥†
i′j′(t)Û

∥
ij(t)Ûν

ijkl(t)

=

∫ t

t0

dt1

∫ t

t0

dt2 ϕ̂
αµ

t,k′l′(t2)
(
λ̂µt,i′j′k′l′(t2)

)†
× Û ∥†

i′j′(t)Û
∥
ij(t)λ̂

ν
t,ijkl(t1)ϕ̂

αν

t,kl(t1). (B.68)

which is a consequence of

Ûµ
ijkl(t) = −i

∫ t

t0

dt1 λ̂
µ
t,ijkl(t1)ϕ̂

αa

t,kl(t1), (B.69)

which can be found similarly to Eq. (B.40). Moreover, we used that
(
ϕ̂αµ

t,kl(t1)
)†

= ϕ̂αµ

t,kl(t1).

We now intend to group together all the displacement operators that appear implicitly
in Eq. (B.68). These displacements are all in the following part of the integrands,(

λ̂µt,i′j′k′l′(t2)
)†
Û ∥†
i′j′(t)Û

∥
ij(t)λ̂

ν
t,ijkl(t1). (B.70)
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We will now treat each value of µ, ν ∈ {A,B} separately,(
λ̂at,i′j′k′l′(t2)

)†
Û ∥†
i′j′(t)Û

∥
ij(t)λ̂

a
t,ijkl(t1)

= δjlδj′l′ ⟨ia|λ̂a⊥(t1)|ka⟩ ⟨k′a|λ̂a⊥(t2)|i′a⟩ e
ζ
(a,a)

ijki′j′k′ (t,t1,t2)

× D̂βa−
ii′ (t)+βb−

jj′ (t)−βa−
ik (t1)+βa−

i′k′ (t2)
, (B.71)

ζ
(a,a)
ijki′j′k′(t, t1, t2)

= −ϑiji′j′(t) + Caa
ii′ik(t, t1) + Cba

jj′ik(t, t1) − Caa
iki′k′(t1, t2)

+ ϑijkj(t1) − ϑi′j′k′j′(t2) + Caa
ii′i′k′(t, t2) + Cba

jj′i′k′(t, t2), (B.72)

(
λ̂bt,i′j′k′l′(t2)

)†
Û ∥†
i′j′(t)Û

∥
ij(t)λ̂

a
t,ijkl(t1)

= δjlδi′k′ ⟨ia|λ̂a⊥(t1)|ka⟩ ⟨l′b|λ̂b⊥(t2)|j′b⟩ e
ζ
(a,b)

ijki′j′l′ (t,t1,t2)

× D̂βa−
ii′ (t)+βb−

jj′ (t)−βa−
ik (t1)+βb−

j′l′ (t2)
, (B.73)

ζ
(a,b)
ijki′j′l′(t, t1, t2)

= −ϑiji′j′(t) + Caa
ii′ik(t, t1) + Cba

jj′ik(t, t1) − Cab
ikj′l′(t1, t2)

+ ϑijkj(t1) − ϑi′j′i′l′(t2) + Cab
ii′j′l′(t, t2) + Cbb

jj′j′l′(t, t2), (B.74)

(
λ̂at,i′j′k′l′(t2)

)†
Û ∥†
i′j′(t)Û

∥
ij(t)λ̂

b
t,ijkl(t1)

= δikδj′l′ ⟨jb|λ̂b⊥(t1)|lb⟩ ⟨k′a|λ̂a⊥(t2)|i′a⟩ e
ζ
(b,a)

ijli′j′k′ (t,t1,t2)

× D̂βa−
ii′ (t)+βb−

jj′ (t)−βb−
jl (t1)+βa−

i′k′ (t2)
, (B.75)

ζ
(b,a)
ijli′j′k′(t, t1, t2)

= −ϑiji′j′(t) + Cab
ii′jl(t, t1) + Cbb

jj′jl(t, t1) − Cba
jli′k′(t1, t2)

+ ϑijil(t1) − ϑi′j′k′j′(t2) + Caa
ii′i′k′(t, t2) + Cba

jj′i′k′(t, t2), (B.76)
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(
λ̂bt,i′j′k′l′(t2)

)†
Û ∥†
i′j′(t)Û

∥
ij(t)λ̂

b
t,ijkl(t1)

= δjlδi′k′ ⟨ib|λ̂b⊥(t1)|kb⟩ ⟨l′b|λ̂b⊥(t2)|j′b⟩ e
ζ
(b,b)

ijli′j′l′ (t,t1,t2)

× D̂βa−
ii′ (t)+βb−

jj′ (t)−βb−
jl (t1)+βb−

j′l′ (t2)
, (B.77)

ζ
(b,b)
ijli′j′l′(t, t1, t2)

= −ϑiji′j′(t) + Cab
ii′jl(t, t1) + Cbb

jj′jl(t, t1) − Cbb
jlj′l′(t1, t2)

+ ϑijil(t1) − ϑi′j′i′l′(t2) + Cab
ii′j′l′(t, t2) + Cbb

jj′j′l′(t, t2). (B.78)

Here, Cµν
ii′jj′(t, t

′) is defined in Eq. (B.63), we used D̂αD̂β = e−
1
2
[ϕ̂α,ϕ̂β ]D̂α+β, Eqs. (B.43),

(B.44) and that (
λ̂at,i′j′k′l′

)†
= δj′l′ ⟨k′a|λ̂a⊥|i′a⟩ e−ϑi′j′k′j′ D̂βa−

i′k′
,(

λ̂bt,i′j′k′l′
)†

= δi′k′ ⟨l′b|λ̂b⊥|j′b⟩ e−ϑi′j′i′l′ D̂βb−
j′l′
. (B.79)

Next, starting from Eq. (B.36),

⟨iajb|ρ̂(aa,0)ab |i′aj′b⟩ =
∑
k

Trϕ Û
∥†
i′j′Û

∥
ij Ûaa

ijkj ⟨kajb|ρ̂0|i′aj′b⟩ ,

⟨iajb|ρ̂(bb,0)ab |i′aj′b⟩ =
∑
l

Trϕ Û
∥†
i′j′Û

∥
ij Ûbb

ijil ⟨ialb|ρ̂0|i′aj′b⟩ ,

⟨iajb|ρ̂(ab,0)ab |i′aj′b⟩ =
∑
k ̸=i

∑
l ̸=j

Trϕ Û
∥†
i′j′Û

∥
ij Ûab

ijkl ⟨kalb|ρ̂0|i′aj′b⟩ ,

⟨iajb|ρ̂(ba,0)ab |i′aj′b⟩ =
∑
k ̸=i

∑
l ̸=j

Trϕ Û
∥†
i′j′Û

∥
ij Ûba

ijkl ⟨kalb|ρ̂0|i′aj′b⟩ . (B.80)

Then, from Eq. (B.41),

Û ∥†
i′j′(t)Û

∥
ij(t)Ûaa

ijkj(t)

= −
∫ t

t0

dt1

∫ t1

t0

dt2
∑
s ̸=i,k

Û ∥†
i′j′(t)Û

∥
ij(t)

× λ̂at,ijsj(t1)λ̂
a
t,sjkj(t2)ϕ̂

αa

t,kj(t1)ϕ̂
αa

t,kj(t2), (B.81)
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Û ∥†
i′j′(t)Û

∥
ij(t)Ûbb

ijil(t)

= −
∫ t

t0

dt1

∫ t1

t0

dt2
∑
s ̸=j,l

Û ∥†
i′j′(t)Û

∥
ij(t)

× λ̂bt,ijis(t1)λ̂
b
t,isil(t2)ϕ̂

αb

t,il(t1)ϕ̂
αb

t,il(t2), (B.82)

Û ∥†
i′j′(t)Û

∥
ij(t)Ûab

ijkl(t)

= −
∫ t

t0

dt1

∫ t1

t0

dt2 Û
∥†
i′j′(t)Û

∥
ij(t)

× λ̂at,ijkj(t1)λ̂
b
t,kjkl(t2)ϕ̂

αa

t,kl(t1)ϕ̂
αb

t,kl(t2), (B.83)

