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Budroni, Magdalena Zych, Časlav Brukner, and Robert B. Mann. Quantum
temporal super-position: The case of quantum field theory. Phys. Rev. Lett.,
125:131602, Sep 2020.

• Chapter 5 is based on

– Laura J. Henderson, Robie A. Hennigar, Robert B. Mann, Alexander R. H.
Smith, and Jialin Zhang. Entangling detectors in anti-de sitter space. Journal
of High Energy Physics, 2019(5):178, May 2019.

• Chapter 6 is based on

– Laura J Henderson, Robie A Hennigar, Robert B Mann, Alexander R H
Smith, and Jialin Zhang. Harvesting entanglement from the black hole vacuum.
Classical and Quantum Gravity, 35(21):21LT02, Oct 2018.

• Chapter 7 is based on

– Nadine Stritzelberger, Laura J. Henderson, Valentina Baccetti, Nicolas C.
Menicucci,and Achim Kempf. Entanglement harvesting with coherently delo-
calized matter. Phys. Rev. D, 103:016007, Jan 2021.

iv



Abstract

This thesis is focused on using a pair of Unruh-DeWitt detectors, which interact locally
with a quantum field, to gain information about properties of the field and the underlying
spacetime.

First, we consider a massless scalar field with a bandlimit, a hard ultraviolet cutoff.
We show that that when UDW detectors interact with a bandlimited field, they are able
to become entangled over larger distances then would be expected in the case of no cutoff.
The bandlimit introduces some non locality into the interaction, which boosts the nonlocal
correlations between the detectors. This boost in entanglement could, in principle, be used
to put a lower bound .

Then we study the affect of a quantum controlled switch to the entanglement harvesting
protocol. This switch will control when the detectors interact with the quantum scalar field
and can allow for them to each couple to the field in a superposition of two times. We
show that when a detector interacts with a field at a superposition of times, its transition
probability is reduced compared to what it interacted at a mixture of times. This in turn
increases the entanglement harvested by a pair of detectors, which can even violate no-go
theorems.

Next, we turn our attention to (2+1)-dimensional AdS spacetime. We map out a large
amount of the parameter space, tuning both detector and spacetime properties. Most
interestingly, we find an “island of seprability” in the parameter space, which occurs at a
relatively small Ads length. When the detectors’ properties fall in the “island of seprablity”,
they cannot become entangled through local interactions with the field; however for a good
range of parameters around the island, they can.

We then apply the entanglement harvesting protocol to a black hole spacetime, specif-
ically the BTZ black hole. We find an entanglement “death zone” which marks the point
where entanglement harvesting is no longer possible as two detectors with fixed proper
separation approach the horizon.

Finally, we make a change to the detector model itself. We consider the the center of
mass degree of freedom of the detectors to be quantum, and so will it coherently delocalize
over the course of the interaction with the quantum field. We find that this delocalization
inhibits entanglement harvesting, and it is only in the limit of very heavy and very sharply
localized detectors that we recover the case of a pair of UDW detectors classical center
center of mass.
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Chapter 1

Introduction

Modern physics is made up of two main branches, general relativity and quantum �eld
theory. On their own, each theory works incredibly well in its own regime, and have made
predictions that have been veri�ed to incredible degrees of accuracy. But despite the e�orts
of the best and the brightest over the past several decades, the two branches have not been
made fully compatible with each other.

Not all is lost, and there have been numerous advances on various approximations.
One of these advances is the theory of quantum �elds in curved spacetime, that treats
both the quantum �eld and gravitational e�ects of equal physical signi�cance. However, the
gravitational �eld is treated classically and the �elds do not back-react on the spacetime [10,
95]. Despite that, this area of research has provided useful insights into black hole physics
and the early Universe. These insights provide clues as to what can be expected from a
bona �de theory of quantum gravity.

Detector models, such as the Unruh-DeWitt detector [89, 20], provide an operational
approach to probing various properties of quantum �elds including those that live on curved
spacetimes. For example, it has been known for the past 40 years that uniformly acceler-
ating particle detectors in 
at space, that are coupled to a scalar �eld in the Minkowski
vacuum state, detect a thermal bath of particles [89]. These models can provide notions
of locality, since they are usually taken to be pointlike objects which following a classical
spacetime trajectory and their �rst-quantized internal degrees of freedom interact with the
quantum �eld at the position of the detector. After the interaction, the detector, or a pair
of such detectors, can be measured. The state of the detector(s) will depend on properties
of the quantum �eld, which in turn will depend on properties of the underlying space-
time. This allows us to not only probe properties of the �eld, such as local 
uctuations
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or correlations between two spacetime regions, but can even reveal properties of spacetime
structure.

Entanglement is almost synonymous with quantum, making it an especially interesting
property of a quantum �eld to study. It has a wide range of applications across various
areas of physics, such as in the description of non-classical states of light within the �eld
of quantum optics [47, 96], in the study of critical phenomena in condensed matter sys-
tems [57, 93, 3], and most interestingly, o�ering an explanation for the origin of black hole
entropy [11, 12, 80].

Field entanglement was �rst discovered within the context of algebraic �eld theory. It
was shown that the vacuum state of a free quantum �eld is entangled as seen by local
observers in Minkowski space, even if the observers are in spacelike-separated regions [84,
83, 85]. This suggests that a pair of observers can violate a Bell-like inequality just by
observing the local 
uctuations in a quantum vacuum. In other words, the vacuum is a
resource for entanglement.

It was later shown that this property of the electromagnetic vacuum can, in principle,
be used to generate entanglement between a pair of atoms [91]. More speci�cally, if the two
atoms were prepared in a separable state and each localized to a region that is spacelike
separated from the other, and then interact with the �eld while remaining spacelike sepa-
rated through the duration of the interaction, they will become entangled. Since the two
atoms never had a chance to directly interact with each other, any resulting entanglement
must have come from the quantum vacuum state. This was studied for pointlike localized
two-level detectors (or qubits) [89, 20] that interact with a scalar �eld [65, 66] a number
of years later.

Since then, extensive research has been carried out on the process of localized detectors
extracting entanglement from the vacuum state of a quantum �eld [92, 54, 55, 35, 51, 48,
50, 61, 62, 43]. This process has been come to known as the entanglement harvesting
protocol [74]. We note that in cases where the detectors are timelike or lightlike separated,
the extracted entanglement is the result of both �eld mediated interactions and being
swapped from the vacuum. However, regardless of the exact origin of the entanglement,
its properties will still depend on properties of the �eld.

One interesting application of the entanglement harvesting protocol is to study how
vacuum entanglement is e�ect by the underling spacetime structure, such as the expansion
rate of the Universe [92]. Recently, there has been a huge amount of work showing that
entanglement harvesting is sensitive to the number of spacetime dimensions [61], the cur-
vature [92, 41, 53, 29] and topology [51] of the spacetime, and boundary conditions [30, 19].
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There has also been very recent studies done on entanglement harvesting in (1 + 1) dimen-
sional Schwarzschild/Vaidya [87] and rotating BTZ [67] spacetimes.

The goal of this thesis to use a pair of detectors initialized in a separable state which
interact locally with a quantum scalar �eld, to gain information about various properties of
a the �eld and/or the underlying spacetime. In particular we are interested in the resulting
entanglement of the two detectors, and under what circumstances they are able to become,
or cannot become entangled. A secondary question focuses on the detectors themselves,
and asks how can they be tuned to maximize the detection of a �eld of spacetime property,
such as an ultraviolet cuto� or the spacetime curvature.

In chapter 2, we present a brief review of quantum �eld theory, the UDW model and
measures of entanglement, with the goal to provide the background and context of the
results presented in the rest of the thesis. The next four chapters apply the entangling
harvesting protocol to various scenarios in order to explore what can be knowledge can be
gained about the �eld or background spacetime based on the the resulting entanglement
between the detectors, as well as their probability of becoming excited. In chapter 3, the
quantum scalar �eld is bandlimited, so that modes with momentum higher than some
cuto� are not allowed. In chapter 4, we condition the when the detectors interact with
the �eld on the output of a quantum control qubit. Depending on the measurement of the
control qubit, the detectors can be put in a superposition of interacting with the �eld at
di�erent times. This has a signi�cant a�ect on entanglement harvesting. In chapter 5, we
consider a scalar �eld in AdS3. Not only does this introduce curvature, but the detectors
no longer have the same proper time. We analyze a wide parameter space which includes
properties of both the spacetime and detectors. In chapter 6, we present results from the
�rst application of the entanglement harvesting protocol in a black hole spacetime.

The �nal results are presented in chapter 7 where we turn our attention to the UDW
detector itself, and upgrade its center of mass degree of freedom to a quantum variable. This
e�ectively means that there is some uncertainty in the location of the particle. Not only
that, but the wavefunction that describes the position of the detector will evolve in time,
meaning that the detector will coherently delocalize over the coarse of the interaction with
the �eld. We present the e�ects of delocalization on the entanglement harvesting protocol
and show the speci�c limits that recover the \classical" UDW detector case.

Finally, chapter 8 presents the overall conclusions and potential directions for future
work.
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Chapter 2

Fields, Detectors and Entanglement

This chapter will brie
y review the background theory and formalism that provide the
building blocks of the entanglement harvesting protocol. First, we will discuss the basics
of quantum �eld theory [39]. In the next section, we will discuss the Unruh-DeWitt detector
model in both the perturbative and non-perturbative regimes. In the �nal section, we will
review three ways of quantifying the entanglement between a pair of qubits: the negativity,
the entanglement of formation and the concurrence.

2.1 Quantum �eld theory

Starting from the Klein-Gordon equation for a massless scalar �eld in natural units (c =
~ = 1) �

@2

@t2
� �

�
� = 0; (2.1)

we then promote � (x ; t) and it's canonically conjugate momentum� (x; t ) = _� (x ; t) to
operators, which obey the equal time quantization conditions

h
�̂ (x ; t); �̂ (x 0; t)

i
= i � (n)(x � x 0)

h
�̂ (x ; t); �̂ (x 0; t)

i
= 0

[�̂ (x ; t); �̂ (x 0; t)] = 0 : (2.2)
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The Hamiltonian for the second quantization is

Ĥ =
Z

dnx
1
2

�̂ 2(x ; t) +
1
2

�̂ (x ; t)� �̂ (x ; t): (2.3)

We can expand the �eld operator in the particle basis in terms of mode functions
uk (x ; t)

�̂ (x ; t) =
1

(2� )n=2

Z
dnk

�
uk (x ; t)âk + u�

k (x ; t)ây
k

�
(2.4)

where
uk (x ; t) =

1
p

2! k
e� i( ! k t � k �x ) (2.5)

and ! k = jk j is the dispersion relation. The mode functionuk (x ; t) is a positive energy
solution of equation (2.1) with momentumk. The time independentây

k and âk are the cre-
ation and annihilation operators respectively, and they inherent the canonical commutation
relations (2.2)

h
âk ; ây

k 0

i
= � (n)(k � k 0)

[âk ; âk 0] =
h
ây

k ; ây
k 0

i
= 0: (2.6)

We can use the creation and annihilation operators to construct a Fock basis for the Hilbert
space, starting with de�ning the vacuum state,j0i , as the state that is annihilated by all
operatorsâk

âk j0i = 0: (2.7)

From here, we can construct any state with successive applications of the creation operators
to the vacuum. For example

jn1; n2; : : : i =
Y

�

(âk � )n �

p
n� !

j0i (2.8)

is a state with n1 particles of momentumk 1, n2 particles of momentumk 2, and so on.
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Substituting (2.4) into (2.3) gives

Ĥ =
1

(2� )n=2

Z
dnk

2
! k

�
âk ây

k + ây
k âk

�

=
1

(2� )n=2

Z
dnk ! k

�
âk ây

k +
1
2

(2� )n=2� (n)(0)
�

(2.9)

which is divergent do to the � (0) term. This is analogous to the zero point energy of
a quantum harmonic oscillator!= 2; however, we model the quantum �eld as having an
oscillator at every point in space, so it diverges with the volume of the system. Since we
this energy is inaccessible, and we only ever care about energy di�erences, we can safely
remove it. We have

Ĥ =
Z

dnk
(2� )n=2

! k ây
k âk : (2.10)

SinceN̂k := ây
k âk is the number operator for modek , this set of modes diagonalizes the

Hamiltonian.

In curved spacetime, the Klein-Gordon equation is
 

1
p

jgj

@
@x�

g��
p

jgj
@

@x�

!

�̂ (x; t ) = 0 : (2.11)

Again, we choose the ansatz

�̂ (x; t ) =
X

k

uk(x; t )âk + u�
k(x; t )ây

k (2.12)

where theâk and ây
k are constant operators, and the functionsuk(x; t ) are assumed to be

a solution to (2.11).

Substituting (2.12) into the canonical commutation relations, (2.6) imposes the condi-
tion

p
jgjg(x0)0;�

X

k

�
uk(x; t )

@
@x0�

u� (x0; t) � u�
k(x; t )

@
@x0�

uk(x0; t)
�

= i � (n)(x � x0) (2.13)

on the f uk(x; t )g. If the spacetime is globally hyperbolic, that is it possesses a foliation by
Cauchy surfaces, then a set of mode function,f uk(x; t )g, that solves (2.11) and obey (2.13)
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exits. However, they are not unique. Therefore, there are multiple mode expansions for
�̂ (x; t ), each with their own associated raising and lowering operators, and each with their
own vacuum. In general, we will need to choose which vacuum to build on.

