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Abstract

This thesis is divided into three parts. Part I investigates the behaviour of Unruh-DeWitt
detectors on curved spacetimes admitting a Wightman function and the associated mea-
surement model is identified. These detectors are used to probe the vacuum state of a
scalar field on Minkowski space, topological identifications of Minkowski space, the (2+41)-
dimensional BTZ black hole, and the RP? geon black hole. We demonstrate that a static
detector operating in the exterior region of the RP? geon is sensitive to the non-stationary
features behind its horizons. Furthermore, we generalize the entanglement harvesting pro-
tocol, in which entanglement is transferred from a quantum field to a pair of detectors, to
detectors in arbitrary spacetimes admitting a Wightman function. We realize this protocol
in Minkowski space, topological identifications of Minkowski space, and the BTZ black
hole. In particular, we illustrate operationally how spacetime curvature affects vacuum
entanglement in the exterior region of the BTZ black hole.

Part II examines quantum reference frames associated with noncompact groups, such
as the translation group and the group of inertial reference frames. We show that the
G-twirl — the average of a quantum state over the group associated with changes of a clas-
sical reference frame —results in non-normalizable states when the group is noncompact.
In the case of compact groups, the G-twirl is used to construct a relational state indepen-
dent of a classical reference frame. As a result of the G-twirl producing non-normalizable
states, this relational description fails when the relevant group is noncompact; in this case
an alternative relational state is identified as a trace over external degrees of freedom of
a composite system. Furthermore, we generalize a communication protocol between two
parties lacking a common classical reference frame to the case when the group describing
transformations of their reference frame is a 1-dimensional noncompact Lie group. Mo-
tivating these investigations is the aspiration for a relational relativistic quantum theory
where the group of reference frames is the noncompact Poincaré group.

Part III generalizes a proposed solution to the problem of time in quantum gravity known
as the conditional probability interpretation of time. This formalism is based upon condi-
tioning a solution to the Wheeler-DeWitt equation on a subsystem of the universe, serving
as a clock, being in a state corresponding to a time ¢. Doing so assigns a conditional state
to the rest of the universe |15(t)), referred to as the system. We demonstrate that when the
total Hamiltonian appearing in the Wheeler-DeWitt equation contains an interaction term
coupling the clock and system, the conditional state |¢)g(t)) satisfies a non-Markovian mod-
ified Schrodinger equation in which the system Hamiltonian is replaced with a self-adjoint
integral operator.
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Preface

At the beginning of his book Quantum Field Theory in Curved Spacetime and Black Hole
Thermodynamics [147], Robert Wald outlines the main applications of quantum field theory
on curved spacetime:

Its two applications of greatest interest are to phenomena occurring in the
very early universe and to phenomena occurring in the vicinity of black holes.
During the past twenty-five years such phenomena have been explored theoret-
ically, and some unexpected and intriguing results have been obtained. Most
prominent among these was the discovery by Hawking that particle creation
occurs in the vicinity of black holes. As a direct consequence, a deep connec-
tion was obtained between the laws of black hole physics and the ordinary laws
of thermodynamics. The Hawking effect and its implications are probably the
most valuable clues we have, at present, as to the fundamental features that a
quantum theory of gravity is likely to possess.

Since the publication of Wald’s book in 1994, physics has taken on an increasingly
information-theoretic flavour. This has lead to a quantum theory of information which
promises computers with unprecedented power and unconditionally secure cryptography;,
and perhaps most importantly, it has offered us a new perspective on quantum theory
itself. The aim of this thesis is to use the large toolbox of quantum information theory
to study problems whose solution requires both quantum mechanics and relativity, with
the hope that these investigations may offer new unexpected and intriguing results about
possible features of quantum gravity.

This thesis is broken into three distinct parts, each of which is self-contained; these
parts may be read in any order. We give a brief description of each chapter here.
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Part I - Detectors in Curved Spacetimes

Chapter [T} Quantum field theory on curved spacetimes

We begin by describing the quantization of a real scalar field on a curved spacetime;
we limit ourselves to the study of such fields because they are mathematically simple while
exhibiting a range of quantum field theory effects on curved spacetimes. Beginning with
the action for a real scalar field, we demonstrate how the equations of motion for the field
come about and introduce an appropriate inner product on the space of solutions. We then
describe the canonical quantization of this field theory and emphasize the non-uniqueness
of the vacuum state. We describe in detail the particle interpretation of such a field theory
with an emphasis on the importance of an operational definition of particles.

Chapter 2} The Unruh-DeWitt detector and entanglement harvesting

In this chapter we introduce the Unruh-DeWitt detector: a two-level quantum system
interacting locally with a quantum field moving through spacetime along a timelike tra-
jectory. We present a physical motivation for this detector model [114]. Then we derive
the transition probability that the detector beginning in its ground state transitions to its
excited state to leading order in the interaction strength between the detector and field.
For detectors in curved spacetimes, we express this transition probability in terms of the
Wightman function of the field. We also introduce the transition rate of such a detector
and express it in terms of the Wightman function.

We then study the entanglement harvesting protocol in which two detectors begin in
a separable state and as a result of their local interaction with the field become entan-
gled. This protocol is generalized to detectors in arbitrary curved spacetimes admitting
a Wightman function, and the final state of the two detectors is derived to all orders in
perturbation theory; to leading order in the interaction strength, the final state of these
detectors is expressed in terms of the Wightman function. We then compute several mea-
sures of entanglement and correlations (negativity, concurrence, entanglement of formation,
and correlations between local measurements of the detectors) quantifying the amount of
entanglement that results between the two detectors.

The measurement process involves an interaction between a measuring apparatus and
the system to be measured. Viewing a collection of detectors as a measuring apparatus and
a quantum field on curved spacetime as the system to be measured, we derive the associated
measurement model and identify the observables on the field Hilbert space these detectors
measure; the leading order contribution to the POVM elements defining these observables
is given. We use this measurement model framework to rederive the transition probability
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of a single detector. We comment on possible applications of these results.

Chapter 3} Unruh-DeWitt detectors in quotients of Minkowski space

We apply the entanglement harvesting protocol developed in Chap. [2| to detectors in
Minkowski space and two cylindrical spacetimes constructed by topological identifications
of Minkowski space. To do so, we review the image sum derivation of the Wightman
functions in these cylindrical spacetimes. We investigate how the entanglement harvesting
protocol depends on the global topology of these spacetimes.

Chapter i} Unruh-DeWitt detectors in (2+1)-dimensional black hole spacetimes

In this chapter we apply the formalism developed in Chap. [2| to detectors in two black
hole spacetimes: the BTZ black hole and the RP? geon. These spacetimes are constructed
by topological identifications of the (2+41)-anti-de Sitter space. Using this fact, we review
the image sum derivation of the Wightman function in both spacetimes. The transition
rate of detectors operating in the exterior region of both spacetimes is evaluated.

We will see that the RP? geon black hole is an intermediate between a stationary and
dynamical spacetime, in the sense that the non-stationary features are hidden behind its
horizons. We demonstrate that a detector in the exterior region of the RP? geon spacetime
is sensitive to these features. We will show that this detector develops a time-dependent
transition rate which oscillates around the transition rate of an identical detector in the
BTZ spacetime. This is surprising seeing as the BTZ black hole and RP? geon are locally
indistinguishable from one another in the region in which the detectors are operating.

Next we realize the entanglement harvesting protocol for two detectors located in the
exterior region of the BTZ black hole. This allows us to investigate operationally the
entanglement structure of the Hartle-Hawking vacuum as seen by two detectors, in partic-
ular, how this structure is affected by spacetime curvature. This is the first example of the
entanglement harvesting protocol in a black hole spacetime.

Part IT - Quantum Reference Frames

Chapter B Quantum reference frames associated with noncompact groups

The language used to describe a collection of reference frames is group theory. This is
because changes of a reference form a group. In this chapter, we explore the consequences
of replacing a classical reference frame with a quantum one. We find that the relational
description of a quantum state suitable for a system defined with respect to a reference
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associated with a compact group does not generalize to the case of noncompact groups.
This is a result of the group average over a noncompact group producing non-normalizable
states; this average is known as the G-twirl. However, for classical reference frames associ-
ated with the groups of spatial translations and inertial reference frames, we show that the
G-twirl over these noncompact groups singles out a relational state which corresponds to
tracing out degrees of freedom associated with the center-of-mass of a composite system.

We then examine the informational properties of this relational description for quantum
systems of two and three particles prepared in fully separable Gaussian states with respect
to an external reference frame. In particular we quantify the entanglement that appears
between the center-of-mass and relational degrees of freedom of these systems, as well as
the entanglement that appears among the relational degrees of freedom. We investigate
how this entanglement depends on the mass of the particles and their state with respect
to an external frame.

Motivating this investigation is the aspiration for a relational quantum theory, which
will certainly require a description of quantum systems with respect to other quantum
systems.

Chapter [6f Communication without a shared reference frame

We generalize a communication protocol introduced by Bartlett et al. [23] in which two
parties communicating do not share a classical reference frame, to the case when changes
of their reference frames form a 1-dimensional noncompact Lie group. Alice sends to Bob
the state pr ® pg, where pg is the state of the system Alice wishes to communicate and
pr is a token of her reference frame. Because Bob is ignorant of the relationship between
his reference frame and Alice’s, he will describe the state pr ® ps as an average over all
possible reference frames. Bob measures the reference token and applies a correction to the
system Alice wished to communicate conditioned on the outcome of the measurement. The
recovered state pl is decohered with respect to pg, the amount of decoherence depending
on the properties of the reference token pg.

We present an example of this protocol when Alice and Bob do not share a reference
frame associated with the 1-dimensional translation group and use the fidelity between pg
and py to quantify the success of the recovery operation.
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Part III - Quantizing Time

Chapter [} The conditional probability interpretation of time: the case of interacting clocks

The conditional probability interpretation of time is based upon conditioning a solution
to the Wheeler-DeWitt equation on a subsystem of the universe being in a state correspond-
ing to the time ¢; this subsystem serves as a clock. This procedure assigns a conditional
state to the rest of the universe |¢g(t)), which satisfies the Schrodinger equation.

We generalize the conditional probability interpretation of time to take into account an
interaction between the clock and system comprising the rest of the universe. We find that
the conditional state |1g(t)) satisfies a non-Markovian modified Schrodinger equation in
which the system Hamiltonian is replaced with a self-adjoint integral operator that depends
on the interaction between the clock and the rest of the universe.
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Notation and conventions

e In Chaps. [I-[3] the signature of the metric is chosen to be mostly negative + — — —,
while in Chap. [4] the signature is mostly positive — + + +. This is done so that the
results presented in each chapter are easily comparable to existing literature.

e Natural units are used throughout h =c = 1.

e Here is a list of the symbols used and their names.

Hilbert space

detector Hilbert space

scalar field Hilbert space

clock Hilbert space

system Hilbert space

kinematical Hilbert space He @ Hg

physical Hilbert space

the space of bounded linear operators on H

the space of bounded self-adjoint operators on H
the space of states on ‘H

the space of unitary operators on H

the space of positive operator valued measures (POVM) on H
a group

the identity element of the group G
n-dimensional translation group

the group of integers

the cyclic group of dimension 2

AdS length scale
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Part I - Detectors in Curved
Spacetimes






Chapter 1

Quantum field theory on curved
spacetimes

Quantum field theory on curved spacetimes examines the behaviour of quantum fields in
the presence of a classical gravitational field described by the theory of general relativity.
It is used to study phenomena where both gravity and the quantum nature of the field
are important, but the quantum properties of the gravitational field itself can be ignored.
Scalar field theory on curved spacetime exhibits many novel features of quantum field
theory on curved spacetimes with minimal mathematical complexity. For this reason,
we will consider scalar field theory exclusively, while acknowledging many of the results
presented can be generalized to higher spin fields. The treatment presented here follows
[28, [102].

The action describing a real scalar field ¢(x) with mass m on a n-dimensional curved
spacetime is

S = / da™ £ () = / dx"%\/—_g<augz5(x) P6(x) — [m? + ER@)] 6()).  (11)

where g is the determinant of the metric g, of the spacetime in which the field lives. The
scalar field is coupled to the gravitational field by the presence of the term {R(z) in the
action, where £ is a numerical factor and R(x) is the Ricci scalar, which is the trace of the
Ricci curvature tensor

Rag = 8,,Fp5a - 85F”pa + Fpp)\r)\ﬁa - FpﬁAF)\paa (12>



where I, denote the Christoffel symbols associated with the metric g,

1
F’\W = §g’\” (0vGpp + 0uGpr — 0pGur) - (1.3)

Extremizing the action S with respect to ¢(z) yields the equation of motion which is
satisfied by the field

[0+ m® + ¢R(w)] o(x) =0, (1.4)

where O¢(x) := (—g) 20, [(—g)2g"d,¢(z)].

There exists a set of mode functions u;(x), where i indicates all the quantities required
to label the mode, that form a complete orthonormal set of solutions to Eq. (1.4]) with
respect to the inner product

axr
IRV
where d>* = n*d>, n* is a future-pointing unit vector orthogonal to the spacelike Cauchy

hypersurface 3, d¥ := det hda™ ! is the invariant measure on ¥, and h the induced metric
on Y. Explicitly, the orthonormality relationships between the mode functions areﬂ

(61, 6) = - (61@)0u2(e)” = |9u61(2) | da()") (15)

(wiyuj) =65, (ui,ul) =—0d;;, and (w;,u;)=0. (1.6)

17 J

Suppose the spacetime admits a timelike Killing vector &;, which generates time trans-
lations in the coordinate t. The remaining n — 1 coordinates will be denoted by bold
letters, that is, x = (¢,x). In such spacetimes, there exists a set of mode functions which
are eigenfunctions of the operator 9,

i0pug () = wrug(z), (1.7)

where w; > 0. The field ¢(x) may be expanded in terms of these modes as

o(x) = Z [uk(x)ak + uj(z)al | . (1.8)

k

'Tn this chapter we will confine the solutions u; () to a (n—1)-tours of side length L, i.e., box normalized
solutions. This results in the solutions being labeled by discrete indices. To convert to the continuum

normalization one should replace (2%)71—1 >, with [ dk™~! and the Kronecker delta with the Dirac delta
function.



Quantization proceeds by promoting the field ¢(x) and its conjugate momentum 7(x) :=
0L/0[0y¢(x)], where L is the Lagrangian density appearing in Eq. (1.1)), to operators and
imposing the canonical commutation relations

[p(t.x),7(t,y)] =i0"H(x—y) and [¢(t,x),6(t,y)] = [7(t,x),7(t,y)] =0. (1.9)

These commutation relations imply the following commutation relations for the operators
.I.
ay and a,

=46, and [a;a,]=a],a]]=0. (1.10)

[ai7 a] 17 7]

The Hamiltonian operator associated with the scalar field may be constructed from the
classical energy-momentum tensor
2 05
V=g 0g*

by integrating over a constant time spacelike hypersurface X

T, (1.11)

H = / A9 & Ty = ) wi (a;ak + 1/2) : (1.12)
b2 i

States of the field span a Hilbert space, a convenient basis for which is known as the
Fock basis. The construction of the Fock basis begins by defining the vacuum state |0),
which has the property that it is the state with lowest energy as measured by the operator
H in Eq. . As a consequence, the vacuum state may equivalently be defined as the
state that it is annihilated by all the operators ay

a,0) =0 Vk. (1.13)

The Fock basis states are constructed by repeatedly acting on the vacuum state with the

operators aL

. 1 In 2n in
|1nk172nk27”‘7]nk]~> = <CL21> (CLLQ> <CL;LJ_> |0> (1.14)

Now consider the operator

N := alay. (1.15)



The eigenstates of Ny are the Fock basis states given in Eq. ((1.14))

Ny

1 2 J _ i 1 2 J
Ny Nkgy - - oy nkj) = Nk; | Mkys Nkgy - - -y nkj>, (116)

T

with eigenvalue ‘ny, corresponding to the integer labeling the number of times the operator
&J]rﬂ has to be applied to the vacuum |0) to create the state |'n,, *n,, ..., ny,). From the
definitions of N, and H above, it is seen that

[Ny, H] =0, (1.17)

which implies that eigenstates of N, are eigenstates of H. Furthermore, for each increment
of “ny, defining a particular Fock basis state, the expectation value of H increments by wy,.
This observation suggests we interpret ‘ny, as labelling the number of quanta or particlesE|
with energy wy, in the field state given in Eq. . The total number of particles in a
given state is then counted by the number operator

N :=> N (1.18)

For example, the number of particles in a Fock basis state is the eigenvalue of N

N|1nk1,2nk2, c. ,jnkj> = (Zznkl) |1nk1,2nk2,. c. ,jnkj>, (119)
i

which is seen to be >, 'ny,.

Having introduced the Fock basis states and the notion of particles, a physical inter-
pretation is now available for the operators a; and a,z. From Eqgs. and we
see that the operator a; reduces and the operator az increases the number of particles in
the mode labeled by k. We will therefore refer to a; and a,t, as creation and annihilation

operators.

The quantization procedure presented above depends on our choice to expand the field
in terms of the mode functions ug(z) in Eq. and imposing the canonical commu-
tation relations between the field operator ¢(x) and its canonical momentum 7(z) :=
0L /0[0y¢(x)], which depends on a time derivative. Consequently, this quantization proce-
dure depends on the choice of coordinate system.

2The use of the word “particle” here is different than how the word is used in everyday language. The
word particle commonly refers to an object with a well defined energy, momentum, and position. Here,
the use of the word particle refers to excitations of the field that have a well defined energy. However,
these particles are global excitations of the field and therefore do not have a well defined position.



In Minkowski space a preferred set of modes, and the vacuum they define, is singled out
by the requirement that the vacuum state is the same for all inertial observers. The ability
to do this depends on the isometry group of the spacetime, which in Minkowski space is the
Poincaré group. However, a curved spacetime may not admit an isometry group and thus,
in general, there is no preferred coordinate system to carry out the quantization procedure
with and consequently no preferred vacuum state exists.

With this in mind, let us consider another complete set of orthonormal mode function
vj(x) which solve Eq. (1.4). The field may be expanded in terms of these mode functions
as

da) =) {Uj(x)bj +ur(2)bl] (1.20)

Quantization proceeds as before: b; and b} are promoted to operators satisfying the com-
mutation relations

[bi,b'] = 6;; and [b;,b;] = [b],b]] = 0. (1.21)

J 7]

The decomposition of the field in Eq. (1.20) defines a different vacuum state |0), which is
annihilated by every annihilation operator b;

b; [0y =0 V. (1.22)

This in turn defines a new Fock basis and a new notion of particle.

As both sets of modes, u;(z) and vj(x), are complete, they may be expanded in terms
of one another as

vi(x) = Y lagiui(x) + B ()], (1.23a)
wi(x) = [afv(@) — Biivj(x)] . (1.23h)
J
This transformation between different sets of mode functions is known as a Bogoliubov
transformation and the coefficients «;; and 3;; as the Bogoliubov coefficients. The Bo-
goliubov coefficients are extracted from the above relations by taking appropriate inner
products and using the orthonormality of the mode functions, with the result

aj; = (vi,u;) and B = — (v, uj). (1.24)

J



Equating the field expansion in terms of u;(z) in Eq. (1.8) with the field expansion in terms
of v;(z) in Eq. (1.20]), and employing the relations given in Eq. (1.23]), allows us to express
the operators b; in terms of the operators a; and aj» and vice versa

a=3 by + Bib]] (1.25a)
=Y [a a;— Bla } (1.25b)

i

From the above relations we see that if §;; # 0, the vacuum state |0) defined by the mode

functions u;(z) will contain particles as counted by the number operator N := > i b;bj
associated with the mode functions v;(x),
(0] N [0) = Z 181 (1.26)

The same is true of the number of particles counted by the operator N associated with the
modes u;(z) given the state was in the vacuum |0) associated with the v;(x) modes,

(0| N [0) = 2 181 (1.27)

From the preceding discussion it is clear that there is not a unique vacuum state of the
field or notion of particle. The vacuum state depends on which set of mode functions are
used to expand the field and carry out the quantization procedure with. The question then
arises, is there a preferred set of mode functions to quantize the field and define particles
and the vacuum with, which matches our experience of particles and no particles?

As posed, the question is unanswerable. Our experience of particles necessarily requires
us to specify the measurement process by which we detect particles. This includes the
specification of the interaction between the field and the employed particle detector. This
leads to an operational definition of a particle: a particle is what is detected by a particle
detector.

These conclusions are true even in Minkowski space. As discussed above, the conven-
tional vacuum state is defined as the state for which no inertial detector registers particles.
In other words, the vacuum state is invariant under the Poincaré group. Indeed, an ob-
server accelerating through this vacuum will see a thermal bath of particles at a temper-
ature proportional to their acceleration; this is the well-known Unruh effect [54], 41], [140].
An analogous construction of a vacuum state may be available in other highly symmetric



spacetimes. However, in an arbitrary spacetime lacking an isometry group, freely falling
observers (the curved space generalization of inertial observers) will not agree on a vacuum
state. This further motivates the operational definition of a particle.

In the next chapter we will introduce a specific model of a particle detector, the Unruh-
DeWitt detector, and use this model to study vacuum excitations, field entanglement, and
relativistic measurements of quantum fields in an operational manner.






Chapter 2

The Unruh-DeWitt detector and
entanglement harvesting

This chapter begins by introducing the Unruh-DeWitt detector in Sec. 2.1} In Sec.
we apply this detector model to the phenomenon of entanglement harvesting in curved
spacetimes that admit a Wightman function. In Sec. [2.3] we identify the field observables
that a collection of Unruh-DeWitt detectors measure. We conclude this chapter in Sec.
with a summary of the results presented.

2.1 The Unruh-DeWitt detector

As discussed at the end of Chap. [I] the definition of a particle is ultimately an operational
one that requires the specification of the measuring process used to detect particles. This
requires the specification of the interaction of a particle detector with a field. This definition
is not unique — there are as many definitions of particle as there are particle detectors. In
this section, we describe a commonly used measuring process known as the Unruh-DeWitt
detector [140), [42].

We seek a measuring process that is physically relevant and mathematically simple. To
this end, consider as a measuring apparatus a two-level atom. Let |0) , and |1), denote the
ground state and excited state of the atom (detector), which are separated by an energy
gap €. These states form an orthonormal basis for the Hilbert space Hp ~ C? associated
with internal degrees of freedom of the atom, whose free evolution is governed by the

11



Hamiltonian

Q
HOIE

(1) p(tp = 10) {0l ). (2.1)

The atom’s interaction with an electromagnetic field is described by quantum elec-
trodynamics. For a two-level atom this interaction is well approximated by the dipole
interaction Hamiltonian

Hip = eX - E, (2.2)

where E is the electric field and eX is the dipole operator, with e being the charge of
the dipole and X = [ dxx|x)(x| its position operator. This interaction Hamiltonian is
widely used in the field of quantum optics to model the light-matter interaction [89] [126].
Expanding H;,; in terms of the excited and ground states of the atom and moving to the
interaction picturd!] yields

Hy = eiQT|1><o|D®/dxF(x)-E<t,x) + e 0V, ®/dxF*(x)-E(t,x), (2.3)

where F(x) := ¢} (x) x1y(x) and ¢y(x) := (x|0) and 9 (x) := (x|1) are the ground state
and excited state wave functions in the position basif]

From Eq. (2.3), we see that the function F(x) acts as a smearing function with support
localized around the atom. We will make the assumption that the spatial extent of the
atom is sufficiently localized so that the smearing function may be approximated as a
delta function F(x) ~ §*(x — xp(7)), where zp(7) := {tp(7),xp(7)} is the trajectory of
the atom parametrized in terms of its proper time 7. This models the atom as coupling
to the electric field at a point, which is a good assumption so long as the spatial extent
of the atom is negligible as compared to the wavelength of the radiation that is resonant
with the atom’s energy gap [12].

To arrive at the Unruh-DeWitt interaction Hamiltonian, in Eq. we replace the
electric field with a scalar field ¢(x) and introduce a switching function xp(7) € [0, 1],
which controls the duration of the interaction between the atom and field. Doing so yields
the Unruh-DeWitt interaction Hamiltonian

Hp (7) = Axp(7) (o7 (1) + 07 (7)) @ 6 [en(7)], (2.4)

In the interaction picture, the interaction Hamiltonian is H := e*Hot H;,,,e ~Hot,
2The diagonal elements of H; vanish because (0|X|0) = (1|X|1) = 0, which comes from the fact that
¥o(x) and 11(x) are symmetric around x = 0 due to the Coulomb interaction between the nucleus and

electron of the atom being symmetric around x = 0.
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where \ < 1 is the interaction strength and we have defined the ladder operators
ot (1) =) (0], and o (1) = e T|0) (1], . (2.5)

When the interaction of a two-level atom with the electromagnetic field is approximated
in this way, the atom is referred to as an Unruh-DeWitt detector or simply detector.
While the Unruh-DeWitt interaction Hamilton is unable to capture the vector nature of
the electric field, it has been shown that it approximates well the light-matter interaction
in other regards [93] [12]. For a detailed comparison of different light-matter interaction
models within this context see [114].

The time evolution of the detector and field during the measuring process, that is, when
the detector and field are interacting, is described by the unitary operator generated by
the interaction Hamiltonian in Eq ([2.4])

U= Texp [—z’ / dr Hp (7)}

(=)
2

=1+ (—i) / dr Hp (1) + / drdr’' THp (1) Hp (7') + O(N?), (2.6)

where the integration is over the interval 7 € (—o0, 00) and 7 is the time ordering operator
defined as TA(t)B(t') :=0(t —t')A(t)B(t') + 6(t' — t)B(t')A(t).

Suppose that prior to the measuring process (7 — —o0) the detector is prepared in the
ground state |0),, and the field in an appropriately defined vacuum state |0). After the
measuring process, the final state of the field and detector will be

U[0),[0) = (1 —i [ p(r) 5 [ e T () + O()\?’)) 0),[0)
=mmmwwA/meﬂa%wnD®wmvﬂm

— %/deTI XD(T)XD(T/)T[07(7'>0+(TI) + a+(7')a’(7’)] 0),,
® Tolep(r)] olzp(r)][0) + O(N*) . (2.7)

The final state of the detector alone, pp € S (Hp), is obtained by tracing over the field
degrees of freedom in Eq. ([2.7))

pD:wMWmMM®mMMW%=C}E)£)+00ﬂ, (2.8
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where in the last equality we expressed the detector density matrix in the basis {|0) , , |1) 5}
Pp is the probability that the detector has transitioned to its excited state

Pp := /\2/de7" xo(T)xp(T)e =W (xp (1), zp(7)), (2.9)

and W (x,2’) is the vacuum Wightman function
W (z,z") := (0] p(x) (") |0) . (2.10)
As the field ¢(x) satisfies the wave equation in Eq. ((1.4)), so too does the Wightman function
[0, +m® + ER(x)] W(z,2") =0, (2.11)

where the subscript  on [J, denotes that the derivatives appearing in the definition of
the D’Alembertian below Eq. are with respect to x. The Wightman function is a
distribution on smooth functions, and thus when evaluating the integral in the definition
of Pp the principle value prescription must be employed. If instead the field were in
a different state, then the transition probability of the detector would still be given by
Eq. with the vacuum Wightman function replaced with the appropriate Wightman
function describing the state of the field.