Û ∥†
i′j′(t)Û

∥
ij(t)Ûba

ijkl(t)

= −
∫ t

t0

dt1

∫ t1

t0

dt2 Û
∥†
i′j′(t)Û

∥
ij(t)

× λ̂bt,ijil(t1)λ̂
a
t,ilkl(t2)ϕ̂

αb

t,kl(t1)ϕ̂
αa

t,kl(t2), (B.84)

Now we combine all the displacement operators implicitly appearing in the equations above,
analogously to previous calculations,

Û ∥†
i′j′(t)Û

∥
ijλ̂

a
t,ijsj(t1)λ̂

a
t,sjkj(t2)

= ⟨ia|λ̂a⊥(t1)|sa⟩ ⟨sa|λ̂a⊥(t2)|ka⟩ eζ
(aa,0)

ijski′j′ (t,t1,t2)

× D̂βa−
ii′ (t)+βb−

jj′ (t)−βa−
is (t1)−βa−

sk (t2)
, (B.85)

ζ
(aa,0)
ijski′j′(t, t1, t2) = −ϑiji′j′(t) + Caa

ii′is(t, t1) + Cba
jj′is(t, t1)

+ Caa
ii′sk(t, t2) + Cba

jj′sk(t, t2)

− Caa
issk(t1, t2) + ϑijsj(t1) + ϑsjkj(t2), (B.86)

Û ∥†
i′j′(t)Û

∥
ijλ̂

b
t,ijis(t1)λ̂

b
t,isil(t2)

= ⟨jb|λ̂b⊥(t1)|sb⟩ ⟨sb|λ̂b⊥(t2)|lb⟩ eζ
(bb,0)

ijsli′j′ (t,t1,t2)

× D̂βa−
ii′ (t)+βb−

jj′ (t)−βb−
js (t1)−βb−

sl (t2)
, (B.87)
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ζ
(bb,0)
ijsli′j′(t, t1, t2) = −ϑiji′j′(t) + Cab

ii′js(t, t1) + Cbb
jj′js(t, t1)

+ Cab
ii′sl(t, t2) + Cbb

jj′sl(t, t2)

− Cbb
jssl(t1, t2) + ϑijis(t1) + ϑisil(t2), (B.88)

Û ∥†
i′j′(t)Û

∥
ijλ̂

a
t,ijkj(t1)λ̂

b
t,kjkl(t2)

= ⟨ia|λ̂a⊥(t1)|ka⟩ ⟨jb|λ̂b⊥(t2)|lb⟩ eζ
(ab,0)

ijkli′j′ (t,t1,t2)

× D̂βa−
ii′ (t)+βb−

jj′ (t)−βa−
ik (t1)−βb−

jl (t2)
, (B.89)

ζ
(ab,0)
ijkli′j′(t, t1, t2) = −ϑiji′j′(t) + Caa

ii′ik(t, t1) + Cba
jj′ik(t, t1)

+ Cab
ii′jl(t, t2) + Cbb

jj′jl(t, t2)

− Cab
ikjl(t1, t2) + ϑijkj(t1) + ϑkjkl(t2), (B.90)

Û ∥†
i′j′(t)Û

∥
ijλ̂

b
t,ijil(t1)λ̂

a
t,ilkl(t2)

= ⟨jb|λ̂b⊥(t1)|lb⟩ ⟨ia|λ̂a⊥(t2)|ka⟩ eζ
(ba,0)

ijlki′j′ (t,t1,t2)

× D̂βa−
ii′ (t)+βb−

jj′ (t)−βb−
jl (t1)−βa−

ik (t2)
, (B.91)

ζ
(ba,0)
ijlki′j′(t, t1, t2) = −ϑiji′j′(t) + Cab

ii′jl(t, t1) + Cbb
jj′jl(t, t1)

+ Caa
ii′ik(t, t2) + Cba

jj′ik(t, t2)

− Cba
jlik(t1, t2) + ϑijil(t1) + ϑilkl(t2). (B.92)

B.4.1 Summary of components of the detectors’ state

Finally, we summarize the expressions found above for the components ⟨iajb|ρ̂ab|i′aj′b⟩, in
terms of its expansion,

ρ̂ab = ρ̂
(0,0)
ab + ρ̂

(1,0)
ab + ρ̂

(0,1)
ab + ρ̂

(1,1)
ab

+ ρ̂
(2,0)
ab + ρ̂

(0,2)
ab + O

(
λ3⊥
)
. (B.93)
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Remember that the expressions provided below only hold for the choice t∥ = t0. Moreover,
we will be using the following set of definitions throughout this summary,

ϑiji′j′ = ϑaa−+

ii′ii′ + ϑab−+

ii′jj′ + ϑba−+

jj′ii′ + ϑbb−+

jj′jj′ ,

ϑµν−+

ii′jj′ (t) =

∫ t

t∥

dt1

∫ t1

t∥

dt2 λ
µ−
∥,ii′(t1)λ

ν+
∥,jj′(t2)W

µν−(t1, t2),

βν−
ii′ (t,k) =

∫ t

t∥

dt1 λ
ν−
∥,ii′(t1)α

ν(t1,k),

λν±∥,ii′ = λν∥,i ± λν∥,i′ ,

λν∥,i = ⟨iν |λ̂ν∥ |iν⟩ ,
λν⊥,ii′ = ⟨iν |λ̂ν⊥|i′ν⟩ , (B.94)

with W µν− from Eq. (3.14), and αν matching Eq. (3.1).

ϕ̂αν

t,ij = ϕ̂αν

+
(
maν

∥,i +mbν

∥,j

)
1̂,

mµν

∥,i(t) = 2i

∫ t

t∥

dt1 λ
µ
∥,i(t1)W

µν−(t1, t), (B.95)

Cµν
ii′jj′(t, t

′)

=

∫ t

t∥

dt1

∫ t′

t∥

dt2 λ
µ−
∥,ii′(t1)λ

ν−
∥,jj′(t2)W

µν−(t1, t2). (B.96)

Starting with the zeroth order in λ⊥,

⟨iajb|ρ̂(0,0)ab (t)|i′aj′b⟩
= e−ϑiji′j′ (t) Trϕ

(
D̂βa−

ii′ (t)+βb−
jj′ (t)

⟨iajb|ρ̂0|i′aj′b⟩
)
, (B.97)

Continuing with the first order,

⟨iajb|ρ̂(1,0)ab |i′aj′b⟩=
∑
ν

⟨iajb|ρ̂(ν,0)ab |i′aj′b⟩ ,

⟨iajb|ρ̂(0,1)ab |i′aj′b⟩ = ⟨i′aj′b|ρ̂
(1,0)
ab |iajb⟩∗ , (B.98)
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due to ρ̂
(0,1)
ab = ρ̂

(1,0)†
ab . Here,

⟨iajb|ρ̂(a,0)ab (t)|i′aj′b⟩

= −i
∑
k ̸=i

∫ t

t0

dt1 e
ζ
(a,0)

ijki′j′ (t,t1)λa⊥,ik(t1)

× Trϕ

(
D̂βa−

ii′ (t)+βb−
jj′ (t)−βa−

ik (t1)
ϕ̂αa

t,kj(t1) ⟨kajb|ρ̂0|i′aj′b⟩
)
, (B.99)

⟨iajb|ρ̂(b,0)ab (t)|i′aj′b⟩

= −i
∑
l ̸=j

∫ t

t0

dt1 e
ζ
(b,0)

ijli′j′ (t,t1)λb⊥,jl(t1)

× Trϕ

(
D̂βa−

ii′ (t)+βb−
jj′ (t)−βb−

jl (t1)
ϕ̂αb

t,il(t1) ⟨ialb|ρ̂0|i′aj′b⟩
)
, (B.100)

ζ
(a,0)
ijki′j′(t, t1)

= −ϑiji′j′(t) + ϑijkj(t1) + Caa
ii′ik(t, t1) + Cba

jj′ik(t, t1),

ζ
(b,0)
ijli′j′(t, t1)