2.2 Unruh-DeWitt detectors

The Unruh-DeWitt (UDW) detector [89, 83, 20] serves as a local probe of the �eld. Not
only do they provide a concrete notion of locality, but detectors also provide an operational
de�nition of particle: \a particle is what a particle detector detects" [88]. UDW detectors
are two level quantum systems, qubits, with ground and excited states given byjgi D
and jei D , respectively, and separated by an energy gap of 
D . A pair of detectors couple
locally to a quantum scalar �eld �̂ (x ; t), with D 2 f A; B g. The interaction of each detector
is described, in the interaction picture, by the Hamiltonian

ĤD (� D ) = � D � D (� D )
�
ei
 D � D �̂ +

D + e � i
 D � D �̂ �
D

�

 �̂ (x D (t); t) (2.14)

where � is the coupling strength of the interaction, � D (� D ) is the switching function,
which controls the interaction time, ^� +

D := j1i D h0j and �̂ �
D := j0i D h1j are the SU(2) ladder

operators acting on the Hilbert space of detectorD, and x D (� D ) is the detector's spacetime
trajectory parameterized by its proper time,� D . This model captures most of the features
of the light-matter interaction when no angular momentum is exchanged [49, 2, 62].

The time evolution of the detector-�eld system with respect to the timet is generated
by the unitary operator

Û := T exp
�
� i

Z
dt

�
d� A

dt
ĤA [� A (t)] +

d� B

dt
ĤB [� B (t)]

��
(2.15)

whereT is the time ordering operator.

Following the entanglement harvesting protocol, we consider the detectors to be initially
(t ! �1 ) in the ground state and the �eld initially in the vacuum, so the joint state of
the system is

j	 0i = j0i A 
 j 0i B 
 j 0i � (2.16)

and after the interaction (t ! 1 ), the system is in the state

j	 f i = Û j	 0i =
X

n

Û(n) j	 0i (2.17)
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whereÛ(n) is the nth term in the Dyson expansion of the time evolution operator (2.15)

Û(n) = ( � i)n
Z

tn < ��� <t 1

dt1 � � � dtn Ĥ (t1) � � � Ĥ (tn ) (2.18)

and Ĥ (t) =
P

D 2f A;B g
d� D
dt ĤD [� D (t)].

We are only interested in the subsystem of the two detectors, so the Hilbert space of
the �eld is traced out:

�̂ AB := Tr �
�

j	 f i h	 f j
�

=
X

m;n

Tr �
�
Û(m) j	 0i h	 0j (Û(n))y

�
: (2.19)

It can be seen from equations (2.14) and (2.18) that in the expression̂U(n) j	 0i , the �eld
operator �̂ (x ; t) will be applied to the vacuumn times, and so the only terms that survive
the partial trace and contribute to the partial state are terms wherem and n have the same
parity. Additionally, in the �nal state, Û(n) j	 0i , an evenn results in both detectors being
excited or both remaining in the ground state, and an oddn results in only one detector
being excited. Sincem and n must be both even or both odd, the reduced density matrix
of the two detectors will be of the form

�̂ AB =

0

B
B
@

� 11 0 0 � 14

0 � 22 � 23 0
0 � �

23 � 33 0
� �

14 0 0 � 44

1

C
C
A (2.20)

in the basisfj 0i A 
 j 0i B , j0i A 
 j 1i B , j1i A 
 j 0i B , j1i A 
 j 1i B g.

From here, there are generally two approaches to calculating the �nal state of the two
detectors:

1. Use the Dyson series of the time evolution operator (2.18) to calculate ^� AB to lowest
order in the interaction strength.

2. Couple the detectors to the �eld using Dirac-delta switching and calculate the time
evolution operator (2.15) exactly[77, 76]
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2.2.1 Expansion of the density matrix

Substituting the interaction Hamiltonian given by equation (2.14) into the equation (2.19)
and expanding to the lowest order in the interaction strength gives

�̂ AB = Tr �

h
j	 0i h	 0j

i
+ Tr �

h
1 j	 0i h	 0j Û(2) y

i
+ Tr �

h
Û(1) j	 0i h	 0j Û(1) y

i

+ Tr �

h
Û(2) j	 0i h	 0j 1

i
+ O(� 4)

= j0i A h0j 
 j 0i B h0j + �̂ (0;2)
AB + �̂ (1;1)

AB + �̂ (2;0)
AB + O(� 4) (2.21)

where explicitly

Û(1) = � i
Z 1

�1
dt

d� A

dt
Ĥ [� A (t)] +

d� B

dt
ĤB [� B (t)]

Û(2) = �
Z 1

�1
dt

Z t

�1
dt0

�
d� A

dt
ĤA [� A (t)] +

d� B

dt
ĤB [� B (t)]

�

�
�

d� A

dt0
ĤA [� A (t0)] +

d� B

dt0
ĤB [� B (t0)]

�
(2.22)

From equations (2.21) and (2.22), the reduced density matrix of the two detectors is

�̂ AB =

0

B
B
@

1 � PA � PB 0 0 X �

0 PB C � 0
0 C PA 0
X 0 0 0

1

C
C
A + O(� 4) (2.23)
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where

PD := � 2
D

Z 1

�1
dt

Z 1

�1
dt0 d� D

dt
d� D

dt0
� D [� D (t)]� D [� D (t0)]ei
 D [� D (t )� � D (t0)]W

�
xD (t); xD (t0)

�

(2.24)

C := � A � B

Z 1

�1
dt

Z 1

�1
dt0 d� A

dt
d� B

dt0
� A [� A (t)]� B [� B (t0)]ei[
 A � A (t )� 
 B � B (t0)]W

�
xA (t); xB (t0)

�

(2.25)

X := � A � B

Z 1

�1
dt

Z t

�1
dt0

"
d� A

dt
d� B

dt0
� A [� A (t)]� B [� B (t)]ei[
 A � A (t )+
 B � B (t0)]W

�
xA (t); xB (t0)

�

+
d� B

dt
d� A

dt0
� B [� B (t)]� A [� A (t)]ei[
 B � B (t )+
 A � A (t0)]W

�
xB (t); xA (t0)

�
#

(2.26)

for D; D 0 2 f A; B g.

W
�
x(t); x(t0)

�
=

D
0

�
�
� �̂

�
x (t); t

�
�̂

�
x (t0); t0

� �
�
� 0

E
(2.27)

is the Wightman function, the two-point corrector of the �eld between spacetime points
x(t) and x(t0).

We note that the � 44 term in the density matrix (2.23) is non-zero when expanded to
higher orders in interaction strength. It is [79]

� 44 = jX j2 + jCj2 + PA PB + O(� 6): (2.28)

Tracing out either detector B or detector A gives the reduced density matrix for the
remaining detector

�̂ A = Tr B [�̂ AB ] =
�

1 � PA 0
0 PA

�

�̂ B = Tr A [�̂ AB ] =
�

1 � PB 0
0 PB

�
(2.29)

respectively, so we can interpretPD as the transition probability of detectorD. To leading
order, the term X is a coherence term and encodes the non-local correlations between the
two detectors, and the termC encodes the total correlations [72].

In general, the coupling strength could be di�erent for each detector; however, we will
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take � A = � B = � in order to simplify the parameter space. This is a straightforward
simpli�cation since to lowest order in the coupling strength, measures of entanglement,
such as negativity (2.42) and concurrence (2.53) are proportional to the product� A � B .

2.2.2 Dirac-delta switching

An alternative approach to using perturbation theory to compute the reduced density
matrix of the two detectors is to implement� -switching

� D (t) = � D � (t � TD ) (2.30)

which can be related to the switching chosen used in the previous section by de�ning the
Dirac delta as the weak limit of a normalised Gaussian,

� (x) = lim
a! 0

e� x2=(2a2 )

p
2�a

: (2.31)

Physically, we can interpret this as the time of of interaction being much smaller than any
other relevant scale in the problem.

For both implementations of a � -switching function in this thesis, it is applied to of
a pair of stationary detectors located atx = x A and x = x B respectively in Minkowski
space, and so we are able to simplify the interaction Hamiltonian to

ĤD (t) = � D � D � (t � TD )
�
ei
 D t �̂ +

D + e � i
 D t �̂ �
D

�



Z
dnx FD (x � x D )�̂ (x ; t) (2.32)

where

�̂ (x ; t) =
1

(2� )n=2

Z
dnk

p
2jk j

�
ei( jk jt � k �x ) ây

k + H.c.
�

(2.33)

and we introduce a spatial smearing pro�leFD (x ) to avoid divergences in ^� AB .

The choice of a� -switching function allows for the calculation of the time evolution
operator (eq. (2.15)) exactly. Following the notation of Simidzija and Mart��n-Mart��nez [77,
76], we de�ne detectorA to be the one that switches �rst (TA � TB ) and calculate the
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time-evolution operator as

Û� =
�

1A 
 1B 
 cosh(̂YB ) + 1A 
 �̂ B (TB ) 
 sinh(ŶB )
�

�
�

1A 
 1B 
 cosh(̂YA ) + �̂ A (TA ) 
 1B 
 sinh(ŶA )
�

(2.34)

where
�̂ D (t) = e i
 D t �̂ +

D + e � i
 D y �̂ �
D (2.35)

and
ŶD := � i� D � D �

Z
dnx FD (x � x D )�̂ (x ; TD ): (2.36)

The detector-�eld system is initially in the state j	 0i = jgi A 
 j gi B 
 j 0i � and the �nal
state of the two detector subsystem is

�̂ AB = Tr �

h
Û� j	 0i h	 0j Ûy

�

i
=

0

B
B
@

� 11 0 0 � 14

0 � 22 � 23 0
0 � �

23 � 33 0
� �

14 0 0 � 44

1

C
C
A (2.37)

where

� 11 =
1
4

�
1 + f A + f B cos(2� ) + f A f B cosh(! )

�
(2.38a)

� 14 =
1
4

e� i(
 A TA +
 B TB ) f B

�
i sin(2� ) + f A sinh(! )

�
(2.38b)

� 22 =
1
4

�
1 + f A � f B cos(2� ) � f A f B cosh(! )

�
(2.38c)

� 23 = �
1
4

e� i(
 A TA � 
 B TB ) f B

�
i sin(2� ) + f A sinh(! )

�
(2.38d)

� 33 =
1
4

�
1 � f A + f B cos(2� ) � f A f B cosh(! )

�
(2.38e)

� 44 =
1
4

�
1 � f A � f B cos(2� ) + f A f B cosh(! )

�
(2.38f)
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and we have de�ned

f D := exp
�

� � 2
D � 2

D

Z
dnk
jk j

�
�
� eFD (k )

�
�
�
2
�

(2.39a)

� := � i
h
ŶA ; ŶB

i

= �
i� A � B � A � B

2

Z
dnk
jk j

�
eF �

A (k ) eFB (k )ei jk j(TA � TB )e� ik �(x A � x B ) � H.c.
�

(2.39b)

! := � A � B � A � B

Z
dnk
jk j

�
eF �

A (k ) eFB (k )ei jk j(TA � TB )e� ik �(x A � x B ) + H.c.
�

: (2.39c)

After substituting equations (2.39) into equation (2.37) and tracing out either detector
B or detector A gives the reduced density matrix for the remaining detector as

�̂ A = Tr B [�̂ AB ] =
1
2

�
1 + f A 0

0 1� f A

�

�̂ B = Tr A [�̂ AB ] =
1
2

�
1 + f B cos(2� ) 0

0 1� f B cos(2� )

�
; (2.40)

so we have the transition probability of each detector

PA =
1
2

(1 � f A ); PB =
1
2

�
1 � f B cos(2� )

�
; (2.41)

which are only equal when the �eld commutator, vanishes. Since the time evolution oper-
ator in equation (2.34) is calculated exactly rather than through a Dyson series expansion,
this model allows for the back-reaction of the detectors on the �eld. If detectorA is
in causal contact with detectorB , then B will be interacting with the �eld, which was
modi�ed by A. It is also worth noting that the transition probabilities are independent
of the energy gap of the detector, and so they can be interpreted as both excitation and
de-excitation probabilities.

Finally, we state the no-go theorem described in [77] states that:

A pair of UDW detectors with Dirac-delta switching functions and arbitrary
spatial pro�les and coupling strengths cannot harvest entanglement from a
coherent state of a massless scalar �eld.
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2.3 Quantifying entanglement

One advantage of considering the two level UDW detectors, is that the amount entangle-
ment between a pair of qubits is a relatively straight forward to quantify. We will focus on
two entanglement monotones, the negativity and the concurrence, which itself feeds into
the entanglement of formation.

2.3.1 The negativity

One commonly used measure of entanglement is the negativity [94]. The negativity for a
two qubit system (or a qubit-qutrit system) is an entanglement monotone that is only zero
for separable states and is de�ned as

N (�̂ AB ) :=




 �̂ � A

AB




 � 1
2

=
X

� i < 0

j� i j (2.42)

where � A denotes the partial transpose with respect toA, j�j is the trace norm and the
sum is over the negative eigenvalues of ^� � A

AB .

For a density matrix of the form of equation (2.20), the eigenvalues of ^� � A
AB are

� 1 =
1
2

�
� 22 + � 33 �

q
(� 22 � � 33)2 + 4 j� 14j

2
�

=
1
2

�
PA + PB �

q
(PA � PB )2 + 4 jX j2

�
+ O(� 4)

� 2 =
1
2

�
� 22 + � 33 +

q
(� 22 � � 33)2 + 4 j� 14j

2
�

=
1
2

�
PA + PB +

q
(PA � PB )2 + 4 jX j2

�
+ O(� 4)

� 3 =
1
2

�
� 11 + � 44 �

q
(� 11 � � 44)2 + 4 j� 23j

2
�

= 0 + O(� 4)

� 4 =
1
2

�
� 11 + � 44 +

q
(� 11 � � 44)2 + 4 j� 23j

2
�

= 1 � PA � PB + O(� 4) (2.43)
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The only eigenvalue that can be zero to lowest order in the coupling strength, is� 1, so we
calculate the negativity of the reduced density matrix (eq. (2.23)) as

N (�̂ AB ) = max
�
0; �

1
2

�
PA + PB �

q
(PA � PB )2 + 4 jX j2

��
; (2.44)

which reduces to

N (�̂ AB ) = max [0; jX j � PD ] (2.45)

when the transition probabilities of the two detectors are equal (PA = PB = PD ).