As discussed by Schlicht [124], we should expect a detector on a time-dependent tra-
jectory or in a dynamic spacetime to react differently at different times. However, as
constructed the transition probability has no such time dependence. For this reason, one
may be interested in the transition rate of a detector which can depend on time. We define
the transition rate of a detector as follows.

The probability that the detector has transitioned from its ground state to its excited
state at the detector’s proper time 7 is given by Eq. (2.9) with the upper bounds of the
integration replaced with 7

Pp(1) = M\? /_T dt/j dt' xp(t)xp (e MW (xp(t), zp(t)). (2.12)

Following the approach of Schlicht [124], we introduce the integration variables u := t and
s:=t—t'fort>t and u:=t and s :=t' —t for t <. This leads to

Po(r) =¥ [ Oo au | " dsxo()xo(u — 5) [ W (zp(w). zp(u - )
FeESW (2 (u — 5), xD(u))}

= 2)\? /T du /000 ds xp(u)xp(u— s)Re [e "W (zp(u),zp(u—s))] . (2.13)
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The transition rate PD(T) is then defined as the derivative of the transition probability
with respect to the proper time of the detector

PD(T) = %PD(T) = 2\2 /000 ds xp(T)xp(T — s) Re [e_iQSW(xD(T), rp(T — s))} . (2.14)

In the limit where the switching function approaches the characteristic function on the
interval [7g, 7]

1 o<t
t) = = =" 2.15
xo(t) {O otherwise ( )
the transition rate becomes
) 1 AT .
Pp(1) = 22 (Z_l + 2/ ds Re [e’msW(xD(T),a:D(T - s))}) , (2.16)
0

where A7 := 7 — 79. This limit was explicitly evaluated by Louko and Satz [87] by ob-
serving that when the Wightman function appearing under the integral is represented by
an ie-regularized function, the regulator limit ¢ — 0 and the limit in which the switch-
ing function approaches the characteristic function (the sharp switching limit), do not in
general commute and the first must be taken before the second.

2.2 Entanglement harvesting in curved spacetimes

Entanglement is a uniquely quantum property of a composite system, such that the state
of the entire system cannot be fully specified by the individual states of each component.
Entanglement was first discussed by Einstein, Podolsky, and Rosen, who used an example
of an entangled state to argue that quantum mechanics is incomplete [49]. Shortly after,
Schrodinger introduced the term ‘entanglement’ [125], describing the phenomena as

“...[not] one, but rather the characteristic trait of quantum mechanics, the
one that enforces its entire departure from classical lines of thought.”

In quantum computation, entanglement is used as a resource in many quantum protocols
to give a dramatic speed-up over the corresponding classical protocol and can be used to
construct unconditionally secure cryptographic systems [311, [104].
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Formally, a quantum system composed of two subsystems A and B described by the
Hilbert spaces H 4 and Hp, respectively, is associated with the Hilbert space Ha @ Hp. A
state pap € S(Ha ® Hp) is said to be factorized if it is of the form pap = pa ® pp. If pap
is a convex combination of factorized states,

pap =Y pipy ®py. (2.17)

where p; > 0 and ), p; = 1, then pup is said to be separable. If psp is not separable, it is
entangled. These definitions of factorized, separable, and entangled states naturally gener-
alize to systems composed of more than two subsystems [70], however, such generalizations
will not be needed for our purposes.

During the 1960s Bell, through the inequality that now bears his name [25] 26], placed
an upper bound on the correlations predicted by any theory compatible with local realismf}
He then demonstrated that the phenomenon of entanglement allows for the violation of
his inequality, and consequently the model of local realism assumed by Einstein, Podolsky;,
and Rosen was incompatible with quantum mechanics. The first experimental violation of
Bell’s inequality was performed in 1972 by Freedman and Clauser [53], in which correla-
tions between the polarization of photons emitted in an atomic cascade of calcium were
measured and shown to violate Bell’s inequality. Following this, numerous experiments
have demonstrated the violation of Bell’s inequality in a range of different experimental
setups and have aimed at closing various loopholes [11].

Over the past three decades the role entanglement plays in quantum field theory has
been explored, finding applications in disparate areas of physics including the study of
critical phenomena in condensed matter systems [105, [144] [14], in the description of non-
classical states of light within the field of quantum optics [89, 39], in explaining the origin
of black hole entropy [29, [33, 135], and perhaps most spectacularly in the anti-de Sit-
ter/conformal field theory correspondence in which the entanglement entropy associated
with a region of a conformal field theory located on the boundary of anti-de Sitter space
is related to minimal surfaces in the bulk [122].

Within the framework of algebraic quantum field theory, Summers and Werner [136],
137, [138] demonstrated that the vacuum state of a free quantum field in Minkowski space,
as seen by local inertial observers, is entangled, and that the correlations seen by these
observers are strong enough to violate Bell-type inequalities, even if these observers are
in spacelike separated regions. This result is surprising—it suggests that no source of

3As stated in [II], a local realist theory is one where physical properties are defined prior to and
independent of measurement, and no physical influence can propagate faster than the speed of light.
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entanglement is necessary to detect a violation of Bell’s inequality, the observation of
vacuum fluctuations suffices. However, to the author’s knowledge, algebraic quantum field
theory has yet to address Bell inequalities in curved spacetimes [68, [52].

An operational approach to the study of the entanglement structure of the vacuum state
of a quantum field theory was introduced in 1991 by Valentini [142]. He showed that two
initially uncorrelated atoms separated by a distance R interacting with the electromagnetic
vacuum exhibit nonlocal correlations after a time ¢ < R/c. This implies that the atoms
become entangled even if they remain spacelike separated throughout their interaction
with the electromagnetic vacuum. He suggested that these correlations can either be
interpreted as non-local photon propagation or as a consequence of non-locally-correlated
vacuum fluctuations.

In 2002 Reznik et al. [I115] [116] demonstrated a similar effect using two Unruh-DeWitt
detectors interacting locally with the vacuum state of a scalar field, and using three detec-
tors showed that the Minkowski vacuum exhibits genuine non-local tripartite correlations,
which are in principle strong enough to violate the Svetlichny inequalityﬁ [127].

This process of localized detectors extracting entanglement/nonlocal correlations from
the vacuum state of a quantum field has since become known as entanglement harvesting
[123], and has been studied in a variety of different situations, ranging from the extraction of
resources from the vacuum [92], to entanglement generation between hydrogen-like atoms
[113, [114], and even shown to depend on the underlying spacetime geometry [143] and
topology [94]. We will refer to this process as the entanglement harvesting protocol.

The operational approach of Valentini and Reznik, in which the measurement of the field
is explicitly described by an appropriate interaction with a measuring apparatus (atoms
and Unruh-DeWitt detectors, respectively) emphasizes that the question of whether the
vacuum state of a quantum field theory is seen to be entangled depends on the measurement
process itself. This is analogous to how the notion of a particle depends on the measurement
process, as discussed at the end of Chap. [ In particular, whether the field is seen to
be entangled can depend on the observer’s motion. For example, Salton et al. [143] have
demonstrated that the amount of entanglement in the Minkowski vacuum as seen by inertial
detectors differs from that seen by uniformly accelerating detectors. This is analogous to
the Unruh effect, in which uniformly accelerating observers disagree with inertial observers
on the particle content of a given vacuum state.

The purpose of this section is to generalize the approach of Reznik et al. [1T5] [110]
to Unruh-DeWitt detectors following arbitrary timelike trajectories through curved space-

4The Svetlichny inequality is a Bell-like inequality whose violation is sufficient but not necessary for
genuine tripartite nonlocal correlations [139].
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times admitting a Wightman function. This will allow for the study of the effect spacetime
topology (Chap. [3) and gravity (Chap. 4)) have on vacuum entanglement.

The advantage of probing the entanglement structure of a quantum field theory with
Unruh-DeWitt detectors is (1) the approach is manifestly operational —the measuring
process is explicitly described and the observer’s motion can easily be taken into account;
and (2) the mathematical machinery is simple as compared to algebraic quantum field
theory and other methods [36, 37].

We consider two initially unexcited Unruh-DeWitt detectors which interact with a
quantum field prepared in a suitably defined vacuum state for a finite period of time. The
joint state of the two detectors after the interaction with the field has ceased is derived
to all orders in the interaction strength between the detectors and field, and the leading
order contribution is expressed in terms of the Wightman function. In general, this state
can be entangled. Various measures of this entanglement are computed.

2.2.1 The joint state of two detectors

To probe the entanglement structure of a scalar field, consider two Unruh-DeWitt detectors
labeled by A and B described by the Hilbert spaces H4 and Hpg, respectively. Suppose
these detectors follow the trajectories x4(74) and xp(7g5), which are parametrized by the
detectors’ proper times, 74 and 75. These detectors couple to a real scalar field ¢ associated
with the Hilbert space H, via the interaction Hamiltonians H4(74) and Hpg(7p), which
are given in Eq. . The evolution of these detectors and the field is described by the
unitary operator

dTa dtg

U =T exp [—i/dt (%HA[TA@)] + EHB[TB(O]>:|

dTB

=1 —z’/dt (@HA[TA(t)] + —HB[TB@)])

dt dt
1 drad drp d
1 / dtdt' T [% d;j*HA[TA(t)] Halra(t'))] + %%HB[TB(@] Hplrs(t)]

2
dra d7p
dt dt’

drp d7a
dt dt’

Hlra(t)] Hplrp(t)] + Hp[p(t)] HA[TA@')]} +O(X),  (2.18)

where we have chosen to evolve the field and detectors with respect to an appropriate
coordinate time ¢ with respect to which the vacuum state of the field is defined. The
integrals appearing in Eq. (2.18]) are over the interval ¢ € (—o0, 00).
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Suppose the two detectors are initially (¢ — —o0) prepared in their ground states, |0) ,
and |0) 5, and the field in an appropriately defined vacuum state |0), so that the initial state
of the two detectors and field together is given by [¥;) = [0),|0);(0) € Ha @ Hp ® He.
After the interaction (¢ — 00), the joint state of the two detectors and field is

W) = U ;) mep (m)y (2.19)

where |\IJ§I")) is the nth order contribution to the final state |V ) € Ha®@HpR@H4. Defining
np(t) := xp(mp(t))drp/dt and ¢p(t) := ¢plrp(t)] where D € {A, B}, the first three terms
in Eq. (2.19) are given below.

Zeroth-order in \:
[Ty = 10) 4 10) 10 . (2.20)

First-order in A:
|\I’§fl)> = _i/dt (WA(t)emATA(t) 1) 410)5 @ ¢a(t) 0)

a0 o) Dy @ 6a)]0) ). (221
Second-order in \:

1
o) = —§/dtdt’

Fna(Ons(t) [0), ® T[o5 (0o (¢) + o3 (o (¢)] 1005 © Toa)éalt) 0) )
— 5 [ @t maomue)ers Oy
. (mB(t'm( )+ Toa)on(t >) 0). (222)

The reduced state of the two detectors pap € S (Ha ® Hp) after their interaction with
the field has ceased is obtained from |W¥y) by tracing out the field

P =t (W) 5]) = 3o [l (1) s 22
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where |p) is an element of the Fock basis of the field Hilbert space, which is used to perform
the partial trace.

Observe that for even (odd) n, the state |[U((¢;)) has an even (odd) number of excita-
tions in the field since the field operator ¢p(-) is applied to the field vacuum |0) an even
(odd) number of times. As field states with an even number of excitations are orthogonal
to field states with an odd number of excitations, only terms where both n and m are either
even or odd survive the partial trace in Eq. . Also observe that for even n, either
both detectors are excited or unexcited in the state |U(™(¢;)); for odd n, one detector is
excited and the other is not in the state |0 (¢;)). Combining these observations [94], one
concludes that the reduced density matrix of the two detectors to all orders of perturbation
theory, in the basis {/0) 410}, 10) 4|1 11) 1[0} 11) 4| 1) 5}, i

P11 0 0 P14 1-— PA — PB 0 0 X
0 p22 p23 O 0 Pg C 0 4
_ : -~ k + O, 2.24
pAB 0 piy pss O 0 C* Py 0 (*) (2.24)
Piy 0 0 py X 0 0 O

where P4 and Pg are the transition probabilities of detectors A and B defined in Eq. (2.9),
and

C =\ / dtdt' ng(t)na(t)e e Qara®lyy (0, (1), 25(t)), (2.25)
X o= )2 / dtdt |]73 (t)nA(t/)e—i[QBTB(t)+QATA(t’)]W(xA(t/)7 TRB (t))
t>t!
+a(t)np(t)e TN (g p (1), 2a (1)) | (2:26)

The leading order contribution to pyy = E + O(X%) is denoted by E, which is given by

A\ / dtdt’ / dTdT’
>t T>T'

{”A(t/)ﬁB(t)UB(T)WA(T/)ei[_QATA(t,)_QBTB(t)m‘““(TIHQBTB(T)] (0o (t)B(T)PA(T"))

+ 0 )nat)np(T )na(T)e'lm s )= 2amaFQsro(TFATATN (6 5 (1) p A (8) A (T) 5 (T"))

+na(t ) pE)n(T )na(T)elm2amal)=2orsOF s IT2UTAD] (6 4 ()5 (¢) P (T) b5 (T"))

+ 0t )nat)na(T g (T)e'lm2pms )= aralF Qa7 (65 (1) p A (t) 5 (T) pa(T"))
(2.27)
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In Appendix [B] through application of Wick’s theorem and by exploiting the symmetries
of the integrand in Eq. (2.27)), it is shown that

E=|X>+|C] + PaPg. (2.28)

The final state pap of the detectors is an example of an X-state [I3], the name being due
to the density matrix’s resemblance with the letter ‘X’ .

The reduced state of detector A is

P11 + pa2 0 1-Py 0 4
—t - - OO, 2.29
PA I'B PAB ( 0 P33 + p44) ( 0 P, ( ) ( )

and the reduced state detector B is

P11+ P33 0 1-Pg O 4
=1 = = + O(A\%). 2.30
PB TApaB ( 0 Do ,044> ( 0 P ( ) ( )

The reduced states py € S(Ha) and pp € S(Hp) coincide with the density matrix of
the single detector in Eq. (2.8). This is an important consistency requirement—if this
was not the case, it would imply that measurements of either detector could infer that
another potentially spacelike separated detector is interacting with the field, allowing for
the possibility of superluminal signalling.

2.2.2 Quantifying the entanglement in pap

Having derived the state pap € S (Ha ® Hp) of two Unruh-DeWitt detectors after their
interaction with the vacuum state of a scalar field, Eq. , we now wish to quantify
how entangled this state is. If the detectors remain spacelike separated throughout their
entire interaction with the field, then any entanglement that results between the detectors
must have been extracted from the vacuum since the detectors would not have been able to
interact directly. In this situation, quantifying the entanglement of p45 by an appropriate
entanglement measure is an indicator of how entangled the regions in which the detectors
interacted with the field are.

If the detectors do not remain spacelike separated for the duration of their interaction
with the field, the entanglement in the state p4p may still be a result of entanglement
extracted from the vacuum, but it may also be a result of an interaction between the
detectors mediated by the field. Consequently, in this case one cannot conclude that the
entanglement contained in pap has been extracted from the vacuum alone. However, as
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we will see in Chap. [3] and Chap. [4] the entanglement that results when the detectors are
not spacelike separated can still depend on the properties of the spacetime itself.

As a first observation, note that C' and X defined in Egs. and are an
integration over the Wightman function W (z,2’) evaluated along the trajectories of the
detectors x4(74) and xp(7g). If W(x,2") vanishes for spacetime points = and 2’ infinitely
far apart, as is the case in Minkowski space, then for detectors infinitely far apart C' and
X vanish too, and the final state of the two detectors factorizes

PAB = Pa X pPB. (2.31)

Quantifying the amount of entanglement in a given state is done by the use of entangle-
ment measures [31]. Given a state pap € S (Ha ® Hp), an entanglement measure E(pap)
is a map

E:S(Hi®Hp) — R, (2.32)

such that E(pap) = 0 if pap is separable, and E(pap) does not increase on average under
local operations on H 4 and H g and classical communication between the parties associated
with H4 and Hp.

In general, the final state of the two detectors pap will be mixed, and therefore the
entanglement entropy is not a suitable measure of entanglement [31]. Consequently, in
what follows we introduce three entanglement measures that are suitable to characterize
the entanglement in the state pap, as well as a measure of correlations in this state, and
explicitly evaluate them for the density matrix given in Eq. .

Negativity

The Peres-Horodecki criterion asserts that a state pap € S(Ha ® Hp) is entangled if pap
does not remain positive under partial transpositionﬂ with respect to either H4 or Hp.
If Hy ~ C? and Hp € {C? C3}, then pap is entangled if and only if it does not remain
positive under partial transposition with respect to either H 4 or Hp [1111 [69].

The negativity is defined as [145]

N (pap) = ezl =1 _ > Al (2.33)

2
Ai<0

5The partial transpose of the state pap € S(Ha ® Hp) with respect to H, is pi*}g =[T®IZ](pan),
where T': S(Ha) — S(Ha) is the transposition map.
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where I'4 denotes the partial transpose with respect to A, ||-|| denotes the trace norm, and
the sum in the last equality is over the negative eigenvalues \; of pg“g. The negativity
quantifies the degree to which pzﬁq fails to be positive [31, [104]. The negativity vanishes on
separable states and does not increase under local operations and classical communication,
and therefore the negativity is an entanglement measure.

The partial transpose of the two-detector density matrix given in Eq. (2.24]) is

pin 0 0 pi3

0 w0
T P22 Py
_ : 2.34
PAB 0 P14 P33 0 ( )
p3 0 0 py
with eigenvalues
A = P22 + P33 P22 — P33 + |pual
2 2
Py+ P Py — Pg\°
:%_\K A 5 B) +IXP+ 00, (2.35a)
P22t p33 P22 — P33 ? 2
Ap=—F5—+ ——— | +|pul
2 2
Py + P, Py — Pg\°
- A2 B+\/( “‘2 B) +IX[P+ 00, (2.35b)
Ay = put paa P11 — P44 + s
2 2
= |X|* + PsPs +O()\%), (2.35¢)
Ay = P11+ P44 n P11 — Paa + |pas|
2 2
=1-—Ps—Pp+O(N). (2.35d)

The only possible negative eigenvalue of pij‘g is A1, and thus, by the Peres-Horodecki
criterion, pap is entangled if and only if

)\1 <0 = |,014|2 > 22033 = |)<|2 > P4 Pg. (236)
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Note that the second equality in Eq. (2.35¢)), and consequently the above condition, required
knowledge of the leading order contribution to p4y given in Eq. (2.28)), which is O(\*) [04].

Applying Eq. (2.37)), the negativity of the final state of the two detectors in Eq. (2.24))

18

a—&y_m+&

N(pap) = max |0, \/|X]2 + ( 5 5 +0(\Y). (2.37)

The advantage of using the negativity to quantify entanglement over other measures
is that it is comparatively easy to compute. Consequently, the literature on entanglement
harvesting has focused exclusively (with the exception of [94]) on the negativity to quan-
tify the entanglement that results between two Unruh-DeWitt detectors. However, the
negativity does not have a direct operational interpretation. For this reason, we consider
the entanglement of formation in the next section.

Concurrence and the entanglement of formation

The entanglement of formation E¢(pap) is an entanglement measure for bipartite quantum
states pap € S(Ha ® Hp) defined as the lowest entanglement entropy of any ensemble
realizing pap [27], explicitly

E¢(pap) := min ZPZE(%‘)’ (2.38)

where the minimization is carried out over all pure state decompositions of pap, that is,
the ensembles {p;, |1/;) } such that pap := . p; [1:) (¥s]; E(;) is the von Neumann entropy
of either of the two subsystems

E(1;) := —trpa,log pa, = — tr pp, log pg,, (2.39)

where pga, = trp [1;)(¢;] and pp, := tra |¢;)(¢;|. The entanglement of formation has an
operational interpretation as the number of Bell states required to prepare pap via local
operations and classical communication [27].

The solution to the minimization problem defining the entanglement of formation is
[151]

Ey(pap) :==h (1 v ; C(pAB)2> : (2.40)
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where h(x) := —xlogx — (1 — x)log(l — x), and C(pagp) is the concurrence
C(pap) = max[0, wi —wy — w3 — wa], (2.41)

where the w;’s are the square roots of the eigenvalues of the matrix pagpap; pap =
(oy ® 0y) plip (0, ® 0y) and o, is the Pauli y matrix. As the entanglement of formation
is a monotonically increasing function of the concurrence and ranges from 0 to 1 as the
concurrence goes from 0 to 1, the concurrence too is a measure of entanglement [I51].

For the joint state pap of the two detectors given in Eq. (2.24]), the square root of the
eigenvalues of pappap are

wy = v/prpn + |pul = \IXP + [CF + PaPy + X + O(X), )
wy = /Poapss + |pasl = V/PaPs + |C| + O(M) )
ws = \/pr1pas — |pia| = \/|X|2 +|C) + PaPg — |X| + O\, (2.42¢)
ws = v/Prpss — |pasl = V/PaPp — |C|+ O(N). (2.42d)

If pap is entangled, the Peres-Horodecki criterion, | X ]2 > P, Pg, implies that the largest
eigenvalue of pappap is wy. Using Eq. (2.41]), the concurrence is seen to be

C(pap) = 2max[0, |p1a| — v/pazpss]
— Zmax[o, X[ — \/PAPB} +0(Y). (2.43)

If the transition probabilities of the two detectors are equal, P, = Pp, the concurrence of
pap is given by twice the negativity, C(pag) = 2N (pag) [94].

From the expression for the concurrence given in Eq. (2.43]), we see that the final state
of the two detectors pap is most entangled when the product of the transition probabilities
of both detectors is small and the absolute value of the off diagonal element X is large. This

observation will be important for the interpretation of the results presented in Chaps.
and [l

Correlations

While the negativity, concurrence, and entanglement of formation are useful for quantifying
entanglement, they are not directly accessible by local measurements of the detectors.
Consequently, one may be interested in the correlation between the outcomes of local
measurements of each detector.
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As the final state of either detector is diagonal in the {|0),,,|1) 5} basis, Egs. (2.29)) and
(2.30)), the only nontrivial measurement is in this basis. The correlation between outcomes
of these measurements is defined as

cov (pan)
var (pa) var (pp)’

cort (pag) := (2.44)

where

cov (pap) :==tr(papo, ®o,) —tr(pao,) tr(ppo.),
var (pp) = tr (ppo?) — tr (ppo.)?,

for D € {A, B}; corr (pap) will be referred to as the correlation function.

Evaluating corr (pap) for the final state of the two detectors pap in Eq. (2.24)) yields

pas — (P22 + paa) (P33 + paa)
V(L = pas — paa) (pa2 + paa) (1 — pss — paa) (pss + paa)
X+ er
- VPaPy

corr (pap) =

+O(N). (2.45)

2.3 Detector observables

Sections [2.1|and 2.2 have emphasized that an Unruh-DeWitt detector, through the interac-
tion Hamiltonian in Eq. , performs a measurement of a quantum field. The purpose of
this section is to identify the measurement model a collection of Unruh-DeWitt detectors
defines, and to identify the field observablesﬂ these detectors measure as a function of their
initial state and trajectories.

A measurement procedure begins by coupling the system that is to be measured with a
probe system. After some time, the system and probe are decoupled, and a measurement

6 An observable is defined on a measurable space (£2, F), where (2 is a sample space and F is a collection
of subsets of  (F is a o-algebra); (€, F) is the outcome space of the observable. An observable A is a
map A : F — £ (H), where F is the space of possible outcomes of a measurement of the observable A on a
system associated with the Hilbert space H, such that A is a positive operator valued measure (POVM).
A POVM is a map A : F — & (M) such that (i) A(®) =0, (ii) A(Q) = I, and (iii) A(U; X;) = >, A(X;)
for any sequence {X;} of disjoint sets in F; for X € F, A(X) are referred to as POVM elements. In
other words, a mapping A : F — £ (H) is a POVM if and only if the mapping X +— tr [pA(X)] defines a
probability measure for every state p € S (H).
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is carried out on the probe system only. As a result of the coupling stage, the system and
probe become correlated, and a measurement of the probe system gives information about
the system that is to be measured.

Following [64], we will now formalize this measurement procedure. Let A be an observ-
able we wish to measure on a system associated with the Hilbert space H, with possible
outcomes A(X) € E(H) where X labels the possible outcomes of A; A(X) will be re-
ferred to as the POVM element associated with the outcome X. The collection of POVM
elements {A(X) VX} defines the observable A.

Suppose that we prepare a probe system in the state [£) € K, where K is the Hilbert
space associated with the probe system, and the interaction between the probe and system
to be measured is described by a completely positive trace preserving map

V:SKoH) = S(KeH). (2.46)

Suppose that after the interaction has ceased, we measure the observable F' with outcomes
F(X) € £(K) on the probe system. The quadruple M = {K,|£),V, F'} defines a measure-
ment model of the observable A if it satisfies the probability reproducibility condition [64]

tr [pA(X)] = tr [V[I&)(€l @ p] (F(X) @ 1) (2.47)

for all F(X) and p € S(H). This condition asserts that a measurement F of the probe, after
the interaction with the system to be measured has ceased, results in the same probabilities
as if a measurement of A were performed directly on the system.

However, it is important to note that the probability reproducibility condition can be
applied in the opposite direction: a given measurement model M = {K, [£),V, F'} defines
an observable A on H given by

AX) == ¢V F(X) ® I]|€) € E(H), (2.48)

where V* is the dual of V. We will apply the probability reproducibility condition in this
manner to answer the question: Which field observables can a collection of Unruh-DeWitt
detectors measure?