= −ϑiji′j′(t) + ϑijil(t1) + Cab
ii′jl(t, t1) + Cbb

jj′jl(t, t1), (B.101)

For the second order, there are three contributions,

⟨iajb|ρ̂(1,1)ab |i′aj′b⟩=
∑
µν

⟨iajb|ρ̂(µ,ν)ab |i′aj′b⟩ ,

⟨iajb|ρ̂(2,0)ab |i′aj′b⟩=
∑
µν

⟨iajb|ρ̂(µν,0)ab |i′aj′b⟩ ,

⟨iajb|ρ̂(0,2)ab |i′aj′b⟩ = ⟨i′aj′b|ρ̂
(2,0)
ab |iajb⟩∗ , (B.102)

⟨iajb|ρ̂(a,a)ab (t)|i′aj′b⟩

=
∑
k ̸=i

∑
k′ ̸=i′

∫ t

t0

dt1

∫ t

t0

dt2 λ
a
⊥,ik(t1)λ

a
⊥,k′i′(t2)

× Trϕ

(
D̂βa−

ii′ (t)+βb−
jj′ (t)−βa−

ik (t1)+βa−
i′k′ (t2)

× ϕ̂αa

t,kj(t1) ⟨kajb|ρ̂0|k′aj′b⟩ ϕ̂αa

t,k′j′(t2)
)
e
ζ
(a,a)

ijki′j′k′ (t,t1,t2), (B.103)
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⟨iajb|ρ̂(a,b)ab (t)|i′aj′b⟩

=
∑
k ̸=i

∑
l′ ̸=j′

∫ t

t0

dt1

∫ t

t0

dt2 λ
a
⊥,ik(t1)λ

b
⊥,l′j′(t2)

× Trϕ

(
D̂βa−

ii′ (t)+βb−
jj′ (t)−βa−

ik (t1)+βb−
j′l′ (t2)

× ϕ̂αa

t,kj(t1) ⟨kajb|ρ̂0|i′al′b⟩ ϕ̂αb

t,i′l′(t2)
)
e
ζ
(a,b)

ijki′j′l′ (t,t1,t2), (B.104)

⟨iajb|ρ̂(b,a)ab (t)|i′aj′b⟩

=
∑
l ̸=j

∑
k′ ̸=i′

∫ t

t0

dt1

∫ t

t0

dt2 λ
b
⊥,jl(t1)λ

a
⊥,k′i′(t2)

× Trϕ

(
D̂βa−

ii′ (t)+βb−
jj′ (t)−βb−

jl (t1)+βa−
i′k′ (t2)

× ϕ̂αb

t,il(t1) ⟨ialb|ρ̂0|k′aj′b⟩ ϕ̂αa

t,k′j′(t2)
)
e
ζ
(b,a)

ijli′j′k′ (t,t1,t2), (B.105)

⟨iajb|ρ̂(b,b)ab (t)|i′aj′b⟩

=
∑
l ̸=j

∑
l′ ̸=j′

∫ t

t0

dt1

∫ t

t0

dt2 λ
b
⊥,jl(t1)λ

b
⊥,l′j′(t2)

× Trϕ

(
D̂βa−

ii′ (t)+βb−
jj′ (t)−βb−

jl (t1)+βb−
j′l′ (t2)

× ϕ̂αb

t,il(t1) ⟨ialb|ρ̂0|i′al′b⟩ ϕ̂αb

t,i′l′(t2)
)
e
ζ
(b,b)

ijli′j′l′ (t,t1,t2), (B.106)
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ζ
(a,a)
ijki′j′k′(t, t1, t2)

= −ϑiji′j′(t) + Caa
ii′ik(t, t1) + Cba

jj′ik(t, t1) − Caa
iki′k′(t1, t2)

+ ϑijkj(t1) − ϑi′j′k′j′(t2) + Caa
ii′i′k′(t, t2) + Cba

jj′i′k′(t, t2),

ζ
(a,b)
ijki′j′l′(t, t1, t2)

= −ϑiji′j′(t) + Caa
ii′ik(t, t1) + Cba

jj′ik(t, t1) − Cab
ikj′l′(t1, t2)

+ ϑijkj(t1) − ϑi′j′i′l′(t2) + Cab
ii′j′l′(t, t2) + Cbb

jj′j′l′(t, t2),

ζ
(b,a)
ijli′j′k′(t, t1, t2)

= −ϑiji′j′(t) + Cab
ii′jl(t, t1) + Cbb

jj′jl(t, t1) − Cba
jli′k′(t1, t2)

+ ϑijil(t1) − ϑi′j′k′j′(t2) + Caa
ii′i′k′(t, t2) + Cba

jj′i′k′(t, t2),

ζ
(b,b)
ijli′j′l′(t, t1, t2)

= −ϑiji′j′(t) + Cab
ii′jl(t, t1) + Cbb

jj′jl(t, t1) − Cbb
jlj′l′(t1, t2)

+ ϑijil(t1) − ϑi′j′i′l′(t2) + Cab
ii′j′l′(t, t2) + Cbb

jj′j′l′(t, t2). (B.107)

⟨iajb|ρ̂(aa,0)ab (t)|i′aj′b⟩

= −
∑
k

∑
s ̸=i,k

∫ t

t0

dt1

∫ t1

t0

dt2 λ
a
⊥,is(t1)λ

a
⊥,sk(t2)

× Trϕ

(
D̂βa−

ii′ (t)+βb−
jj′ (t)−βa−

is (t1)−βa−
sk (t2)

× ϕ̂αa

t,kj(t1)ϕ̂
αa

t,kj(t2) ⟨kajb|ρ̂0|i′aj′b⟩
)
e
ζ
(aa,0)

ijski′j′ (t,t1,t2), (B.108)

⟨iajb|ρ̂(bb,0)ab (t)|i′aj′b⟩

= −
∑
l

∑
s ̸=j,l

∫ t

t0

dt1

∫ t1

t0

dt2 λ
b
⊥,js(t1)λ

b
⊥,sl(t2)

× Trϕ

(
D̂βa−

ii′ (t)+βb−
jj′ (t)−βb−

js (t1)−βb−
sl (t2)

× ϕ̂αb

t,il(t1)ϕ̂
αb

t,il(t2) ⟨ialb|ρ̂0|i′aj′b⟩
)
e
ζ
(bb,0)

ijsli′j′ (t,t1,t2), (B.109)

182



⟨iajb|ρ̂(ab,0)ab (t)|i′aj′b⟩

=
∑
k ̸=i

∑
l ̸=j

∫ t

t0

dt1

∫ t1

t0

dt2 λ
a
⊥,ik(t1)λ

b
⊥,jl(t2)

× Trϕ

(
D̂βa−

ii′ (t)+βb−
jj′ (t)−βa−

ik (t1)−βb−
jl (t2)

× ϕ̂αa

t,kl(t1)ϕ̂
αb

t,kl(t2) ⟨kalb|ρ̂0|i′aj′b⟩
)
e
ζ
(ab,0)

ijkli′j′ (t,t1,t2), (B.110)

⟨iajb|ρ̂(ba,0)ab (t)|i′aj′b⟩

=
∑
k ̸=i

∑
l ̸=j

∫ t

t0

dt1

∫ t1

t0

dt2 λ
b
⊥,jl(t1)λ

a
⊥,ik(t2)

× Trϕ

(
D̂βa−

ii′ (t)+βb−
jj′ (t)−βb−

jl (t1)−βa−
ik (t2)

× ϕ̂αb

t,kl(t1)ϕ̂
αa

t,kl(t2) ⟨kalb|ρ̂0|i′aj′b⟩
)
e
ζ
(ba,0)

ijlki′j′ (t,t1,t2), (B.111)

ζ
(aa,0)
ijski′j′(t, t1, t2) = −ϑiji′j′(t) + Caa

ii′is(t, t1) + Cba
jj′is(t, t1)