2.3.2 The entanglement of formation and concurrence

Given a density matrix �̂ of a pair of subsystemsA and B, the entanglement of formation,
E f (�̂ ), is de�ned as [9]

E f (�̂ ) := min
X

i

pi E( i ) (2.46)

where the minimization is over all pure-state decompositions of ^� and E( i ) is the von
Neumann entropy of either of the two subsystem

E( i ) = � Tr( �̂ A log2 �̂ A ) = � Tr( �̂ B log2 �̂ B ) (2.47)

and �̂ A and �̂ B are the partial traces ofj i i h i j over subsystemsB and A respectively.
The entanglement of formation has the operational interpretation of the number of Bell
states required to prepare the state� via local operations and classical communication.

For a pair of qubits, the solution to the minimization problem of the entanglement of
formation is

E f (�̂ ) = h

 
1 +

p
1 � C (�̂ )2

2

!

(2.48)

whereh(x) := � x log2(x) � (1 � x) log2(1 � x) and C(� ) is the concurrence

C(�̂ ) := max[0; w1 � w2 � w3 � w4]: (2.49)
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The wi 's are the square roots of the eigenvalues (w1 � w2 � w3 � w4) of the matrix

�̂
�
(�̂ y 
 �̂ y)�̂ � (�̂ y 
 �̂ y)

�
(2.50)

and �̂ y is the Pauli y matrix. Since the entanglement of formation is a monotonically
increasing increasing function ofC and ranges from 0 to 1 asC goes from 0 to 1, the
concurrence is also a measure of entanglement.

For a density matrix of the form of equation (2.20), the (unordered) square roots of
eigenvalues of equation (2.50) are

w1 =
p

� 11� 44 + j� 14j

w2 =
p

� 22� 33 + j� 23j

w3 =
p

� 11� 44 � j � 14j

w4 =
p

� 22� 33 � j � 23j ; (2.51)

so the concurrence is

C(�̂ AB ) = 2 max
�
0; j� 14j �

p
� 22� 33; j� 23j �

p
� 11� 44

�
: (2.52)

If � AB is calculated to lowest order in the interaction strength (2.23), then, using equa-
tion (2.28), the we have

C(�̂ AB ) = 2 max
h
0; jX j �

p
PA PB ; jCj �

p
jCj2 + PA PB + jX j2

i

= 2 max
h
0; jX j �

p
PA PB

i
(2.53)

which also uses the observation that

jCj �
p

jCj2 + PA PB + jX j2 < 0: (2.54)

Written in this form, we can see that the concurrence has a nice physical interpretation: the
detectors are entangled if the nonlocal coherence termjX j dominates the local noise of the
detectorsPA and PB respectively. Finally, we note, that when the transition probabilities
of the detectors are equalPA = PB = PD , the negativity is half the concurrence

N (�̂ AB ) = max[0; jX j � PD ] =
1
2

C(�̂ AB ): (2.55)
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Throughout this thesis, we will generally use concurrence as our choice of entanglement
measure. However in chapters 3 and 7, for reasons of convention, when the transition
probabilities of the detectors are equal and (2.55) holds, we will use negativity.

With the �eld, the detectors and measures of entanglement laid out, we present our
results.
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Chapter 3

Bandlimited Entanglement
Harvesting

One of the most important open problems of modern physics is the question of what is
happening at the highest energy scales where quantum �eld theory and general relativity
are expected to be incorporated into a larger theory of physics. These high energy scales
correspond to the shortest length scales, where it is widely thought that, due to quantum

uctuations of the metric, the notion of space and time break down [34]. Currently, there
are many approaches to consistent theories of quantum gravity that describe the physics at
these length scales, including string theory, loop quantum gravity and many others [68, 14].

It has been shown that if there is a �nite, minimum-length uncertainty in a quantum
�eld, the �eld will obey the Shannon sampling theorem, meaning the continuous �eld can be
reconstructed from a discrete set of sampling points [38]. This also implies the �eld will be
bandlimited. The Shannon Sampling Theorem [75] is a theory in classical information that
provides an equivalence between a continuous and a discrete representation of information.
If a signal f (t) is bandlimited, so that it has no frequencies higher than some �, then
knowing the value of the signalf (tn ) on a lattice of points f tng is enough to reconstruct
the continuous signal for allt provided the average spacing of the lattice is less than or
equal to the Nyquist spacing,�= �. Unlike naively putting a QFT on a lattice, the resultant
bandlimited QFT preserves local Euclidean symmetries, but is still not Lorentz invariant.
However, the conventional momentum cuto� generalizes to a covariant cuto�, where modes
with a wavelength smaller than the cuto� have very small bandwidth and are e�ectively
frozen out [37, 15].

It has been previously shown [64] that applying a conventional bandlimit to a (1 + 1)-
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dimensional scalar QFT results in �eld degrees of freedom that occupy an incompressible
spatial volume. As a result, the two-point correlations of the �eld and entanglement entropy
are modi�ed from the case of no cuto�, with the least modi�cation occurring at distances
of the Nyquist spacing.

However, questions of locality remain, speci�cally in trying in understanding what
happens at volumes smaller than �nite spatial volume of the discrete degrees of freedom.
Detectors, especially when they are pointlike, are local objects, and can be used as a tool
to explore this question. This is the purpose of this chapter and in doing so, we can also
consider a detection of this bandlimit.

3.1 Implementing the bandlimit

The bandlimit,�, is a hard cuto� and is implemented by expanding the �eld operator in
plane-wave modes and cutting o� momenta wherejk j > �:

�̂ � (x ; t) =
1

(2� )n=2

Z

jk j< �

dnk
p

2jk j

�
ei( jk jt � k �x ) ây

k + H.c.
�

: (3.1)

This implementation of the cuto� is not covariant but is chosen this way for ease of calcu-
lation and to follow on from the framework of [64]. Reproducing these calculations with a
fully covariant cuto� [37] is left to future work. That said, we we expect that similar result
will hold in the case of a covariant cuto�, since our UDW detectors only couple to the �eld
for a �nite time due to the switching function, and modes with a small bandwidth would
be further suppressed.

3.2 The density matrix �̂ AB

With the �eld operator (3.1), the interaction Hamiltonian for a single stationary detector
located at x = x D becomes

ĤD (t) = �� D (t)
�
ei
 D t �̂ +

D + e � i
 D t �̂ �
D

�



Z
dnx FD (x � x D )�̂ (x ; t)

= �� D (t)
�
ei
 D t �̂ +

D + e � i
 D t �̂ �
D

�



Z

jk j< �

dnk
p

2jk j

�
eF �

D (k )ei[ jk jt � k �x D ]ây
k + H.c.

�
(3.2)
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where we have included a spatial smearing function for the detectorFD (x ) and

eFD (k ) =
1

(2� )n=2

Z
dnx FD (x )eik �x (3.3)

is the Fourier transform of that spatial pro�le.

Mathematically, as was shown in [25], the hard momentum cuto� in the interaction
Hamiltonian (3.2) can be absorbed into the de�nition of the spatial pro�le:

ĤD (t) = �� D (t)
�
ei
 D t �̂ +

D + e � i
 D t �̂ �
D

�



Z
dnk

p
2jk j

�
�

jk j
2�

� �
eF �

D (k )ei[ jk jt � k �x D ]ây
k + H.c.

�

= �� D (t)
�
ei
 D t �̂ +

D + e � i
 D t �̂ �
D

�



Z
dnk

p
2jk j

�
eG�

D (k )e� [jk jt � k �x D ]ây
k + H.c.

�
(3.4)

where the new spatial pro�le is

G(x ) = F (x ) �
1

(2� )n=2

Z
dnk �

�
jk j
2�

�
e� ik �x (3.5)

and �( k) is the rectangle function

�( k) :=

8
><

>:

0; jkj > 1
2

1=2; jkj = 1
2

1; jkj < 1
2

(3.6)

In 3 dimensions, its inverse Fourier transform is

F � 1

�
�

�
jk j
2�

��
=

r
2
�

� 2 j 1
�
� jx j

�

jx j
(3.7)

wherej 1(r ) is the order-1 spherical Bessel function of the �rst kind.

By writing the interaction Hamiltonian in this way, it is made clear that an alternative
interpretation of the hard bandlimit k < � is the pair of detectors that interact with a non-
bandlimited (� ! 1 ) massless scalar �eld have the spatial pro�le given by equation (3.7).
Since the rectangle function is compact ink-space, the modi�ed spatial pro�le in not
compact|even if the initial pro�le F (x ) was compact or even point-like.

We will now consider (3 + 1)-dimensional Minkowski space and take the two UDW
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Figure 3.1: The transition probability PD of a single point-like detector as a function of
is energy gap 
 at various values of the bandlimit � of the �eld. A negative energy gap
corresponds to an initially excited detector. When the energy gap of the detector is larger
than the bandlimit, the transition probability of an initially excited detector rapidly falls
o�. When there is no bandlimit, the transition probability grows with energy gap.

detectors to be separated by a distanceS := jx A � x B j. We will consider the detectors to
be point-like

FD (x � x D ) = � (3) (x � x D ) (3.8)

and have identical energy gaps 
A = 
 B = 
, and we will take the switching function to
be a Gaussian with characteristic width� :

� D (t) = exp
�

�
t2

2� 2

�
: (3.9)
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With the �eld (3.1), the Wightman function (2.27) becomes

W
�
x(t); x(t0)

�
=

D
0

�
�
� �̂

�
x ; t

�
�̂

�
x 0; t0

� �
�
� 0

E

=
Z

jk j< �

d3k
p

2jk j

Z

jk 0j< �

d3k 0

p
2jk 0j

*

0

�
�
�
�
�

�
ei( jk jt � k �x ) ây

k + e � i( jk jt � k �x ) âk

�

�
�

ei( jk 0jt0� k 0�x 0;) ây
k 0 + e � i( jk 0jt0� k 0�x 0;) âk 0

�
�
�
�
�
�
0

+

=
Z

jk j< �

d3k
p

2jk j

Z

jk 0j< �

d3k 0

p
2jk 0j

e� i( jk jt � k �x )ei( jk 0jt0� k 0�x 0;) âk 0

D
0

�
�
� âk ây

k 0

�
�
� 0

E

=
Z

jk j< �

d3k
2jk j

e� i jk j(t � t0)eik �(x � x 0) (3.10)

Now we can calculate the matrix elements in equations (2.24) and (2.26) as

PA; � = PB; � = PD; � =
� 2

4�

�
e� � 2 
 2

� e� � 2 (
+�) 2
+

p
�� 


�
erf(� 
) � erf

�
� (
 + �)

�� �

(3.11)

X � =
� 2�

4
p

�S
e� � 2 
 2

e� S2=(2� )2

�
er�

�
S
2�

�
� Re

�
er�

�
S
2�

+ i � �)
���

+ i
� 2� 2

2�S
e� � 2 
 2

Z �

0
dk e� � 2k2

er�( �k ) sin(Sk) (3.12)

where the subscript � is used as a reminder that the scalar �eld is bandlimited,

erf(x) :=
2

p
�

Z x

�1
dt e� t2

(3.13)

is the error function , and er�(x) := � i erf(ix).

Using the large-x expansion of

er�( x) =
2

p
�

ex2

x
+ O

�
1
x3

�
(3.14)
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the imaginary part of X � can be approximated as

Im(X � ) �
� 2� 2

2�S
e� � 2 
 2

� Z 1

0
dk e� � 2k2

er�( �k ) sin(Sk) �
1

p
�

Z 1

�
dk

sin(Sk)
�k

�

=
� 2� 2

4�
e� � 2 
 2

jSj

�
e� S2=(2� )2

� 1 +
2
�

Si
�

jSj �
�
�

(3.15)

where Si(x) is the sine integral

Si(x) :=
Z x

0
dt

sint
t

provided � � � 1. We �nd good agreement between this approximation and numeric
integration of (3.12) when � � > 5.

3.3 Transition probability

First we consider the dependence on the transition probably of a single detector on its
energy gap, 
, and the bandlimit of the quantum �eld, �, which is shown in �gure 3.1.
When the detector is initially in the ground state, the transition probability falls o� expo-
nentially with increasing energy gap. Additionally, as shown in the inset of �gure 3.1(a), a
small bandlimit lowers the transition probably, and this e�ect is strongest for small values
of the energy gap due to the exponential suppression. We also �nd that for values of the
bandlimit larger than � � � 2, the transition probability (from the ground to the excited
state) is nearly indistinguishable from the non-bandlimited case regardless of the energy
gap.

In order to better understand this behaviour, it is useful to write the transition probably
in terms of the non-bandlimited case as

PD; � (
) = PD; 1 (
) � PD; 1 (
 + �) �
� 2� �
4
p

�
erfc

�
� (
 + �)

�
(3.16)

where erfc(x) := 1 � erf(x). Since the bandlimit enters the expression like a modi�ed
energy gap, it is easy to see that for large values, bothPD; 1 (
 + �) and erfc

�
� (
 + �)

�

are exponentially suppressed andPD; � (
) � PD; 1 (
).