Consider a collection of N detectors associated with the Hilbert space K = ), H,,
where H; is the Hilbert space describing the ith detector. Suppose these detectors are used
collectively as a probe system to make a measurement of a scalar field ¢ associated with
the Hilbert space H,. Suppose that prior to the interaction with the field the detectors are
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prepared in the state |£) € K and the interaction between the probe and field is described
by the interaction Hamiltonian

—)\Zul ® gl (t)], (2.49)

where 11;(t) € L,(H;) is a self-adjoint operator on H,;, glz;(t)] = glo[z:(t)], m[zi(t)]] € Ls(H)
is a function of the field operator ¢ and its conjugate momentum 7 evaluated along the
ith detector’s trajectory z;(t), and t is a suitably chosen coordinate time. For the Unruh-
DeWitt detector considered in Secs. 2.1 and 2.2} H; ~ C?, 1;(t) = x(t)n:(t) [oF(t) + o~ (¢)],
and glz;(t)] = ¢[z;(t)]. The channel describing the measurement interaction is V[-] :=
U[-]UT, where

U=Texp [—m [ > lt) © ol ﬂ]
-y / dt (1) © glai (1))
e S [ dtar T (s ¢) @ glas(tlgles @) + OF) . (250)

Finally, after the interaction with the field has ceased, suppose a measurement of the
observable F', with outcomes F(X) € £ (K), is made on the final state of the detectors.
The set

_ {/c ~ @M. 1§) € K. V-] = U[-JU F} (251)

constitutes a measurement model and in turn defines an observable A on the scalar field ¢
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with outcomes A(X) € £(H) given by Eq.
ARX) = (€U (F(X) @ 1))
= (PN 42 [t 37l ute) @5l 0} FX) @ 1)

g W) / dtdt’ ZT (€l [a(t) © glas(t)], [ (1) ® gla; (D), F(X) @ 1] [€)

+O(A3)
= (EFCOIN T+ [ 346 0, F 1€ o)

+ OF [aa ST Elst) @6l bt PO sl (A ) + OX)
= (EF(XlE) fm/dtZa pa(t), F(X)]€) gl (1)
+ 8 vt ST (list) o) F OO )l

— (€l fat), F OO s (1)1€) gl (gl (#)]) + O(X°) . (2.52)

Swapping the integration variables, t <> ¢, and summation indices, ¢ <> j, in the second

order term and assuming [p;(t), ;(t')] = 0, as is the case for Unruh-DeWitt detectors, the
second order term in Eq. (2.52)) simplifies to

@ [ dtdtZRe[ﬂug()[ (1), FOOLIE) | Tolas(lglw0). (253)

Defining the functions

FOX) = (€IF(X)le). (2.54a)
SVt = (e (), PO ), (2.54D)
P50 1) = 2 Re [ (€l (t) [ma(0), FX)]18) |, (2.54c)
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A(X) becomes
AC) = FOOT+A Y [ de (6 0l
a2y / ar'dt £ (Xt 0T gl (O)glea(t)] + O (V). (2.55)

From Eq. , we see that at zeroth order in the interaction strength A(X) is proportional
to the identity; the first order contribution to A(X) is the operator g[z;(t)] appearing
in the interaction Hamiltonian in Eq. smeared over the detectors’ trajectories by
the function fi(l)(X ;t); and the second order contribution is the time ordered product
Tglx;(t')]g[z;(t)] smeared over the detectors trajectories with the function fj(f (Xt ).
Note that the analysis above was not specific to Unruh-DeWitt detectors.

Having now constructed the field observable A defined by a collection of detectors pre-
pared in an arbitrary pure state |£) moving along trajectories x;(t), through the probability
reproducibility condition, Eq. , one can easily compute the probability of different
outcomes X of various measurements of observables F' on the collection of detectors.

Example: Single Unruh-DeWitt detector observables

As an example of an application of the above measurement model, let us compute the
observables measured by a single Unruh-DeWitt detector moving along the trajectory
zp(t). As was done in Sec. let us consider the detector to be initially in its ground
state |) = |0),, € K ~ C?. The interaction between the scalar field and detector will be

given by Eq. (2.49)), which corresponds to glxp(t)] = ¢lxp(t)] and
pp(t) = np(t) (7 Wot 4 e (2.56)

where 0" = |1) , (0|, and 0~ = |0) , (1| . Suppose that after the interaction with the field,
the measurement of the detector is a projective measurement described by the POVM
elements

F:={P =la)plalp, Pr:=1—]a)p(al, } € E(K), (2.57)

for some |a) € K, with outcomes X; and X5 corresponding to P, and P,, respectively.
As the measurement of the detector has two outcomes, so will the field observable A(X)
defined by this measurement model.
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To compute the POVM elements A(X) defining A, we must evaluate the smearing
functions given in Eq. (2.54). Beginning with f(©(X)

FOX0) = (€[F(X0)[€) = (0] P]0) = [{a|0)[*, (2.58a)

FOXs) = (€[F(X,)[€) = (0] P,[0) = 1 —[{al0)[”, (2.58b)

where we have dropped the subscript D for clarity. The first order smearing function

fO(X;t) is

FOXst) = i (¢ (o (1), F(X1)]€)

=inp(t elQT(t) 0| P1 |0> e~ (0] [‘7_7P1} |0>>

[
I

= inp( t)( W (0]a) (all) + e D (1]a) <a|0)>
t)

— 2p(#) Im [Q (0]a) <ay1>] (2.59a)
FOXoit) = i (€] [up (1), F(X2)] 1)
= ~2yp(t) Im [ 70 (0a) (a]1) |, (2.59b)

and the second order smearing function f@®(X;# ) is

FOXGE 1) = i Re | (€lun(t) lm(t), F(X Nl |

= —ap(t')np () Re [ (1] [up(t), P1] |0) |

= o (#)np (8) Re | =271 (((a] 1)) — [{al0)* |, (2.60)
Ot 1) = i Re | (€lun(t) ln(t), F(Xz)] )]
= —up(t)p(t) Re [e OO ((a1)P) — |(al0) ] (2.60)

Having computed these smearing functions, the POVM elements defining A are
ACG) = [(alo) 7+ 27 [ deno(t) I [0 (0]a) (o) |z (t)

40 [ dt oo (o) Re [ 070 ((af1)* = (al0))

x Tolzp(t)]olzp(t)] + O(X?), (2.61a)
A(Xy) =1 — A(X,). (2.61D)
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Suppose we are interested in the probability that the detector has transitioned from its
ground state |0) ,, to its excited state |1) , given the field is initially in the state p € S (H,).
This transition probability is given by Pp = tr (pA(X1)), with |a), = |1), which defines
the observable F(X) in Eq. (2.57). Explicitly, this transition probability is given by

Pp =\ / dt'dt np(t)np(t) Re [e*m“(t’*ﬂtﬂ] (Tolep(t)olzp(t)]), + O(N)  (2.62)

= \2 / dt'dt np(t )np (t)e OO Glap ()] glrp (1)), + O(XP) (2.63)

where ( - ) = tr[- p]. When p = [0),(0[, ®|0){0], with |0) € H4 being an appropriately
defined vacuum state of the field, the transition probability Pp given in Eq. (2.63|) reduces
to the transition probability computed in Sec. in Eq. (2.9).

Remarks and future applications

We close this section by making a few remarks on the measurement model presented above
and comment on possible future applications.

1. Although effectively the same, an advantage of considering the field observables A(X)
rather than explicitly evolving a collection of detectors (as was done in Sec. is
that one clearly sees that the effect of changing the initial state of the detectors or the
measured observable F'is to change the smearing functions given in Eq. . In
fact, all information about the detector model (size of Hilbert space, the operator pu(t),
and the initial state of the detector) is encoded in the smearing function. This should
allow for easy exploration of the effect of initially entangled detectors or detectors
initially prepared in superpositions on various measurement tasks in quantum field
theory because the only modification to the field observable A(X) will be to the
smearing functions.

Furthermore, constructing the observables a given detector model measures provides
an algebraic picture in terms of the POVM elements A(X) of possible physical mea-
surements of a field. This may prove useful in making connections between the many
studies of Unruh-DeWitt detectors and results in algebraic quantum field theory.

2. One may be able to construct an array of detectors prepared in such a way that
the observables the detector model defines serve as an entanglement witnesq| for

"From [64]: A self-adjoint operator W € L (Ha ® Hp) is an entanglement witness if W is not a positive
operator but (| (¢| W [¢) |¢) > 0 for all factorized vectors |¢)) |¢p) € Ha @ Hp. We say that an entangled
state p is detected by W if tr[pW] < 0.
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entanglement between different spacetime regions. This could lead to an operational
formulation of the area law for entanglement in terms of a physical measurement
model.

. When studying the Unruh effect using uniformly accelerating Unruh-DeWitt detec-
tors, one usually computes the transition probability Pp, which is second order in the
interaction strength, and demonstrates that the final state of the detector is thermal

pD:(1_PD)’0>D<0|D+PD’1>D<1|DGS(K)> (2.64)

with a temperature kgT = 0/ In[(1— Pp)/Pp] proportional to the proper acceleration
of the detector [28].

Instead, one may imagine preparing a collection of uniformly accelerating detectors
in an appropriate state |{) € K = ), H; and performing a collective measurement
(not a series of local measurements) of an observable F' on the final state of the
detectors, such that a signature of the Unruh effect appears at first order, rather
than second order as in the approach described above. In essence, what one would
be doing is exploring whether quantum phenomena, such as entanglement between
detectors, can be used to create a better thermometer with which to measure the
Unruh temperature, i.e., an observable F' that is more sensitive to acceleration than
a measurement of the transition probability.

. Sorkin [134] has demonstrated that projective measurements of quantum fields can
lead to superluminal signalling if consecutive projective measurements on the field
have support on partial causally connected local regions of spacetime. This leads to
the question: Which observables can be measured by a projective measurement in
relativistic quantum field theory?

In general, the answer to this question is unknown. However it is known that some
observables, such as a Wilson loop in a non-abelian gauge theory [24] or a projector
onto a one particle state [134], 47] cannot be measured.

To address this issue, Sorkin [I34] called for a von Neumann-like analysis of the mea-

surement process within quantum field theory. The above construction of detector
observables, culminating in the POVM elements in Eq. (2.55)), is such an analysis. It
will be fruitful to examine these observables in relation to the issues raised by Sorkin.
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2.4 Summary

We began this chapter in Sec. by giving a physical motivation for the Unruh-DeWitt
detector. We derived the probability that after the detector’s interaction with the field it
has transitioned from its ground state to its excited state, and the associated transition

rate. The main results of this chapter were presented in Secs. and 2.3

In Sec. we emphasized that the question of whether a quantum field is entangled
is ultimately an operational one that depends on the measuring process and the motion
of the observer making the measurement. We considered two initially unexcited Unruh-
DeWitt detectors moving along arbitrary timelike trajectories in any curved spacetime
admitting a Wightman function. We derived the final state pp of the detectors after their
interaction with the field has ceased to all orders in the interaction strength A, stating
explicitly the leading order contribution to pap in terms of the Wightman function. We
then computed the negativity, concurrence, entanglement of formation, and the correlation
function between local measurements of each detector, which quantify the entanglement
and correlations present in the state p4p. We gave an interpretation of this entanglement as
entanglement that has been transferred from the initial state of the field to these detectors,
and interpreted these measures of entanglement as quantifying the entanglement between
the regions in which the detectors were operating.

In Sec. 2.3] we showed that a collection of Unruh-DeWitt detectors constitutes a mea-
surement model of an observable defined on the field Hilbert space H,. Through the
probability reproducibility condition we explicitly derived the POVM elements associated
with this observable to leading order and next to leading order in the interaction strength A.
Using these POVM elements we rederived the transition probability of a single detector.
We also commented on possible applications of these observables.
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Chapter 3

Unruh-DeWitt detectors in quotients
of Minkowski space

We now apply the formalism developed in Chap.[2]to study the behaviour of Unruh-DeWitt
detectors in Minkowski space M as compared to two distinct cylindrical spacetimes, which
we will refer to as My and M_, constructed by topological identifications of Minkowski
space. These identifications are implemented by quotienting Minkowski space with an
appropriate group; spacetimes constructed this way are referred to as quotient spacetimes,
a general discussion of which is given in Appendix

The purpose of this chapter is to study how the transition probability of a single Unruh-
DeWitt detector and the entanglement and correlations harvested by two such detectors
are affected by topological identifications. We begin in Sec. by constructing the quotient
spacetimes My and M_ and derive the Wightman function associated with the vacuum
state of twisted and untwisted real scalar fields in each via the method of images. In Sec.
we compute the transition probability of a single inertial detector in all three spacetimes:
M, Mgy, and M_. In Sec. we compare the amount of entanglement harvested from the
vacuum state by two detectors in all three spacetimes, and demonstrate that the orientation
of detectors with respect to a topological identification affects how much entanglement the
detectors can harvest. The conclusion of this investigation is that, as seen by detectors,
the entanglement structure of the vacuum state is affected by the topology of spacetime.
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3.1 Quotients of Minkowski space and their Wight-
man functions

The quotient spacetimes My and M _ are constructed by making topological identifications
of Minkowski space. These identifications, defined below, will be expressed in Minkowski
coordinates t, x, y, and z, in which the Minkowski line element takes the familiar form

ds® = dt* — da® — dy? — dz*. (3.1)
The cylindrical spacetime M,

The first quotient spacetime we consider is the cylindrical spacetime
Mo = M/Z, (32)

which is constructed by quotienting Minkowski space M with the group Z ~ {J/'},
where the generator of the group Jy acts on M by identifying points

Jo: (t,x,y,2) ~ (t,x,y,2+a), (3.3)
where a is the circumference of spacetime.

The cylindrical spacetime M _

The second quotient spacetime we consider is
M_ = M/T_, (3.4)
where the group I'_ ~ {J"} is generated by the discrete isometry
J_:(t,x,y,2) ~ (t,—x,—y,z + a), (3.5)

where again a is the circumference of the universe. M _ is a cylindrical spacetime in
which rotations by 7 in the xy-plane have been identified.

Both identifications, Jy and J_, preserve space and time orientation and act freely
and properly ensuring both My and M _ are space and time orientable Lorentzian mani-
folds [79]. As neither Jy nor J_ affect the Minkowski line element, both M, and M_ are
locally flat spacetimes.
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To study the behaviour of Unruh-DeWitt detectors in My and M_, we need to com-
pute the final state of the detectors after interacting with a quantum field. For a single
detector initially unexcited, this amounts to computing the transition probability Pp given
in Eq. . For two detectors, both initially unexcited, in addition to the transition prob-
ability of each detector, one must compute the matrix elements X and C' appearing in
the final state of the two detectors given in Egs. . Assuming the state of the field
is prepared in its vacuum stateﬂ, all of these quantities are given by integrations over the
Wightman function associated with the vacuum state of the field.

Constructing Wightman functions associated with quantum fields on quotient space-
times is done using the method of images. Given that one knows the Wightman function
in the spacetime being identified (in the present case this is Minkowski space M), the
Wightman function in the quotient spacetime M /G is given by the image sum

Waye(x,a') =Y 0" Wz, g"'), (3.6)

where G is the group of identifications acting on M, g € G is the generator of the group,
g"x’ denotes the action of the group element ¢™ on the spacetime point 2’ — the group ac-
tion being realized by an identification associated with ¢", and W (z, 2") and Wy (x, 2')
are the Wightman functions in M and the quotient spacetime M /G; the summation is
carried out over all elements of G. The parameter 7 is equal to —1 for twisted fields and
1 for untwisted fields. The method of images applied to the study of Wightman func-
tions (and other Green’s functions) was first investigated by Banach and Dowker [20], 21].
An expanded discussion of quotient spacetimes and the method of images is given in Ap-

pendix [AT]

The Wightman function in Minkowski space

To compute the Wightman function in My and M_ via the method of images we require
the Wightman function in Minkowski space, which we will now derive. We restrict our
attention to massless fields in (3+1)-dimensional Minkowski space. The equation of motion
satisfied by a free scalar field, Eq. , simplifies in this case to

919, d(x) = 0. (3.7)

In this chapter, we will simply say ‘vacuum state’ without explicitly stating the vacuum state agreed
on by all inertial observers.
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A complete orthonormal set of mode functions with respect to the inner product in Eq. (1.5
is given by the plane wave solutions

1 s
uk(:zr) _ —€—z|k|t+zk-x’ (38)

V2 k| (2m)?

where x = (¢,x). The field may be expanded in terms of these mode functions as

dk? 1 . _
b(z) = / k <€—z\k|t+zk-xak i ez\k|t—zk-xa'['k> . (3.9)

(2m)3/2 | /2 1K]
Once the theory is quantized, the operators ay and aL satisfy the commutation relations
in Eq. (1.10).

Letting |0) denote the Minkowski vacuum state and using the expansion of the field in
Eq. (3.9), the Wightman function may be computed

Wz, z') := (0]¢(x)p(2")[0)
1 dk?

_ / AR ik (x=x) k| (t—t")
(2m)® ) 2]k

1 o , /
:————7/1ﬂM5WW“mwMM—£H
x'| Jo

A% |x —

1 : > —1 —t")—desgn(t—t')] .:
T x| o dlk| e~ It gin || [x — x|)]
€ 0

1 . 1
= ——— lim
4m? —0+ [t — t/ — jesgn(t — t’)]2 —x2
1 1
= —sgn(t—1t)4 N = ——r 1
where
o(z, ') =t =12 = (-2 = (y—y)* - (= %), (3.11)

and in arriving at the last equality we made use of Sokhotsky’s formulaﬂ

The Wightman function in My and M_

Having derived the Wightman function in Minkowski space, we can compute the Wightman
function in both My and M _ using the method of images.

Hlime_,0 5. = Find(x) + PV L
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In My, the Wightman function is

W, (2, 2") Z 0" Wz, J§ x')

= n_z_oo {— sgn(t —t') d[o(z, Jia)] — m : (3.12)

where
oz, Jia )=t -t —(x -2 - (y—y) —(z— 2 —an). (3.13)

Similarly, the Wightman function in M_ is
Wi (x,2') = i n" Wy (x, J" 2)
= 1 1

= n_E_:OO n" {R sgn(t —t') 0[o(z, J'2')] — (e | (3.14)

where
oz, J"v) =t —t)? — (z — (=1)"2)* — (y — (=1)")* — (2 — 2’ — an)*. (3.15)

3.2 The transition probability in M, M, and M_

Having constructed the Wightman function in M, My, and M _, we now turn our attention
to the behaviour of Unruh-DeWitt detectors in these spacetimes. Unruh-DeWitt detectors
in My and M_ were first investigated by Langlois [79], who computed the transition
rate of inertial and uniformly accelerating detectors. In this section we will compare the
transition probability of a single detector in all three spacetimes coupled to both twisted
and untwisted fields.

Suppose a detector is initially prepared in its ground state and remains at rest with
respect to the coordinate system (¢, x,y, z) throughout the interaction with the scalar field
with its trajectory given by

zp(r) ={t=71, x=(ds,dy,d)}. (3.16)
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We choose the switching function xp(7) controlling the duration of the interaction with
the scalar field to be a Gaussian

Xp(r) = e 727, (3.17)

with the interpretation that the detector is interacting with the field for an approximate
amount of proper time ko, where £ € R is chosen so that the interaction between the
detector and field is negligible at the proper time 7 = ko.

With these choices, the transition probability as given in Eq. (2.9) in either M, M,,
or M _ simplifies to

Pp = /\2/de7" e T2 TR0 =W (11 (1), 2 (7)) + O(N), (3.18)

where W(xp(7),zp(7")) is the Wightman function in either M, M, or M_ evaluated
along the detector’s trajectory xp(7).

We will now evaluate Eq. (3.18]) for detectors in M, Mg, or M_. The reader who is
uninterested in an explicit evaluation of Eq. (3.18]) for the Wightman functions given in

Egs. (3.10), (3.12)), and (3.14)) may skip to Table where the transition probabilities in

all three spacetimes are summarized.

The transition probability in Minkowski space

We first calculate the transition probability in Minkowski space, which we will denote as
Ppq. Substituting the Minkowski space Wightman function, Eq. (3.10]), evaluated along

the detector’s trajectory given in Eq. (3.16) into Eq. (3.18)) results in
PM _ A2 /'00 dr /00 dT/ e—(T+T/)2/40'2e—(T—T')2/402€—iQ(T—T')
X L sen(r — ') 6 ((r — 7)?) — v +0(\Y). (3.19)
47ri A2 (T — 77)2
Let us change the integration variables to

y:=7—7 and y :=7+7, (3.20)
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noting that the volume element transforms as drdr’ = %dydy’ . With these variables the
transition probability becomes

Py = /\;/_Z dy /_Z dy’ e~/ o=y A0® =iy {ﬁ sgn(y) (5(y2) — ﬁ} + (’)()\4)
= \\/7mo /Z dy e~V /40? =iy {ﬁ sgn(y) 5(y2) — 47riy2} + (’)()\4)
= gﬁa [T+ Ta) + O(AY), (3.21)
where in the last equality
T, := —1 /00 dy eV /0% =iy sgn(y) 5(@/2) , (3.22a)
Ty = ! /OO dy 6_y2/4026_i9yi2. (3.22b)
T J - Y

Let us begin with the evaluation of 7}. Observe that for a well-behaved®] test function
f(y), we have

PV / dy f(y)sgn(y)0(y*) = lim PV / dy f(y)sen(y) o (y* — %)
. > 1
=1 PV [ dy () senly) 37 6 =) + 0+ 1)
o f0) = I
r—0 2 ’T|
=: 1'(0). (3.23)
Using this result, 7} simplifies to
. d — 2/402 —iQ
Ty =—i—e V77 e " = —QO. (3.24)
dy =0
To evaluate T5, we make use of the identity
—00 0

3A smooth function that tends to zero as y — +o0.
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which is derived in Appendix[A.2] Using Eq. (3.25)), 75 may be evaluated

1 0 —y? /402 —iQy —y2 /402 JiQy )
T, — __/ dy e e +S e
™ Jo Y
_ 2 /“ gy T o) ~ 1
™ Jo Y
2
S {_ﬁ (e*‘ﬁm +/7ToQ erf(JQ))]
T 20
1 _0_292
= e + Qerf(cQ). (3.26)
O

Having calculated both T} and 75, using Eq. (3.21]) the transition probability is given
by

Pa= [6—0292 — /79 erfc(aQ)} + oM. (3.27)

The transition probability in M,

We now compute the transition probability for the same detector considered above in the
cylindrical spacetime My, which we will label by Py,. Again, beginning with the expres-
sion for the transition probability given in Eq. (3.18) and making use of the Wightman
function in Eq. evaluated along the trajectory in Eq. , the transition proba-
bility of a detector in My is given by

Pry, = Py + A\ Z n" /00 dr /OO dr'! e~ (T+7)?/40% o= (7 =) /4% =i (r—7")
nt0 T —o0
X {L sen(r — ') 6 ((1 — 7)* — a®n®) — L
Ami A2 [(1 — 7)% — a®n?]

= Py + 7o Z n" / dy e 4% iy

n#0 %

} +0(X)

1
A2 [y2 — a2n?]

47

X [L sgn(y) 6 (y* — a®n®) — } + 0\, (3.28)
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where the last equality is obtained by changing the integration variables to y := 7 — 7’ and
y' =7+ 7" and carrying out the integration over 3. Defining

1 * A
Ti(n) := = dy e/ =W sgn (y)) §(y* — a’n?), (3.29a)
i J oo
Ty(n) = I duy e~V /40? gy L (3.29b)
2(n) =~ - ye e i :
allows the transition probability to be written as
Apto = Ap + X°2V70 Y " [Ta(n) + Ta(n)] + O (X) . (3.30)
n=1
The integration in 77(n) may be carried out, yielding
1 o .
Ti(n) = — / dy eV /40 =iy sgn(y) (5(y2 — a2n2)
AT J_ o
=L [T gyt msan(y) L ((y + an) + 6(y — an))
Ami o 2 lan|
_ ie_a2n2/402 1 sgn(an)e " 4 son(—an)eon
47 lan| 2i
= ie_a%z/“zM sin(Qan) (3.31)
 A4n lan| ' '

The integration in Ty(n) may also be performed, yielding

1 o 242 s 1
- —y*/40% —iQ2
Tr(n) = yP /_Oo dye ¥ /"¢ y—y2 s
1 ee 242 O 1
- Y —y=/40° —iQ
- 47'('2 /;Oo dydy 5(y y) € Y € ny _ a2n2
1 o 1 o o 242 iOm 1
- — [ = iz(§—y) —g/40® —iQy -
T 42 _oodydy (27T /_oodze Y y)e vt yy2—a2n2

1 > R —i(Q—2)7 ,—5°% /452 = —iz 1
g [ (L) ([ mag) e

43



The integrals in the round brackets above are recognized as Fourier transforms of e~V /40
and 1/(t* — a*n?), which may be evaluated using [62] to give

Ty(n) = —— _Z dz <2ﬁ06_(9_z)2”2> (—w sgn(z)M)

83 -
= ﬁ/ dz sgn(z) sin(anz)e—(g_z)zag
o , .
P e A | [ ian$) f( — Q)} 333
dman’ m erf (i +o 5.33)
where the integration over z was performed with Mathematica and erf(z) := f fo o

is the error function.
Having evaluated both Tj(n) and T3(n), the transition probability in M, simplifies to
Py, = PM

0 e 4 2n2 /452

(Im[ ian€ oy f (z% + UQ)] — sin (Qan)) +0O(AY). (3.34)

The transition probability in M_

We now compute the transition probability of the same detector considered above in the
cylindrical spacetime M _, which we will denote as Py, . Again, we begin with the ex-
pression for the transition probability given in Eq. , and substitute the Wightman
function given in Eq. evaluated along the detector’s trajectory specified in Eq. ,
which results in

P _AM+)‘ZZ77 / dT/ dr! e—(T+7)2/40% o—(r—7")2 [40? ,—iY(r—T')
n#0 -
1 n
X L—m sgn(r —7') (5((7 - 7-/)2 — (di + df})(1 — (=)™ — a2n2)

1
_ o0\
i [l =7 — @+ )i — (1) — ]| O
= Ay + N\22/7o Z n" /OO dy o2/ 40? =iy
X Lim sgn(y) d(y* — D(n)?) — R i 5 (n)2]] +0(\Y), (3.35)
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where
D(n)® :=[1— (=1)"] (d2 + d2) + a*n’®, (3.36)

and the last equality is obtained by noting the sum is invariant under n — —n, and
changing the integration variables to y := 7 — 7" and ¢/ := 7 4+ 7/, and carrying out the
integration over y'.

Upon comparison of Eq. (3.35) to Eq. (3.28), we see that the transition probability
in M_ is identical to M, under the replacement of an — D(n). Thus, the transition
probability in M_ is given by

g

o N e P2/ - iD(n)
— A n- iD(n)Q o
Py =Py + e ;:1 n ) (Im [e erf( 5 + aQ)} sm(D(n)Q)>

+O(. (3.37)

Comparison of the transition probability in M, M,, and M_

The transition probabilities of an Unruh-DeWitt detector in M, My, and M_, as cal-
culated above, are summarized in Table 3.1, We compare these probabilities by plotting
them as a function of the energy gap of the detector oQ in Figs. B.1]-[3.3] Note that a
negative energy gap o{) < 0 corresponds to the de-excitation probability of a detector, i.e.,
the probability that if the detector began in the excited state |1),, it has transitioned to
its ground state |0) , after the interaction with the field has ceased. For plotting purposes,
the image sums appearing in the transition probabilities for detectors in My and M_,
Eqgs. and , have been truncated after 100 terms, which results in an error on
the order of 107°.