+ Caa
ii′sk(t, t2) + Cba

jj′sk(t, t2)

− Caa
issk(t1, t2) + ϑijsj(t1) + ϑsjkj(t2),

ζ
(bb,0)
ijsli′j′(t, t1, t2) = −ϑiji′j′(t) + Cab

ii′js(t, t1) + Cbb
jj′js(t, t1)

+ Cab
ii′sl(t, t2) + Cbb

jj′sl(t, t2)

− Cbb
jssl(t1, t2) + ϑijis(t1) + ϑisil(t2),

ζ
(ab,0)
ijkli′j′(t, t1, t2) = −ϑiji′j′(t) + Caa

ii′ik(t, t1) + Cba
jj′ik(t, t1)

+ Cab
ii′jl(t, t2) + Cbb

jj′jl(t, t2)

− Cab
ikjl(t1, t2) + ϑijkj(t1) + ϑkjkl(t2),

ζ
(ba,0)
ijlki′j′(t, t1, t2) = −ϑiji′j′(t) + Cab

ii′jl(t, t1) + Cbb
jj′jl(t, t1)

+ Caa
ii′ik(t, t2) + Cba

jj′ik(t, t2)

− Cba
jlik(t1, t2) + ϑijil(t1) + ϑilkl(t2). (B.112)

183



B.4.2 Evolution of the state components for detectors initialized
in pure product states

Now we particularize the expressions in the previous summary (Appendix B.4.1) for the
case that the initial state is

ρ̂0 = |0a0b⟩⟨0a0b| ⊗ ρ̂ϕ,0. (B.113)

The following expressions use the definitions stated in Appendix B.4.1 and the definitions
of ξνi , υννi , Mij and Lµν

ij from subsection 3.2.1,

ξai = −i

∫ t

t0

dt1 e
ζ
(a,0)
i0000(t,t1)λa⊥,i0(t1)

×
〈
D̂βa−

i0 (t)−βa−
i0 (t1)

ϕ̂αa

t,00(t1)
〉
ρ̂ϕ,0

,

ξbj = −i

∫ t

t0

dt1 e
ζ
(b,0)
0j000(t,t1)λb⊥,j0(t1)

×
〈
D̂βb−

j0 (t)−βb−
j0 (t1)

ϕ̂αb

t,00(t1)
〉
ρ̂ϕ,0

, (B.114)

υaai =
∑
s ̸=i,0

∫ t

t0

dt1

∫ t1

t0

dt2 e
ζ
(aa,0)
i0s000(t,t1,t2)λa⊥,is(t1)λ

a
⊥,s0(t2)

×
〈
− D̂βa−

i0 (t)−βa−
is (t1)−βa−

s0 (t2)
ϕ̂αa

t,00(t1)ϕ̂
αa

t,00(t2)
〉
ρ̂ϕ,0

,

υbbj =
∑
s ̸=j,0

∫ t

t0

dt1

∫ t1

t0

dt2 e
ζ
(bb,0)
0js000(t,t1,t2)λb⊥,js(t1)λ

b
⊥,s0(t2)

×
〈
− D̂βb−

j0 (t)−βb−
js (t1)−βb−

s0 (t2)
ϕ̂αb

t,00(t1)ϕ̂
αb

t,00(t2)
〉
ρ̂ϕ,0

, (B.115)

Mij

= −
∫ t

t0

dt1

∫ t1

t0

dt2 e
ζ
(ab,0)
ij0000(t,t1,t2)λa⊥,i0(t1)λ

b
⊥,j0(t2)

×
〈
D̂βa−

i0 (t)+βb−
j0 (t)−βa−

i0 (t1)−βb−
j0 (t2)

ϕ̂αa

t,00(t1)ϕ̂
αb

t,00(t2)
〉
ρ̂ϕ,0

−
∫ t

t0

dt1

∫ t1

t0

dt2 e
ζ
(ba,0)
ij0000(t,t1,t2)λb⊥,j0(t1)λ

a
⊥,i0(t2)

×
〈
D̂βa−

i0 (t)+βb−
j0 (t)−βb−

j0 (t1)−βa−
i0 (t2)

ϕ̂αb

t,00(t1)ϕ̂
αa

t,00(t2)
〉
ρ̂ϕ,0

, (B.116)
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Laa
ii′ =

∫ t

t0

dt1

∫ t

t0

dt2 e
ζ
(a,a)

i00i′00(t,t1,t2)λa⊥,i0(t1)λ
a
⊥,0i′(t2)

×
〈
ϕ̂αa

t,00(t2)D̂βa−
ii′ (t)−βa−

i0 (t1)+βa−
i′0 (t2)

ϕ̂αa

t,00(t1)
〉
ρ̂ϕ,0

,

Lbb
jj′ =

∫ t

t0

dt1

∫ t

t0

dt2 e
ζ
(b,b)

0j00j′0(t,t1,t2)λb⊥,j0(t1)λ
b
⊥,0j′(t2)

×
〈
ϕ̂αb

t,00(t2)D̂βb−
jj′ (t)−βb−

j0 (t1)+βb−
j′0(t2)

ϕ̂αb

t,00(t1)
〉
ρ̂ϕ,0

,

Lab
ij =

∫ t

t0

dt1

∫ t

t0

dt2 e
ζ
(a,b)
i000j0(t,t1,t2)λa⊥,i0(t1)λ

b
⊥,0j(t2)

×
〈
ϕ̂αb

t,00(t2)D̂βa−
i0 (t)−βb−

j0 (t)−βa−
i0 (t1)+βb−

j0 (t2)

× ϕ̂αa

t,00(t1)
〉
ρ̂ϕ,0

. (B.117)

B.5 Eigenvalues of perturbed rank one Hermitian op-

erators

This appendix is dedicated to finding perturbative expressions for the eigenvalues for op-
erators of the following kind,

R̂ = |η0⟩⟨η0| + λ
(
|η1⟩⟨η0| + |η0⟩⟨η1|

)
+ λ2

(
|η2⟩⟨η0| + |η0⟩⟨η2| + R̂⊥)+ O(λ3), (B.118)

where ⟨η0|η1⟩ = 0, R̂⊥ |η0⟩ = 0, R̂⊥† = R̂⊥, ⟨η0|η0⟩ = 1, and |η1⟩, |η2⟩ are not normalized
in general.

We are interested in such operators because ρ̂ab and ρ̂⊤a
ab are of this form, for the scenario

explored in Section 3.2. That is, the scenario where the detectors are initialized in a pure,
longitudinal product state. The expression of ρ̂⊤a

ab for this case, shown in Eq. (3.66), is

ρ̂⊤a
ab = |0a0b⟩⟨0a0b| + |ψ1⟩⟨0a0b| + |0a0b⟩⟨ψ1|

+ |ψ2⟩⟨0a0b| + |0a0b⟩⟨ψ2| + σ̂2 + O
(
λ3⊥
)
. (B.119)

To verify that ρ̂⊤a
ab is of the same form as R̂, notice that |ψ1⟩ is of order λ⊥, while |ψ2⟩ and

σ̂2 are of order λ2⊥, and ⟨0a0b|ψ1⟩ = 0, σ̂2 |0a0b⟩ = 0, σ̂†
2 = σ̂2, ⟨0a0b|0a0b⟩ = 1.
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We now proceed to investigating the eigenvalues of Hermitian operators of the form of
R̂, perturbatively in the parameter λ. Consider any |κ⟩ eigenvector of R̂ with eigenvalue
r, so that

R̂ |κ⟩ = r |κ⟩ . (B.120)

Let us expand the eigenvector and eigenvalue in powers of λ,

r = r0 + λr1 + λ2r2 + O(λ3)

|κ⟩ = |κ0⟩ + λ |κ1⟩ + λ2 |κ2⟩ + O(λ3). (B.121)

The eigenvalue equation must be true at every perturbative order. Therefore, it is conve-
nient to expand both sides of the eigenvalue equation,