If the detector was initially excited, which is mathematically equivalent to taking 
 < 0,
the transition probability increases linearly with increasing energy gap up to a maximum
value after which it exponentially falls o�, which is seen in the negative-
 regions of
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�gure 3.1. As the bandlimit is increased, we �nd that the maximum value of de-excitation
probability occurs at larger (more-negative) values of energy gap and that the fallo� after
is sharper.

We de�ne 
 crit to be the value of energy gap associated with the maximum de-excitation
probability. Since the transition probability falls o� so rapidly when j
 j < j
 crit j, this
energy gap can be interpreted as the largest energy gap for which exited detectors are
able to decay into the bandlimited �eld (any larger and the de-excitation probability is
exponentially suppressed). This is not surprising, since bandlimiting the �eld also puts
limits on the frequency of modes that exist in the theory, and since we have only calculated
the reduced density matrix to lowest order in the coupling constant, we only consider single-
mode de-excitations. In order to decay into the ground state, the detector must emit a
�eld quanta of greater energy than is allowed by the �eld theory.

The dependence of the 
crit and the bandlimit of the scalar �eld is plotted in �gure 3.2,
where the detector is assumed to be initially excited. 
crit grows with nearly the same
rate as the bandlimit of the �eld. The most discrepancy occurs at small values of 
�
where there is a high degree of quantum uncertainty in the e�ective energy gap of the
detector. At large values of 
crit and �, the relationship approaches the linear relationship

 crit = � � 2=� .
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Figure 3.2: The energy gap of the detector corresponding to the maximum de-excitation
probability as a function of the bandlimit (red solid line). The de-excitation probability
rapidly falls o� for detectors with energy gaps greater than this critical value. The black
dotted line corresponds to a line of best �t 
Crit = � � 2=� .

3.4 Negativity

Now we consider the entanglement between two identical detectorsA and B, which are
initialized in the ground state and separated by a distanceS. We have found that the
dependence of the negativity on the energy gap of the detectors is qualitatively the same
across a wide range of value of the bandlimit. The actual values of the negativity at given
value of 
 are much lower than the non-bandlimited case for a small enough value of �,
and as � increases, the negativity oscillates around the non-bandlimited value. For this
reason we only consider detectors with an energy gap of 
� = 0:01 throughout this section.

In �gure 3.3 we plot the dependence of the entanglement harvested on the bandlimit
and the separation of the detectors. When the detectors are held a �xed separation of
S� � 1:5, marked by the third red line, there are striking oscillations in the contours.
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Figure 3.3: The negativity of the reduced density matrix for the detectors' internal states,
N (�̂ AB )=� 2, as a function of detector separationS and the bandlimit � of the �eld when
the detectors have an energy gap of 
� = 0:01. The darkest region corresponds to a value
of zero negativity when the two detectors remain in a separable state. The red dashed
lines mark the constant separation slices shown in �gure 3.4.

These oscillations also exist for any values of �xed detector, but are not visible due to the
scale of the plot.

To highlight these oscillations, we plot the negativity as a function of bandlimit, for
three values of �xed detector separation, in �gure 3.4. For values of separation where entan-
glement harvesting is possible in the non-bandlimited case (�gures 3.4(a) and 3.4(b)), we
�nd the negativity increases with increasing values of the bandlimit up to some maximum
value. As the bandlimit increases further, the negativity will exhibit damped oscillations
around the non-bandlimited value. The frequency of these oscillations increases as the
detector separation is increased.

These oscillations can also be present when separation of the detectors is too large for
entanglement harvesting to be possible in the non-bandlimited case, which we show in
�gure 3.4(c). In this case, the damped oscillations that are still present in the function
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Figure 3.4: Red solid line: The negativity of the reduced density matrix,N (�̂ AB )=� 2, as a
function of the bandlimit �. Black dashed line: The value of the negativity when there is
no bandlimit (� ! 1 ). The detector energy gap is set to 
� = 0:01.

jX j � PD are cuto� for negative values, but remain whenjX j > P D . This results in values
of the bandlimit where entanglement harvesting is possible, even if it not possible when
there is no bandlimit.

In �gure 3.5, we plot the reduced density matrix as a function of detector separation
at a �xed bandlimit of � = 50 � and � ! 1 . Similar to the plots in �gure 3.4, we �nd the
negativity exhibits damped oscillations around the non-bandlimited curve. Interestingly,
we also �nd that these oscillations match up with the oscillations on the e�ective spatial
pro�le (equation (3.7)), which implies that the oscillations in negativity may be a result of
increased/decreased overlap of the detectors' e�ective spatial pro�les.

Since neither the transition probability of the detectors nor the real part of the ma-
trix element X � depend signi�cantly on the bandlimit when it is larger, the oscillatory
behaviour in both �gures 3.4 and 3.5 must be due the imaginary part ofX , and can be
approximated as resulting from the Si(S�) term in equation (3.15). Therefore, the oscil-
lations with respect to � in the imaginary part of X can be shown to be upper bounded
by

� 2�
2� 3=2

e� � 2 
 2

S2�
+ Im( X 1 ): (3.17)

Using this envelope, it is possible to tune the separation of a pair of detectors of �xed
energy gap so that the entanglement between them is zero for all values of the bandlimit
greater than some chosen threshold and non-zero forsome values of the bandlimit less
than that threshold. In other words, for a chosen value of �threshold and a given value of 
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(or S), �nd a value of S (or 
) so that

PD; � threshold =

�
�
�
�
�
Re (X � threshold ) + i

 
� 2�

2� 3=2

e� � 2 
 2

S2� threshold
+ Im( X 1 )

! �
�
�
�
�

(3.18)

is satis�ed. It is important to note that if only one pair is used, then there will be regions
of be zero negativity at some values of �< � threshold . For example, consider a value of
� � = 4 in �gure 3.4(c); the negativity N � = 0 for this particular choice of bandlimit, even
if it is possible for the detectors to become entangled if the bandlimit were higher.

However, it is possible to build up an array of such pairs of detectors, each with di�erent
energy gaps and at di�erent values of separation, so that that the frequency of oscillations
in negativity are di�erent. This can be used to �ll in the gaps of each individual curve
and in principle test if a quantum �eld has a bandlimit � < � threshold . An example of
such an array is shown in �gure 3.6. For all detector con�gurations, the (S;
) pairs,
considered in this �gure, entanglement harvesting is not possible for values of the bandlimit
� > � threshold = 20=� . However, for values of bandlimit � < � threshold , there is at least one
detector con�guration where the negativity is non-zero, indicating entanglement harvesting
is possible. If at least one of the detector con�gurations is able to become entangled after
interacting with the �eld, then it must be because � < � threshold , and if none of the detector
con�gurations become entangled, then it can be concluded that �> � threshold .
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Figure 3.5: Red solid line: The negativity of the reduced density matrix,N (�̂ AB )=� 2,
as a function of the detector separationS when the bandlimit is set to � � = 50. Black
dashed line: The negativity as a function of detector separation when there is no bandlimit

(� ! 1 ). Blue dashed line: A plot of the e�ective spatial pro�le G =
q

2
� � 2 j 1 (� S)

S for

� � = 50 scaled by a factor of 1/300 for ease of plotting. The energy gap is set to 
� = 0:01.
The overall decay of the bandlimited plot matches the decay of the non-bandlimited one,
and oscillations in the bandlimited plot match up with the oscillations in the e�ective
spatial pro�le.
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Figure 3.6: An array of detectors with properly tuned energy gaps are set at di�erent
separation distances so that equation (3.18) is satis�ed at �threshold � = 20. If the negativity
of any one of the pairs of detectors (each corresponding to a di�erent experiment) is non-
zero, then � < � threshold , since this will indicate entanglement harvesting is possible for
larger values of detector separation than predicted by a non-bandlimited theory.
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3.5 Going beyond perturbation: � -switching

Now we consider� -switching for a non-perturbative approach. This construction of the
time-evolution unitary (2.34) will allow for interactions involving more than one �eld quan-
tum, and in particular allow for multi-mode de-excitations.

In order to compare to our perturbative results, we again consider (3 + 1)-dimensional
Minkowski space and take the UDW detectors to be identical (
A = 
 B = 
), at rest in
a common reference frame, and separated by a distanceS. To avoid divergences in� and
! in the non-bandlimited limit, we set the spatial pro�le of the detectors to be Gaussian

FD (x ) =
1

(2� )3=2a3
exp

�
�

x 2

2a2

�
(3.19)

rather than point like. The construction of the density matrix �̂ AB continues on from
section 2.2.2. With the dimensionality and spatial pro�le speci�ed, the matrix-element
functions (2.39) become

f A = f B = f = exp
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whereT := TB � TA .

3.5.1 One detector

First, we consider the delta-switching interaction of a single detector with a bandlimited
scalar �eld. Since the bandlimit acts as an e�ective spatial pro�le, we can safely take the
the a ! 0 limit of the equation (3.19) and again consider a point-like detector. In this

31



Figure 3.7: The transition probability of a single detector interacting with a bandlimited
scalar �eld with delta switching as a function of the bandlimit � for various widths of the
spatial pro�le. As the bandlimit increases, the transition probability quickly asymptotes
to the non-bandlimited (� ! 1 ) value. The right hand �gure details the asymptotic
behaviour of the narrow (a = 0:001� and a = 0:2� ) detectors. The interaction strength is
set to � = 1.

limit, the transition probability is

lim
a! 0

PA; � =
1
2

�
1 � exp

�
�

� 2� 2� 2

2�

��
: (3.21)

We note that due to the exponential decay off with increasing � the transition probability
of a single point-like detector interacting with a non-bandlimited �eld limit of

lim
� !1

1
2

�
1 � exp

�
�

� 2� 2� 2

2�

��
=

1
2

: (3.22)

Additionally, this limit is well de�ned; taking the limits in the other order (�rst � ! 1
then a ! 0) produces the same result.

One does not need to take limits of equation (3.20a) to calculate the transition probabil-
ity of a point-like ( eF (k ) = (2 � )� n=2) detector in a non-bandlimited �eld, and can directly
consider equation (2.39a), which is

PA; 1 =
1
2

�
1 � exp

�
�

2�� 2� 2

(2� )n

Z
dnk
jk j

��
=

1
2

(3.23)
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provided n � 2. In other words, if a two level detector is initialized in the ground (or
excited) state and is coupled to the �eld at a single point in space and time, the result
would be the completely mixed state.

This is still consistent with the conventional idea that the transition probability of
point-like detector with delta switching will diverge [60] if one considers the perturbative
calculation, since to lowest order in the coupling strength

PA; 1 �
2�� 2� 2

(2� )n

Z
dnk
jk j

! 1 : (3.24)

This divergence is solely a mathematical artefact of using perturbation theory, however.
The physical behaviour in this case (interaction at a single spacetime point) is in fact well
de�ned, �nite, and given by equation (3.23).

In �gure 3.7, we plot the dependence of the transition probability of a single detector
with various widths of its Gaussian spatial pro�le interacting with delta switching on the
bandlimited scalar �eld. Since there is no dependence on the energy gap of the detector,
this can be interpreted as either the probability of excitation or de-excitation. Regardless
of the width of the detector, the transition probability increases with increasing value of
the bandlimit and asymptotes to the non-bandlimited value.

We make comparisons to section 3.3 by considering the small-� limit where the unitless
energy gap 
� will also be close to zero. In this regime, the dependence of the transition
probability on the bandlimit can be best seen in the inset of �gure 3.1(b). Here, the same
behaviour is seen: when the bandlimit is small, the transition probability of the detector
is increased when the bandlimit is increased. But larger values of the bandlimit transition
probability are indistinguishable from the non-bandlimited (� ! 1 ) case.

The width of the detector determines how quickly the transition probability approaches
its corresponding non-bandlimited values, which can be seen in �gure 3.7. When the spatial
pro�le of the detector is relatively wide and the width is increased, the transition probability

attens out and approaches its asymptotic value at lower values of the bandlimit. However,
when the spatial pro�le is very narrow, as seen in �gure 3.7(b), the transition probability

attens for the detector with a width of a = 0:001� at a smaller value of the bandlimit
than the detector with a width of a = 0:2� .

This observation is made more precise in �gure 3.8, where we plot the bandlimit,
denoted � Max , for which the absolute di�erence between the transition probability and its
corresponding non-bandlimited value is equal to a chosen tolerance as a function of the
width of the spatial pro�le. This quantity was chosen for two reasons. First, it provides a
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concrete measure of determining that the transition probability is \close" to its asymptotic
value. Second, from an operational perspective the tolerance can be interpreted as the
resolution of some experiment where UDW detectors are used to determine the bandlimit
of the �eld.

We �nd that for all three values of the chosen tolerance, the behaviour of the absolute
di�erence is the same. When the spatial pro�le is vary narrow, increasing the width of the
pro�le actually increases the value of �max up to a maximum value that occurs ata � 0:2� .
As the width is increased further, the value of �Max rapidly decreases.

The region where increasing width decreases �Max is easily explained by naively looking
at equation (3.5). When the bandlimit is large enough such that1� � a, the e�ective pro�le,

G(x ) =
e� a2 � 2=2

(2� )3=2a3

"

e(a4 � 2 � x 2 )=(2a2 ) Re
�

erf
�

a2� + i jx j
p

2a

��
�

p
2a�

p
�

sinc
�
� jx j

�
#

; (3.25)

will be dominated by the spatial pro�le of the detector, and the transition probability will
be nearly the same as the non-bandlimited case. However, when the width of the spatial
pro�le is very small, the complicated relationship between the width and the bandlimit in
the e�ective spatial pro�le leads to the increase in sensitivity with increasing width. The
takeaway message is this: When comparing detectors with a Gaussian pro�le and delta
switching, the detector most sensitive to the bandlimit is not the one with the narrowest
pro�le, as one may naively think, but rather one with a width of approximatelya � 0:2�

3.5.2 Two detectors

The no-go theorem described in for entanglement harvesting [77, 76] described in sec-
tion 2.2.2 holds for any arbitrary spatial pro�le. Therefore, the bandlimit|which is math-
ematically equivalent to a spatial pro�le|will not make a di�erence on the entanglement
harvested (none).