From Figs. [3.1]-[3.3] we make the following observations:

1. When the circumference a/o of either cylindrical spacetime, My or M_, becomes
large, the transition probability of a detector in both spacetimes approaches the
transition probability of an equivalent detector in Minkowski space. For smaller
circumferences, the transition probability for negative energy gaps oscillates around
the transition probability of an equivalent detector in Minkowski space as a function
of the detectors energy gap o§2, with the frequency increasing as the circumference
of either M, or M_ increases.
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2. From Fig. 3.1, we see that the difference between a detector coupled to (a) an un-
twisted field versus (b) a twisted field in M is that the oscillations of the transition
probability as a function of the detector’s energy gap for negative energy gap are
exactly out of phase. Further, the transition probability of a detector with a positive
energy gap coupled to an untwisted field is significantly larger than the same detector
coupled to a twisted field.

3. From Figs. and [3.3] it is seen that the distance the detector is away from the
origin in the zy-plane in M_, /d2 + d2 /o, affects the transition probability. For a
detector located at the origin of the xy-plane, the transition probability of a detector
in M_ is identical to a detector in M with the same circumference. As the detector
moves away from the origin in the xy-plane, additional oscillations appear in the
transition probability (Fig. and then disappear when the detector is far from the
origin in the zy-plane (Fig|3.3).

4. From Figs. and [3.3] the difference in the transition probability of a detector
coupled to an untwisted versus twisted field in M _ only appears when the detector
is close to the origin in the xy-plane (Fig. . As the detector moves away from the
origin in the xy-plane (Fig. , the transition probability is insensitive to whether
the detector is coupled to a twisted or untwisted field.
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Spacetime Transition probability to leading order in A

)\2
M Py = yy [6_0292 — /7o erfc(aQ)]
T
)\20, 0 6—0,277,2/402
M Py, =P E —
0 Mo M+ 2\/m — K an

X <Im [ean erf <z;—n + UQH — sin (Qan)>

g

A2 & e—D(n)2/402
~ Pty

2yt <=" Dn)
X (Im [ew(")ﬂ erf (z? + UQ)] — sin (QD(n)))

g

M_ Pum

Table 3.1: The transition probability in Minkowski space M and the two cylindrical
spacetimes M, and M_ constructed by the identifications (¢,z,y,2) ~ (t,x,y,z+ a)
and (t,7,y,z) ~ (t,—z,—y, 2z + a) of Minkowski space, respectively. Note that D(n)? :=
[1— (=1)"] (d2 4 d2) + a*n?.
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Figure 3.1: The transition probability of a detector coupled to an (a) untwisted (n = 1) and
(b) twisted (n = —1) massless scalar field in Minkowski space M (solid red) is compared
to the transition probability of the same detector in the cylindrical spacetime Mg (broken
lines) by plotting the transition probability as a function of the energy gap o2 of the
detector. Different circumferences a/o of the cylindrical spacetime are shown.
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(b) twisted (n = —1) massless scalar field in Minkowski space M (solid red) is compared
to the transition probability of the same detector in the cylindrical spacetime M _ (broken
lines) by plotting the transition probability as a function of the energy gap o2 of the
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to the transition probability of the same detector in the cylindrical spacetime M _ (broken
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20



3.3 Entanglement and correlation harvesting in quo-
tients of Minkowski space

In this section we apply the entanglement harvesting protocol developed in Chap. [2] to
Minkowski space M and the two cylindrical spacetimes M, and M_ introduced in Sec. 3.1}
We begin by computing the matrix elements X and C, defined in Egs. and (2.25),
appearing in the final state pap € S (Ha ® Hp) of two Unruh-DeWitt detectors in all
three spacetimes M, M, and M_. We then use this result to compute the concurrence
associated with psp, quantifying how entangled the detectors have become as a result of
their interaction with the field, and the correlation between local measurements of the
Pauli z operator on the final state of each detector.

In all three spacetimes we will consider the trajectories of detector A and B to be

2a(r) = {t =7Ta, Xa = (4,94,24)}, (3.3%a)
zp(7) = {t =Tp, Xp = (vB,Yn, 2B)}, (3.38b)

where 74 and 7 are the proper time of each detector. The detectors are at rest with
respect to one another and with respect to the chosen coordinate frame. This allows us to
parametrize both their trajectories with the coordinate time .

We will again suppose that the switching function of each detector is Gaussian
Xa(t) = xp(t) =7, (3.39)

with the interpretation that each detector is interacting with the field for an approximate
amount of proper time ko. We will also suppose that the energy gap of each detector is
the same, Q24 = Qp = Q.

3.3.1 Computation of the matrix element X

With the above choices for the detectors’ switching functions and trajectories, the matrix
element X defined in Eq. (2.26) simplifies to

o] t
X — _)\2/ dt/ dt’ e—(t’+t)2/4026—(t’—t)2/4026—i9(t+t’)

X |W(za(t'),zp(t)) + W(xg(t),za(t))|. (3.40)
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Using Eq. (3.40|) we now compute X in Minkowski space M and the two cylindrical space-
times M, and M _. The reader uninterested in the explicit evaluation of X may skip to
Table where the values of X are summarized in all three spacetimes.

Evaluation of X in Minkowski space M

We begin by evaluating X in Minkowski space M. Using the Minkowski space Wightman
function given in Eq. (3.10)) and the detectors’ trajectories in Eq. (3.38)), the factor in the
square brackets in Eq. (3.40) evaluates to

2 (ﬁ sgn(t —¢)s[(t' — ) — L?] — prE —1t)2 - L2]) 7 (3.41)

where L? := (x4 — x)* + (ya — yB)* + (24 — 25)? is the square of the spatial distance
between the two detectors.

Upon substituting Eq. (3.41)) into Eq. (3.40) and changing the integration variables to
u' =1t +tand u =1t —t, the quantity X simplifies to

X =—\ /_Z du/ e~ /407 g=i! /000 du e~/ (ﬁ Sgn(“)é[uz - LQ} - Wl—_[;])
= 27 206 Y /000 due " /17° (ﬁ sgn(u)d[u® — L?] — m)
= —2\/%)\20@_“292 /000 du e~ /4" (%mié[u - L] - m)

= —2/7\20e 7Y (4%@.6_;22402 B 4%2 {QLG_LQMU ert (Z%)]>

A2 5 0202 L2 /402 [1 4 erf (Z%)] ’ (3.42)

W

where the integration was performed with Mathematica.

Evaluation of X in the cylindrical spacetime M,
Again, let us begin by evaluating the terms inside the square brackets in Eq. (3.40]) using
the Wightman function in M, given in Eq. (3.12))
1
/ 2 2
2 Z (—sgn t=)0[(#' =) = Laay ()] = 1 (e

n=—oo

(3.43)

- LMo(n)Q]) ’
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where
L, (n)? == L* 4+ a*n® + 2anLsin 6, (3.44)

with 6 being the angle between a line connecting the two detectors and the z-axis.

Upon comparison with Eq. (3.41)), it is clear that each term in the sum in Eq. (3.43)
is identical to Eq. (3.41) with the replacement L — L (n). Therefore, X4, is given by
Eq. (3.48) with the replacement L — L, (n) and a summation over n

2
70292711/\40(71)2/40123 |:1 + erf (@M>:| . (345)
2

g

X m XM—l—Z 277

LMO

Evaluation of X in the cylindrical spacetime M _

Evaluating the terms inside the square brackets in Eq. (3.40)), using the Wightman function
in M_ given in Eq. (3.14)), yields

Am? [(t' = t)? — Ly (n)?] )  (3.46)

L (n)? := Lagy(n)? +2[1 — (=1)"]d4 - dp, (3.47)

and dy := (z4,y4) and dp := (2, yp) are vectors lying in the xy-plane.

Again, upon comparison with Eq. (3.41) it is clear that each term in the sum in
Eq. (3.46)) is identical to Eq. (3.41) with the replacement L — L, _(n). Therefore, X _
is given by Eq. (3.48)) with the replacement L — Ly,_(n) and a summation over n

. A2 g _o202_1, 2 /452 ,LM (n)
Xy =X n 4 M (P)T/A0 ] 4 erf = . (3.48
M M+Z4\/7_Tnzﬂn I (n)e +erf| 4 5 ( )

o

Summary

The above evaluations of the matrix element X in all three spacetimes M, Mg, and M_
are summarized in Table [3.2]
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Spacetime The matrix element X to leading order in A

. )\2 g _0292_L2/402 ,L
M XM_Z4\/EZG 1+ erf oy

M, Xy = XM

)\2 o 202_p, 2 2 L (n)Q
T n —02Q? =L pmy(n)? /40, 1 f Mo\
+24\/7_T%;7) L./\/lo(n)e 0 +ert| %

where Ly, (n)? := L* + a®n® + 2anLsin 0

Table 3.2: The matrix element X in Minkowski space M and the two cylindrical space-
times My and M_ constructed from the identifications (¢,z,y,2) ~ (t,x,y,z + a) and
(t,z,y,2) ~ (t,—z,—y, z + a) of Minkowski space, respectively. The trajectory of the two
detectors is x4 (t) = (t,4,Yya,24) and zp(t) = (t,2p,ys, 25), and ds := (T4,ya), dp =
(xp,yg), L is the spatial distance between the two detectors, and sin6 := |z4 — zg| /L.

3.3.2 Computation of the matrix element C

With the above choices for the detectors’ switching functions and trajectories, the matrix
element C' defined in Eq. (2.25]) simplifies to

C =N / dtdt’ (021 o~ =024 QU DY (1) () 2 (8)) (3.49)

Using Eq. (3.49)), we now compute C' in Minkowski space M and both cylindrical space-
times My and M_. The reader uninterested in the explicit evaluation of Eq. (3.49) may
skip to Table where C' in all three spacetimes is summarized.
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Evaluation of C' in Minkowski space M

The Wightman function in Minkowski space evaluated along the detectors’ trajectories
appearing in Eq. (3.49) evaluates to

Wa(za(t), zp(t) = Lsgn (t' —t) 5( (t' — t)2 _ L2) _

47

1
An? ( (t— 1) - L2) .

(3.50)

Upon substituting Eq. (3.50) into Eq. (3.49) and changing the integration variables to
u=1t—tand v’ =t' +t, the matrix element C simplifies to

1 ” 2 - 1 1
Cpp = N2 /du’du e e gmut o pmilu | gom (u) (5<u2 - L2> -
2 47ri 472 (u2 — L2>

= AQ\/EU/due_::?e_m“ ﬁsg;[(jf) [(5<u+L> + (u—L)} — m

L? u? s
2 O e 1 e a0Z i
=\ | T sin (L) + - /du T (3.51)

The remaining integral in Eq. may be evaluated using the convolution theorem

2

e—:(TQ e—iQu’ ) . €—u2/4a2€—iQu

1 e—u’2/4a2e—iﬂu’
/ (u'—u)

1 —u’2 402 —iu/(Q— e—iyu
:%/dy(/ ! [40% o—iu'( y)></duu2_L2)

_ 1 2(Q-y) sgn(y) .
—QW/dy 2\/_06 ><7r 7 sin Ly

4 L
= —Ee’LQ/‘l"Q Im [ezm erf <z% + aQ)] (3.52)
After substituting Eq. (3.52)) into Eq. (3.51)), we find C' to be
)\2 o L2 2 ; L
_ Y- /4o iLQ) - ol
C'm 4ﬁLe (Im {e erf (220 + O'Q):| sin QL> . (3.53)
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Evaluation of C' in the cylindrical spacetime M,

The Wightman function in the cylindrical spacetime M, evaluated along the detectors’
trajectories appearing in Eq. (3.49)) is

[e.9]

WMO (xA(t,)7 xB(t)) = Z 77” <4L7TZ Sgn(t - t/)é[(t/ - t)2 - LMO (n)Q}

n=—oo

1
R LMo<n>21) - (3:54)

Upon comparison with Eq. (3.50)), it is clear that each term in the sum in Eq. (3.54)
is identical to Eq. (3.50) with the replacement L — La4,(n). Therefore, Cpy, is given by
Eq. (3.53) with the replacement L — L, (n) and a summation over n

Cu, =C +A—22n" T o Lang@?/402 [ 1 | il M opf Z-LMO(”) g
M o v 20 Lo (n) 20

—sin Q Ly, (n)) . (3.55)

Evaluation of C in the cylindrical spacetime M _

The Wightman function in the cylindrical spacetime M_ evaluated along the detectors’
trajectories appearing in Eq. (3.49)) is

o0

Waa (o) on) = 3 0 (g senlt = O0[(€ = 0 = Lac ()]

n=—oo

1
— . (3.56
Am? [(t' — t)? — Ly (n)?] ) (3:56)
Again, upon comparison with Eq. (3.50]), it is clear that each term in the sum in

Eq. (3.56)) is identical to Eq. (3.50) with the replacement L — L, _(n). Therefore, Cy_
is given by Eq. (3.53)) with the replacement L — Ly, (n) and a summation over n

)\2 o —La ( )2/4 2 iL LMi(TL)
= SR n___ - _(n)7/40% [ ] iLp_ () o f 0
Cym_ =Crp+ N nééon LM,(n)e m |e erf | i——— +o

—sin QL (n)) . (3.57)
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Summary

The above evaluations of the matrix element C' in all three spacetimes M, M, and M _
are summarized in Table 3.3

Spacetime The matrix element C' to leading order in A
AQ 2 2 . L
M Cpm = m%e_L /4o (Im [elm erf (z% + UQ)] — sin QL)
)\2 o 2 2
C =C n —La,(n)? /4o
Mo Mo = G 4y ;77 Lug(m)”
, L
X (Im [e’LMO(”)Q erf (z/\;#(n) + JQ)] —sin QL (n))
o

where L, (n)? := L? + a*n® + 2anLsin @

—La_ (n)2/403

A2 . O
M_ CM —CM"—ng?éoﬁ me

X (Im {eiLMWQ erf <ZLM2—<”) + 09)1 —sin QL M_(n))

g

where Ly (n)? := Ly (n)* +2[1 — (—=1)"]d4 - dp

Table 3.3: The matrix element C' in Minkowski space M and the two cylindrical uni-
verses My and M _ constructed from the identifications (¢,z,y,2) ~ (¢t,z,y,z + a) and
(t,z,y,2) ~ (t,—z,—y, z + a) of Minkowski space, respectively. The trajectory of the two
detectors is x4 (t) = (t,x4,ya,24) and zp(t) = (t,z5,yp, 28), and da = (T4,ya), dp =
(xp,yn), L is the spatial distance between the two detectors, and sin6 := |z4 — zg| /L.
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3.3.3 Harvesting entanglement and correlations in M, M, and

M_

Having evaluated the matrix elements X and C, and the transition probability Pp in
Sec. [3.2 for detectors in M, M,, and M_, we now compare how entangled the final
state pap of two static detectors is in these spacetimes. We quantify this entanglement
with the concurrence C(papg), which is plotted in Figs. — In addition, we examine
the correlations between local measurements of the Pauli z operator o, by evaluating the
correlation function corr(pap) in all three spacetimes.

We first note from Tables and that the matrix elements X and C' both diverge
when the separation of the detectors goes to zero, consequently so does the entanglement
and correlations between the detectors. This divergence is due to the fact that the detector
couples to the field at a point, and could have been regulated had the detector been coupled
to a smeared field modelling the spatial extent of the detector [113].

In Figs. and [3.8] the contours indicate the value of the concurrence in Minkowski
space, and in Figs. and the contours indicate the value of the correlation function in
Minkowski space. In Figs. [3.5] [3.6], 3.8 and the thick black line denotes the boundary
to the left of which the entanglement in the final state of the detectors is identically zero.
For plotting purposes, the image sums appearing in the transition probabilities P4 and Pg
and the matrix elements X and C have been truncated after 100 terms, which results in
an error on the order of 1075,

Description of Fig.

Figure depicts both the concurrence C(pag) ,, and correlation function corr(pag),, for
two detectors in Minkowski space M as a function of the detector separation L/o and
energy gap of) in units of the interaction length o.

From Fig. we see that the detectors become most entangled and strongly correlated
when they have a small positive energy gap. Furthermore, as the detector separation in-
creases, both the entanglement and correlations decrease. This should have been expected
from the fact that the Wightman function Wy, (z,2") decreases as the distance between
the spacetime points x and 2’ increases.

We also observe that the entanglement in the final state of the detectors vanishes for
the region to the left of the thick black line, while the correlations decay to zero smoothly.
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Description of Fig.

In Fig. the concurrence of the final state of two detectors in the cylindrical spacetime
M is compared to the same quantity in Minkowski space M by plotting their difference
C(paB)m,—C(pas)m. The circumference of the spacetime My is a/o = 4 and the detectors
are aligned with the identified direction.

From Fig. we observe that for detectors coupled to untwisted or twisted fields, the
region in which p4p is not entangled coincides closely with the region in which the detectors
are not entangled in Minkowski space, i.e., the region to the left of the thick black line.

We also observe that for energy gaps where the detectors are most entangled, detectors
coupled to an untwisted (a twisted) field, are less (more) entangled than identical detectors
in Minkowski space. This difference between detectors coupled to twisted and untwisted
fields is in large part due to the difference in the transition probability Pp of a single
detector. Since the concurrence is given by C(pag) = 2max [0, |X| — /PaPg] + O(X*),
for fixed | X|, we see that the smaller the transition probabilities P4 and Pg, the greater
the concurrence quantifying the entanglement between the detectors. From Fig. [3.1, we
see that the transition probability of a detector in Mg coupled to a twisted field is much
less than a detector coupled to an untwisted field for detectors with a small positive or
negative energy gap.

However, for detectors with a large positive energy gap, we see that the entanglement
between the detectors is greatest for detectors coupled to an untwisted field. This is the
regime in which the transition probability of a detector coupled to either an untwisted or
twisted field is comparable.

Description of Fig.

In Fig. [3.6) we examine the correlation between the outcomes of local measurements of the
Pauli z operator on each detector, given the detectors are in their final state psp. This is
done for detectors in the cylindrical spacetime M and compared to detectors in Minkowski
space M by plotting the difference in the correlation functions corr(pag)m, — corr(pap)m-
The circumference of the spacetime M is a/o = 4 and the detectors are aligned with the
identified direction.

For detectors with a positive energy gap, the correlations in the final state of the two
detectors in M as compared to equivalent detectors in M, behave as the entanglement
depicted in Fig. [3.5] However, for negative energy gaps immediately to the right of the
thick black line, in the region where the entanglement between the two detectors vanishes,
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we see that the correlations are greater (smaller) for detectors coupled to an untwisted
(twisted) field as compared to correlations between detectors in Minkowski space. The
converse is true when the energy gap becomes more negative (02 ~ —3).

Description of Fig.

In Fig. the concurrence C(pap)pm, of the final state of two detectors in the cylindrical
spacetime M is plotted as a function of the detectors orientation with respect to the
identified direction (i.e. the z axis); § = 0 ( = w/2) the detectors are aligned with
(orthogonal to) the identified direction. The energy gap of the detector is {2 = 0.75.

We first observe that for detectors coupled to either twisted or untwisted fields with the
chosen energy gap, the amount of entanglement that results in the final state of the two
detectors depends on their orientation with respect to the identified direction. For large
detector separation, the total amount of entanglement in the final state is less than for
small detector separation, however the dependence on the detector orientation is greater.
For untwisted (twisted) fields and detectors with the energy gap plotted in Fig.[3.7 the en-
tanglement in the final state increases (decreases) as the angle with respect to the identified
direction increases.

Description of Fig.

In Fig. the concurrence of the final state of two detectors in the cylindrical spacetime
M_ is compared to the same quantity in Minkowski space M by plotting their difference
C(pa)m_ — C(pap)m- The circumference of the spacetime M _ is a/o = 4, and d4 = dp,
|d4| /o = 0.25, and the detectors are aligned with the identified direction.

From Fig. 3.8 we observe that for detectors coupled to either untwisted or twisted
fields, the region in which p4p is not entangled is approximately the same region in which
detectors are not entangled in Minkowski space, i.e., the region to the left of the thick
black line. A second observation is that the concurrence associated with the final state of
the two detectors in M_ is greater (less) than the same quantity in Minkowski space M
for twisted (untwisted) fields. This is similar to detectors in My, as shown in Fig. 3.5

Description of Fig. 3.9

In Fig. [3.9 we examine the correlation between the outcomes of local measurements of the
Pauli z operator on each detector, given the detectors are in their final state pap. This is
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done for detectors in the cylindrical spacetime M _ and compared to detectors in Minkowski
space M by plotting the difference in the correlation functions corr(pap)sm_ — corr(pas)m.
The circumference of the spacetime M_ is a/o =4, and d4 = dp, |d4| /o = 0.25, and the
detectors are aligned with the identified direction.

Upon comparison of Fig. with Fig. |3.6] we observe that the correlation function
associated with detectors coupled to either untwisted or twisted fields in the cylindrical
spacetime M _ behaves similarly to the correlation function associated with detectors in
Mo; see the discussion of Fig. [3.6] above.

Description of Fig. |3.10

In Fig. the concurrence C(pap)pr_ of the final state of two detectors in the cylindrical
spacetime M _ is plotted as a function of the detectors orientation with respect to the
identified direction (i.e. the z axis); § = 0 ( = w/2) the detectors are aligned with
(orthogonal to) the identified direction. The energy gap of the detector is 02 = 0.75, and
dA = dB and ‘dA’ /U = 0.25.

We observe that for detectors coupled to either twisted or untwisted fields with the
chosen energy gap, the amount of entanglement that results in the final state depends on
the orientation of the detectors with respect to the identified direction. For large detector
separation, the total amount of entanglement in the final state is less than for small detector
separation, however the dependence on the detector orientation is greater. For untwisted
(twisted) fields and detectors with the chosen energy gap, the entanglement in the final
state decreases (increases) as the angle with respect to the identified direction increases.
This is opposite to the behaviour of detectors in My, as illustrated in Fig. [3.7}
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Figure 3.4: For two Unruh-DeWitt detectors in Minkowski space M, (a) the concurrence
C(pap) and (b) correlation function corr(pag),, are plotted as a function of their sepa-
ration L/o and energy gap 2. In both (a) and (b), to the left of the thick black line the
final state of the two detectors pap is not entangled; this is also true for Figs. 3.8
and B.9
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(b) the circumference of the spacetime is a/oc = 4 and the detectors are aligned with the

identified direction, # = 0.
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Figure 3.6: The difference between the correlation function associated with the fi-
nal state of two detectors in the cylindrical spacetime M, and Minkowski space M,
corr(pap)m, — corr(pap)m, is plotted as a function of the detector separation L/o and
the detector energy gap of2 for detectors coupled to (a) untwisted fields (n = 1) and (b)
twisted fields (n = —1). In both (a) and (b) the circumference of the spacetime is a/o = 4
and the detectors are aligned with the identified direction, # = 0.
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Figure 3.7: For two detectors in the cylindrical spacetime My, the concurrence associated
with the final state of the two detectors C(pap)a, is plotted as a function of the detectors
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are aligned with (orthogonal to) the identified direction. The energy gap of the detector
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Figure 3.8: The difference between the concurrence of the final state of two detectors in
the cylindrical spacetime M_ and Minkowski space M, C(pap)m_ — C(pas)m, is plotted
as a function of the detector separation L/o and the detector energy gap of2, for detectors
coupled to (a) untwisted fields (n = 1) and (b) twisted fields (n = —1). In both (a) and
(b) the circumference of the spacetime is a/o =4, da = dp, |da| /o = 0.25, and 6 = 0.
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Figure 3.9: The difference between the correlation function associated with the fi-
nal state of two detectors in the cylindrical spacetime M_ and Minkowski space M,
corr(pap)m_ — corr(pap)m, is plotted as a function of the detector separation L/o and
the detector energy gap o2, for detectors coupled to (a) untwisted fields (n = 1) and (b)
twisted fields (n = —1). In both (a) and (b) the circumference of the spacetime is a/o = 4,
ClA = dB: |dA| /0‘ = 025, and 6 = 0.
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Figure 3.10: For two detectors in the cylindrical spacetime M_, the concurrence associ-
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detector is ¢€2 = 0.75. This is done for detectors coupled to (a) untwisted fields (n = 1)
and (b) twisted fields (n = —1).
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3.4 Summary

In summary, the behaviour of Unruh-DeWitt detectors depends on the global topology
of the spacetime they are in. This was demonstrated by examining detectors in three
topologically distinct spacetimes, Minkowski space and the cylindrical spacetimes M, and
M_. This may be surprising given that these spacetimes are all locally indistinguishable
and the detectors interact locally with the field.

However, the reason for the difference in the behaviour of detectors is that the vacuum
state is different in all three spacetimes, and depends on the boundary conditions satisfied
by the field —both the identifications used in constructing the cylindrical spacetimes M,
and M _ and whether the field is twisted or not. This is a quantum property of the vacuum
state and would not occur classically because the classical vacuum state of the field vanishes
everywhere.

What has been shown in this chapter is that the transition probability of a detector
interacting locally with the field and the entanglement and correlations harvested by a pair
of detectors are sensitive to these boundary conditions. Specifically, both the correlations
and entanglement harvested by a pair of detectors is greatest when their energy gap is
small and positive. Furthermore, the orientation of a pair of detectors with respect to
the identified direction in both My and M_ affects the entanglement harvested by the
detectord]

In the process of investigating how topological identifications of Minkowski space affect
the entanglement harvesting protocol, the matrix elements P4, Pp, X, and C' defining
the final state pap of a pair of detectors were computed in Minkowski space and the two
cylindrical spacetimes M, and M_; these quantities are summarized in Tables [3.1]-[3.3]

The cylindrical spacetimes M, and M _ studied in this chapter can equivalently be
thought of as cavities with appropriate boundary conditions imposed on the field living
inside the cavity. As discussed above, these boundary conditions affect how entangled
a pair of detectors become while interacting with the vacuum state of the field. In a
potential experiment to test for the presence of entanglement in the vacuum state, one
might construct the cavity in such a way that the resulting boundary conditions imposed
on the field serve to amplify the entanglement harvested by a pair of detectors.

4One might imagine a Michelson-Morley-Bell experiment in which a large number of pairs of atoms in a
cavity interact with the electromagnetic vacuum and become entangled. From these atoms, entanglement
is distilled and used to violate a Bell inequality. Perhaps, one would find that the success of violating a
Bell inequality would depend on the orientation of the atoms with respect to the cavity walls.
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Chapter 4

Unruh-DeWitt detectors in
(241)-dimensional black hole
spacetimes

Quantum field theories have proven extremely useful in describing the fundamental inter-
actions that govern our world —the Weinberg-Salam model has successfully unified the
electromagnetic and weak interactions, and quantum chromodynamics provides an excel-
lent description of the strong force. The success of these theories relies on perturbative
quantum field theory. However, general relativity refuses to admit such a quantum de-
scription.

Constructing a consistent theory of quantum gravity is hard. It necessitates a radical
departure from conventional quantum field theory —no longer can we quantize matter
on a fixed background, everything must be quantized together including spacetime itself.
Furthermore, taking general relativity as an ordinary field theory, the coupling constant
has units of inverse mass, which implies the theory is nonrenormalizable and will fail to be
perturbatively quantized. These issues, and others [72], pose difficult problems that need
to be overcome in the construction of a satisfactory theory of quantum gravity.