R̂ |κ⟩ = ⟨η0|κ0⟩ |η0⟩
+ λ
(
⟨η0|κ1⟩ |η0⟩ + ⟨η0|κ0⟩ |η1⟩ + ⟨η1|κ0⟩ |η0⟩

)
+ λ2

(
⟨η0|κ2⟩ |η0⟩ + ⟨η0|κ1⟩ |η1⟩ + ⟨η1|κ1⟩ |η0⟩

+ ⟨η0|κ0⟩ |η2⟩ + ⟨η2|κ0⟩ |η0⟩ + R̂⊥ |κ0⟩
)

+ O(λ3),

r |κ⟩ = r0 |κ0⟩
+ λ
(
r0 |κ1⟩ + r1 |κ0⟩

)
+ λ2

(
r0 |κ2⟩ + r1 |κ1⟩ + r2 |κ0⟩

)
+ O(λ3). (B.122)

Let us assume that r0 ̸= 0, and choose || |κ0⟩ || = 1, then,

⟨η0|κ0⟩ |η0⟩ = r0 |κ0⟩ =⇒ |κ0⟩ = |η0⟩ , r0 = 1. (B.123)

Then, substituting and equating the order λ,

⟨η0|κ1⟩ |η0⟩ + |η1⟩ = |κ1⟩ + r1 |η0⟩ (B.124)

where we used ⟨η1|η0⟩ = 0. Next, taking the inner product with |η0⟩,

⟨η0|κ1⟩ = ⟨η0|κ1⟩ + r1

=⇒ r1 = 0, |κ1⟩ = ⟨η0|κ1⟩ |η0⟩ + |η1⟩ . (B.125)

We can only choose one parameter, ⟨η0|κ1⟩, which is related to the freedom in the normal-
ization of |κ⟩1. For simplicity, we pick ⟨η0|κ1⟩ = 0, and thus |κ1⟩ = |η1⟩.

1The choice ⟨η0|κ1⟩ = 0 turns out to be equivalent to imposing ⟨κ|κ⟩ = ⟨η0|η0⟩+O(λ2).
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Finally, using the results above and equating the order λ2,

⟨η0|κ2⟩ |η0⟩ + ⟨η1|η1⟩ |η0⟩ + |η2⟩ + ⟨η2|η0⟩ |η0⟩
= |κ2⟩ + r2 |η0⟩ . (B.126)

Taking the inner product with |η0⟩, we find that

r2 = ⟨η1|η1⟩ + 2 Re ⟨η0|η2⟩ . (B.127)

Therefore,

|κ2⟩ = ⟨η0|κ2⟩ |η0⟩ + |η2⟩ − ⟨η0|η2⟩ |η0⟩ , (B.128)

and picking ⟨η0|κ2⟩ = 0,2

|κ2⟩ = |η2⟩ − ⟨η0|η2⟩ |η0⟩ . (B.129)

Therefore, the following is one eigenvalue and eigenvector pair of R̂,

r = 1 + λ2
(
⟨η1|η1⟩ + 2 Re ⟨η0|η2⟩

)
+ O(λ3),

|κ⟩ = |η0⟩ + λ |η1⟩ + λ2(|η2⟩ − ⟨η0|η2⟩ |η0⟩) + O(λ3). (B.130)

This eigenvalue must be positive when we are in the perturbative regime, where λ ≪ 1.
Therefore, this eigenvalue will not affect negativity in perturbative calculations.

Therefore, let us search for the rest of eigenvalues of R̂ to find the negative ones.
Previously, we assumed r0 ̸= 0, therefore we now explore the other case, r0 = 0,

⟨η0|κ0⟩ |η0⟩ = r0 |κ0⟩ =⇒ ⟨η0|κ0⟩ = 0. (B.131)

This constraint leaves |κ⊥0 ⟩ = (1̂ − |η0⟩⟨η0|) |κ0⟩ completely free. Next, substituting and
equating the order λ,

⟨η0|κ1⟩ |η0⟩ + ⟨η1|κ0⟩ |η0⟩ = r1 |κ0⟩ . (B.132)

Taking the inner product with |η0⟩,

⟨η0|κ1⟩ = −⟨η1|κ0⟩ =⇒ r1 = 0. (B.133)

Here, we also have complete freedom in (1̂− |η0⟩⟨η0|) |κ1⟩.
2The choices ⟨η0|κ1⟩ = 0 and ⟨η0|κ2⟩ = 0 turn out to be equivalent to imposing ⟨κ|κ⟩ = ⟨η0|η0⟩+O(λ3).
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Finally, for the order λ2,

r2 |κ0⟩ = ⟨η0|κ2⟩ |η0⟩ − ⟨η1|κ0⟩ |η1⟩ + ⟨η1|κ1⟩ |η0⟩
+ ⟨η2|κ0⟩ |η0⟩ + R̂⊥ |κ0⟩ , (B.134)

and taking the inner product with |η0⟩,
⟨η0|κ2⟩ = −⟨η1|κ1⟩ − ⟨η2|κ0⟩ , (B.135)

which also allows complete freedom in (1̂ − |η0⟩⟨η0|) |κ2⟩. However, now we have the
additional condition

r2 |κ0⟩ = − ⟨η1|κ0⟩ |η1⟩ + R̂⊥ |κ0⟩ = (R̂⊥ − |η1⟩⟨η1|) |κ0⟩ , (B.136)

which can be seen as an eigenvalue equation for the matrix R̂⊥ − |η1⟩⟨η1|, in the subspace
of vectors orthogonal to |η0⟩, since ⟨η0|κ0⟩ = 0.

Therefore, all the remaining eigenvalue and eigenvector pairs of R̂ are of the form

r = λ2r2 + O(λ3), (B.137)

|κ⟩ = |κ⊥0 ⟩ + λ(|κ⊥1 ⟩ − ⟨η1|κ⊥0 ⟩ |η0⟩)
+ λ2

(
|κ⊥2 ⟩ − (⟨η1|κ⊥1 ⟩ + ⟨η2|κ⊥0 ⟩) |η0⟩

)
+ O(λ3), (B.138)

with the following restrictions: |κ⊥i ⟩ are vectors orthogonal to |η0⟩, i.e. ⟨η0|κ⊥i ⟩ = 0. More-
over, |κ⊥0 ⟩ is an eigenvector of R̂⊥ − |η1⟩⟨η1| with eigenvalue r2.

In conclusion, this calculation shows that the negative eigenvalues for R̂ are of order
λ2. Specifically, the negative eigenvalues of R̂ at leading order are equal to λ2 times the
negative eigenvalues of R̂⊥ − |η1⟩⟨η1|.

B.6 Computing expectation values for displacement

and field operators

The expression we derived for ρ̂ab, perturbative in λ⊥ and non-perturbative in λ∥, provided
in Appendix B.4.2, requires computing expectation values of combinations of field operators
and displacement operators. Specifically, the expectation values we need to find are of the
form 〈

D̂α

〉
ρ̂ϕ
,
〈
D̂αϕ̂

β
〉
ρ̂ϕ
,
〈
D̂αϕ̂

βϕ̂γ
〉
ρ̂ϕ
,
〈
ϕ̂αD̂βϕ̂

γ
〉
ρ̂ϕ
. (B.139)

In what follows, we will find expressions for these for zero-mean Gaussian states and
particularize them for the vacuum state.
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B.6.1 Zero-mean Gaussian states

Consider the field to be in a Gaussian state ρ̂ϕ with zero one-point function, which is also
called a quasi-free state. Then, Wick’s theorem lets us evaluate the expectation values in
Eq. (B.139) and obtain 〈

D̂α

〉
ρ̂ϕ

= e−
1
2
Wαα

,〈
D̂αϕ̂

β
〉
ρ̂ϕ

= −iWαβe−
1
2
Wαα

,〈
D̂αϕ̂

βϕ̂γ
〉
ρ̂ϕ

= (W βγ −WαβWαγ)e−
1
2
Wαα

,〈
ϕ̂αD̂βϕ̂

γ
〉
ρ̂ϕ

= (Wαγ −WαβW βγ)e−
1
2
Wββ

, (B.140)

where we used the definitions

D̂α = e−iϕ̂α

, Wαβ =
〈
ϕ̂αϕ̂β

〉
ρ̂ϕ
. (B.141)

We now derive the equalities in (B.140), starting from the following [115],〈
eϕ̂

κ〉
ρ̂ϕ

= e
1
2

〈
(ϕ̂κ)2

〉
. (B.142)

Here, and from now on in this appendix, expectation values are taken with respect to ρ̂ϕ
implicitly, to keep the notation lighter.