One can still look a the transition probability of the second detector, detectorB , which
depends on the e�ective �eld commutator through the parameter� . In �gure 3.9(a), it
is shown that � , when plotted as a function of the bandlimit exhibits damped oscillates
with frequencies at (S � T). By studying the parameter space, we have found that when
the spatial pro�le of the detector is made smaller, the oscillations decay more slowly, and
in the limit of point-like detectors, a ! 0, the oscillations do not decay. In this limit, �
reduces to

lim
a! 0

� =
� 2� 2�
2�S

�
sinc

�
�( T + S)

�
� sinc

�
�( T � S)

��
(3.26)

34



which is simply the di�erence of the one-dimensional Fourier transforms of the rectangle
function �( k=(2�)) evaluated at ( T + S) and (T � S).

The oscillations in � are observable in the transition probability of the second detector
when the bandlimit is small, and as shown in the inset of �gure 3.9(b), and these can
result in a transition probability greater than 1=2, the largest transition probability of
a single detector. However, when the bandlimit is increased, the transition probability
exponentially approaches its non-bandlimited quantity at the same rate as a single detector,
and the oscillations resulting from� are exponentially suppressed. If the bandlimit is small,
then a second detector with instantaneous switching can be used to give some insight into
the commutator between the two detectors, but if the bandlimit is large, then a second
detector will not provide any advantage.
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Figure 3.8: The value of the maximum bandlimit �Max such that the di�erence between the
transition probability in the bandlimited �eld and non-bandlimited �eld

�
jPA; � Max � PA; 1 j)

is equal to a speci�ed (arbitrary) tolerance (0.02, 0.01, 0.005) as a function of the width of
the spatial pro�le of the detector. When the bandlimit is larger than � Max , the di�erence
will be less than the tolerance. For all three values, a maximum occurs near at width
of a � 0:2� , indicting the transition probability of a detector with this width is more
sensitive to the bandlimit than a wider or narrower detector. The interaction strength is
set to � = 1.
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Figure 3.9: A plot of (a) the parameter � , which is proportional to the e�ective �eld
commutator between detectorsA and B, and (b) the transition probability of detector B
as a function of the bandlimit �. The negative values in the parameter� result in values of
PB > 1

2 . Although � shows dependency on the bandlimit over a large range, we �nd that
PB; � is only sensitive to the bandlimit when it is small (� < 7� ). The width of the spatial
pro�le is set to a = 0:01� , the detectors have a time delay ofT = � and a separation of
S = 0:8� , and the interaction strength is set to� = 1.
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3.6 Summary of results

We have studied the entanglement harvesting protocol and response of two UDW detectors
interacting with a conventionally bandlimited (3+1)-dimensional scalar �eld, where modes
with jk j � � do not exist. We �nd that the application of this cuto� is equivalent to
modifying the spatial pro�le of the UDW detector by convolving it with the dimensionally
appropriate Fourier transform of the rectangle function. This interpretation results in a
non-local detector interacting with a non-bandlimited scalar �eld. On the other hand, if the
detectors were interpreted as local, then the degrees of freedom of the �eld are non-local.
The two perspectives are entirely equivalent.

When a point-like detector couples to the bandlimited �eld with Gaussian switching,
we �nd to lowest order in the coupling strength that the probability of excitation is reduced
compared to the non-bandlimited value. The e�ect only becomes pronounced, however,
when the bandlimit is very small. We �nd, for all values of the bandlimit, when the
detector is prepared in the excited state, the de-excitation probability increases linearly
with increasing values of the energy gap of the detector, until the energy gap is slightly
smaller then the bandlimit of the �eld. For larger energy gaps, the de-excitation probability
exponentially falls o� to nearly zero. The interpretation of this is that, to lowest order,
the detector must emit a single phonon in order to decay, but if the energy gap is larger
than the bandlimit, the emitted photon cannot propagate in the �eld.

We also note that it is possible for a pair of point-like UDW detectors, coupling with
Gaussian switching, to harvest entanglement from the vacuum of the bandlimited scalar
�eld at larger separation distances than in the ordinary case of a �eld without a bandlimit.
The enhancement results from oscillations in the imaginary part of the coherence term
of the two detectors, which can be interpreted as resulting from the overlap of the non-
local e�ective spatial pro�le of the detectors. By taking advantage of the enhancement
in entanglement harvesting, one can in principle take an array of pairs of detectors, with
speci�c energy gaps and separations, and put bounds on the bandlimit of a quantum �eld.

Finally, we use a Dirac-delta switching function to couple two detectors with Gaussian
spatial pro�les to the �eld at a single instance in time, which allows for non-perturbative
solutions. Again, we �nd that the transition probability of the �rst detector is lower when
the �eld is bandlimited, and the e�ect is much more apparent when the bandlimit is small.
Surprisingly, the transition probability of a detector is most sensitive to the bandlimit
when the detector's width is small|but not too small. We also �nd that the transition
probability of the second detector has a similar dependence on the bandlimit: any changes
are due to the e�ective �eld commutator between the two detectors.
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Chapter 4

Inde�nite Temporal Ordering

The relationship between e�ects and causes is foundational to our everyday experience and
is rooted in the basic laws of physics as we presently understand them. Both in classical
and quantum physics, events happen in a �xed causal order.

One of the more intriguing proposals put forward in recent years, is that quantum
physics may admit nonclassical causal structures where the order of events is inde�nite [28,
17, 18, 56]. Apart from advantages a�orded in computation [5, 16] and communication [23,
26, 21, 73, 27], the incorporation of this idea into the foundations of physics may provide
new insights toward realizing a quantum theory of gravity [28, 98, 59]. This idea has
become known as \Inde�nite Causal Order", or ICO.

Recently a scenario featuring an inde�nite causal order of events has been experimen-
tally realized in the form of a quantum switch [63, 69, 24]. In this setting the order in
which two quantum operationsA and B are performed on some target is coherently con-
trolled by a quantum system, placing the order of operations in temporal superposition [1].
An ordinary quantum circuit using the same number of operations cannot reproduce the
e�ects of the quantum switch [17, 5].

Little is known about how ICO a�ects quantum entanglement, particularly entangle-
ment of quantum �elds. The vacuum state of a free quantum �eld has long been known
to contain correlations between timelike and spacelike separated regions [84, 83], and it is
of foundational interest to understand how such correlations are a�ected by ICO. We will
use UDW detectors to explore whether ICO can provide an advantage to the amount of
entanglement generated by the detectors interacting locally with a quantum scalar �eld.
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Figure 4.1: Left: scenario (i) in which the two detectors are in a superposition of being
active either both in the past or both in the future, controlled by the state of the control
qubit j0i or j1i respectively. In this case the spacetime activation regions for the two
detectors are spacelike in both branches of the quantum superposition. Right: scenario (ii)
with inde�nite causal order. In this case the two detectors are active when timelike related.
The quantum superposition between \A beforeB" and \ B beforeA" is controlled by the
state of the control qubit j0i or j1i respectively. Note that in the main text, scenario (ii)
also encompasses the case of space-like separated detectors whereA and B are placed at
di�erent slices of constant time.
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4.1 Quantum control of two UDW detectors.

We consider a composite system formed by two pointlike UDW detectors, which are locally
coupled to a real scalar �eld, whose Hamiltonian is

Ĥ I (t) =
X

D = A;B

X

i =0 ;1

�� D;i (t)(ei 
 D t �̂ +
D + e� i 
 D t �̂ �

D ) 
 �̂ (x D ; t) 
 j i i C hi j (4.1)

wherei = 0; 1 is determined by the computational basis statesfj 0i ; j1ig of a control qubit
(system C henceforward) that governs the switching functions,� D (t), of the detectorsA
and B. Placing the initial state of the qubit in a coherent superposition of the computa-
tional basis states will thus give rise to a superposition of di�erent switching times of the
two detectors. We shall focus on two scenarios, depicted in Fig. 4.1, which allow us to
probe two distinct physical situations. Without loss of generality in all cases considered
we assume a �xed but arbitrary foliation of 
at spacetime into space-like slices (hypersur-
faces), each associated with a di�erent time coordinate. Furthermore, in all scenarios each
detector is switched on exactly once.

In the �rst scenario (i) detectors A andB are switched on jointly on a common space-like
slice, but in a quantum-controlled superposition of two slices associated with di�erent times.
We call this scenario apast-future (PF) superposition. The terms `past' and `future' refer
to the relation between the superposed switching times. This case allows us to probe how
entanglement between space-like regions of the �eld is a�ected by quantum delocalization
of these regions in time.

In the second scenario (ii) detectorA is switched on on the past slice andB on the
future slice, in superposition withA and B interchanged. We call this scenario acause-
e�ect (CE) superposition, since for time-like separation between the involved regions the
relation betweenA and B is causally inde�nite { we have a superposition ofA in the past
causal cone ofB and vice versa.

One might think that scenario (ii) when A and B are space-like separated is equivalent
to scenario (i), whereA and B are switched on simultaneously { since for space-like sepa-
rated regions one can �nd coordinates in which the switching is simultaneous. Despite this
fact, there is no equivalence between these scenarios: in (i) the switching is simultaneous
in each superposed amplitude (albeit at di�erent times) whereas choosing coordinates in
scenario (ii) so that A and B are simultaneous for one amplitude will result inA being
before or afterB in the other amplitude, illustrated in �gure 4.2, left panel. In other words,
A; B are simultaneous in superposition withA earlier than B (or B earlier than A). An
analogous di�erence arises if we try to change coordinates in scenario (i) so as to map it
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Figure 4.2: It is not possible to map scenarios (ii) and (i) to each other. Left panel: when
trying to map scenario (ii) to (i) we can make makeA and B simultaneous only in one of
the superposed amplitudes { rather than in each of them, as required in scenario (i). Right
panel: when trying to map scenario (i) to (ii) we can make makeA from one amplitude
simultaneousB from the other amplitude, but we do not end up with a superposition of
A earlier than B and B than A { in each amplitude A will be switched on earlier thanB
(or in each amplitudeB will be earlier than A). In both panels, x coordinates (black solid
lines) make pastA and pastB simultaneous and futureA and future B simultaneous, the
x0 coordinates (grey dashed lines) make pastA simultaneous with future B and the x00

coordinates (red dotted lines) make futureA simultaneous with pastB .

to scenario (ii). Using coordinates in whichA from one amplitude is simultaneous withB
from the other amplitude { as it is in case (ii) { actually yields a di�erent scenario: where
in each amplitudeA is switched on beforeB (or B beforeA { depending which amplitude
is chosen to de�ne simultaneity) { see also �gure 4.2, right panel. In other words, we end
up with A before B in superposition with A before B but both switched on some time
later (or B beforeA in each superposed amplitude). Recall, however that in scenario (ii)
we have a superposition ofA switched on beforeB and B beforeA. Thus, even in case
of space-like separation between the relevant regions, the two scenarios (i) and (ii) are not
equivalent { there is no single coordinate transformation that allows one to map them onto
each other.
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We will take the background space time to be Minkowski and proceed following the
standard entanglement harvesting protocol. First we take the initial state ofABC and
�eld that we chose as

�̂ 0 =
1
2

X

i;j

jgi A hgj 
 j gi B hgj 
 j 0i � h0j 
 j i i C hj j ; (4.2)

that is, both detectors in the ground state, �eld in its vacuum state, and the control qubit in
the j+ i state. Next the system evolves through the time evolution operator given by (2.15)
which we expand in a Dyson series (2.18). The next step is to trace over the �eld degrees
of freedom and obtain the reduced density matrix of the 3 qubit subsystem to lowest order
in interaction strength.
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which takes the form
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where forD = A; B
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in the f j 0i A j0i B ; j0i A j1i B ; j1i A j0i B ; j1i A j1i B g basis and theYii terms satisfy the identity
that Yii + Y �

ii = � (PA;ii + PB;ii ).

It is worth pointing out that even if the control qubit were measured in thej�i basis,
the matrix elements X and Y will not contain cross terms as a consequence ofÛ(2) not
containing cross terms
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Directly applying Û(2) to �̂ 0 and tracing out the �eld gives
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This seems to imply that non-local correlations are not a�ected by the causal ordering to
lowest order in the interaction strength.

4.1.1 Measuring the control

The state of the control qubit (C) governs the choice of scenario. Consider �rst scenario
(i) illustrated in the left panel in Fig. 4.1. We see that Supp(� A;i) = Supp( � B;i) for
i = 0; 1. Contrast this with the right panel of Fig. 4.1 depicting scenario (ii), where now
Supp(� A;i) = Supp( � B;j ) for i 6= j . We eliminate the control qubit by either tracing it out
or measuring it in the basisfj + i ; j�ig . Our notation applies to both scenario by just a
di�erent labelling of the switching functions.