Confronted with these issues, we are motivated to look for simpler models of gravity.
General relativity in (2+1) dimensions is such a model. Many of the fundamental issues
with quantizing the (3+1)-dimensional theory appear in the (2+41)-dimensional theory.
However, the (2+1)-dimensional theory is both mathematically and physically simpler.
For example, the only degrees of freedom of the lower dimensional theory are topological
and every solution to the field equations is either flat or has constant curvature. For these
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reasons, studying gravity in (241)-dimensions has been very instructive [35].

The Einstein-Hilbert action for a (2+1)-dimensional spacetime is

1

dz’/=g[R — 2A 4.1
o | VR =2, (1.1
where R is the Ricci scalar and A the cosmological constant. Variation of this action with
respect to the metric yields the equations of motion. For a negative cosmological constant
A = —1/£? these equations admit a black hole solution of the form

2 7“2_77% 2 7’2_7’% - 2 27,2

in Schwarzchild-like coordinates: ¢t € (—o0,00), r € (0,00), and ¢ € (0,27). This solution
has a horizon at r, = ¢+/M, where M is the mass of the black hole. This spacetime was
discovered in 1992 by Maximo Banados, Claudio Teitelboim, and Jorge Zanelli [19] [I§]
and is appropriately known as the BTZ black hole; generalizations to charged and rotating
black holes exist [35].

S =

By making an appropriate topological identification of the BTZ black hole, the RP?
geon spacetime is constructed. The RP? geonEHﬂ is locally indistinguishable from the BTZ
spacetime in the exterior region (the spacetime metric is the same). We will see that the
RP? geon black hole is an intermediate case between stationary and dynamical black holes,
in the sense that the non-stationary features are behind the past and future horizons of

the black hole [&3].

The first aim of this chapter is to investigate how quantum field theory on the BTZ
and RP? geon black holes diffeIEL especially in their exterior regions where they are locally

!The term geon is short for “gravitational-electromagnetic entity”, and was introduced by Wheeler [148]
as a configuration of the gravitational field which has the spatial topology of R? and is asymptotically flat,
so that the mass of the geon may be defined by Arnowitt-Deser-Misner methods. Wheeler’s goal was to
describe all of classical physics in terms of these geons. To quote Misner and Wheeler [100]:

“If classical physics can be regarded as comprising gravitation, source free electromag-
netism, unquantized charge, and unquantized mass of concentrations of electromagnetic field
energy (geons), then classical physics can be described in terms of curved empty space, and
nothing more.”

Sorkin generalized this notion of the geon to non-trivial spatial topologies [I33], allowing for the possibility
of black hole geons, such as the RP? geon we will consider here.

2 As discussed by Louko [83], these black hole geons are not expected to be the result of stellar collapse
as the non-trivial topology of the black hole geon is present since arbitrarily early times.

3Such an investigation was first carried out by Louko and Marolf [85] in the case of the Schwarzchild
and associated RP? geon, albeit with different methods and focus.
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identical. To do so, we evaluate the transition rate of a detector sitting at a fixed distance
away from the horizon of both black holes. We will demonstrate that a detector operating
in the exterior region of the RP? geon black hole develops a time-dependent transition
rate, and is therefore sensitive to the non-stationary features behind its horizons [129)].

The second aim of this chapter is to examine the entanglement harvesting protocol
developed in Chap. [2/in the BTZ spacetime. In addition to serving as an example of the
formalism, this will allow us to probe the entanglement structure of the Hartle-Hawking
vacuum of a conformally coupled massless scalar field in an operational manner. We
will investigate how the entanglement that results between two Unruh-DeWitt detectors
interacting locally with the vacuum depends on the properties of BTZ black hole [65].

We begin this chapter in Sec. by constructing the BTZ spacetime via topological
identifications of (2+1)-dimensional anti-de Sitter space (AdSs). Then we construct the
RP? geon spacetime by a further identification. In Sec. we derive the Wightman
functions associated with the Hartle-Hawking vacuum on both spacetimes from the AdS;
Wightman functions using the method of images. In Sec. [4.3] we compare the transition
rate of a stationary detector outside the BTZ horizon with an identical detector in the RP?
geon spacetime. We find that while the transition rate is constant in the BTZ spacetime,
the transition rate of the same detector in the RP? geon spacetime is time-dependent,
even though the spacetime metric is identical in the region in which the detectors are
operating. In Sec. we examine the entanglement harvesting protocol for two detectors
located outside the BTZ horizon and interpret the results in terms of the local Hawking
temperature experienced by the detectors and red shift effects. We summarize the results

present in Sec. [4.5]

4.1 The BTZ and RP? geon black hole spacetimes

In this section we will present the quotient space construction of the BTZ and RP? geon
black holes. The (2+1)-dimensional AdS; space can be defined as the restriction to the
submanifold

XP+ X5 —TF Ty = 1% (4.3)

where ¢ > 0 is the AdS length scale, embedded in the flat four-dimensional space R?? with
coordinates (X7, Xs,T1,T) and metric

ds® = dX; +dX3 — dT} — dT;. (4.4)
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The BTZ black hole may be constructed by quotienting an open region of AdS; with
the isometry group Z [35]. A set of coordinates on AdS; well suited to implement this
quotient space construction and which cover the exterior region of the black hole are the
BTZ coordinates:

Xlzééﬁmh<%¢>, XQ-E,hﬁ—lcwh
=/ E cosh <7h<z$) ; Ty =1 / i 1 smh (4.5)
where
t € (—00,00), r € (rp,00), and ¢ € (—00,00). (4.6)
In these coordinates the induced metric on AdSs from the embedding space R?? is
d§::—<ﬂ£2 >ﬁ2 (f%;ﬁ)ldﬁ+w%w? (4.7)
In the BTZ coordinates, the Z quotient is realized by the identification
L:(t,r,¢) ~ (t,r, ¢+ 2m), (4.8)

so that Z ~ {I"}. The action of this quotient results in the coordinate ¢ becoming an
angular coordinate ¢ € (0,27). The resulting spacetime is known as the BTZ black hole
Mprz and its metric is given by Eq. . Since the BTZ spacetime was constructed from
a Z quotient of AdSg, it is a quotient spacetime

Mprz = Maas;/Z. (4.9)

The RP? geon spacetime is constructed by a further quotient, which is best realized in
the null coordinates U and V', which cover the entire BTZ spacetime:
r 1-UV rpt \%4
= d — =1Iny/——. 4.10
S T e e (4.10)
The embedding coordinates (X, Xy, T}, T3) may be expressed in terms of the null coordi-
nates as

1-UVN . . r VU
X, =1 (e Xp= 0
! (1+UV>Sm <£¢>’ R
LUV ™ ViU
T, = (o Ty=1 . 411
! (1+UV>COS <e¢>’ T ov (4.11)



In the null coordinates the BTZ metric takes the form

ds® = —

A2 , (1=UV\*
S . 4.12
(y+vaﬂmv+ﬂh<1+Uv>¢w (4.12)

The RP? geon spacetime M e, is constructed by the following identification of Mprz
186, [84]:

J: (U V,¢) ~ (V,U ¢ +1). (4.13)

As ¢ € (0,27) is an angular coordinate we see that J* = e, and therefore J generates a
Zy ~{e, J} action on the BTZ spacetime. Therefore, the geon spacetime is seen to be the
quotient spacetime

Mgeon = MBTZ/ZQ~ (414)

The Z quotient acts without fixed points and properly discontinuously [83].

In terms of the Penrose diagram in Fig[4.1j(a), the identification J acts by a reflection
around the vertical axis and a rotation by 7 in the suppressed ¢ direction; this results
in the Penrose diagram of the RP? geon spacetime depicted in Fig. 4.1(b). In the BTZ
coordinates J maps a point (¢, 7, ¢) in region I to the point (—¢,r, ¢ + ) in region III. In
regions I and IV, J acts by identifying the points (t,7,¢) ~ (—t,r,¢ + 7). As a result of
these identifications, the spatial topology of the RP? geon spacetime is the real projective
spaceﬂ RP?/{point at infinity}. These identifications also select a preferred spatial slice at
t =0 [83).

As mentioned in the introduction to this chapter, the RP? geon spacetime is an inter-
mediate case between a stationary black hole and a dynamical black hole. A spacetime is
stationary if there exists a globally defined timelike Killing field, otherwise the spacetime is
dynamic [146]. One may expect that both the BTZ and RP? geon spacetimes admit such
a Killing field seeing as in the exterior region both black holes are locally indistinguishable
(their metric is the same), and expressed in the BTZ coordinates the metric is independent
of the coordinate t. However, only the BTZ spacetime is stationary.

This is best illustrated by examining the orbits of the timelike Killing field 0; in the
RP? geon spacetime [83], which are plotted in red in Fig. [4.1((b). Points along the dashed
line behind the future horizon are identified with points along the dashed line behind the
past horizon. As a consequence, where the orbits of the timelike Killing field run into

4RP? is the topological space of lines passing through the origin in R3 and is best thought of as a
2-sphere with points on opposite sides of the sphere identified.
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Figure 4.1: The Penrose diagram of the (a) BTZ and (b) RP? geon black holes [18] 63].
The singularities are indicated by the wavy lines and the horizons by the diagonal lines.
The red dashed lines indicated the orbits of the timelike Killing field 9;. In (b) the blue
dotted line indicates the preferred time ¢ = 0; see the discussion below Eq. .

the dashed line, the Killing field has a sign ambiguity. This results in the timelike Killing
field 9, not being globally defined on the RP? geon spacetime. This feature of the RP?
geon black hole is hidden behind its past and future horizons. However, as we will show
in Sec. an Unruh-DeWitt detector operating in the exterior region of the RP? geon
spacetime is sensitive to this feature.

4.2 The Wightman function in the AdS;, BTZ, and
RP? geon spacetimes

Beginning with the Wightman function in AdS3, we derive the Wightman function in both
the BTZ and RP? geon spacetimes via the method of images. For a conformally coupled
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massless scalar field described by the action
3 1 v 1 2
I =— d’x vV —g Egu 8qu8,,¢ + ERQb s (415)

the Wightman function in AdS; is [17]

N 1 ¢
Wads, (7, 7") = A2l <\/a(:c,:c/) \/a(x,x’)+2>’ (4.16)

where o(z, ') is the square of the geodesic distance between the spacetime points = and
2’ in the embedding space R*? divided by ¢2

1
olw,a) = 555 |(Xn = XI)2 = (T3 = 1) + (X2 = X3)* — (T — Tg)ﬂ . (4.17)
The parameter ¢ € {—1,0,1} appearing in Eq. (4.16) specifies either Neumann ({ = —1),
transparent (¢ = 0), or Dirichlet (¢ = 1) boundary conditions satisfied by the field at
spatial infinity.

The BTZ Wightman function can be constructed from the AdS; Wightman function
using the method of imagesﬂ

WBTZ(QUJ,): Z WAng(IarnfE,)

n=—oo

[e.e]

__ 1 L ¢
A2 n:zoo <\/a(x,l“”:c’) Vo(x, I'na') 4+ 2) .

The evaluation of o(z,'"2") depends on whether the points z and z’ are inside or outside
the horizon of the black hole. We will ultimately be interested in detectors outside the
black hole, so let us suppose x = (t,7,¢) and ' = (t',r',¢') with r,r" > r,. To evaluate

o(x,I'"x"), Eq. (4.5)) is substituted into Eq. (4.17)) yielding

(4.18)

/

2 oL 2 oo:
o(z,T"2') = %cosh [T—h(A¢ - 27rn)} -1- (=) gr unk cosh [%At] ,  (4.19)
Ty l Ty 14

where A¢p := ¢ — ¢ and At .=t — 1.

SWe will restrict ourselves to the study of untwisted fields and set n = 1 in Eq. (A.1)).
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From Egs. (4.18) and (4.19) we note that Wgrz(x,2’) is periodic in imaginary time
with a period
L 2n® 2m

T — 4.20
T Kk’ ( )

where £ is the surface gravity of the black hole. This periodicity implies that Wgprz(z, 2')
is a thermal Wightman function associated with the temperature 7' [35]. Further, by
examining the analyticity properties of Wgrz (2, 2'), Lifschytz and Ortiz [81] demonstrated
that this Wightman function is associated with the Hartle-Hawking V&CHUH]H.

The RP? geon Wightman function can be constructed by an additional image sum over

Zy ~{e, J}
Woeon(z,2") = Werz(z, ") + Werz(z, J2'), (4.21)

where

WBTz(SL’, Jl’/> = Z WAng (I, JFnI/)

n=—oo

1 < 1 ¢
= — — : 4.22
Am/20 nz_:oo (\/U(a:, Jrra')  yJo(x, JTa') + 2) (4:22)
This is the RP? geon Wightman function induced by the BTZ Hartle-Hawking vacuum
via the method of images. This Wightman function has been shown to correspond to a
Hartle-Hawking-like vacuum state in the RP? geon spacetime [85] 63].

In evaluating o(zp(7), JT"xp(T — €5)), we note that the action of J is to swap U and
V' and identify ¢ with ¢ + 7. Swapping U and V results in t — —t and Xy — — X5, which
can be seen from Egs. (4.10) and (4.11)), respectively. Again supposing = = (t,7,¢) and
=, ¢) and r,r’" > rp, o(x, JT"2') evaluates to

/

o(z, JT"x') = :—Z Cosh[%h (Ap — 27 [n+ %D] —1
h

(2= 1)} (° ~ 13

2
Th

! cosh[r—h(t—i—t’)] . (4.23)

+ 1B

6The Hartle-Hawking vacuum is the quantum state of the field that describes the equilibrium of the
black hole with thermal radiation at the Hawking temperature T = x/27 [28] [102].
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From Eq. (£.23)), together with Egs. (4.21)) and ([4.22)), we observe that the RP? geon
Wightman function no longer depends on the difference in coordinate times ¢ and ¢, but
rather on their sum. This implies that the Wightman function induced by the BTZ Wight-
man function via the method of images is not invariant under the isometry generated by
the timelike Killing field 0,. This might have been expected based on the discussion at
the end of Sec. in which it was shown that the RIP? geon spacetime is not station-
ary. This feature is reflected in the time dependence of the RP? geon Wightman function.
For spacetime points in the far future or far past (|t +¢'| — o0), we see from Eq.
that Warz(z, J2') vanishes and the RP? geon Wightman function is identical to the BTZ
Wightman function. Further discussion of quantum field theory on geon spacetimes can
be found in [85] 86, 82, [84] [83].

4.3 Detectors outside the BTZ and RP? geon black
holes

Using the Wightman functions derived in the previous section we will examine the be-
haviour of static Unruh-DeWitt detectors operating in the exterior region of both the BTZ
and RP? geon black holed’| Specifically, we will evaluate the transition rate of these detec-
tors given in Eq. (2.16). We will find that while the transition rate of a detector outside the
BTZ black hole is time-independent — as expected since the BTZ spacetime is stationary
and the detector static— the transition rate of an equivalent detector in the RP? geon
spacetime is time-dependent [129].

In both the BTZ and RP? geon spacetimes, suppose the trajectory of the detector is

such that it remains at a fixed distance R > r, from the black hole

xp(T) = {t:%ﬂ r =R, ¢:<I>,}, (4.24)
—Th

where the above trajectory is parametrized in terms of the detectors proper time 7.

We begin by evaluating the transition rate of a detector in the BTZ spacetime moving
along the trajectory given in Eq. (4.24]) with an energy gap €. In the sharp switching limit

"Detectors in the BTZ spacetime have been studied in the past by Lifschytz and Ortiz [81] and more
recently by Hodfkinson and Louko [66], [67].
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(discussed in Ch. [2.1]), the transition rate is given by Eq. (2.16)

Porz(r) =\ (;1 + Z/OAT ds Re [e " Warz(zp(7),2p(T — 55))])

\2 1 N 1 i /AT/E J5 Re | e~
= - 5 Re |e
4 21/2 = Jo \/o(xD(T), Irxp(r — 05))

¢
_\/U($D(T),F"xD(T_g§))+2> ), (4.25)

where we have introduced the dimensionless integration variable § := s/f. Further, we

)

(4.26)

1

2 2

2
Ty

o(zp(7),IMxp(r —€5)) =2

NNV

R? . 19 Th . 19 Th
o 7“;2L sinh (mr7> — sinh RQ——T,%

As shown by Hodgkinson and Louko [66], and summarized in Appendix[C] taking the limit
in which the detector is turned on in the far past (A7 — 00) the transition rate can be
written as

. )\2 0 o0 1 C
Ppry = —e /2 / dy cos (y¢52)m) - )
2m nz_:oo 0 VK, +cosh’y  /Q, + cosh®y
(4.27)
where
2 2 2 D)
._ 1.2 Th o "h o VR
Kn = R2——T}QL smh (nﬂ'?) y Qn = Kn + R2 — 7%, and ﬂ = 27TT

Expressing the transition rate in this form lends itself to being evaluated numerically. Note
the transition rate is independent of 7, and therefore we have dropped the explicit time

dependence in Eq. (4.27), i.e., PBTZ(T) — Ppry.
As shown in [51), 59], the KMS conditionﬂ implies the following condition on the tran-

8The Kubo-Martin-Schwinger (KMS) condition [77, [91] is a general definition of equilibrium states in
terms of the Wightman function. For a timelike trajectory x(7), a state of the field p € S (H,) satisfies
the KMS condition if the Wightman function W,(7,7") = tr (p ¢[z(7)] ¢[x(7')]) satisfies

W(r —ic, ) =W(' 1), (4.28)

the temperature of the state being 1/a.
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sition rate PD(Q) of a particle detector with energy gap €2
Pp(Q) = e 2 Pp(—Q). (4.29)

We note from Eq. that the BTZ transition rate PBTZ(Q) satisfies the KMS condition
with o = ¢3. Therefore the detector sees the field at a temperature 1/¢3, which corresponds
to the local Hawking temperatureﬂ at the location of the detector [66]. This conclusion
will be important for the interpretation of the results in the next section.

We now evaluate the transition rate of the same detector outside the RP? geon black
hole. Since the RP? geon Wightman function is equal to the Wightman function in the BTZ
spacetime plus an image term, Eq. (4.21]), the transition rate in the RP? geon spacetime is

Pgeon(T) = PBTZ + AP(T), (430)

where

5(r) — 1 S Oog o |-t 1
AP(r): 27V/2 nz_:oo/o S <\/O($D(T),JF";ED(T—£§))
¢
- , (4.31
\/O(xD(T),JF”xD(T—Eé))+2> ( )
and

n . 52 R _
o(zp(7), JT"xp(T —£3)) = 5.2 (—R2 — sinh? [77 (n+1) %h] 1 cosh? [% B %]) .
(4.32)

Defining

B RQ _ 2
K, = —— sinh? [77 (n + %) T—h] and @, =K, + "h

—_— 4.
R? — 1} / R2— 2 (4.33)

9The local Hawking temperature is given by the Tolman relation 1/£8 = (—goo)~ /2 T, where ggo is the
coefficient in front of dt? in the line element in Eq. (4.2).
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and changing the integration variable to y = 75/, the second term in Eq. (4.30]) becomes

AP(7) := L Z / dy cos (QUBy /) !
2m 4 0 _ 9
n=-00 \/Kn + cosh [ = %}

B ¢
\/Qn + cosh® [y — %]

From Eq. we see that for large negative 7 the integrand is small and AP(T) ~ 0.
With this observation and Eq. , we conclude that the transition rate of a detector
operating in the far past (large negative 7) is identical to the transition rate of the same
detector in the BTZ spacetime. For 7 > 0, the integrand does not vanish and AP(7) is
significant. From these observations we conclude that the time-dependent contribution to
the RP? geon transition rate AP(T) turns on around 7 ~ 0, and remains on as 7 — 00.
At this proper time (7 = 0), the detector is on the preferred hypersurface ¢t = 0, which is
singled out the by non-stationary features of the RP? geon spacetime located behind its
past and future horizons (see Fig. [4.1)). The fact that the transition rate develops a time-
dependence after the detector has crossed this surface (¢t = 0) demonstrates the detectors
dependence on the non-stationary features of the RP? geon spacetime.

(4.34)

Having simplified the expressions for the transition rate of a detector in the BTZ and

RP? geon spacetimes in Eqgs. (4.27)), (4.30), and (4.34]), we now evaluate these expressions
numericallyﬂ and plot these transition rates as a function of the read out time of the detec-

tor and the detector’s energy gap for the field satisfying Neumann (Fig. , transparent
(Fig. [£.3), and Dirichlet boundary conditions (Fig. [£.4).

We comment on the plots shown in Figs. [4.2)-[.4]

1. The first observation to be made from Figs. [£.2]-[4.4 or Eq. (4.34) is that the transition
rate of a detector in the RIP? geon spacetime is time-dependent. That is, a detector

0The numerical calculations were carried out in Mathematica. The integrals appearing in
Eqgs. and were evaluated from zero to infinity using NIntegrate with PrecisionGoal — 4,
AccuracyGoal — 4, and Method —"ExtrapolatingOscillatory". The sums appearing in Egs.
and were evaluated from n = —20 to n = 20. To generate the plots in Figs. the transition
rate was evaluated for 80 and 120 points, respectively, uniformly sampled across the domain of each plot.
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operating in the exterior region of the RP? geon spacetime is sensitive to the non-
stationary features behind the horizons. This time dependence appears after the
detector has crossed the preferred hypersurface ¢t = 0, after which the transition rate
oscillates around the transition rate of an identical detector in the BTZ spacetime.
This suggests that, in principle, by observing the transition rate of such a detector
one may be able to infer the location of this preferred time slice.

. In the analysis above the detector was turned on in the asymptotic past. From
Figs. [4.2a), [4.3|(a), and [1.4a) we see that the transition rate of a detector in the
RP? geon spacetime only differs from the transition rate of a detector in the BTZ
spacetime when the read out time is approximately greater or equal to the preferred
time ¢ = 0. This behaviour was observed in [85] [86] for detectors in the RP? geon
spacetime.

. From Figs. [4.2(b),[4.3|b), and [£.4|b) we see that detectors in the RP? geon spacetime
with an energy gap close to zero vary more dramatically than detectors with a larger
or smaller energy gap. This could have been anticipated by noting that the integrand
in Eq. oscillates with a frequency proportionally to 2. We see that by tuning
Q) to a value close to zero increases the detector’s sensitivity to the non-stationary
features of the RIP? geon spacetime.

. Upon comparison of Figs. [1.2]-[4.4 we see that the boundary condition satisfied by the
field at spatial infinity affects the transition rate of a detector. The transition rate
in both spacetimes is largest when the field satisfies Neumann (¢ = —1) boundary
conditions and smallest when it satisfies Dirichlet (¢ = 1) boundary conditions.
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Figure 4.2: The transition rate of a static detector in both the BTZ and RP? geon space-
times is plotted as a function of (a) the proper time 77 /¢ at which the detector is read for
a fixed energy gap of the detector, and (b) the energy gap of the detector ¢34 for a fixed
proper time at which the detector is read. In both (a) and (b) r,/¢ = 0.5, R?/ri = 10,
and the field satisfies Neumann boundary conditions (( = —1) at spatial infinity. In (a)
the dotted and solid lines of the same colour indicate the transition rate of an identical
detector in the BTZ and RP? geon spacetimes, respectively.
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Figure 4.3: The transition rate of a static detector in both the BTZ and RP? geon space-
times is plotted as a function of (a) the proper time 77 /¢ at which the detector is read for
a fixed energy gap of the detector, and (b) the energy gap of the detector ¢34 for a fixed
proper time at which the detector is read. In both (a) and (b) r,/¢ = 0.5, R?/ri = 10,
and the field satisfies Neumann boundary conditions (¢ = 0) at spatial infinity. In (a)
the dotted and solid lines of the same colour indicate the transition rate of an identical
detector in the BTZ and RP? geon spacetimes, respectively.
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Figure 4.4: The transition rate of a static detector in both the BTZ and RP? geon space-
times is plotted as a function of (a) the proper time 77 /¢ at which the detector is read for
a fixed energy gap of the detector, and (b) the energy gap of the detector ¢34 for a fixed
proper time at which the detector is read. In both (a) and (b) r,/¢ = 0.5, R?/ri = 10,
and the field satisfies Neumann boundary conditions ({ = 1) at spatial infinity. In (a)
the dotted and solid lines of the same colour indicate the transition rate of an identical
detector in the BTZ and RP? geon spacetimes, respectively.
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4.4 Entanglement from the black hole vacuum

How entangled do two static Unruh-DeWitt detectors become by interacting locally with
the Hartle-Hawking vacuum in the exterior region of the BTZ black hole? To answer this
question we will apply the entanglement harvesting protocol developed in Chap. [2] [65].

We consider two detectors A and B at fixed distances R4 and Rp from the BTZ black
hole with identical energy gaps 2 = Q24 = Q. The spacetime trajectories of such detectors
are

xA(TA) = {t = TA/bA, r = RA, ¢ = (I)A}, (435&)
.Q?B(TB) = {t:TB/bB, T’ZRB, QS:(I)B}, (43513)

where 74 and 7 are the proper time of each detector and b, and bg are red shift factors
given by

R L JEE
A = = B = = .

a and a4

Without loss of generality, we will consider detector A being closer to the horizon than
detector B, r, < Ry < Rp.

As we did in Chap. |3 we will choose the switching functions of the detectors to be
Gaussian

Xa(Ta) = e~ TA/20” and xB(t) = e lh/20% (4.36)
with the interpretation that detector A and B are interacting with the field for an ap-
proximate amount of proper time ko, centered around the spacelike hypersurface ¢t = 0;
k should be chosen so that the interaction between the field and detectors is negligible at

the proper time +ko.

Suppose that prior to the interaction with the field both detectors are in their ground
state. After the interaction has ceased, the bipartite state of the detectors is given by
Eq. (2.24))

1-Py—P 0 0 X
paB = 0 o pyoo| T O(X). (4.37)
X 0 0 0



To quantify how entangled the detectors become as a result of interacting with the field,
we will make use of the concurrence C(pap) given in Eq. ([2.43))

C(pas) = QmaX[Q | X = \/E} + O()‘4) ’ (4.38)
where
Py =\ / drdr e 7220 T (e a(7), ma(T)) (4.39a)
Pg = )\2/de7'/ e TR0 TR0 =T (2 (T), 2 (7)) (4.39b)
X = —Xbabg / didt’ {eb%t2/2°'26bit’z/wel’ﬂ[bB”bAt’]WBTZ(xA(t’),xB(t))
t>t!

+ efbit2/202efb%t’2/202efiﬂ[bAterBt']WBTZ (xB (t/), T (t)) : (439C)

as given by Egs. (2.9) and ([2.26)).