Using the linearity of ϕ̂κ on its exponent, we obtain the first equation〈
D̂α

〉
= e−

1
2
Wαα

. (B.143)

For the second equality, we can use the following trick〈
D̂αϕ̂

β
〉

= ∂u
〈
e−iϕ̂α

euϕ̂
β〉∣∣∣

u=0
. (B.144)

To evaluate the right hand side we proceed as follows,〈
e−iϕ̂α

euϕ̂
β〉

= e−iu
2 [ϕ̂α,ϕ̂β]〈e−iϕ̂α+uϕ̂β〉

= e−iu
2

〈
ϕ̂αϕ̂β−ϕ̂β ϕ̂α

〉
e

1
2

〈
(−iϕ̂α+uϕ̂β)2

〉
= e−

1
2
Wαα−iuWαβ+u2

2
Wββ

, (B.145)
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by using the Baker-Campbell-Hausdorff (BCH) formula and Eq. (B.142). Then,〈
D̂αϕ̂

β
〉

= ∂ue
− 1

2
Wαα−iuWαβ+u2

2
Wββ

∣∣∣
u=0

= −iWαβe−
1
2
Wαα

, (B.146)

proving the second equality in (B.140).

To show the third equality, we follow the same strategy,〈
D̂αϕ̂

βϕ̂γ
〉

= ∂u∂v
〈
e−iϕ̂α

euϕ̂
β

evϕ̂
γ〉∣∣∣

u=0, v=0
, (B.147)

and using the BCH formula and Eq. (B.142),〈
e−iϕ̂α

euϕ̂
β

evϕ̂
γ〉

= e
1
2 [ϕ̂α,ϕ̂β]+ 1

2 [ϕ̂α+ϕ̂β ,ϕ̂γ]〈e−iϕ̂α+uϕ̂β+vϕ̂γ〉
= e

1
2
(−Wαα+u2Wββ+v2W γγ)−iuWαβ−ivWαγ+uvWβγ

. (B.148)

Substituting Eq. (B.148) into Eq. (B.147), and computing the appropriate derivatives, we
obtain 〈

D̂αϕ̂
βϕ̂γ
〉

= (W βγ −WαβWαγ)e−
1
2
Wαα

. (B.149)

The final equality, 〈
ϕ̂αD̂βϕ̂

γ
〉

= (Wαγ −WαβW βγ)e−
1
2
Wββ

, (B.150)

can be obtained through an analogous calculation. Alternatively,
〈
ϕ̂αD̂βϕ̂

γ
〉

can be ob-
tained using that

ϕ̂αD̂β = D̂βϕ̂
α − iD̂β[ϕ̂α, ϕ̂β]

= D̂βϕ̂
α − iD̂β(Wαβ −W βα), (B.151)

in combination with Eqs. (B.146) and (B.149).

B.6.2 Vacuum state

Now, consider the field to be in the vacuum state,

ρ̂ϕ,0 = |0ϕ⟩⟨0ϕ| . (B.152)
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The vacuum is a Gaussian state. Moreover, its one-point function, the expectation of ϕ̂, is
zero in the vacuum. Therefore, the results derived in the previous part of this appendix,
shown in Eq. (B.140), apply.

Furthermore, we can now compute Wαβ,

Wαβ = ⟨0ϕ|ϕ̂αϕ̂β|0ϕ⟩

=

∫
Rn

dnk

∫
Rn

dnk′ α∗(k)β(k′) ⟨0ϕ|âkâ†k|0ϕ⟩

=

∫
Rn

dnkα∗(k)β(k), (B.153)

where we used that the vacuum is annihilated by the annihilation operator âk |0ϕ⟩ = 0,

[âk, â
†
k′ ] = δ(k − k′)1̂, and Eq. (3.2), which we write as

ϕ̂α = i

∫
Rn

dnkα(k)â†k − α∗(k)âk. (B.154)
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Appendix C

Appendices for Chapter 4

C.1 Relating the variable gap detector and the spin-

boson model

The spin-boson model [68], commonly used to model superconducting circuits, has the
Hamiltonian

Ĥsb = Ĥs + Ĥb + Ĥint-sb,

Ĥs = −ℏΩ

2
σ̂z,

Ĥb =
∑
k

ℏωkâ
†
kâk,

Ĥint-sb =
∑
k

(gxk σ̂x + gzkσ̂z)â
†
k + H.c., (C.1)

where the bosonic bath with Ĥb corresponds to a transmission line of finite length L, with
k ∈ 2π

L
Z.

Now, consider the variable gap detector model of Eq. (4.31). Then, in the Schrödinger
picture, picking the detector position xqb = 0, assuming the interaction is fully switched
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on, χ(t) = 1, and ignoring additive constants in Ĥtl,

Ĥvgap = Ĥqb + Ĥtl + Ĥint,

Ĥqb = −ℏ(Ω0 + ∆Ω)

2
σ̂z,

Ĥtl =

∫
dk ℏωkâ

†
kâk,

Ĥint = φ0γσ̂x

∫
dk C(ωk)

√
ℏωk

4πℓ0
sgn(k)iâ†k + H.c. (C.2)

Therefore, comparing with the spin-boson model,

gxk = φ0γ

√
ℏωk

4πℓ0
C(ωk) sgn(k), gzk = 0, (C.3)

where the longitudinal coupling is zero because we only kept the transversal coupling in
the variable gap detector model. The spectral density of the bosonic bath (the infinite
transmission line in our case) is

J(ω) =
2π

ℏ2

∫
dk |gk|2δ(ω − ωk)

= 2

∫ ∞

0

dω′ φ
2
0γ

2

2ℏℓ0v
ω′ C2(ω′)δ(ω − ω′)

=
1

8π

Rk

Z0

γ2ωe
− ω

Ωcut , (C.4)

where we used the exponential cutoff from Eq. (4.9).

In the limit ω ≪ Ωcut,
J(ω) = παω, (C.5)

which is the spectral density of an Ohmic bath, with the dimensionless coupling constant
α being

α =
Rk

8π2Z0

γ2 ≈ 6.54 · γ2. (C.6)

Since the numerical simulations predict γ ∈ [−0.02, 0.22] (see subsection 4.2.1), then α ∈
[0, 0.32].

As the frequencies approach Ωcut, the exponential cutoff becomes noticeable, modifying
the spectral density,

J(ω) = παωe
− ω

Ωcut . (C.7)
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C.2 Computing the outcome of the harvesting proto-

col

Here we follow the perturbative procedure outlined in 4.3 to obtain the final state of the
probes after they interact with the field. The result is computed to the leading perturbative
order, O(λ2), assuming that λa = λb = λ.