Tracing out the control qubit yields

�̂ (Tr)
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B
B
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@

1 �
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; (4.11)
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where

P (Tr)
D =

1
2

(PD; 00 + PD; 11) (4.12)

C(Tr) =
1
2

(C00 + C11) (4.13)

X (Tr) =
1
2

(X 00 + X 11): (4.14)

The results is a classical (probabilistic) mixture oftwo detectors active only once, either
spacelike related (i), or timelike related (ii), since the reduced state in Eq. (4.11) is the
mixture (with equal weights) of the classical case in which both detectors are active only
once. This should have been expected. Indeed, borrowing some intuition from the process
matrix formalism [56], the situation is similar to thequantum switchin which an inde�nite
causal order is present only if the control qubit is allowed to quantum interfere [18, 63, 69,
24]. Tracing out the control qubit corresponds to losing the coherence of the superposition,
e�ectively yielding `which-when' information about detector activation and thus remaining
with a classical mixture.

Conversely, measuring the control qubit in thefj + i ; j�ig basis and retaining, e.g., the
j+ i results, allows the control qubit to interfere, yielding
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(4.15)

where now

P (+)
D =

1
4

(PD; 00 + PD; 01 + PD; 10 + PD; 11) (4.16)

C(+) =
1
4

(C00 + C11 + C01 + C10): (4.17)

We see that, while theX terms are the same whether we trace out the control qubit or
let it interfere, the other terms in the density matrix di�er in the two cases. In particular,
in �̂ (+)

AB there appear termsPD;i 6= j and Ci 6= j that contain two-point correlation functions of
the �eld between two di�erent spacetime regions in which the same detector or both the
detectors are activated in superposition. These quantum interference terms are signatory
of the coherence of the superposition. It should be noted that, without the controlled
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superposition the �eld correlations contained in the interference terms would not be ac-
cessible with a single use of each detector. By placing the detectors in quantum temporal
superposition, we read out correlations between space time regions which can be accessed
in the standard schemes with no superposition only if the detectors are used more than
once (in more than one space-time region).

This is our primary result: quantum controlled temporal superpositions allow UDW
detectors to access �eld correlations between spacetime regions pertaining to the two dif-
ferent branches in a quantum superposition. As we show in the following, this has relevant
consequences for information-theoretic quantities, such as the extractable entanglement
from the quantum vacuum.

4.1.2 The double-switch scenario

Here we consider the case in which each detector is active twice and no quantum control
is present. This type of switching is chosen to contrast the quantum controlled switching
where the detectors switched once in each branch of the superposition.

The interaction Hamiltonian is given by

Ĥ I (t) =
X

D = A;B

�
� D; 0(t) + � D; 1(t)

2
(ei 
 D t �̂ +

D + e� i 
 D t �̂ �
D ) 
 �̂ (x D ; t); (4.18)

where the switching functions is a combination of the switching functions used in the
quantum superposition case (4.1). Once the �eld is traced out, the density matrix ofAB
at the �nal time is given by

�̂ (DS )
AB =

0

B
B
B
@

1 �
�

P (+)
A + P (+)

B

�
0 0 X (DS )�

0 P (+)
B C(+) � 0

0 C(+) P (+)
A 0

X (DS ) 0 0 0

1

C
C
C
A

; (4.19)

where

X (DS ) =
1
4

(X 00 + X 11 + X 01 + X 10) (4.20)

We see that (i) the density matrix contains the �eld correlations between all the four
spacetime regions in which the detectors are active, analogously to the case in which the
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control qubit is measured inj+ i . However, in this case this is due to the fact that the
detectors are actually active twice each, in contrast to the quantum case in which each
detector (in a quantum superposition) is used only once. (ii) The (1; 4); (4; 1) terms of
the density matrix are di�erent from the corresponding ones in Eq.(4.15). Thus, the
double-switch scenario is distinguishable from the quantum coherent one already at the
perturbative level.

If a particular case of superposition is chosen (say CE), then it can be shown that if
the (1; 4); (4; 1) terms in the quantum case are equal to 2(X 00 + X 11) in the double-switch
scenario, then the remaining cross terms, 2(X 01 + X 10), will be equal to the (1; 4); (4; 1)
terms in the other case of superposition (in this case PF) with the same time delay. Math-
ematically we have

�̂ (DS)
AB =

1
2

�
�̂ (+ PF )

AB + �̂ (+ CE )
AB

�
(4.21)

indicating that the double-switch scenario can be decomposed into the two quantum cases
we considered.

4.2 Entanglement harvesting

Let us now look at instances in which the additional correlations in (4.15), stemming
from the quantum interference, have relevant e�ects. From now on we consider (3 +
1)-dimensional Minkowski space and take the two UDW detectors to be separated by a
distance ofS := jx A � x B j

4.2.1 Cosine switching

First, we consider a cosine switching function

� D (t) =

(
cos

�
2(t � TD )

�

�
; � �

4 � t � TD
� � �

4

0; otherwise
(4.22)

where � characterizes the width of the function. We choose a function with compact
support so that we can easily determine when the detectors are in causal contact. With
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this choice of switching, the matrix elements become

PD;ij =
� 2� 2

4� 2

Z 1

0
dk k

ei( k+
 D )( TD;i � TD;j )

�
1 � (�=2)2(k + 
 D )2

� 2 cos2
� ��

4
(k + 
 D )

�

Cij =
� 2� 2

4� 2
ei(
 A TA;i � 
 B TB;j )

Z 1

0
dk

eik(TA;i � TB;j )

�
1 � (�=2)2(k + 
 A )2

��
1 � (�=2)2(k + 
 B )2

�

�
sin(kS)

S
cos

� ��
4

(k + 
 A )
�

cos
� ��

4
(k + 
 B )

�

X ij =
Z 1

0
dk MAB;ij (k) + MBA;ij (k) (4.23)

Due to the time ordering, expression forMDE;ij (k) depends on the time delay between
detector D and detectorE (for D = A; B and E = A; B and D 6= E). Explicit expressions
are provided in appendix A.1.

In Fig. 4.3, we plot the concurrence of the density matrix ^� AB as a function of detector
separation and temporal separation for four di�erent spacetime con�gurations. We �nd
that the detectors can harvest entanglement when they are spacelike separated in the case
of the quantum controlled CE superposition (upper left). The lower left plot in Fig. 4.3
corresponds to a classical mixture of a classical mixture ofA beforeB and B beforeA,
and has non-zero concurrence over a much smaller range of the parameter space. This is a
striking demonstration of how quantum temporal interference e�ects can a�ect the ability
of UDW detectors to harvest entanglement.

SinceC = jX j�
p

PA PB , and based on the form of the density matrices (4.11) and (4.15),
we conclude that P (Tr) � P (+) Indeed, this is always true regardless of the switching
function (see appendix A.2 for a proof). The interference termsPD;ij lower the transition
probability of the detector.

The upper right plot in Fig. 4.3 plots the concurrence for a pair of detectors in the case
of the quantum controlled PE superposition. This type of quantum control does not allow
for spacelike entanglement harvesting in the parameter space we have chosen. However,
there are regions where concurrence is higher than in the case of the CE superposition. The
detectors in these two cases have identical transition probabilities; therefore this di�erence
is solely due to di�erences in the coherence termjX j.

The lower right plot in Fig. 4.3 plots the concurrence of a pair of detectors which couple
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to the �eld through the double switching function

� D (t) =
1
2

�
� D; 0(t) + � D; 1(t)

�
(4.24)

where the � D;i (t) are the switching functions used in the quantum superposition case.
Spacelike entanglement harvesting is not possible for this choice of switching. We also
note based on the look of this plot as compared to the other three in the �gure, that from
the perspective of entanglement harvesting, double switching is distinct from the quantum
controlled switching.
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Figure 4.3: The concurrence of the perturbative reduced density matrix of two point-
like detectors that couple to the �eld with a cosine switching function in a (upper left)
quantum controlled CE superposition, (upper right) quantum controlled PE superposition,
(lower left) a classical mixture ofA beforeB and B beforeA and (lower right) a double
switching function (4.24) plotted as a function of the spatial separationS and the temporal
separationT := ( TA � TB ) of the detectors. The green lines mark the region of spacelike
separation of the detectors and the black dots represent the regions where no entanglement
can be harvested. For the chosen parameters, spacelike entanglement harvesting is possible
only when the detectors are in the CE superposition. The energy gaps of the detectors
are set equal 
A � = 
 B � = 3. The elements of the reduced density matrix have been
numerically calculated to 15 signi�cant �gures.
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4.2.2 Cheating the no-go theorem

Now we consider a� -switching function given by

� D;i (t) = �� (t � TD;i ) (4.25)

which allows us to calculate the �nal form of the detector-control system without the need
of a perturbative expansion by following the method of [77, 76] and brie
y outlined in
section 2.2.2. Time ordering requires that the switching order between detectorson both
branches of the superposition be �xed for the calculation, so we must consider the PF case
separate from the CE case.

For convenience we de�ne

ĤD;i (t) = �� D;i (t)(ei 
 D t �̂ +
D + e� i 
 D t �̂ �

D ) 

Z

d3x FD (x � x D )�̂ (x ; t) (4.26)

so that

Ĥ I (t) =
X

D 2f A;B g

X

i 2f 0;1g

ĤD;i (t) 
 j i i C hi j (4.27)

Notice that a spatial smearing functionFD (x ) has been added to avoid any divergences in
�̂ ABC .

First, we consider the PF case under the assumption thatTA; 0 � TB; 0 � TA; 1 � TB; 1.
The time evolution operator can be simpli�ed to

Û = exp
�

� iĤB; 1(TB; 1) 
 j 1i C h1j
�

exp
�

� iĤA; 1(TA; 1) 
 j 1i C h1j
�

� exp
�

� iĤB; 0(TB; 0) 
 j 0i C h0j
�

exp
�

� iĤA; 0(TA; 0) 
 j 0i C h0j
�

= U0 
 j 0i C h0j + U1 
 j 1i C h1j (4.28)

where

Ûi =
�

1A 
 1B 
 cosh(X̂ B;i ) cosh(X̂ A;i )
�

+
�

1A 
 �̂ B (TB;i ) 
 sinh(X̂ B;i ) cosh(X̂ A;i )
�

+
�

�̂ A (TA;i ) 
 1B 
 cosh(X̂ B;i ) sinh(X̂ A;i )
�

+
�

�̂ A (TA;i ) 
 �̂ B (TB;i ) 
 sinh(X̂ B;i ) sinh(X̂ A;i )
�

(4.29)
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and

X̂ D;i = � i��
Z

d3x FD (x � xD )�̂ (x ; TD;i ) (4.30)

�̂ D (t) = (e i
 D t �̂ + + e � i
 D t �̂ � ): (4.31)

We consider the same initial state as Eqs.(4.2), and the �nal state is again ^� f = Û�̂ 0Ûy.
Tracing out the �eld degrees of freedom gives

�̂ (PF)
ABC =

1
32

X

i;j

(
X

w;x;y;z

"

e
i
2 
 A [(1� z)TA;i � (1� x)TA;j ]e

i
2 
 B [(1� y)TB;i � (1� w)TB;j ]

� f A;i f A;j f B;i f B;j

X

p;q;r;s

�
x(1+ p)=2w(1+ q)=2y(1� r )=2x(1� s)=2

� epq( i
2 � A;j ;B;j + ! A;j ;B;j )epr ( i

2 � A;j ;B;i + ! A;j ;B;i )eps( i
2 � A;j ;A;i + ! A;j ;A;i )

� eqr( i
2 � B;j ;B;i + ! B;j ;B;i )e� qs( i

2 � A;i ;B;j � ! Ai ;B;j )e� rs ( i
2 � A;i ;B;i � ! A;i ;B;i )

�

�

�
�
�
�
1 � z

2

�

A

�
1 � x

2

�
�
�
� 


�
�
�
�
1 � y

2

�

B

�
1 � w

2

�
�
�
�

#


 j i i C hj j

)

(4.32)

wherei; j 2 f 0; 1g and p; q; r; s; w; x; y; z2 f +1; � 1g.

f D;i = exp
�

�
1
2

Z
d3k j� D;i (k )j2

�
(4.33)

� D;i ;E;j = i
Z

d3k
�

� �
D;i (k )� E;j (k ) � � D;i (k )� �

E;j (k )
�

(4.34)

! D;i ;E;j = �
1
2

Z
d3k

�
� �

D;i (k )� E;j (k ) + � D;i (k )� �
E;j (k )

�
(4.35)

and

� D;i (k ) =
i��

p
2jk j

� Z
d3x FD (x )eix �k

�
e� i( jk jTD;i � k �x D ) (4.36)
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for D; E 2 f A; B g.

Next, we consider the CE scenario. The time evolution operator is constructed in a
similar way to the PF case, this time using the assumption thatTA; 0 � TB; 1 � TA; 1 � TB; 0.
The resulting detector-control density matrix for is

�̂ (CE)
ABC =

1
32

X

i;j

(
X

w;x;y;z

"

e
i
2 
 A [(1� iy � (1� i )z)TA;i � (1� jw � (1� j )x)TA;j ]

� e
i
2 
 B [(1� (1� i )y� iz )TB;i � (1� (1� j )w� jx )TB;j f D;j f E;j f F;i f G;i

�
X

p;q;r;s

�
x(1+ p)=2w(1+ q)=2y(1� r )=2z(1� s)=2

� epq( i
2 � E;j ;D;j + ! E;j ;D;j )epr ( i

2 � E;j ;F;i + ! E;j ;F;i )eps( i
2 (� E;j ;G;i + ! E;j ;G;i )

� eqr( i
2 � D;j ;F;i + ! D;j ;F;i )eqs( i

2 � D;j ;G;i + ! D;j ;G;i )ers ( i
2 � F;i ;G;i + ! F;i ;G;i )

�

�

�
�
�
�
1 � iy � (1 � i )z

2

�

A

�
1 � jw � (1 � j )x

2

�
�
�
�




�
�
�
�
1 � (1 � i )y � iz

2

�

B

�
1 � (1 � j )w � jx

2

�
�
�
�

#


 j i i C hj j

)

: (4.37)

The labelsD; E; F; G depend on the values ofi and j and are summarized in Eq. (4.38)
below.