We now evaluate Pp for D € {A, B} by changing integration variables to y := 7 — 7’/
and ¢y := 7 4 7/, and carrying out the integration over 3’, which results in

Pp = >\2\/7_m/dy e VA g (y) e, (4.40)

where g(y) = Warz(xa(T),24(7")), which from Eqs. (4.18) and (4.19) is seen to be a
function of y = 7 — 7. From Eq. (4.40)), note that Pp is the Fourier transform of the
product of g(y) and e ¥*/4*. Therefore, using the convolution theorem, we may express
Pp as

Pp = N2 / dw e @V F(w), (4.41)
where

F(w) = / dy e “Yg(y)

1 1 _ i
= S ZB T ; lpigiﬁ_% (coshay,) — CP% o (cosh ! )} , (4.42)
and P, is the Legendre function of the first kind and
1 2 RZ
cosho;f := %2—’2’ [r—g cosh<27m%h) F 11 : (4.43)
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The integral defining F'(w) was first evaluated by Lifschytz and Ortiz [81]. Having expressed
the transition probability Pp as a convolution of the Fourier transform of the switching
function and F(w), Pp may now be evaluated numerically.

We turn our attention to the evaluation of X in Eq. (4.39¢)). Using Egs. (4.18) and
(4.19) it is seen that X may be expressed as

babp ( _ _
X = —\2 [In A,B) + I B,A}— [[;A,B Y IF B,AD, 4.44
o = ([ramsnma)-drapnea]). w
where
—b2 t2/202 —b3 t’2/2a2 —iQ[bpt+bat’]
IT (A, B) = / dt/ dt’ , (4.45)
\ bAbB ‘ \/cosh =F — cosh [% (¢ — 1)]
1 RusRp
cosh=f = N [ ~ cosh <27m / ) T 1] (4.46)
To simplify the integrals in [F(A, B), let us change integration variables to u := ¢ and
s:=1t—1t so that
[ (A B / J / J —b 2/2(7 —b2 (u—s)2 /202 —zQ[bBu-i—bA(u—s)]
u s
\ bAbB O cosh =} — cosh [2—’55]
fbAsz/Qo' szAs
\ bAbB O / \/cosh =F — cosh [ ]
/ du ebius/o'z 7(b124+b23)’u2/20'2e*’iQ(bA+bB)’u
2 2
= e “’ ds & (4.47
T e e 0 /
babp/by + b \/cosh =F — cosh [ s|
Observe that
2V2m0 - (gthp)® o%?
F b2 +b 2
IF(A,B)+ I7(B,A) = NN AN T
_vAeh 2
o e YathB 2% oog [ babp (bp — bA)QS}
X / ds PAt . (4.48)
0

\/cosh =T — cosh [7s]
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Using Eq. (4.48]), X simplifies to

X = -\K / dy e cos 0 — ,
n:Z_OO 0 y Y [\/cosh =, —coshy C\/cosh = —coshy
(4.49)

where we have changed the integration variable to y := 7,5/¢% and defined

bab _ (bat+bp)? 9242
K::,/bZAT’ZQ%e GG (4.50a)
AT UpevT

G AR

:: 4.50b

T b 2 202 (4.50b)
babs 0

= A8 by —bag)—. 4.
7o, s b (4.50¢)

As expressed in Eq. (4.49), X may now be evaluated numerically.

Having brought both Pp and X into a form that can be evaluated numericallyﬂ, we
may compute the concurrence C(pap) using Eqs. . The concurrence is plotted as a
function of the proper distancd™| the detectors are away from the BTZ horizon in Fig. 4.5
and as a function of the proper distance between the detectors in in Fig. [£.6] In both
figures 0 = 1, M = 1, {/o = 10, and the field satisfies Dirichlet boundary conditions
(¢ =1) at spatial infinity.

In Fig. [4.5) we see that detectors placed closer to the horizon become less entangled,
and at a finite distance away from the horizon do not become entangled at all. To interpret
this behaviour it is helpful to examine the concurrence C(pag) given in Eq. (4.38). We
see that the larger the difference between |X| and /P4 Ppg, the greater the entanglement
is in the final state of the two detectors; when /P4 Pp > |X| the detectors do not become
entangled. As the detectors move closer to the horizon, they experience a greater Hawking

1 The numerical calculations were carried out in Mathematica. The integrals appearing in Eqs. (4.40)
and were evaluated using NIntegrate with MaxRecursion — 40, WorkingPrecision — 15, and
Method —"DoubleExponential". To generate the plots in Figs. [L.5]and [.6] the Pp and X were evaluated
for 100 points uniformly distributed across the domain of each plot.

12The proper distance between two points x1 = (t, Ry, ) and 25 = (¢, R, ¢), where Ry > Ry > 7y, is

Ro R R2 _ 2
AR Ry) = [ dr—t g | B2V T
Ry r2 —ri Ry + \/W
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temperature and thus their probability of transitioning to their excited state is greater,
increasing /P4 Pp. However, the dominate effect governing the difference between |X|
and /P Pp is the decrease in |X| as the detectors move closer to the horizon. This is
a result of the red shift factors by and bg appearing in the expression for X given in
Eq. , which vanish as the detectors approach the horizon.

In Fig. we also observe that detectors with larger energy gaps are able to become
entangled closer to the horizon. This is due to the fact that detectors with a larger energy
gap are harder to excite, which results in the term /P4 Pg being smaller for such detectors.

In Fig. [4.6] we observe that as the separation between the detectors grows, the entangle-
ment between the detectors decreases. This is because correlations in the vacuum state are
small for spacetime points separated by a large distance, which can be seen from the BTZ
Wightman function in Eq. . We also observe that the entanglement decreases more
slowly for detectors with larger energy gap and vanishes for finite detector separation.
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Figure 4.5: The concurrence C(papg) of the final state of two static detectors operating in the
exterior region of the BTZ black hole is plotted as a function of the proper distance detector
A is from the horizon. The proper distance between the detectors is set to d(Ra, Rg)/o = 1,
and ¢/o =10, M = 1, and the field satisfies Dirichlet boundary conditions (¢ = 1).
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Figure 4.6: The concurrence C(pap) of the final state of two static detectors operating in
the exterior region of the BTZ black hole is plotted as a function of the proper distance sep-
arating them. The proper distance between detector A and the horizon is d(ry, Ra) /o = 1,
and ¢/o =10, M = 1, and the field satisfies Dirichlet boundary conditions (¢ = 1).
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4.5 Summary

We began in Sec. by constructing both the BTZ and RP? geon spacetimes from AdSs;
by appropriate topological identifications. In Sec. [£.2] using the fact that both the BTZ
and RP? geon black holes are quotient spacetimes, we constructed the Hartle-Hawking
vacuum Wightman function associated with a conformally coupled massless scalar field
on both the BTZ and RP? geon spacetimes from the AdS; Wightman functions via the
method of images.

In Sec. we used these Wightman functions to compute the transition rate of an
Unruh-DeWitt detector operating in the exterior region of the BTZ and RP? geon black
holes. We saw that even though the metric in both spacetimes is identical in the region
where the detectors were operating, a difference in their transition rates was observed. The
transition rate of a detector in the RP? geon spacetime turned on in the asymptotic past
will develop a time dependence in the future of the preferred time hypersurface t = 0.
Specifically, it will oscillate around the transition rate of an identical detector in the BTZ
spacetime, which is time-independent. We conclude, in principle, a detector operating in
the exterior region of the RP? geon black hole is sensitive to the non-stationary features of
the spacetime located behind the past and future horizons. Information about the global
structure of the RP? geon spacetime is encoded in the vacuum state of the field, and in
principle accessible by local measurements of the field with Unruh-DeWitt detectors. Since
the publication of these results [129], similar effects has been observed for detectors in the
Schwarzschild spacetime and the related RP? geon spacetime [103].

In Sec. we applied the entanglement harvesting protocol developed in Chap. [2| to
detectors operating in the exterior region of the BTZ black hole. We derived the relevant
matrix elements (P4, Pg, and X) of the final state pap of the two detectors necessary to
compute the concurrence C(pap). The dependence of this entanglement on the detector
separation and proximity of the detectors to the BTZ horizon was explained in terms of
the response of the detectors to the local Hawking temperature and red shift effects.

The purpose of investigating the entanglement harvesting protocol for detectors in the
BTZ spacetime is twofold: it serves as a concrete application of the formalism developed
in Chap. [2| and begins an investigation into how the entanglement structure of a quantum
field theory depends on the underlying spacetime geometry as seen by local measurements
of the field. The hope is that the entanglement harvesting protocol can be applied in
other spacetime geometries to better understand the connection between the entanglement
structure of a quantum field theory and the properties of a spacetime on which the field is
defined.
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Part II - Quantum Reference Frames






Chapter 5

Quantum reference frames associated
with noncompact groups

When we describe the configuration of a system, we almost always make use of a classical
reference frame. Suppose we wish to specify the speed of a boat traveling along a flowing
river. To do so we need a reference frame, which we usually take to be either the moving
water or the river bank. Everyday when we define up and down, we use as a reference
frame the gravitational field of the Earth. Indeed, the lesson of relativity is that physical
quantities only have meaning with respect to a reference frame.

The same is true in quantum theory. When defining a basis for a Hilbert space we
employ a classical reference frame. For example, when defining the quantization axis of a
spin system we may make use of a classical magnetic field in a Stern-Gerlach device. In the
study of quantum fields on curved spacetime, the reference frame with respect to which
the fields are defined is the spacetime itself, as seen by an observer employing a suitable
coordinate system.

This state of affairs is not fully satisfactory for one notable reason: a quantum system
is being described with respect to a classical system, mixing elements from conceptually
different frameworks. We must remember that a reference frame is a physical object, and
as such it too is subject to the laws of quantum mechanics. At some scale, the quantum
properties of a reference frame will affect our description of a system. Therefore, we need
to ask: What happens when we replace a classical reference frame with a quantum one?

The first people to explore this question were Aharonov and Susskind [7, 8] who showed
that superselection rules may be lifted using an appropriate reference frame, a point that
has since been emphasized by many authors [98] 09, 88, [61], [48]. Shortly after, quantum
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aspects of the equivalence principle were studied [5] and it was demonstrated that quan-
tum reference frames can be consistently incorporated in quantum theory [6]. Since then,
the study of quantum reference frames has taken on an increasingly information-theoretic
flavour [22], finding practical applications in quantum interferometry [73], quantum com-
munication [23] (see Ch. [6), cryptography [76], and resource theories [96].

Quantum reference frames have also proven useful in the study of quantum gravity.
General relativity does not make use of a reference frame in its construction; it is a back-
ground independent theoryE] and there is no a priori reason why its quantization should
introduce a reference frame. Thus, we might reasonably expect that a quantum theory of
gravity will be background independent. These considerations have lead to the aspiration
of building a relational quantum mechanics [119, [120]. Poulin has constructed a relational
formulation of quantum theory by making explicit use of quantum reference frames [112].
Furthermore, Rovelli has shown that constructing physical observables in a generally co-
variant theory requires the inclusion of the dynamics of the objects serving as reference
frames [118], and studied the consequences of this in quantum theory [117].

The natural language with which to describe reference frames is group theory, owing
to the fact that the transformations that describe the act of changing reference frames
form a group. Most discussion of quantum reference frames revolves around reference
frames defined with respect to compact groups. For example, the group used to describe
a change of phase reference in quantum optics is U(1) and the group used to describe the
transformation between orientations of a laboratory is SO(3).

However, there are reference frames associated with noncompact groups that are of
physical interest. For example, special relativity is essentially the study of reference frames
associated with the Poincaré group. To study the quantum properties of reference frames
associated with these groups, the existing formalism used to study quantum reference
frames associated with compact groups will need to be generalized to noncompact groups.
The purpose of this chapter and the one that follows is to embark on such a task by
studying reference frames associated with the noncompact group of translations and the
noncompact group of Galilean boosts.

We begin in Sec. by introducing the G-twirl, which is a group average over all pos-
sible orientations of a system with respect to an external reference frame, which may be
used to construct a relational description of a quantum system with respect to a quantum
reference frame. We then demonstrate the failure of the G-twirl and this relational descrip-
tion when naively applied to situations involving the noncompact groups of translations

IThis is not quite true. Background structure such as topology, spacetime dimension, and metric
signature still exist, and may or may not be subject to quantization. See [I32] for further discussion.
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and Galilean boosts. However, we find that the G-twirl over these groups naturally intro-
duces a reduced state obtained by tracing out the center-of-mass degrees of freedom of a
composite system. In Sec. [5.2] we examine informational properties of this reduced state
for systems of two and three particles in fully separable Gaussian states with respect to an
external frame. Specifically, we study the entanglement that appears when moving from a
description of the system with respect to an external frame to a fully relational description,
which can alternatively be interpreted in terms of noise. This study is motivated by the
need to determine how best to prepare states in the external partition in order to encode
information in relational degrees of freedom, which will be useful for various communica-
tions tasks [38]. We conclude this chapter in Sec. with a discussion and summary of
the results presented.

5.1 Relational descriptions

In the construction of a relational quantum theory, an essential task is the description of
a quantum system with respect to another quantum system. With this in mind, we seek a
way in which to remove any information contained in a quantum state about its relation
to an external reference frame. This is accomplished by the G-twirl, which we introduce

in Sec. and apply to the group of translations and Galilean boosts in Sec. |5.1.2]

5.1.1 Relational description for compact groups

When the state of a system is described with respect to an external reference frame,
such that changes of this reference frame form a compact group, a relational description
constructed using the G-twirl is well studied [22].

Suppose we have a quantum system in the state p € S(#H), where H is the Hilbert space
associated with the system, described with respect to an external reference frame. Changes
of the orientation of the system with respect to the external frame are implemented by
U(g) € U(H) acting on p, where U(g) is the unitary representation of the group element
g € G, and G is the compact group of all possible changes of the external reference frame.
The relational description of p, that is, the quantum state that does not contain any
information about the external frame, is given by an average over all possible orientations
of p with respect to the external frame, with each possible orientation given an equal weight

Glp] == /dg Ulg) pU'(g), (5.1)
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where dg is the Haar measure associated with the group . This averaging operation is
known as the G-twirl. For compact groups the G-twirl takes states within the state space

S(H) to other states in S(H)
G:S(H)— S(H). (5.2)

By averaging over all elements of the group, the G-twirl removes any relation to the
external reference frame that was implicitly made use of in the description of p. What
remains is only information about the relational degrees of freedom within the system,
that is, information unaffected by changes of the external reference frame. For example,
if p € S(H) describes a composite system of two particles such that H = H; ® Ho,
what remains in G[p| is information about the relational degrees of freedom between the
two particles. Note that the G-twirl is performed via the product representation U(g) =
Ui(g) ® Ua(g), where Uy(g) € U(H1) and Us(g) € U(H2) are representations of the group
G on each of the subsystems.

This relational description is used extensively in the study of quantum reference frames
involving compact groups [22], 23, [73] 95, 109]. However, when the G-twirl operation is
generalized to the case where the group G is noncompact, and thus does not admit a
normalized Haar measure, it results in non-normalizable states.

For example, let us consider the G-twirl of the state p € S(H), where H ~ Ls(R), over
the noncompact group of spatial translations 77 generated by the momentum operator P.
Expressing p in the momentum basis, we find

Gulo) = [dgea ( [ v o019 <p'|) o =2r [ o plel, (53

where dg is the Haar measure associated with 7T and in going from the first to the second
equality we have used the definition of the Dirac delta function 27d(p—p') := [ dg e 9=
Although the averaging operation is mathematically well defined, the resulting state G[p]
is not normalized, as the trace of Gr, [p] is infinite.

For noncompact groups, the action of the G-twirl maps states to a space outside of the
state space S(H). This is a consequence of the Haar measure not being normalized for a
compact group, i.e., the integral f dg is infinite. This issue does not arise when twirling over
a compact group for which there exists a normalized Haar measure. Thus, the relational
description constructed by averaging a system over all possible orientations of a reference
frame fails when the group describing changes of the reference frame is noncompact.

One may try to remedy this problem by introducing a measure p(g) on the group such
that [dgp(g) = 1, and interpreting p(g) as representing a priori knowledge of how the
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average should be performed [10]. However, in general there is no objective way to choose
p(g) —if we want a normalized measure it cannot be invariant.

5.1.2 Relational description for noncompact groups

We now construct a relational description of quantum states suitable for systems described
with respect to reference frames associated with the noncompact groups of boosts and
translations. We begin by twirling the state of a system of particles p € S(H) over all
possible boosts and translations of the external reference frame with respect to which p is
defined. The result of this twirling is a non-normalizable state proportional to Ioy ® pg,
where Iy, is the identity on the center-of-mass degrees of freedom and pgr := trop p is
a normalized density matrix describing the relative degrees of freedom of the system. In
doing so, we connect two approaches to quantum reference frames that have been studied
in the past: the approach introduced by Bartlett et al. [22], which makes use of the G-
twirl to remove any information the state may have about an external reference frame, and
the approach of Angelo et al. [I5], in which a partial trace over center-of-mass degrees of
freedom is used to obtain a relational state.

Consider a composite system of N particles each with mass m,. We may partition
the Hilbert space H of the entire system as # = ®._, H, where H,, ~ Ly(R?), which
spans the degrees of freedom defined with respect to an external frame associated with
the nth particle; we will refer to this as the external partition of the Hilbert space. We
may alternatively partition the Hilbert space as H = Hey ® Hr, where Heoy =~ Lo(R?)
is associated with the degrees of freedom of the center-of-mass defined with respect to an
external frame, and Hp ~ Lo(R3¥73) is associated with the relative degrees of freedom of
the system defined with respect to a chosen reference particle; we will refer to this partition
as the center-of-mass and relational partition of the Hilbert space.

As was done in Sec. for reference frames associated with compact groups, to obtain
a relational state we will average the state of our system over all possible orientations —
intended in a generic sense, meant here to be about translations and boosts — with respect
to the external frame. Here we consider the system to be described with respect to an
inertial external frame. Thus a change of the external frame corresponds to acting on the
system with an element of the Galilean group, and the average over all possible orientations
of the system with respect to the external frame will be an average over the Galilean group.

The Galilean group Gal is a semidirect product of the translation group Ty, the group
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of boosts Bs, and the rotation group SO(3),
Gal =~ Ty x (33 . SO(3)>. (5.4)

We will limit our analysis to averaging over spatial translations T3, where Ty ~ T} x T,
and boosts Bs. We will not average over rotations SO(3), since this has been well studied
elsewhere [22] and we are primarily interested in issues associated with noncompact groups.
Further, we do not average over time translations 7}, as this would require us to introduce a
Hamiltonian to generate time translations, and for now we are interested only in a relative
description of the state at one instant of time and not its dynamics. Suppose the state of
a system is given with respect to an external reference frame with a specific position and
velocity. The operator that results from these restricted averages is the state as seen by an
observer who is ignorant of both the position and velocity of the external reference frame.

The position and momentum operators associated with the center-of-mass, Xy, and
Pcys, and relational degrees of freedom, X;; and Py, may be expressed in terms of the
operators X,, and P,, associated with the position and momentum operators of each of the
N particles with respect to the external frame as

N
1
Xom = i ; mp X, (5.5a)
N
Poy =Y Py, (5.5b)
n=1
X,L'|1IX,L'—X1 for ’le{Q,,N}, (55C)
P =P, — %PCM for i€ {2,...,N}, (5.5d)
where M = ZnN:1 m, is the total mass, and without loss of generality we have chosen

to define the relative degrees of freedom with respect to particle 1. The above operators
satisfy the canonical commutation relations [Xcn, Pon] = (X1, Pijn] = 4, with all other
combinations vanishing. Defining the relative degrees of freedom in this way specifies
particle 1 as the reference frame for the relational degrees of freedom associated with the
other particles. This will allow us to associate properties of particle 1, such as its mass
and quantum state, to properties of the reference frame used is the relational description
given below.

With the exception of the two-particle case, P;; is not equal to the usually defined
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relative momentum operator

P, = (E - E) #P;y for ie{2,...,N}, (5.6)
m; o Mmy

where py; := mym;/(my + m;) is the reduced mass of particle 1 and the ith particle, as
one might expect. Alternatively, one may begin with the set of relative momentum oper-
ators {P,, |i =2,..., N} and construct canonically conjugate relative position operators.
However, we restrict ourselves to considering the operators given in Eq. and refer the
reader to [I5] for a more detailed discussion of the nonuniqueness of canonically conjugate
operators on Hg.

The action of a translation g € R? ~ Ty and boost h € R3 ~ Bj of the external frame
in the external partition H = @, H,, is given by

N
Ur(g) = ) e 8", (5.72)
n=1
N
Us(h) = Q) X, (5.7b)
n=1
and in the center-of-mass and relational partition Hepy ® Hy is given by
Ur(g) = e M @ Iy, (5.8a)
Up(h) = eMbXen g [, (5.8b)

To carry out the average over T3 and Bs, let us express p in the Hepy ® Hp partition
in the momentum basis

p= / dpcm P dPrRAPR p(Por, Por Pr: Pr) [Pom) (Pen| © [PR) (PRI (5.9)

where peys and pp,, denote the momentum vector of the center-of-mass and pr and py
denote the N — 1 relative momentum vectors. Making use of Eq. (5.8a), we may average
over all possible spatial translations of the external frame
Grlpl = / dpcmdpPeydPrAPR p(Per, Poars PR, PR)
< [ dgUr(e)| Ipoar)Blon| = o) (03] |Ur (&)

= (27)3/deMddep;% p(Pcm, Por, Pr, Pr) [Pom)(Pou| @ [Pr)(PR|- (5.10)
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From Eq. we see that the effect of twirling over the group of translations T3 is to
project p into a charge sector of definite center-of-mass momentum. That is, lacking a ref-
erence frame associated with the translation group imposes a superselection rule forbidding
coherence between different center-of-mass momentum eigenstates.

Similarly, we can average p over all possible boosts of the external frame with the result
Gplp] = / dxcndXepdXrAXp p(Xons Xonr XR, Xp)

x / A Up (1) [ccar) (Kops| @ ) ] | U ()!

27 3
— (M) /dxCMdXRdX;% p(Xcour, Xen, Xg, Xg) [Xom ) (Xom| @ |xg) (xR, (5.11)

where Xy and xg,, denote the position vector of the center-of-mass, xg and x/, denote
the N — 1 relative position vectors, and p(Xcar, X Xr, Xg) = (Xom| (Xg| p |Xom) |XR)-
From Eq. we see the effect of twirling over the group of boosts Bj is to project p
into a charge sector of definite center-of-mass position. That is, lacking a reference frame
associated with the group of boosts imposes a superselection rule forbidding coherence
between different center-of-mass position eigenstates.

Averaging Eq. over all boosts, using Eq. , yields
010 Grlp) = (2n)° [ db [ dpcyidpadpiy p(besr. pear. pr. )
x Up(h)[|pear) (Por| @ |pr) (PRl |Us(h)!
= (27T)3/dh/deMddep/R p(Pcyr — Mh,pear — Mh, pr, PR)
X [peum)(Pem| @ [Pr) (PRl
¥

3
) /dh/dPCMddep}z P(h, h, PR,PE) ’PCM)(IJCM\ ® |pR><P}z|

or\
= (M) Iem ® pr, (5.12)

=¥ =¥

3
) /deM |pCM><pCM| ®/ddele (/ dhp(ha haPR,sz)) |PR><PIR|

where in the last line

PR :Z/ddep’R (/ dhp(h,h,pR,p’R)) IPR)(PR| = trewm p, (5.13)
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and we have made use of the resolution of the identity Icay = [ dpem [Pom)(Ponm]. The
action of Gg o Gr may be expressed as

GpoGrlp| = (%)3 <DCM X IR) ] (5.14)

where D¢y denotes the operation that takes every operator on Heys to the identity op-
erator on that space and Zr denotes the identity map on Hg. Note that the generators
of T3 and B3 commute to a multiple of the identity, [Xca, Poy] = iloar, and conse-
quently by application of the Baker-Campbell-Hausdorff equality it can be shown that
Gp o Gr = Gr o Gg. From the appearance of D¢y, the analog of the completely depolariz-
ing channel on Hew > Lo(R?), in Eq. (5.14)), we see that GgoGr[p] contains no information
about the center-of-mass, and thus no information about the external frame. However, all
the information about the relational degrees of freedom of the system is encoded in pg,
which is normalized.

By twirling over all possible boosts and translations of the system, we see from Eq.
that the reduced state pr naturally appears. This demonstrates how the relational state
pr, which is used by Angelo et al. [15, [16] when analyzing absolute and relative degrees of
freedom, is obtained from the usual quantum reference formalism [22].

Summarizing, the relational state is given as the output of a map A acting on p € S(H):

A S(H) — S(/HR),
p > pr = tronm p- (5.15)

The map A is qualitatively different than the G-twirl, as the domain of A is not equal to
its range.

In general, when transforming from the external partition H = ®f:[:1 H,, to the center-
of-mass and relational partition H = Heoy ® Hg, entanglement will appear between the
center-of-mass and relational degrees of freedom, as well as within the relational Hilbert
space Hg. As a consequence the state pgr will be mixed, reflecting the fact that information
about the external degrees of freedom has been lost. This is analogous to information about
the external frame being lost in Eq. when averaging over all elements of a compact
group. In the next section we will quantify this information loss for systems of two and
three particles in Gaussian states.
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5.2 Gaussian quantum reference frames

We now examine in detail the informational properties of the reduced state pg of the
relational degrees of freedom given in Eq. by examining systems of two and three
particles in one dimension distinguished by their masses. As mentioned in Sec. [5.1] in
general, entanglement will appear when moving from the external partition H = ®:1 H,
to the center-of-mass and relational partition H = Hepy @ Hg. This entanglement is crucial
in determining how to describe physics relative to a particle within the system [15]. For
example, if there is entanglement between the center-of-mass and the relational degrees of
freedom, an observer identified with the reference particle, particle 1 as chosen in Eq. ([5.5)),
will describe the rest of the system as being in a mixed state.

As a concrete example of the entanglement that can emerge when changing from the
external partition to the center-of-mass and relational partition of the Hilbert space, we
consider systems of two and three particles in Gaussian states in the external partition. The
advantage of considering Gaussian states in the external partition is that the transformation
which takes the state from being specified in the external partition to being specified in
the center-of-mass and relational partition is a Gaussian unitary, that is, a state which is
Gaussian in the external partition will also be Gaussian in the center-of-mass and relational
partition. Further, if we are interested in the reduced state pr defined in Eq. , and
the state of the particles in either partition is a Gaussian state, then the trace over the
center-of-mass degrees of freedom also results in a Gaussian state. Thus, by considering
Gaussian states in the external partition we are able to make use of the extensive tools
developed in the field of Gaussian quantum information. We begin here by briefly reviewing
relevant aspects of Gaussian quantum information; for more detail the reader may consult
one of the many good references on the topic [11, 39} 2].

5.2.1 The Wigner function and Gaussian states

Any density operator has an equivalent representation as a quasiprobability distribution
over phase space. To see this, we introduce the Weyl operator

D(€) = exp(iX"Q€), (5.16)

where X := (Q1, Py, ...,Qn, P,) is a vector of phase space operators, £ € R?*", and Q is
the symplectic form defined as

n

0= @w, where w = <_01 é) : (5.17)

=1
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A density operator p € S(#H) has an equivalent representation as a Wigner characteristic
function x (&) := tr[pD(&)], or by its Fourier transform which is known as the Wigner
function

d2n .
W(x) := / —gnexp(—szQE) x (&), (5.18)
r2n (27)
where x := (q1,p1,---,qn, Pn) 1S a vector of phase space variables.