To simplify the calculations, we define the following operators,

χ̂ν(t) = χν(t)µ̂ν(t),

ϕ̂′
ν(t) = ∂xϕ̂C(t, xν) (C.8)

This notation simplifies the interaction Hamiltonian of Eq. (4.37) to

ĤI =
∑
ν

λχ̂νϕ̂
′
ν . (C.9)

Substituting into Eq. (4.41),

Û (1) = − iλ

∫
dt
∑
ν

χ̂ν(t)ϕ̂′
ν(t) ,

Û (2) = − λ2
∫
t>t′

dt dt′
∑
µ,ν

χ̂µ(t)χ̂ν(t′)ϕ̂′
µ(t)ϕ̂′

ν(t′). (C.10)

Now, we can compute the leading order terms of the detectors’ final state according to
Eq. (4.46),

ρ̂ab = ρ̂ab,0 + ρ̂
(2,0)
ab + ρ̂

(1,1)
ab + ρ̂

(0,2)
ab + O(λ4) . (C.11)

First,

ρ̂
(1,1)
ab = Trϕ

(
Û (1)ρ̂ab,0 ⊗ ρ̂ϕ,0Û

(1)†)
= λ2

∫
dt dt′

∑
µ,ν

Wxx′(t′, xν , t, xµ)χ̂µ(t)ρ̂ab,0χ̂ν(t′), (C.12)

where
Wxx′(t, xµ, t

′, xν) = Tr
(
ϕ̂′
µ(t)ϕ̂′

ν(t′)ρ̂ϕ,0
)
, (C.13)

which can be seen to match the definition of Wxx′ given in Eq. (4.50), by using that
ϕ̂′
ν(t) = ∂xϕ̂C(t, xν).
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Second,

ρ̂
(2,0)
ab = Trϕ

(
Û (2)ρ̂ab,0 ⊗ ρ̂ϕ,0

)
= −λ2

∫
dt dt′ Θ(t− t′)

∑
µ,ν

Wxx′(t, xµ, t
′, xν)χ̂µ(t)χ̂ν(t′)ρ̂ab,0 , (C.14)

and finally, ρ̂
(0,2)
ab = ρ̂

(2,0)†
ab . Notice that the equation for ρ̂

(2,0)
ab can be rewritten as

ρ̂
(2,0)
ab = −λ2

∫
dt dt′

(
Gxx′(t, xa, t

′, xb)χ̂a(t)χ̂b(t′)

+
∑
ν

Θ(t− t′)Wxx′(t, xν , t
′, xν)χ̂ν(t)χ̂ν(t′)

)
ρ̂ab,0, (C.15)

where we used the definition of Gxx′ given in Eq. (4.50), which states that

Gxx′(t, xµ, t
′, xν) = Θ(t− t′)Wxx′(t, xµ, t

′, xν) + Θ(t′ − t)Wxx′(t′, xν , t, xµ). (C.16)

This completes the calculation of ρ̂ab for an arbitrary ρ̂ab,0. Next, we particularize to
the the probes starting from the ground state,

ρ̂ab,0 = |0a0b⟩⟨0a0b| . (C.17)

Under this assumption, we compute the components of ρ̂ab in the basis |0a0b⟩, |1a0b⟩,
|0a1b⟩, |1a1b⟩. To ease the calculation, we denote

Âµν(t, t′) =χ̂µ(t)ρ̂ab,0χ̂ν(t′), (C.18)

Then,

⟨kalb|Âaa(t, t′)|k′al′b⟩ = δ0lδ0l′ ⟨ka|χ̂a(t)|0a⟩ ⟨0a|χ̂a(t′)|k′a⟩ ,
⟨kalb|Âbb(t, t′)|k′al′b⟩ = δ0kδ0k′ ⟨lb|χ̂b(t)|0b⟩ ⟨0b|χ̂b(t′)|l′b⟩ ,
⟨kalb|Âab(t, t′)|k′al′b⟩ = δ0k′δ0l ⟨ka|χ̂a(t)|0a⟩ ⟨0b|χ̂b(t′)|l′b⟩ ,
⟨kalb|Âba(t, t′)|k′al′b⟩ = δ0kδ0l′ ⟨lb|χ̂b(t)|0b⟩ ⟨0a|χ̂a(t′)|k′a⟩ ,

where, combining Eqs. (4.38) and (C.8) with the definition of χφν (t) given in Eq. (4.49),

⟨i|χ̂ν(t)|0⟩ = δ1iχφν (t), (C.19)
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and ⟨0|χ̂ν(t)|i⟩ = ⟨i|χ̂ν(t)|0⟩∗. Therefore, only one component of each Âµν survives. Pre-
cisely, these components correspond to

Lµν = λ2
∫

dt dt′Wxx′(t′, xν , t, xµ)χφµ(t)χ∗
φν

(t′). (C.20)

Then,

ρ̂
(1,1)
ab = Laa |1a0b⟩⟨1a0b| + Lbb |0a1b⟩⟨0a1b|

+ Lab |1a0b⟩⟨0a1b| + Lba |0a1b⟩⟨1a0b| . (C.21)

Moving onto ρ̂
(2,0)
ab , define for convenience

B̂µν(t, t′) =χ̂µ(t)χ̂ν(t′)ρ̂ab,0. (C.22)

Then,

⟨kalb|B̂aa(t, t′)|k′al′b⟩ = δ0lδ0l′δ0k′ ⟨ka|χ̂a(t)χ̂a(t′)|0a⟩ ,
⟨kalb|B̂bb(t, t′)|k′al′b⟩ = δ0kδ0k′δ0l′ ⟨lb|χ̂b(t)χ̂b(t′)|0b⟩ ,
⟨kalb|B̂ab(t, t′)|k′al′b⟩ = δ0k′δ0l′ ⟨ka|χ̂a(t)|0a⟩ ⟨lb|χ̂b(t′)|0b⟩ . (C.23)

Then, using Eqs. (4.38), (4.49) and (C.8),

⟨i|χ̂ν(t)χ̂ν(t′)|0⟩ = δ0iχ
∗
φν

(t)χφν (t′). (C.24)

Together with the former Eq. (C.19), we see that only one component of each B̂µν survives,
resulting in

ρ̂
(2,0)
ab = M|1a1b⟩⟨0a0b| +

∑
ν

Kν |0a0b⟩⟨0a0b| , (C.25)

where

M = − λ2
∫

dt dt′Gxx′(t, xa, t
′, xb)χφa(t)χφb(t

′),

Kν = − λ2
∫

dt dt′ Θ(t− t′)Wxx′(t, xν , t
′, xν)χ∗

φν
(t)χφν (t′). (C.26)

Notice that comparing this expression for Kν to the one for Lνν in Eq. (C.20) shows that

Kν + K∗
ν = −Lνν , (C.27)
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by using that
W∗

xx′(t, xν , t
′, xν) = Wxx′(t′, xν , t, xν). (C.28)

Then, when adding to ρ̂
(2,0)
ab its Hermitian conjugate ρ̂

(0,2)
ab ,

ρ̂
(2,0)
ab + ρ̂

(0,2)
ab =M|1a1b⟩⟨0a0b| + M∗ |0a0b⟩⟨1a1b|

−
∑
ν

Lνν |0a0b⟩⟨0a0b| , (C.29)

Therefore, putting together all the results in this appendix and taking ρ̂ab,0 = |0a0b⟩⟨0a0b|
causes ρ̂ab to become, in the basis |0a0b⟩, |1a0b⟩, |0a1b⟩, |1a1b⟩,

ρ̂ab =


1 − Laa − Lbb 0 0 M∗

0 Laa Lab 0
0 Lba Lbb 0
M 0 0 0

+ O(λ4), (C.30)

where from Eqs. (C.20) and (C.26),

Lµν = λ2
∫

dt dt′ Wxx′(t′, xν , t, xµ)χφµ(t)χ∗
φν

(t′),

M = −λ2
∫

dt dt′Gxx′(t, xa, t
′, xb)χφa(t)χφb(t

′), (C.31)

finishing the derivation of ρ̂ab.

C.3 Simplifying the integrals needed to compute neg-

ativity

C.3.1 Symmetric switching functions equal up to a time shift
and equal detectors

We can further simplify the equations Lµν and M for the type of χν(t) explored in this
article, which satisfy

χν(t) = χ(t− tν), (C.32)

with χ(t) = χ(−t), and tν controlling the time at which the detector ν is switched on.
Moreover, we assume that the energy gap of both detectors depends linearly on their
switching functions, as in Eq. (4.29), as follows,

Ων(t) = Ω0
ν + ∆Ωνχν(t). (C.33)
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For simplicity, we pick Ω0 = Ω0
ν , ∆Ω = ∆Ων .