D =

(
B; j = 0

A; j = 1
E =

(
A; j = 0

B; j = 1

F =

(
B; i = 0

A; i = 1
G =

(
A; i = 0

B; i = 1
(4.38)

Once the control qubit is measured (or traced out), the density matrices given in
Eqs. (4.37) and (4.32) will take the form of Eq. (2.37) and are then used to compute
the entanglement between detectorsA and B shown in Fig. 4.4.

We �nd that when the the detectors couple to the �eld with a � -switching in quantum
controlled superposition, they are able to become entangled, appearing to violate the no-go
theorem. This is shown in Fig. 4.4. Physically, this is likely in part due to reduced local
noise, similar to what was seen in section 4.2.1. Although the detectors only switch once
in each branch of the superposition, the two branches do interact, which likely plays a
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Figure 4.4: Apparent violation of the no-go theorem for� -switched detectors with (left) CE
superposition and (right ) PF superposition. The black dots represent the regions where no

entanglement can be harvested. The detectors have a spatial pro�le ofF (x) =
exp[� (x =9)2]

(9
p

� )3 ,
identical energy gaps of 
A � = 
 B � = 1 and couple to the �eld with a strength of
� = 1. The elements of the reduced density matrix have been numerically calculated to 15
signi�cant �gures.

role in boosting non-local correlations of the detectors . Mathematically, the interaction
between branches can be easily seen in the time ordering requirements of the time evolution
operator (4.28) which depends on the ordering across both branches of the superposition.
As a result, the unitary describing the detectors' interaction is complex enough to allow
for quantum controlled switching to get around the no-go theorem [64].

4.3 Summary of results

Inde�nite casual order, or more generally, a quantum controlled superposition of detector
activation times, a�ect the entanglement harvesting capabilities of UDW detectors locally
coupled to quantum �elds. This happens under a variety of scenarios, producing the
striking result that spacelike entanglement harvesting becomes possible in situations not
possible for classical mixtures. We note that the additional entanglement does not come
directly from the control qubit. If there were no �eld (i.e. �̂ ! I ) in Eq. (4.1), then after
the interaction, the detectors would remain separable.

It is crucial to note that, the same �eld correlations entering Eq. (4.16) would also
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be present if both detectors were active at two distinct times (and in the same spacetime
regions as for the quantum superposition case), a scenario we call `double switching'.
However, the reduced state ofAB would di�er from �̂ (+)

AB . Perturbatively, the di�erence
would be in theX terms, meaning that the entanglement harvesting would be signi�cantly
di�erent. Additionally, for double switching violations of the no-go theorem are trivially
possible, since the theorem requires each detector being active only once [76]. Quantum
temporal superposition is therefore in principle distinguishable from the case in which each
detector is twice activated (at least in certain parameter ranges), allowing for a clear way
to unambiguously state that the detectors in the superposition are activated only once.
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Chapter 5

Entangling Detectors in Anti-de
Sitter Apace

In this chapter we present a detailed study of entanglement harvesting in anti-de Sitter
(AdS) space. Quantum �elds on AdS space are of particular interest because of the rapid
development of the anti-de Sitter/conformal �eld theory correspondence which posits a
connection between conformal �eld theories and the bulk geometry of AdS [46]. We note
that entanglement harvesting in the bulk may have implications for entanglement entropy
in the context of the AdS/CFT correspondence conjecture. If one considers quantum
corrections to the well-known Ryu-Takayanagi prescription [70] then the entanglement of
quantum �elds in the bulk across the Ryu-Takayanagi surface contributes to the entan-
glement entropy of the boundary CFT [22]. Understanding the nature of entanglement
in the bulk is likely to be important for understanding the quantum corrections to the
entanglement in the boundary.

We shall investigate how entanglement harvesting depends on the AdS length and the
in
uence of the boundary conditions satis�ed by the �eld at in�nity, comparing our results
to the 
at spacetime counterpart. These results will also serve as a baseline for results
obtained for the BTZ black hole presented in chapter 6; it for this reason we shall consider
(2 + 1)-dimensional AdS spacetime. This lower-dimensional setting has the advantage of
yielding insight into the signi�cant physical processes with relative computational ease and
e�ciency.

Throughout this chapter we adopt the mostly positive convention for the metric sig-
nature (� 1; 1; 1) and use natural units~ = c = 8G = 1. We have also introduced the
dimensional coupling strength~� := �

p
� for plotting convenience.

57



5.1 Entanglement harvesting in 
at spacetime

To facilitate comparison between the entanglement harvesting protocol for static detectors
in AdS3 with the 
at space limit ` ! 1 , we evaluate both the transition probability of
a single detector and the matrix elementX appearing in the joint state of two detectors
interacting with a real massless scalar �eld in (2+1)-dimensional Minkowski space.

For static detectors and with Gaussian switching functions with no time delay,

� D (t) = exp
�

�
t2

2� 2

�
(5.1)

we can evaluate the transition probability of a single detector and matrix elementX directly
from their de�nition in Eqs. (2.24) and (2.26), with the result

PD =
� 2�

p
�

4

�
1 � erf(� 
)

�
; (5.2)

X = �
�� 2

4
p

�
exp

�
�

S2

8� 2
� � 2
 2

�
�
�I 0

�
S2=(8� 2)

�
� iK 0

�
S2=(8� 2)

��
(5.3)

whereS := jRB � RA j and K 0 and I 0 are zeroth order modi�ed Bessel functions of the �rst
and second kind, respectively. These expressions were in producing the 
at space limits
depicted in Figs. 5.4 and 5.5.

5.2 The AdS 3 Wightman function

AdS space is a maximally symmetric spacetime of constant negative curvature that solves
Einstein's equations with negative cosmological constant �:= � 1=`2. The (2+1)-dimensional
AdS (AdS3) geometry can be described by a 3-dimensional hyperboloid

X 2
1 + X 2

2 � T2
1 � T2

2 = � `2; (5.4)

embedded in a 
at 4-dimensional geometry

dS2 = dX 2
1 + dX 2

2 � dT2
1 � dT2

2 ; (5.5)

with coordinates (X 1; X 2; T1; T2) [13].
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Global coordinates (�� ; %; � ) covering AdS3 are obtained via the transformation

X 1 = ` sinh%sin�; X 2 = ` sinh%cos�;

T1 = ` cosh%cos �� ; T 2 = ` cosh%sin �� ; (5.6)

in which the induced metric on AdS3 becomes

ds2 = `2
�
� cosh2 % d�� 2 + d%2 + sinh2 % d�2

�
; (5.7)

where �� 2 R, %2 R+ , and � 2 [0; 2� )1. Under the coordinate transformationt := ` �� and
r := ` sinh%, the AdS3 metric may be cast in the familiar form

ds2 = �
�

1 +
r 2

`2

�
dt2 +

dr2

1 + r 2=`2
+ r 2d� 2: (5.8)

It will be useful for what follows to introduce the functiond(R1; R2) denoting the proper
distance between the spacetime pointsx1 = ( t; R1; �) and x2 = ( t; R2; �),

d(R1; R2) := ` ln

"
R2 +

p
R2

2 + `2

R1 +
p

R2
1 + `2

#

: (5.9)

We shall consider a massless conformally coupled real scalar �eld on AdS3, since its
vacuum Wightman function takes the particularly simple form [13]

W (� )
AdS(x; x0) =

1

4�`
p

2

 
1

p
� (x; x0)

�
�

p
� (x; x0) + 2

!

; (5.10)

where

� (x; x0) :=
1

2`2

�
(X 1 � X 0

1)2 � (T1 � T0
1)2 + ( X 2 � X 0

2)2 � (T2 � T0
2)2

�
(5.11)

is the squared geodesic distance betweenX and X 0 in the embedding spaceR2;2 and
the parameter � 2 f 1; 0; � 1g speci�es either Dirichlet (� = 1), transparent ( � = 0),
or Neumann (� = � 1) boundary conditions satis�ed by the �eld at spatial in�nity [6].
Furthermore, it is the vacuum state described by this Wightman function from which the

1Strictly speaking, when obtained from this embedding picture, the time coordinate �� is periodic with
period 2� . By allowing �� to take on all real values we are implicitly moving to the universal cover of the
space. It is this universal cover that is customarily (and also in this work) referred to as AdS.
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Hartle-Hawking vacuum on the BTZ black hole may be constructed [42]; the BTZ black
hole being asymptotically AdS space.

Although the general method for computing Wightman functions is to carry out a
mode sum over basis functions, the structure of the Wightman function in AdS3 is simple
enough that a combination of analytic and numerical integration is possible. Our methods
are complementary to a study of entanglement harvesting in AdS4 [53], in which mode
sums were carried out to evaluate the relevant quantities of interest.

5.3 The detectors

Suppose detectorsA and B are kept at distinct �xed positions RA and RB , respectively,
along a common radial direction. The spacetime trajectories describing such detectors
parameterized by their proper time� D is

xD (� D ) :=
�

t =
� D


 D
; r = RD ; � = � 0

�
; (5.12)


 D :=
p

(RD =`)2 + 1 (5.13)

We take the switching functions of the detectors to be Gaussians described by

� A (� A ) = exp

 

�
(� A + 
 A t0=2)2

2� 2

!

� B (� B ) = exp

 

�
(� B � 
 B t0=2)2

2� 2

!

: (5.14)

where t0 > 0 corresponds to detectorA interacting with the �eld before detector B and
vice versa fort0 < 0, where the time delayt0 is de�ned in the �eld frame. The width, � ,
quanti�es the amount of time the detector e�ectively interacts with the �eld.

To compute the transition probability PD and coherence term,X we evaluate the Wight-
man function in Eq. (5.10) along the detectors' trajectories, substitute the resulting ex-
pression into Eqs. (2.24) and (2.26), and express the result in a form that lends itself to
being evaluated numerically, all of which is done explicitly in Appendix B. The resulting
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expression for the transition probability is

PD =
� 2�

2
p

2�

 

� PV
Z 1

0
dy

e� aD y2
sin (� D y)

p
2 sin (y=2)

+
�

p
2

X

n2 Z

(� 1)n cos (2n�� D ) e� 4n2 � 2aD

� � Re
X

n� 0

(� 1)n
Z � D n +1

� D n

dy
e� aD y2

e� i� D y

p
cosy + � +

D

!

; (5.15)

where PV denotes that the principal value of the integral should be taken and we have
de�ned

aD := 
 2
D `2=4� 2 � D := 
 D `


� +
D :=

�
� (RD =`)2 + 1

�
=
 2

D

� D n := max
�
0; arccos� +

D + (2 n � 1)�
�

: (5.16)

The resulting expression for the matrix elementX is

X = �
� 2�
2
p

�
K X

X

n� 0

(� 1)n

 Z � �
X n +1

� �
X n

dy
e� aX y2

cosh
�
(� T + i� X )y

�

p
cosy + � �

X

� �
Z � +

X n +1

� +
X n

dy
e� aX y2

cosh
�
(� T + i� X )y

�

p
cosy + � +

X

!

(5.17)

where

K X :=
r


 A 
 B


 2
A + 
 2

B
exp

�
�


 2� 2

2
(
 A + 
 B )2


 2
A + 
 2

B

�
exp

�
�

t2
0

2� 2


 2
A 
 2

B


 2
A + 
 2

B
+ i


 t0

2
(
 A + 
 B )2(
 A � 
 B )


 2
A + 
 2

B

�

aX :=

 2

A 
 2
B


 2
A + 
 2

B

`2

2� 2
� T := �

t0`
� 2


 2
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X n
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�
0; arccos� �

X + (2 n � 1)�
�

:

In what follows, both the transition probability and matrix element X given above were
evaluated numerically in Mathematica to a precision of 10� 17 using the \double exponen-
tial" and \double exponential oscillatory" integration methods.
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(a) d(0; RD ) = 0 (b) d(0; RD ) = 0 :5� (c) d(0; RD ) = �

Figure 5.1: The transition probability PD of a detector with energy gap 
� = 1=100 is
plotted as a function of the AdS length̀ =� for each of the three boundary conditions� =
f 1; 0; � 1g. Plots (a), (b), and (c) correspond to detectors located at di�erent proper
distancesd(0; RD )=� away from the origin.

5.4 The transition probability

We now evaluate the transition probability of a detector, given in Eq. (5.15), for a wide
range of scenarios. We begin by noting that the transition probability in Eq. (5.15) can be
evaluated perturbatively in �=` . We �nd that the leading contributions take a very simple
form

PD

�� 2
=
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�
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)) � �
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 2
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�
�
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 2

24
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� 2
� �
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 2
(1 � 2� 2
 2)

16
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`
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+
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 e� � 2 
 2

2880

�
120

d(0; RD )2

� 2
+ 14� 2
 2 � 21

� � �
`

� 4
+ O

� � �
`

� 5
�

: (5.19)

The �rst term appearing above is simply the transition probability in (2+1)-dimensional
Minkowski space (
at space). The proper distanced(0; RD ) �rst enters at order ( �=` )4 and
its appearance can be understood as the manifestation of redshift (time dilation) and
non-vanishing acceleration due to the detector being on a static trajectory.