An n-particle Gaussian state is a state whose Wigner function is Gaussian

exp(—% (x—x)"V1(x— 5{))

W(x;x,V) = , 5.19
( ) (2m)" Vdet V (5.19)

where X := (q1,P1, - - -, Gn, Pn) 1S given by a vector of averages
T = (Xi) = tr [Xip], (5.20)

and V is the real 2n X 2n covariance matrix with components

1 _ _
‘/z‘j = 5 tr [{Xz — Ty, Xj — ZEj}p] y (521)

where we have made use of the anticommutator {A, B} := AB + BA.

5.2.2 The two-particle case

We begin our analysis by considering two particles with masses m; and msy to be in a
tensor product of Gaussian states pgp = p; ® p2 in the external partition H = H; ® Ha,
where p; € S(H;) and py € S(Hz). Due to the tensor product structure of pg, the Wigner
function of the composite system is a product of the Wigner functions associated with
particles 1 and 2

W(X, XE,VE) = W(X, }Zl,Vl)W(X; }ZQ,VQ) . (522)

The reason for considering factorized states in the external partition, apart from their
common usage in the literature [109] 23], is that if we are to use the composite system for
communication (see Ch. @, the tensor product structure is easily prepared as it does not
require an entangling operation.
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As we will only be interested in the entanglement generated in moving from the external
partition to the center-of-mass and relational partition, we may, without loss of generality,
set X; = Xy = 0, as these averages can be arbitrarily adjusted via local unitary operations
in either partition, and thus do not affect the entanglement properties under consideration.

Making use of Eq. , we find the covariance matrix associated with pg is given by
Vi =V, ® Vy; the direct sum structure resulting from the fact that we chose pg to be a
tensor product state in the external partition. Using Williamson’s theorem [149], one can
show that the most general form of the covariance matrices V; and V5 is given by

V, = iR(@i) S (2r) R (6:)"

1 (cosh 2r; — cos 20, sinh 2r; sin 20; sinh 2r; )

0 sin 26; sinh 2r; cosh 2r; + cos 26, sinh 2r;

" (5.23)

where the free parameter u; = 1/y/det V; € (0, 1] is the purity tr(p?) of the state p;, R (6;)
is a rotation matrix specifying a phase rotation by an angle 6; € [0,7/4], and S(2r;) is a
diagonal symplectic matrix specifying a squeezing of the Wigner function parameterized
by r; € R.

Transforming to the center-of-mass and relational partition

For two particles in one dimension the transformation from the external degrees of freedom
xp := (1, p1, T2, P2), where x; and p; denote the position and momentum of the ith particle
with respect to an external frame, to the center-of-mass and relational degrees of freedom
XOoMR = (Tems Dems T2, P2)1); Where Tep,, Pem are the position and momentum of the center-
of-mass with respect to an external frame and w1, pa; are the position and momentum
of particle 2 with respect to particle 1, is given by Eq. with NV = 2 and vectors of
operators replaced by a single operator. Under this transformation the external covariance
matrix Vg transforms to Voyp = MQVEMQ, where M, is given by

M= | 0 . 0 (5.24)
0 aEm 0 1-gmn

As both the external, center-of-mass, and relational position and momentum operators
obey the canonical commutation relations, it follows that My is a symplectic transforma-
tion, i.e., it preserves the symplectic form M,QMI = Q. Since M, is symplectic, the
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associated transformation preserves the Gaussianity of the state, that is, if a state is Gaus-
sian in the external partition, it will also be Gaussian in the center-of-mass and relational
partition.

The relational state pg given in Eq. (5.13)) is a Gaussian state whose covariance matrix
V1 is obtained by deleting the first and second rows and columns of V. Taking the
most general form of V; and V, yields

V), — 1 ( M2~f1_ +,M1f2j —Mgngl +M1~Th192) (5.25)
| e \ —H2M2g1 + 1M1 go H2m§f1+ +M1m%f2+ ’

where

f-jE := cosh 2r; £ cos 26; sinh 2r;,

7

g; = sin 26; sinh 27;,

and m; 1= m;/(my + may).

Entanglement between the center-of-mass and relational degrees of freedom

As a measure of entanglement we will employ the logarithmic negativity [145]

Ex (p) :=log | p"]],, (5.26)

where I'4 is the partial transpose and ||-||; denotes the trace norm, with log(-) denoting
the natural logarithm. The logarithmic negativity is a measure of the failure of the partial
transpose of a quantum state to be a valid quantum state and is a faithful measure of
entanglement for 1 x N mode Gaussian states [3].

For Gaussian states the logarithmic negativity is given by

Ey:=—) logb, Vi <L, (5.27)
k

where {74} is the symplectic spectrum of the partially transposed covariance matrix v,
i.e., the eigenspectrum of [iQ2V|. The partial transpose of a covariance matrix is

V =6,,V0,,, (5.28)

where 6;), = diag(1,1,1, —1).
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We will use the logarithmic negativity to quantify the entanglement between the center-
of-mass and relational degrees of freedom in Voprr = My VML for Vi = V@ Vs, which
corresponds to the two particles being in a factorized state p; ® ps in the external partition.
V. and V3 will necessarily be of the form given in Eq. .

Plots of the logarithmic negativity of the state associated with Vo g for different
choices of V; and V, are given in Figs. (identical state parameters), (differing
purity), and (differing squeezing). In Figs. [5.1]-[5.3] the dashed red line indicates where
the masses of both particles are equal. Several trends emerge from examining these figures.

We first note that equal-mass systems suppress entanglement between the center-of-
mass and relational degrees of freedom. When particles in the external partition are pre-
pared such that they have identical covariance matrices we find vanishing entanglement
in the equal-mass case, regardless of the amount of squeezing and rotation. This occurs
for both pure and mixed states as illustrated in Figs. and respectively. As one of
the masses gets larger, center-of-mass and relational entanglement increases for any fixed
value of the squeezing parameter r.

Decreasing the purity of the states of the particles in the external partition, shown in
Fig. 5.2} indicates the same trends as for the pure case shown in Fig.[5.1 The main effects
of decreased purity are to decrease the overall entanglement between the center-of-mass
and relational degrees of freedom and to widen the range of mass ratios for which this
entanglement vanishes.

From Figs. B.1]-[(.3] we can observe the effect of phase rotation, corresponding to
squeezing along a rotated axis in phase space. For a phase rotation corresponding to
0 = 60, = 06, = 0, we find that entanglement between the center-of-mass and relational
degrees of freedom is insensitive to the amount of squeezing. As 6 increases we see that
squeezing affects this entanglement, particularly as the ratio of the masses increasingly

departs from unity. Not surprisingly, entanglement is greater for the pure case, shown in
Fig. [5.1], than for the mixed case, shown in Fig. [5.2

Asymmetric squeezing, ry = ar; where a € R, illustrated in Fig. modifies this
situation. When there is no squeezing, r; = ro, = 0, entanglement between the center-of-
mass and relational degrees of freedom vanishes when the masses of the two particles are
equal. However, as r; departs from zero the ratio of masses, m;/(m; + msy), at which this
entanglement vanishes increases as illustrated in Fig. [5.3(a). This trend is less pronounced
as « approaches unity, which is illustrated in Fig.[5.3(b). Again, we see that phase rotation
plays a significant role; Figs. [5.3|(c) and [5.3[(d) demonstrate that if the squeezing of the
particles is different and along a rotated axis, entanglement between the center-of-mass
and relational degrees of freedom may not vanish for any mass ratio my/(m; + ma).
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Figure 5.1: The logarithmic negativity, as a measure of the entanglement between the
center-of-mass and relational degrees of freedom, of the state associated with Vg, when
V1 =V, and both p; and py are pure, i.e., det V; = det Vo, = 1, is plotted as a function
of the squeezing parameter r = r; = 15 and the ratio of masses m;/(m; +my) for different
phase rotations 6 = 6, = 6y: (a) 0 =0, (b) 8 = 7/32, (¢) § = /8, and (d) § = /4.
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Figure 5.2: The logarithmic negativity is plotted as a measure of the entanglement between
the center-of-mass and relational degrees of freedom of the state associated with Vg,
with r = r; = ry and 6 = 6, = 6, for different purities u; of particle 1 and phase rotations
0; the state of particle 2 is pure, ps = 1. In (a, b) # = 0 and (¢, d) § = 7/4. In (a, c)
w1 = 0.6 and (b, d) p = 0.2. Plots for # = 0 and gy = 1 and for § = 7/4 and p; = 1 are
shown in Figs. [5.1[(a) and [5.1[(d), respectively.
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Figure 5.3: The logarithmic negativity of the state associated with Vyr is plotted as a
measure of the entanglement between the center-of-mass and relational degrees of freedom,
with det Vi = det Vo, = 1 and ry = arq, for different phase rotations # = 6; = 6, and
values of a. In (a, b) # =0 and (¢, d) # =7/4. In (a, ¢) « =0 and (b, d) a = 0.5. Plots
for = 0 and o = 1 and for § = /4 and o = 1 are shown in Figs. [5.1fa) and [p.1j(d),
respectively.
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In Figs. [5.1]-[5.3 we have plotted the logarithmic negativity as a measure of the entan-
glement between the center-of-mass and relational degrees of freedom for a wide variety
of separable states in the external partition. The more entangled these degrees of freedom
are, the more mixed the reduced state pr of the relational degrees of freedom will be. The
practical consequence of this is that if one wishes to encode quantum information in the
relational degrees of freedom of two Gaussian states, perhaps to communicate this infor-
mation to another party who does not have access to their external reference frame, then
the purity and amount and direction of squeezing should be chosen in accordance with
Figs. p.1]-[5.3] as to minimize the entanglement between the center-of-mass and relational
degrees of freedom.

5.2.3 Purity of the relational state

As considered above, particles 1 and 2 are prepared in a pure factorized state in the external
partition, and since the transformation to the center-of-mass and relational partition is a
unitary operation, the purity of the reduced state on the relational degrees of freedom pg
quantifies how much information about the external frame has been lost in tracing out the
center-of-mass degrees of freedom. We explicitly compute the purity of the relational state
pr given the joint state in the external partition is pure and factorized and both particles
1 and 2 are in Gaussian states.

The covariance matrices considered in Sec. [5.2.2| were of the form Vg = V; & Vo,
where both V| and V, were given by Eq. (5.23). The purity of Voygr = MyVEMY is
given by

1
HCMR = m = H1p2,
where 1 and po are the purities associated with V; and Vs, respectively.

The purity of the relational state defined by Vo in Eq. (5.25)), that is, the state
obtained from V ¢y r by taking the partial trace over the center-of-mass degrees of freedom,
is

(5.29)

1
Iqul N \/det Vg‘l
2,~2

=puapio| KBS+ s (RS S +m3SS) + i gy A

. o . /
—p3miet + 2 o ming g, — pimigs |, (5.30)
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where we have introduced the notation m; := m;/(my + ms).

If Veourg is pure, which corresponds to both V; and Vy being pure, then pcyr = 1
and fio; is a genuine measure of entanglement between the center-of-mass and relational
degrees of freedom. In this case, u;ﬁ simplifies to

,u;ﬁ = (Mg — my) [sinh(?rl) cosh(2ry) cos(26,) — sinh(2ry) cosh(2r) 005(292)]

— sinh(2r) sinh(2r») [lemQ cos[2(0; + 02)] + cos(26:) cos<2ez)}
+ (2myg + 1) cosh(2ry) cosh(2ry) 4 M3 4 m3. (5.31)

If the mass of the two particles are equal m; = mao, u;ﬁ further simplifies to

,u;ﬁ :i [ — 2sinh(2ry) sinh(2r3) cos[2(0; — 65)]
+ cosh[2(ry — 79)] + cosh[2(ry + 72)] + 2] : (5.32)

From Eq. , we observe that when the masses of the two particles are identical
my; = mo, and each particle is squeezed by the same amount r; = ry and in the same
direction in phase space #; = 5, the reduced state associated with the covariance matrix
V1 is pure, i.e, pp;p = 1, which corresponds to vanishing entanglement between the center-
of-mass and relational degrees of freedom. This agrees with the plots of the logarithmic

negativity in Fig. [5.1]

For the case when my # mso, 11 = 1o = r and 6, = 05 = 0, corresponding to Fig. [5.1]
u;ﬁ becomes

2 2 2 2
N;ﬁ ZQLT%Z + sin?(26) Lm?z sinh?(2r) — g MMz (5.33)
(mq + ma (mq + my) (M1 + mp)
When the mass of either particle becomes infinite we find
u;ﬁ =2 + sinh?(2r) cos?(26). (5.34)

5.2.4 The three-particle case

We now consider a similar analysis for a system of three particles with masses my, mo, and
mg. When transforming a fully factorized state in the external partition H = Hi ® Ho ® Hs
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to the center-of-mass and relational partition H = Hepy @ Hp, there will again be entangle-
ment generated between the center-of-mass and relational degrees of freedom. In addition,
there will be entanglement generated among the relational degrees of freedom, a new fea-
ture not possible for the two-particle system considered above.

The center-of-mass position and momentum operators, along with the relative position
and momentum operators, are again defined via Eq. (5.5). The transformed covariance
matrix is given by Voyr = M3V EMgT, where

meoog om g ma
0 1 0 1 0 1
-1 0 1 0 0 0
-1 0 0 0 1 0
0 —m o -—ma g ]_m

The relational state defined by Vas3); of particles 2 and 3 as described by particle 1 is
obtained by deleting the first and second rows and columns of Vg, We observe that in
the limit when ms vanishes and the columns and rows of M3 associated with particle 3 are
deleted (the last two rows and columns), My as defined in Eq. is recovered.

We assume the state of the three-particle system in the external partition is a fully
factorized Gaussian state with the covariance matrix Vg = V| @ V5 @ V3. For simplicity
we restrict ourselves to the case when V; = V, = V3 and det Vg = 1, in other words, a
pure state with each of the three particles identically squeezed in the same direction.

In Fig. the logarithmic negativity as a measure of entanglement between the center-
of-mass and relational degrees of freedom in V¢, g is plotted for different choices of V.
In Fig. the logarithmic negativity between the relational degrees of freedom in V3
is plotted for different choices of Vg. In both figures, the dashed red line and red point
indicate where the masses of all particles are equal.

In the three-particle case, entanglement between the center-of-mass and relational de-
grees of freedom behaves similarly to the two-particle case. However, entanglement among
the relational degrees of freedom —in the case at hand, the entanglement between par-
ticles 2 and 3 as described by particle 1— exhibits strikingly different behaviour; this is
illustrated in Fig. Such entanglement is maximized in the equal-mass case, shown in
Figs. [5.5(b) and [5.5(d), provided there is some phase rotation. In the absence of phase
rotation, this effect vanishes. For all values of the (equal) phase rotation parameter, we
observe that when the mass of the reference particle m; becomes infinite, the entanglement
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Figure 5.4: As a measure of the entanglement between the center-of-mass and relational
degrees of freedom in the three-particle case, the logarithmic negativity of the state as-
sociated with Vg is plotted for different equal phase rotations 6; = 6y = 03 = 0 with
det Vi = det Vo = det V3 = 1. In (a, b) the logarithmic negativity is plotted for the
case when my = mg as a function of my/(my + ms + m3) and equal squeezing parameter
ry =19 =r3 =71, with § = 0 and 0 = 7/4, respectively. In (c, d) the logarithmic negativity
is plotted as a function of the two mass ratios my/(my +msg +ms) and ms/(my +ma +ms)
for § = 0 and 6 = /4, respectively, with the equal squeezing parameter fixed at r = 0.7.
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Figure 5.5: The logarithmic negativity of the relative state of particles 2 and 3 defined by
V31 is plotted, characterizing the entanglement among the relational degrees of freedom,
for different equal phase rotations #; = 0y = 03 = 0 with det V; = det Vo, = det V3 = 1.
In (a, b) the logarithmic negativity is plotted for the case ms = mg as a function of the
ratio mq/(my + mg + m3) and equal squeezing parameter r; = ro = r3 = r for § = 0 and
0 = /4, respectively. In (c, d) logarithmic negativity is plotted as a function of the mass
ratios my /(mq +mg + m3) and ma/(my +mgq + m3) for equal squeezing parameter r = 0.7
and # = 0 and 6 = /4, respectively.
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between particles 2 and 3 vanishes. This is as expected, since this limit corresponds to
particle 1 behaving as a classical reference frame with a large mass. Indeed, we notice that
in the limit m; — oo, the 4 x 4 lower-right submatrix of M3 becomes the identity matrix,
and the only effect of the change of coordinates is that of redefining the origin in space for
the coordinates of the second and third particle.

5.3 Summary

In this chapter, we have highlighted issues involving quantum reference frames associated
with noncompact groups. We began in Sec. by introducing the usually employed
G-twirl as a relational description between quantum systems and demonstrated how it leads
to non-normalizable states when averaging states over noncompact groups. In Sec. [5.1.2]
we demonstrated that a lack of reference frame associated with the translation group and
the group of Galilean boosts leads to a superselection rule on the respective momentum and
position of the center-of-mass of a multiparticle system. Further, we saw how the G-twirl
over these groups leads to the appearance of the reduced state on the relational degrees of
freedom previously considered by Angelo et al. [15]. We then examined the consequences of
this relational description in Sec. by studying the entanglement that emerges between
the center-of-mass degrees of freedom and the relational degrees of freedom, as well as
the entanglement among the relational degrees of freedom, for a system of particles when
moving from a description of the quantum system entirely with respect to an external
frame, to a description in which only the center-of-mass is specified with respect to an
external frame and all other degrees of freedom are relational.

Two main observations emerged from studying the reduced state pg on the relational
degrees of freedom, introduced in Eq. , for systems of two and three particles. First,
for fully separable Gaussian states in the external partition with identical second moments,
entanglement between the center-of-mass degrees of freedom and relational degrees of free-
dom is minimized when the masses of the particles are the same. Second, again for fully
separable Gaussian states in the external partition with identical second moments, in the
limit when the mass of the reference particle (the particle for which the relational degrees
of freedom are defined with respect to) becomes infinite, the entanglement among the rela-
tional degrees of freedom vanishes. This second observation suggests a meaningful way to
interpret the external reference frame, with respect to which we usually describe a quan-
tum state, as the limit of a physical system, say a particle, in which its mass is taken to
infinity [6]. The consequences of this second observation will be explored in future work.

It may be possible to gain further physical intuition into the behaviour of the informa-
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tional properties of pr by comparing pr with the behaviour of nonclassical states of light
passing through a beam splitter, as this scenario has been well studied in the field of quan-
tum optics [89, 126] and the formalism of Gaussian quantum information was developed
with this situation in mind [, 39].

The primary motivation for examining quantum reference frames associated with non-
compact groups is to apply the quantum reference frame formalism to relativistic systems,
in which the group associated with changes of a reference frame is the Poincaré group.
We note that the approach taken in Sec. [5.1.2] was to introduce the relative and center-
of-mass partition of the Hilbert space and then show that the relative degrees of freedom
form a decoherence-free subsystem, whereas the center-of-mass degree of freedom forms
a decoherence-full subsystem; see Eq. . This approach may not be possible for the
Poincaré group as the usually defined center-of-mass is not covariant [4]. In this case,
the decoherence-free and decoherence-full subspaces will need to be identified from the
structure of the Poincaré group [74].

It will also be interesting to explore whether it is possible to construct a relational
quantum theory, similar to what was done in Ref. [I12], for the Galilean group using the
relational description in Eq. (5.13)) and examine how the usual “nonrelational” theory
emerges.
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Chapter 6

Communication without a shared
reference frame

Most quantum communication protocols assume that the parties communicating share a
classical reference frame. For example, suppose Alice wishes to communicate to Bob the
state of a qubit using a teleportation protocol [104]. Alice begins by having the qubit she
wishes to communicate to Bob interact with one half of an entangled pair of qubits shared
by her and Bob. Alice then measures the two qubits in her possession and picks up the
phone and informs Bob of the measurement result. Bob uses this information to apply an
appropriate gate to his half of the entangled pair to recover the state Alice wished to send
to him.

The success of this protocol depends on Alice’s ability to classically communicate to
Bob which gates he should apply to his half of the entangled state. This can only be done
if Alice and Bob share a reference frame. As an example, suppose Alice informs Bob that
he needs to apply the Pauli z operator to the qubit in his position. If Bob is ignorant
of the orientation of his lab with respect to Alice’s, he does not know in which direction
to orientate the magnetic field in his Stern-Gerlach apparatus to implement the Pauli z
operator to recover the state sent by Alice.

This motivates the study of quantum communication without a shared reference frame
[22]. One way Alice can communicate to Bob, despite not sharing a reference frame with
him, is to encode information into degrees of freedom that are invariant under a change
of Alice’s reference frame. Without knowing his relation to Alice’s reference frame, Bob is
able to extract both classical and quantum information encoded in these degrees of freedom
[121]. However, in practice such communication schemes may be challenging to implement
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since they require highly entangled states of many qubits.

Another possibility for Alice and Bob to communicate without a shared reference frame
is for Alice to send Bob a quantum system pg to serve as a token of her reference frame,
together with the state pg she wishes to communicate to him. Since Bob does not know
the relation between his reference frame and Alice’s, with respect to his reference frame he
will see the joint state pr ® pg averaged over all possible orientations of his lab with respect
to Alice’s, that is, by the G-twirled state G(pr ® pg). Bob can apply a recovery operation
to this G-twirled state by measuring the reference token and applying an appropriate
correction to the system Alice wishes to send to him, and is able to recover a state ply that
is close to pg. This recovery operation was first constructed by Bartlett et al. [23], and
its success was found to depend on the size of the reference token, where the size of the
reference token is given by the dimension of its Hilbert space.

However, this communication protocol is based on Bob assigning the G-twirled state
G(pr ® ps) to the system and reference token, and as emphasized in the previous chapter,
the G-twirl does not yield normalized states when the group of reference frames being
averaged over in noncompact. This begs the question: Can an analogous communication
protocol involving a reference token sent by Alice and a recovery operation implemented
by Bob be constructed given that changes of their reference frames form a noncompact
group? Furthermore, if the Hilbert space of the reference token is infinite dimensional, for
example Hp ~ L*(R), what parameter acts as the size of the reference token?

The purpose of this chapter is to examine these questions. We begin in Sec. by de-
scribing the encoding and recovery operations introduced by Bartlett et al. [23]. In Sec.
we introduce a G-twirl over a finite portion of a noncompact group and a complementary
recovery operation, such that in the limit when this G-twirl becomes an average over the
entire noncompact group, the composition of the recovery operation with this G-twirl re-
sults in properly normalized states. We then apply this construction in Sec. to the
case when Alice and Bob do not share a reference frame associated with the 1-dimensional
translation group. In this case, we identify the inverse of the width in position space of the
reference token’s state as the size of the reference token, and demonstrate that in the limit
when this width goes to zero Alice and Bob are able to communicate perfectly without a
shared reference frame. We conclude in Sec. with a summary of the results presented
in this chapter.
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6.1 Communication without a shared classical refer-
ence frame

Consider two parties, Alice and Bob, each employing their own classical reference frame
to describe the state of a single quantum system associated with the Hilbert space Hg.
Suppose that this system transforms via a unitary representation of the group G when
changing the reference frame used to describe the system; for the time being we will
assume G is a compact Lie group.

Let g € G label the group element which describes the transformation from Alice’s to
Bob’s reference frame. If Alice prepares the system in the state pg € S(Hg) with respect
to her reference frame, and ¢ is completely unknown to Bob, then the state with respect
to his reference frame will be given by a uniform average over all possible g € G, that is,
by the G-twirl

Glps] == /Gdg Us(g) ps Us(9)", (6.1)

where dg denotes the Haar measure associated with G and Us(g) € U(Hs) is the unitary
representation of the group element g € G on Hg.

In general, the G-twirl results in decoherence, not from the system interacting with
an environment and information being lost to the environment, but from Bob’s lack of
knowledge about the relationship between his reference frame and Alice’s. To combat this,
Alice may prepare another quantum system, described by the Hilbert space Hg, to serve
as a token of her reference frame (a good representative of her reference frame). Suppose
Alice prepares the token in the state |e) € Hg, then the reference token and system relative
to Bob’s frame will be given by the encoding operation

Elps) = G[ le)el ® ps]. (6.2)

Bob’s task is now to best recover the state of the system pg given the encoded state
E|ps]. In other words, he must construct a recovery operation

R : S(HR ® 7‘[5) — S(Hs), (6.3)

that when applied to E[ps] results in a state ply € S(Hs) that is as close as possible to pg.
A recovery operation R was constructed by Bartlett et al. [23] with such properties, and
its action on the encoded state &[pg| yields

ps i =TRo&lps| = /Gdgp(g)Us(g)psUs(g)*, (6.4)
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where p(g) o |(e|Ur(g)|e)|” with Ug(g) € U(Hr) being the unitary representation of g € G
on Hgr. We will explicitly construct this recovery operation in the next section for the case
when G is noncompact.

Ps Ps

Figure 6.1: The communication channel R o £. Alice prepares a state pg she wishes to
communicate to Bob along with the state |e)(e| as a token of her reference frame. As Bob
does not know the relation between his reference frame and Alice’s, he sees the joint state
of the reference token and system as E[ps] = G [ le) (e] ® ,05] . Bob then applies the recovery
operation to the encoded state and recovers the state py = R o &[pg].

6.2 A recovery operation for noncompact groups

As discussed in Chap. [5] the action of the G-twirl over a noncompact group on a state
results is a non-normalizable density matrix, and therefore it is not clear whether the en-
coding operation £ or the recovery operation R discussed above are applicable to reference
frames associated with noncompact groups. We now demonstrate that despite this fact, the
composition of an encoding operation associated with a noncompact group with a suitably
defined recovery operation results in a properly normalized state.

The approach we will take is to define a G-twirl over a finite portion of the noncompact
group associated with the reference frame, and this finite G-twirl will be used in an encod-
ing operation analogous to Eq. . We will then construct a complementary recovery
operation, compose it with this encoding operation (similar to Eq. ), and finally take a
limit in which the finite G-twirl corresponds to twirling over the entire noncompact group.
We will show that in this limit the recovered state is properly normalized.
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The encoding map

Consider all possible transformations of Alice’s and Bob’s classical reference frames to form
a strongly continuous one-parameter noncompact Lie group G. Suppose that the unitary
representation of a group element g € G on the Hilbert space Hg describing the reference
token is Ur(g) € U(Hr). By Stone’s theorem, Ug(g) = €94% is generated by a self-adjoint
operator Ag, the spectrum of which we denote by o(Ag) and assume to be continuousﬂ.
For each element of the spectrum f(ag) € o(Ag) there corresponds an eigenket |ag) such
that

Arlar) = f(ar)lar), (6.5)

with eigenvalue f(ar) € R. Since o(Ag) is continuous and Ap, is self-adjoint, these eigen-
kets are normalized with the Dirac delta function

(aglag) = 0(ar — df). (6.6)

From the above normalization condition we see that |ar) & Hg, as these eigenkets are not
square integrable and therefore do not represent physical stateﬂ.