Under the assumptions above, the expression for χφν becomes

χφν (t) = e−iφ(−tν)χφ(t− tν), (C.34)

where we defined

χφ(t) = eiφ(t)χ(t),

φ(t) = Ω0t+ ∆Ω

∫ t

0

dt′ χ(t′). (C.35)

Moreover, χ(t) = χ(−t) implies

φ(−t) = −φ(t), χφ(−t) = χφ(t)∗. (C.36)

Integrating field modes last

Substituting Eq. (C.34) into Eq. (4.55),

L =
λ2

2π

∫ ∞

0

dω ωC(ω)2|χ̃φ(ω)|2,

Lab =
λ2

2π
e−i(φ(−ta))−φ(−tb))

∫ ∞

0

dω ωC(ω)2 cos(ωtd)e
−iωt∆|χ̃φ(ω)|2, (C.37)

where we defined L = Laa = Lbb. Moreover,

M = −λ2

2π
e−i(φ(−ta))+φ(−tb))M,

M =

∫ ∞

0

dω ωC(ω)2 cos(ωtd)

∫
dt dt′ e−iω|t−t′−t∆|χφ(t)χφ(t′). (C.38)

Here, we also defined the delay between the times of switching t∆ = tb − ta and used that

χ̃φν (ω) = ei(ωtν−φ(−tν))χ̃φ(ω). (C.39)

Moreover due to χ(t) = χ(−t),

Re(M) =

∫ ∞

0

dω ωC(ω)2 cos(ωtd) cos(ωt∆)χ̃φ(ω)χ̃φ(−ω),

Im(M) = −
∫ ∞

0

dω dt dt′ ωC(ω)2 cos(ωtd) sin(ω|t− t′ − t∆|)χφ(t)χφ(t′). (C.40)
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These expressions for Re(M) and Im(M) follow from using that

M∗ =

∫ ∞

0

dω ωC(ω)2 cos(ωtd)

∫
dt dt′ eiω|t−t′−t∆|χφ(t)χφ(t′), (C.41)

which in turn was obtained by performing the change of variables t → −t′, t′ → −t in
Eq. (C.38) and then applying Eq. (C.36).

When comparing Eq. (C.38) to Eq. (C.41), we see that complex conjugating M is
equivalent to complex conjugating Wvac, since we only need to conjugate the complex phase
e−iω|t−t′−t∆|, which comes from Wvac, and not χφ. Consequently, for the switching functions
considered in this appendix (of the kind defined in Eq. (C.32), with χ(t) = χ(−t)), we have
a shortcut to compute M±,

M+ = −λ2

2π
e−i(φ(−ta))+φ(−tb)) Re(M),

M− = −λ2

2π
e−i(φ(−ta))+φ(−tb)) Im(M), (C.42)

with M as defined in Eq. (C.38) and φ(t) from Eq. (C.35). Additional expressions for L,
Lab and M are provided next.

Integrating field modes first

Substituting Eq. (C.34) into Eq. (4.59),

L =
λ2

2π

∫
dt dt′ J (t′ − t)χφ(t)χ∗

φ(t′),

Lab =
λ2

2π
e−i(φ(−ta))−φ(−tb))

∫
dt dt′ I(t′ − t+ t∆)χφ(t)χ∗

φ(t′),

M = −λ2

2π
e−i(φ(−ta))+φ(−tb))M,

M =

∫
dt dt′ I(|t− t′ − t∆|)χφ(t)χφ(t′), (C.43)

where L = Laa = Lbb, and J (t) and I(t) are defined as in Eq. (4.57) and Eq. (4.59)
respectively.
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Figure C.1: N /λ2 plotted against the cutoff frequency Ωcut/(2π), for Ω0/(2π) = 7.3 GHz,
∆Ω = 0, |t∆| = td − T (spacelike detector interactions). The cutoff frequency Ωcut/(2π) =
50GHz, used throughout this work, is highlighted with a vertical dashed line. The sub-
figures are for: (a) Cosine ramps switching, T = 0.2 ns, Sf = 0, td = 1 ns. (b) Isosceles
trapezoid switching, T = 0.16 ns, Sf = 0.2, td = 1 ns. (c) Isosceles trapezoid switching,
T = 0.16 ns, Sf = 0.2, td = 0.16 ns. We emphasize that for all the scenarios analyzed the
detectors are in strict spacelike separation.

Moreover, due to χ(t) = χ(−t),

Re(M) =

∫
dt dt′ Re

(
I(t− t′ − t∆)

)
χφ(t)χφ(t′),

Im(M) =

∫
dt dt′ Im

(
I(|t− t′ − t∆|)

)
χφ(t)χφ(t′). (C.44)

These expressions for Re(M) and Im(M) follow from using that I(−t) = I∗(t) together
with

M∗ =

∫
dt dt′ I∗(|t− t′ − t∆|)χφ(t)χφ(t′). (C.45)

In turn, this expression was obtained by performing the change of variables t → −t′,
t′ → −t in Eq. (C.43) and then applying Eq. (C.36).

C.3.2 Changing variables to partially decouple time integrals

The follwing change of variables facilitates numerical integration by uncoupling one of the
time integrals from J and I in the expressions for Lµν and M,

t± = t± t′, (C.46)
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with absolute value of the Jacobian ∣∣∣∣∂(t+, t−)

∂(t, t′)

∣∣∣∣ = 2. (C.47)

Then, performing the change of variables in Eq. (C.43),

L =
λ2

4π

∫
dt− J ∗(t−)IL(t−),

Lab =
λ2

4π
e−i(φ(−ta))−φ(−tb))

∫
dt− I∗(t− − t∆)IL(t−),

M = −λ2

2π
e−i(φ(−ta))+φ(−tb))M,

M = −λ2

4π

∫
dt− I(|t− − t∆|)IM(t−), (C.48)

where we used J (−t) = J ∗(t), I(−t) = I∗(t), and defined

IL(t−) =

∫
dt+ χφ

(
t+ + t−

2

)
χ∗
φ

(
t+ − t−

2

)
,

IM(t−) =

∫
dt+ χφ

(
t+ + t−

2

)
χφ

(
t+ − t−

2

)
. (C.49)

For finite time switching functions supported on [−T
2
, T
2
], the integration limits for t± are

−T ≤ t− ≤ T, −T + |t−| ≤ t+ ≤ T − |t−|. (C.50)

Moreover, when χ(t) = χ(−t) and thus χφ(−t) = χ∗
φ(t),

IL(t−) = 2

∫ ∞

0

dt+ χφ

(
t+ + t−

2

)
χ∗
φ

(
t+ − t−

2

)
,

IM(t−) = 2

∫ ∞

0

dt+ Re

(
χφ

(
t+ + t−

2

)
χφ

(
t+ − t−

2

))
. (C.51)

C.4 Spacelike harvesting in the large cutoff limit

The model explored in this article includes an exponential cutoff, which can be reinterpreted
as the detector being smeared in space according to Eq. (4.13). This relationship is shown
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in subsection 4.1.1 and further discussion can be found in [67]. This effective smearing can
raise the question of whether the harvesting found in section 4.5 for spacelike separated
point-like detectors is truly present or is merely a byproduct of their effective size induced
by the cutoff.

In this appendix, we show that spacelike entanglement harvesting can be achieved in
the explored scenarios. Specifically, we provide examples of N tending to positive values
as Ωcut grows large. This corresponds to the limit where the effective detector size becomes
negligible. Three spacelike harvesting examples are presented in Figure C.1. For the cosine
ramps switching example in Figure C.1(a), harvesting remains possible as Ωcut → ∞. There
is only a 20% reduction of N in the limit Ωcut → ∞ with respect to Ωcut/(2π) = 50GHz.
For the isosceles trapezoid switching, the cutoff seems to play a larger role when td = 1 ns,
as shown in Figure C.1(b), where spacelike harvesting becomes impossible as Ωcut → ∞.
However, spacelike harvesting for isosceles trapezoid swithching and Ωcut → ∞ is still
possible by reducing the distance between the detectors to td = 0.16 ns, as shown in
Figure C.1(c).
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