The perturbative expression in Eq. (5.19) is particularly useful for understanding how
the transition probability in AdS 3 deviates from the 
at space result. We see that the
leading order correction to the 
at space result is proportional to� . This means that
the most important factor in the deviation from 
at spacetime is due to the boundary
conditions satis�ed by the �eld. A small amount of negative curvature will result in the
detector clicking more (less) than it would in 
at spacetime if the �eld satis�es Neumann
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(a) ` = 0 :5� , d(0; RD ) = 0 (b) ` � � , d(0; RD ) = 0 (c) ` = 10� , d(0; RD ) = 0

(d) ` = 0 :5� , d(0; RD ) = � (e) ` = � , d(0; RD ) = � (f) ` = 10� , d(0; RD ) = �

Figure 5.2: The transition probability PD of a detector is plotted as a function of its energy
gap 
 � for all boundary conditions� = f 1; 0; � 1g and various values of the AdS length̀=� .
In plots (a), (b), and (c) the detector is located at the origin, while in plots (d), (e), and
(f) the detector is located a proper distanced(0; RD ) = � away from the origin. Negative
energy gaps 
� < 0 correspond to a detector that is prepared in its excited statejei D prior
to interacting with the �eld.
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(Dirichlet) boundary conditions. If the �eld satis�es transparent boundary conditions then
there is no correction to the 
at space result at order�=` .

The next order correction is also quite interesting. It is independent of the boundary
conditions satis�ed by the �eld and so can be thought of as a \universal" contribution due
purely to negative curvature. Since this term in the perturbative expansion is always nega-
tive for detectors starting in their ground state, we can interpret this as the statement that
negative curvature tends to decrease the transition probability of a detector. Conversely,
since this correction will always be positive for detectors that are initially excited (
< 0),
this means excited detectors in negatively curved spaces are more likely to relax to their
ground state than they would in 
at spacetime.

The perturbative expansion, while insightful, cannot be used when�=` is large, and
there are many interesting phenomena in this regime. To explore this regime we must
resort to a full numerical evaluation of the integral in Eq. (5.15) which is used in producing
Figs. 5.1-5.3.

As seen upon comparison of the plots in Fig. 5.1, for all boundary conditions, the
transition probability PD is only sensitive to the proper distanced(0; RD ) the detector
is from the origin when the switching parameter� is greater than or comparable to the
AdS length `. As `=� grows, regardless of the boundary conditions,PD approaches its
corresponding value in Minkowski space, indicated by the dashed line. Furthermore, for all
boundary conditions, the transition probability of a detector located at the origin vanishes
as `=� ! 0, whereas for a detector positioned some proper distance away from the origin,
the transition probability remains almost the same for anỳ . The most notable property of
a detector located at the origin is that for a �eld satisfying Dirichlet boundary conditions
(� = 1), its transition probability reaches a maximum near` � 0:7� .

In Fig. 5.2 the transition probability is plotted as a function of the detector's energy
gap 
 � for �xed AdS length ` = 0:5� , where 
 < 0 corresponds to the detector initially
prepared in its excited state. We observe that for 
> 0, the transition probability decays
to zero exponentially with increasing 
� without oscillation, regardless of the boundary
condition. Moreover, the decay is much faster for the Dirichlet condition (� = 1) than for
the other boundary conditions. However for 
 < 0, the transition probability oscillates
as a function of 
 � , this oscillation being suppressed by both the transparent boundary
condition and for detectors located at large distancesd(0; RD ) from the origin. This feature
is evidently dependent on dimensionality, andnot on the general structure of AdS space-
time, since the analogous graph in (3 + 1)-dimensions exhibits a transition rate (modulo
oscillations) that is roughly proportional to j
 j for large negative energy gap [53]. It is
well-known that the detector response exhibits di�erent dependence on 
 as a function of
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(a) ` = 0 :5� (b) ` = �

Figure 5.3: The transition probability PD of a detector with energy gap 
� = 1=100 is
plotted as function of its proper distance from the origin for an AdS length of (a)̀ = 0:5�
and (b) ` = � for all boundary conditions� = f 1; 0; � 1g.

spacetime dimension, and so this di�erence is not surprising. The dimension dependence
arises due to the short distance behaviour of the Wightman function [32] or, equivalently,
due to the energy scaling of the density of states of the �eld quanta sensed by the detector
which goes as 
d� 3 (see, e.g., [86]).

In Fig. 5.3, we illustrate the behaviour of the transition probability for a detector located
at di�erent spatial positions in AdS3. The transition probability, regardless of the boundary
conditions, is hardly in
uenced by the change of position if̀=� is not vanishingly small.
This is to be expected: for large AdS lengths the detector is highly localized in spacetime
and so any change in the AdS curvature negligibly a�ects the detector. It is only when the
AdS length is comparable to the width of the switching function that we see a dependence
of transition probability of detector B on its proper distance from the origin.

5.5 Entanglement harvesting

We now consider harvesting entanglement with detectorA at the origin and detector
B placed at various �xed proper distances fromA, and for now we assume no relative
time delay in the detectors' switching functions (t0 = 0). The transition probabilities PA
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and PB and matrix element X can be obtained numerically using Eqs. (5.15) and (5.17),
after which the concurrence given in Eq. (2.53) can be easily evaluated as a measure of
the resulting entanglement between the detectors. We �nd that the e�ects of curvature,
spatial separation, and detector energy gap are notably more dramatic for entanglement
harvesting as compared to the transition probability, which we shall now demonstrate.

We �rst consider how the concurrence depends on the AdS length`=� . From Fig. 5.4 we
see that the concurrence vanishes for all boundary conditions as`=� ! 0. The concurrence
attains its maximum value in the interval 0:5 . `=� . 1, and this maximum is largest if
the �eld satis�es Dirichlet boundary conditions (� = 1). We also note that as` grows, the
concurrence asymptotes to the 
at space value for all boundary conditions, as expected.

A similar behaviour occurs when the energy gap is changed for �xed AdS length. In
Fig. 5.5 we observe a peak in concurrence for positive 
� for each boundary condition,
the peak again being largest for the Dirichlet boundary condition for the value of̀=�
considered.

For initially excited detectors (
 < 0) the decrease in concurrence with increasingj
 j
is much more rapid than for detectors initially in their ground states. Hence, similar to
what we found for (2 + 1)-dimensional 
at space (see section 5.1), it is easier to perform
entanglement harvesting using detectors in their ground-state instead of their excited-state.

Next, we analyze the dependence of the concurrence on the proper distanced(0; RA )
detector A is from the origin for a �xed proper separationd(RA ; RB ) of the detectors.
Figure 5.6 shows that the larged(0; RA ) behaviour changes depending on the proper sepa-
ration of the detectors. When the detectors are close together, the concurrence approaches
a constant value, but for larger separations, the concurrence rapidly falls to zero with in-
creasing distance from the origin. We also note that the concurrence is maximum when the
detectors are close to the origin. In this region they will experience a smaller acceleration
and a lower transition probability, which likely leads to the larger value of the concurrence
as seen from Eq. (2.53).

Finally, we consider the behaviour of the concurrence for di�erent proper separations
d(RA ; RB ) between the two detectors. From the plots shown in Fig. 5.6 we see that that
the larger the value ofd(RA ; RB ), the less the concurrence, commensurate with analo-
gous results in 
at spacetime and consistent with ones expectations from the fall o� of
the Wightman function in Eq. (5.10) as the spatial distance betweenx and x0 grows. For
Dirichlet boundary conditions (� = 1) the decay rate is slowest and the complete elimi-
nation of entanglement (sudden death) occurs at the largest proper separation, with the
opposite true for Neumann boundary conditions (� = � 1).

Clearly the concurrence exhibits interesting behaviour as a function of AdS length`,

66



the detectors' energy gap 
, and their proper separationd(RA ; RB ). To illustrate this more
fully, we provide density plots of the concurrence as a function of the detectors' energy gap

 and proper separation for di�erent boundary conditions in Fig. 5.7. The shaded areas in
each plot are regions in the parameter space where no entanglement harvesting is possible.
We do not plot values of` > 20� as we have found no appreciable quantitative changes for
these large values of AdS length.

We see from Fig. 5.7 several common features for all boundary conditions over the range
of `=� . Regions of large concurrence are always in the lower-left corner (smaller energy
gap and smaller detector separation), and regions of zero concurrence are in the lower-
right corner (smaller energy gap and larger separation). We note also that entanglement
harvesting is generally possible at any detector separation for su�ciently large energy gap,
albeit in minuscule amounts compared to smaller energy gaps and detector separation.
We also note that the boundary of entanglement in thef d(RA ; RB )=�; 
 � g parameter
space is approximately a straight line for large enough̀, a feature observed in (3 + 1)-
dimensions [53], and also in 
at space in all spatial dimensionalitiesD � 3, noted in [61],
and which we have observed in (2 + 1)-dimensions (though we have not displayed the
graph).

Distinct features arise when we consider the boundary of the zero-entanglement region
(shaded region in Fig. 5.7). The intersection point of the boundary of this region with
a horizontal line at 
 = 0 slowly moves to smaller values ofd(RA ; RB )=� as `=� gets
larger. More interestingly is the behaviour of this boundary as a function of̀=� . We see
for intermediate values of`=� that the shape of this region changes signi�cantly for all
boundary conditions at large detector separations.

Most intriguingly is the emergence of an \island" of no entanglement harvesting for
intermediate values ofd(RA ; RB )=� and positive values of the detectors energy gap 
�
for all boundary conditions (see plots (b), (e), and (h) in Fig. 5.7); we will refer to this
region as a separability island. In order to see this separability island clearly, we provide
a close-up view of this region for Dirichlet boundary conditions (� = 1) in Fig. 5.8; other
boundary conditions yield qualitatively similar plots. We see that the island is in the region
3:4 . 
 � . 3:85.

When the value of`=� is increased from`=� � 1, we �nd that for all boundary con-
ditions, a \peninsula" of separability forms. A further increase of the AdS length causes
the peninsula to stretch out and eventually break o�, forming the island of separability.
This behaviour is qualitatively the same for all boundary conditions, and we illustrate this
behaviour for transparent boundary conditions (� = 0) in Fig. 5.9.

Mathematically, the formation of these islands and peninsulas of separability is due to
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the behaviour of the matrix elementX , which we have plotted along with concurrence
in Fig. 5.8b. Over the region of the island, we �nd that asd(RA ; RB ) increases,X de-
creases to a minimum and then begins to increase again, whilePB remains nearly constant
throughout. The local minimum is the result of two competing e�ects. When the sepa-
ration of the detectors is small relative to the AdS length, then we �nd that the redshift
factor 
 B approaches
 A = 1 and the two detectors can be approximated to be in (2 + 1)
Minkowski space. In this regime, the coherence term fallo� exponentially with increasing
detector separation. As the detector separation increases further and
 B > 1, the value of
the coherence term begin to increase again due to the behaviour ofK X , which, provided
j
 � j > 1, has a local maximum at a value of
 B = 
 2� 2 +

p

 4� 4 � 1. Of course,
 B can

equally well be expressed in terms of the detector separation. When considered from this
perspective, the detector separation corresponding to the local maximum ofK X increases
linearly with the AdS length. The combination of these e�ects leads to the existence of the
island for moderate values of̀=� . If the value of `=� was too small, then the maximum
of K X would occur when the detectors are very close together. The non-local correlations
would then still be much larger than the local noise, leading to a positive concurrence. If
the value of`=� was too large, the increase inK X could not dominate over the exponential
decay, andjX j remains smaller than the noise and the concurrence remains zero.

Summarizing, the shape of the separability island in thef d(RA ; RB )=�; 
 � g parameter
space depends sensitively on the AdS length`, and vanishes for values ofj`=� � 2:5j & 1.
Outside this region entanglement harvesting is possible because of the in
uence ofK X and
aX on the matrix elementX . We also note that a similar island has been observed in the
same general region of parameter space in (3 + 1)-dimensions [53]. It is clear that this
phenomenon merits further study.
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Figure 5.4: The concurrenceC=~� 2 associated with the state ^� AB describing two detectors is
plotted as a function of the AdS length̀ =� for all boundary conditions� = f 1; 0; � 1g. The
proper separation of the detectors isd(RA ; RB ) = 0 :1� , their energy gap is 
� = 1=100,
and detectorA is located at the origin.
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Figure 5.5: The concurrenceC=~� 2 associated with the state ^� AB describing two detectors
is plotted as a function of the detectors' energy gap 
� for all boundary conditions � =
f 1; 0; � 1g. The AdS length is chosen to bè = � , the detectors are separated by a proper
distance ofd(RA ; RB ) = 0 :1� , and detectorA is located at the origin.
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(a) d(RA ; RB ) = 0 :1� (b) d(RA ; RB ) = 0 :5� (c) d(RA ; RB ) = �

Figure 5.6: The concurrenceC=~� 2 associated with the state ^� AB describing two detectors
is plotted as a function of the proper distanced(0; RA ) detector A is from the origin, for
di�erent proper separationsd(RA ; RB ) between the detectors; all boundary conditions� =
f 1; 0; � 1g are shown. The AdS length is chosen to bè= 0:2� and the energy gap of the
detectors is 
 � = 1=100.
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(a) � = � 1, ` = 0 :5� (b) � = � 1, ` = 2 :5� (c) � = � 1, ` = 20�

(d) � = 0, ` = 0 :5� (e) � = 0, ` = 2 :5� (f) � = 0, ` = 20�

(g) � = 1, ` = 0 :5� (h) � = 1, ` = 2 :5� (i) � = 1, ` = 20�

Figure 5.7: The concurrenceC=~� 2 associated with the state ^� AB describing two detectors
is plotted as a function of their proper separationd(RA ; RB )=� and energy gap 
� for all
boundary conditions� = f� 1; 0; 1g and di�erent values of the AdS length`=� . Detector
A is located at the origin. The area �lled with black dots represents the region where the
concurrence vanishes and thus no entanglement harvesting is possible.
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