Our first step is to construct a well defined encoding operation analogous to Eq. (6.2).
To do so, we suppose the state of Alice’s reference token |e) € Hp, expressed in the basis
furnished by the eigenkets of Ag, is

o) = [ dan(an) lar). (63)
Next, let us introduce the set of states

{l9) == Ur(g) le) | Vg € G}, (6.9)

where each |g) corresponds to a different orientation of Alice’s reference frame. The state of
the reference token should be chosen such that each |g) defined in Eq. is distinct —the
reference token state |e) should not be invariant with respect to G.

IThis is true of the group generated by either the position or momentum operator on Hg.
2More precisely, when dealing with operators with continuous spectrum the theory is defined on a rigged
Hilbert space

®CHpCd, (6.7)

where ® is a proper subset dense in Hpr and @’ is the dual of ®, defined through the inner product on
Hr. In our case, ® is the Schwarz space of smooth rapidly decreasing functions on R and @’ is the space
of tempered distributions on R. The eigenkets |ag) are in @'
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Further, for the states |g) to imitate a classical reference frame, they must also be
orthogonal

(glg") = (9 — ¢ (6.10)

so as they are perfectly distinguishable. Using the definition of the states |g) and Eq. ,
Eq. becomes

/daR |¢(a3)|2 e ar)u — o(u), (6.11)

where we have defined u := g — ¢/. Multiplying both sides of Eq. (6.11]) by e**r*, where
ay € R, and integrating over u yields

27r/daR lh(ag))? 6 (ay — flag)) = 1. (6.12)

Making use of the propertiesﬂ of the delta function, Eq. (6.12)) simplifies to
|¢(az‘)|2 1
=, 6.14
2@ " o1

where a; is the ith solution to f(ar) — a’y = 0. Solving Eq. (6.14) for ¢(ar) will yield the
ideal state of the reference token via Eq. , which may or may not be an element of
Hrg. In the latter case, the state of the reference token should be chosen from a sequence

of functions v, (ag) such that lim,_[¢,(ag)]> = [¢(ag)]>. Note that Eq. (6.14) only
determines the ideal reference token state up to a phase e’?(*#) where ¢(ag) € R.

Now suppose Alice prepares her reference token in the state pr = |e,)(e,| € S(Hr),
where

l€g) = /daRwa(aR) lar) € Hr, (6.15)

and wishes to send Bob the state ps € S(Hg) of a system associated with the Hilbert
space Hg. If Bob knows the relation between his reference frame and Alice’s is given by

3Given a continuously differentiable function f(x), then

S(f(@) =) W (6.13)

i

where z; are the solutions to f(z) = 0.
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a group element g € (—7,7), but within this interval he is completely ignorant of which
group element corresponds to the transformation between his reference frame and hers,
then he will describe the joint state of the reference token and system by the output of the
encoding operation

&g S(Hs) — S(HR ® Hs)
ps — gT[pS] = gT|:|€O'><€U| & pS}’ (616)

where the map G, is a twirl over the finite interval (—7,7) € G
Gr: S(Hr®Hs) = S(Hr @ Hs)

el © ps -+ G- [le)el © ps] = o [ do Un(o) oal @Us(0) lps], (617)

and we have defined the maps

Ur(9) lor] = Ur(9) prUr(9)"  and  Us(g) [ps] := Us(g) ps Us(g)". (6.18)

In the limit 7 is taken to infinity, the map G, is equal to a G-twirl over the entire group G.

The recovery operation

As demonstrated by Bartlett et al. [23], Bob may perform a recovery operation R by first
making a measurement of the reference token, followed by a reorientation of the system
conditioned on the outcome of the measurement, and then discarding both the reference
token and measurement result. We follow this procedure in constructing the recovery
operation to be applied to the encoded state & (ps).

Bob will make a measurement R of the reference token described by the POVM elements

{dglg)(gl, ¥Yg € (=7, 7)} U{E,}, (6.19)

where

B, = In— / " dglg)l, (6.20)

-7

I is the identity operator on Hg, and |g) = lim, 0 U(g) |e5). In the limit when 7 becomes
infinite, the measurement of R reduces to the one considered in [23].
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If the outcome of the measurement of R is g € (—7,7), associated with the POVM
element dg |g)(g|, then Bob will reorient the system state pg by implementing the unitary
map Us(g~ "), which corresponds to the transformation of the reference token by an amount
indicated by the measurement result. If the outcome of the measurement is associated with
the operator F., Bob will do nothing. After this measurement and reorientation, Bob will
discard (trace out) the reference token and measurement result. This entire procedure will
constitute the recovery operation R..

The action of the recovery operation R, on the encoded state &, [pg] is given by
ps(7) =R 0 & ps]
1 (7 T _
5 [ g [ g (5 \nto) lonl19) Us(s ™) o Uslo) s

+ % /_: dg tr(E-Ur(g) lpr] ) Us(9) [ps] - (6.21)

Taking the limit 7 — oo

The limitff] of Eq. (6-21) in which 7 becomes infinite corresponds to the scenario in which
Bob knows nothing about the orientation of his reference frame with respect to Alice’s—

the G-twirl appearing in the encoding map in Eq. (6.16)) is an average over the entire group
G.

As is clear from Eq. (6.20]), in the limit 7 — oo the operator E, vanishes, and thus
the second term in Eq. (6.21) goes to zero. Taking this into account, the 7 — oo limit of

Eq. (6.21)) is
ps = | 0027/ dg/ dg (9" = glprlg' — 9)Us(g — g') lps]. (6.22)

Changing the integration variables to u := ¢’ — g and v := ¢’, the recovered state becomes

g = lim —/ dv/ du (ulprlu) Ul (u) [ps] (6.23)

T—00 ’T

If we denote the solution to the first integral by F'(u), then

pg = lim i/T dv (F(v+7)— F(v—1)). (6.24)

T—00 2T .

4This limit was taken in consultation with [T41].
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Making the substitution h := 74+wv and h := 7—v in the first and second terms, respectively,
the recovered state simplifies to

1 27
ps = lim 2—/ dh (F(h) — F(—h)). (6.25)
0
Taking the limit by applying L’Hopital’s rule yields

o =+ lim Q/O " dh (F(h) - F(—h))

2 700 OT
~ tim (F(r) - F(~7)

- /G dg (glorlg) Us(9) lps). (6.26)

where the integration is carried out over the entire group G.

This brings us the main result of this chapter: even though the action of the G-twirl
over a noncompact group on p € S(H) takes p outside of S(#), the composition of the
encoding operation, which makes use of the G-twirl, with the recovery operation applied
to ps € S(Hs) results in a state inside S(Hg). Explicitly

ps = lim Ry o E-lps] = /Gdgp(g)Ug(g)psUs(g)T € S(Hs). (6.27)

where p(g) := (g|pr|g) is a normalized probability density. Equation (6.27) is identical to
the expression for the composition of the recovery and encoding map defined for compact

groups given in Eq. (6.4). In Eq. (6.27) we see that if p(g) is highly peaked around
the identity group element then the only unitary that will contribute significantly is the

identity operator, and the state recovered by Bob will be close to the state sent by Alice,
ps =~ pg. Thus, the success of the recovery operation, and consequently the quality of the
reference token, can be quantified in terms of the width of p(g), analogous to the compact
case [23].

By expressing pgs in the basis formed by the eigenkets of the generators of the group
Ag, we find the recovered state to be

pls = /Gdgp(g) / dasdasps(as, as)es? ag)(ag| e~ 459
= [ dasat [ / dgp(g)efg@s—ﬂ ps(as, ds) las){ds]
G

- / dasddy las — ds)ps(as, dy) |as){ds] (6.28)
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where in the last equality we have defined the Fourier transform of p(g)

ilas =) = [ dgplg)eres), (6.29)

From the definition of p(g) we see that if ag = a¥, then p(as — a%y) = 1, and consequently
the diagonal elements of pg are unaffected by the the composition of the encoding and
recovery map, lim, ,., R, o &.. Similar observations were made in [97].

To quantify the success of the recovery operation —how close the recovered state is to
the initial state —we will make use of the fidelity F(p, ps) between the recovered state
p's and the state pg = |g)(¢¥s| € S(Hr) that Alice sent, which we will take to be pure

s) = /das Vs(as) las) . (6.30)
The fidelity F'(p, ps) is then given by

F(ps, ps) = (¥s|psls)
_ / dg p(g) |(s|Us(g)|es)

- / dagdds plas — dy) [bs(as)? s (ds) 2. (6.31)

6.3 Application to reference frames associated with
the translation group

We now examine the recovered state ply = lim, o R, 0 &;[ps] when the relevant reference
frame is associated with the 1-dimensional translation group.

Consider Alice and Bob being completely ignorant of the relation between the spatial
origins of their labs, i.e., the relation between their positional reference frames. Suppose
Alice wishes to communicate to Bob the state ps = [1s){1s| € S(Hs), where Hg ~ L*(R),
and suppose as a token of her reference frame she prepares the state |e,) € Hr ~ L*(R).

The group formed by all possible changes of Alice’s reference frame is the 1-dimensional
translation group 77. The unitary representation of the group element g € T} on the system
is Us(g) € Us(Hs) and on the reference token is Ur(g) € Ur(Hg). These representations
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are generated by their respective momentum operators Ag = Ps and Ar = Pg; we denote
their eigenvalues and eigenkets as

Prlpr) =prlpr) and Ps|ps) = ps|ps). (6.32)

Using Eq. [6.32, we find a family of states parameterized by xy € R satisfying the ideal
reference frame criterion given in Eq. (6.10))

1 )
le) := T /dpR e PR | pp) . (6.33)

Introducing the position operator Xz on Hg, such that [Xg, Pr] = i, with eigenvalues
rgr € R and eigenkets |zg),

XRlxR> :$R|$R>, (634)

we can express the ideal state of the reference token in the position basis as

le) = /de 3z — xg) |xR) . (6.35)

We see that the ideal state of the reference token is an eigenket of the position operator
which is not in Hg. Furthermore, as the state of the reference token is an indicator of Alice’s
spatial reference frame, Alice should choose the reference token to be centred around her
spatial origin ¢y = 0. If she were to choose an x( different from zero, Bob’s recovered state
would be translated by an amount xy. We thus consider the sequence of states |e,) € Hg
given by

1 2 2 g o292

such that in the limit o — 0 the criterion in Eq. (6.10]) for the ideal state of the reference
token is satisfied; the parameter o is the width of the position space wave function of the
reference token. We note in passing that this choice of sequence is not unique.

Supposing Alice prepares the reference token in the state pr = |e,){e,| € S(Hg), the
probability distribution p(g) appearing in Eq. (6.27) is

pla) = lalpalg) = =" (6.37)
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We note that p(g) is peaked around the identity element with a width of o. From Eq. (6.27)),
and the discussion that immediately follows, we see that the parameter o determines the
quality of the reference token: the smaller o is, the more peaked p(g) is around the identity
element and the closer Bob’s recovered state will be to the state sent by Alice.

As a concrete example, suppose Alice wishes to send Bob the state pg = |1g){(¢s| €
S(Hs), where |1)g) is a Gaussian state

VA

2 2
mpx —(zs—pz)"/2A
drge lzg) = i

dpg efiuzpefﬂ(pvup)z/? |ps> ,

(6.38)

o) = s |

A is the width of the Gaussian state in position space, and p, and g, are its average
position and momentum. Using Eq. (6.31)), the fidelity between pg and the state recovered
by Bob pf is

F(ps, ps) = /dpsdpfgﬁ(Ps — ) [vs(ps)? [9s (1)

—o?(ps—p5)*/4 A 2.2 A 2. 12
o d d / e— (_eA ps) <_€A Ps )
/ PsPs = Jor NG NG
A

A2t 02)2

(6.39)

As expectedﬂ in the limit where o vanishes, the fidelity F'(p}, ps) is equal to 1. From
Eq. we also observe that states more localized in the position basis (smaller A)
are better recovered by Bob, as illustrated in Fig. in which the fidelity is plotted as
a function of ¢ for different A. Note that the expression for the fidelity is independent
of p, and p,, implying that for Gaussian states the success of the recovery operation is
independent of where the state is localized in either position or momentum space.

5In this limit the reference token satisfies Eq. (6.10)).
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Figure 6.2:  The fidelity F(p, ps) between the state sent by Alice ps and the state
recovered by Bob pY as a function of the width o of the reference token. It is seen that for
a fixed o, states more localized in the position basis (smaller A) are better recovered by

Bob.

6.4 Summary

We began this chapter by introducing a communication protocol between two parties, Alice
and Bob, that do not share a reference frame associated with a compact group. Alice sends
to Bob a token of her reference frame along with a system she wishes to communicate to
him, and then Bob performs an appropriate recovery operation that enables him to recover
a state close to the one Alice wished to communicate.

In Sec. we demonstrated that this communication protocol can be applied when
Alice’s and Bob’s reference frames are associated with a noncompact group, even though
averaging states over the entire group leads to operators outside of the state space. In
Sec. we applied this result to the study of communication between two parties who
do not share a reference frame associated with the translation group. We introduced a
sequence of Gaussian states of the reference token with spatial width o, so that as ¢ — 0,
|t,) approaches the ideal reference token state. We saw that the parameter 1/0 acts as
the size of the reference token, since as 1/0 becomes large the ideal reference token is
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recovered and the two parties are able to communicate perfectly. We also demonstrated
that for finite size reference tokens, i.e., when 1/¢ is finite, states more localized in the
position basis are better communicated to Bob.

It will be interesting to see how the above construction can be applied to noncompact
Lie groups of higher dimension, such as the Euclidean group in 2 and 3 dimensions, and
ultimately the Poincaré group.

The intended application of the results in this chapter, as well as the primary motivation
for this investigation, is to study the act of changing quantum reference frames. Palmer et
al. [I09] have constructed an operational protocol for changing quantum reference frames
associated with compact groups. They used the state G(pa ® pg) as a relational description
of the state pg with respect to a quantum reference frame p4, as discussed in Chap. 5 They
then considered the operation of changing the quantum reference frame from the state pa
to pp. They found that this operation could not be done perfectly, and that the best one
could do is

G(pa ® ps) = G(pB ® pls), (6.40)

where ply = R o E[pg]. In other words, one is not able to change quantum reference frames
without affecting the state of the system described with respect to the reference frame, pg
changes to ps when the reference frame is changed. This results in a fundamental deco-
herence associated with the act of changing quantum reference frames. This decoherence
is described by the composition of the encoding and recovery operations R o & discussed in
this chapter. Having generalized the operation R o £ to reference frames associated with
noncompact groups, we hope to study the effect of changing quantum reference frames
associated with the Galilean group and Poincaré group. Understanding the process of
changing quantum reference frames is an essential step in the construction of a relational
quantum theory, in which all objects, including reference frames, are treated quantum
mechanically.
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Part III - Quantizing Time






Chapter 7

The conditional probability
interpretation of time: the case of
interacting clocks

In quantum theory, time enters through its appearance as a classical parameter in the
Schrodinger equation, as opposed to other physical quantities, such as position or momen-
tum, which are associated with self-adjoint operators. Operationally, this time is what is
measured by the clock on the wall of an experimenter’s laboratory. This clock is a large
classical object, not subject to quantum fluctuations, and does not interact with the system
whose evolution it is tracking. Quantum theory describes the evolution of systems with
respect to this clock. What changes when one tries to construct a quantum description of
gravity?

The canonical quantization of gravity leads to the Wheeler-DeWitt equation: physical
states of the theory are annihilated by the Hamiltonian. In other words, the wave function
of the universe — which includes the experimenter’s clock, the system the experimenter is
interested in, and everything else —is in the ground state of its Hamiltonian. Combined
with the Schrodinger equation, the Wheeler-DeWitt equation dictates that the physical
states of the theory do not evolve in time. How then do we explain the time evolution we
see around us?

A necessary requirement for any quantum theory of gravity is to answer this question
and explain how the familiar Schrodinger equation comes about from the Wheeler-DeWitt
equation. The conditional probability interpretation of time offers an answer. As intro-
duced by Page and Wootters [108, (150, [106), [107], the conditional probability interpretation
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defines the state of a system at a time ¢ as a solution to the Wheeler-DeWitt equation con-
ditioned on a subsystem of the universe, serving as a clock, to be in a state corresponding
to the time t. Given an appropriate choice for the Hamiltonian of the universe and choice
of clock, one finds this conditional state of the system satisfies the Schrodinger equation.

This interpretation of time was initially criticized by Kuchar [107, [78], who argued that
it was unable to reproduce the correct two-time correlation functions, i.e., supposing a
system was initially prepared in some state, what is the probability of finding the system
in a different state at a later time? This criticism has since been overcome in two different
ways: first, by correctly formulating the two-time correlation functions in terms of physical
observables [46], and second, by modelling the measurement of the two-time correlation
function as two successive von Neumann measurements [60].

Recently, the conditional probability interpretation of time has received considerable
attention. Gambini et al. [56, 55, 58] have demonstrated that the conditional probability
interpretation can result in a fundamental decoherence mechanismﬂ and explored the con-
sequences of this fact in relation to the black hole information loss problem [57]. Leon et
al. [80] have shown that this interpretation overcomes Pauli’s objection to constructing a
time operator in quantum mechanics. Others have applied the formalism to a number of
different systems and commented on various aspects of the proposal [40], T0OT], 00, [32].

The purpose of this chapter is to extend the conditional probability interpretation
of time to take into account the possibility that the system being employed as a clock
interacts with a system whose evolution the clock is tracking. As gravity couples everything,
including clocks, this extension is necessary if the conditional probability interpretation of
time is to be applied in a quantum gravitational setting. We find that taking into account a
possible clock-system interaction within the conditional probability interpretation of time
results in a non-Markovian modification to the Schrédinger equation.

We begin in Sec. by reviewing the timeless formulation of classical mechanics [120,
75] and its quantization. In Sec. we introduce the conditional probability interpretation
of time and its generalization to interacting clocks and systems, which results in a modified
Schrodinger equation. We then show that this modified Schrodinger equation reduces to
the familiar Schrédinger equation in an appropriate limit. We derive a series solution to
this modified Schrodinger equation and demonstrate that the evolution it generates is non-
Markovian. We close this chapter in Sec. [7.3| with a summary of the results presented and
comment on future directions of research.

!The Schrédinger equation is replaced with a master equation, which induces decoherence.
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7.1 The Hamiltonian constraint in classical and quan-
tum mechanics

Both classical and quantum mechanics describe the evolution of the state, or equivalently
the observables, of a physical system in time. However, general relativity demands that
time itself be treated like any other physical system, that is, time should be treated dynam-
ically. In this context, both classical and quantum mechanics describe relations between
two physical systems: a clock, which indicates the time, and everything else. In this section
we present a formulation of classical mechanics in which time is treated dynamically and
on equal footing with the system whose evolution we are interested in. We then pass over
to the corresponding quantum theory a la Dirac [45].

Consider a system S described by the action

S = /t2 dt Ls(q,q'), (7.1)

t1
where Lg(q,q’) is the Lagrangian associated with S, ¢ = ¢(t) denotes a set of generalized

coordinates describing S, and ¢’ = ¢/(t) denotes the differentiation of these coordinates
with respect to t.

Let us introduce an integration parameter 7 and promote ¢ to a dynamical variable
t(7), which we associate with the reading of a clock C'. Through application of the chain
rule, the action may be expressed as

5= / " driLs(q.q/f) = / S L(gdi). (7.2)

T1 T1

where L(q,q',i) = {Lg (q,q'/i) is the Lagrangian describing both C' and S and the dot
denotes differentiation with respect to 7.

The Hamiltonian associated with L (q, q, i) is obtained by a Legendre transformation
with respect to both ¢ and ¢

H = pit + pyg — L(q.4,1) = i (pe + Hs), (7:3)
where Hg := p,q' — Ls(q, ¢') is the Hamiltonian associated with Lg(q,¢") and we have used
the fact that the momentum conjugate to ¢ defined by L (q, q, i) is

_ OL(q,4q,1) _ iaLs(q,Q/i) ~ 0Ls(q,q)

1
; — = = 7.4
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which coincides with the momentum conjugate to g defined by Lgs (¢q,¢'). The momentum
conjugate to t is

0L(q,q,1)
ot

In light of Eq. (7.5), we see that term inside the brackets in Eq. (7.3]) is constrained to
vanish

Py = = Ls(q,q') — ¢'py = —Hs. (7.5)

H:=p + Hg = 0. (7.6)

We will refer to H as the total Hamiltonian as it describes both C' and S.

It is natural to ask if the total Hamiltonian given in Eq. (7.6) is the most general
possible? The answer is no. The total Hamiltonian can differ in two important ways:

1. An additional term H;,y = Hine(t, pt, ¢, py) may be included in the total Hamiltonian,
which couples C' and S; this term will be referred to as the interaction Hamiltonian.

2. The momentum p, may be replaced by a function of the conjugate variables associated
with C', which we will refer to as the clock Hamiltonian and denote by Ho = H¢ (¢, py).
Note that in general C' may be a composite system and have more than just one pair
of conjugate variables.

Accounting for these generalizations, the most general total Hamiltonian is
H=Hc+ Hs+ AH;,,; =0, (77)

where A € R is the strength of the interaction between C' and S.

Motivating these generalizations is our best theory of time: general relativity. The
Hamiltonian formulation of general relativity does not admit a total Hamiltonian of the
form given in Eq. . Total Hamiltonians that are linear in one of the conjugate mo-
menta, like Eq. (7.6)), indicate there is a preferred time variable in the theory [44], and
this structure is not present in general relativity [75]. Further, gravity couples everything,
including a clock and the system whose evolution it is tracking. Therefore, in a gravita-
tional setting, we should expect an interaction Hamiltonian H;,; to appear in the total
Hamiltonian H coupling C' and S.

We now wish to quantize the theory described by the total Hamiltonian given in
Eq. (7.7). To do so, we follow the prescription given by Dirac [45]. We associate with
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C and S the Hilbert spaces H¢e and Hg, respectively. The total Hamiltonian H becomes
an operator acting on the kinematical Hilbert space Hin = He ® Hg, and the constraint

in Eq. (7.7) becomes
H|¢)) = (He ® Is + Io @ Hg + XHiny) [¢0)) =0, (7.8)

where I and Ig denote the identity operators on He and Hg, respectively. The double
ket notation is used to remind us that |1)) is a state of both the clock and system. States
|1)) satisfying the constraint are in the physical Hilbert space H,, C Hpn; states in the
physical Hilbert space |¢)) € H,, will be referred to as physical states. To completely
specify the physical Hilbert space H,, one must also choose an inner product on H,p,
which we will do in the following section.

In general, the physical states evolve unitarily with respect to an external time, this
evolution being generated by the total Hamiltonian. However, in totally constrained the-
ories, such as the one defined by Eq. , the physical states are annihilated by the total
Hamiltonian, H |¢)) = 0, and therefore do not evolve with respect to any external time.
The question then arises, how do we recover the dynamics we see around us from the
frozen state [¢))? How does the Schrodinger equation come about from the constraint

Hy)) =07

These questions constitute one aspect of the problem of time in quantum gravity [71},[78].
The conditional probability interpretation of time offers a way to reconcile the fact that
the physical states are frozen with the time evolution we see around us. This is done
by interpreting the outcome of a measurement of an observable on S at a specific time
t, as a measurement of the physical state |1)) conditioned on the clock being in a state
corresponding to the time t.

7.2 The conditional probability interpretation

We now introduce the conditional probability interpretation of time for theories described
by the general total Hamiltonian given in Eq. (7.8). We will introduce the state of the
system at a time ¢ by conditioning a solution to the constraint, |¢)), on the clock being
in a state corresponding to the time ¢. This state of the system will be seen to satisfy the
Schrodinger equation in the limit where the interaction Hamiltonian H,; vanishes.
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7.2.1 The modified Schrodinger equation

In the classical theory specified by the total Hamiltonian given in Eq. , time is defined
operationally as the outcome of a measurement of the phase space variable t associated with
a clock governed by the Hamiltonian Ho = p;. In this case, the variable ¢ is canonically
conjugate to the clock Hamiltonian, {¢, Ho} = 1.

The quantized version of this notion of time is to define time as a measurement of a
time operator 7" on the clock Hilbert space H¢ which is canonically conjugate to the clock
Hamiltonian Hq

[T, He] = . (7.9)

In other words, states of the clock indicating different times correspond to eigenstates |t)
of the time operator 7', and the associated eigenvalue ¢ is the time indicated by the clock.
Employing the Baker-Campbell-Hausdorff formula, we see that as a consequence of the
commutation relation in Eq. , He generates translations of T'

e~ tHespeites — 7 _ g].. (7.10)

Resolving the identity on He as Ic = [ dt |t)(t| and making use of the spectral represen-
tation of the time operator T' = [ dtt|t)(t|, Eq. (7.10) may be expressed as

/dtteiHcs yt><t|eiHcsz/dt<t—s> |t)(t|:/dtt]t+s><t+s|, (7.11)
e Hos |1ty = |t + s) (7.12)

up to an overall phase. We will refer to the set of states {|t) |Vt} as the clock states.

We now define the state of the system at time ¢ as a solution to the constraint in
Eq. (7.8) conditioned on the clock being in the state |t)

[¥s(t) = ({t ® Is) [4)) (7.13)

where |¢g(t)) € Hs. The state |1s(t)) should be thought of as the time-dependent state
of the system in the conventional formulation of quantum mechanics. With this definition
of the system state, note that we may express the physical state |1)) as

14)) = ( / dt [t) ] ®IS> 19)) = / dt [t) |s(t)) (7.14)
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As mentioned above, we need to choose an inner product on the physical Hilbert space
Hpn. We will choose this inner product to be

(1o)== (It ® Is)[9)) . (7.15)

for two states |¢)) and |¢)) in H,,. We will also demand that for states in H,, this inner
product is independent of the choice of ¢ and that these states are normalized with respect
to this inner product

L= (), = [ Jarw (@Ds(t/)q 00t @ Is [ [aer i |ws<t">>] — (es(Ohes (1))
(7.16)

From the above equation, we see that this choice of inner product and normalization of the
physical states ensures that the system state |1)5(t)) is properly normalized at all timesﬂ
Consequently, we can maintain the usual probabilistic interpretation of |¢s(%)).

Let us observe how |15(t)) changes with the parameter ¢ labeling the clock states by
acting on both sides of Eq. (7.13)) with id/dt:

d d
i |0s(t) =i ((t|©Is) )

= — (t| (He ® Is) |v¥))
= — (t| (H — Ic @ Hg — AHynt) |)) - (7.17)

Using the fact that H |¢)) = 0 we find |¢g(t)) satisfies

5 (1)) = Hs [is(0)) + A (4] Hioe 1)) (7.18)

2We should emphasize this is a choice of inner product and normalization of the physical states, which
may severely reduce the size of the physical Hilbert space. Furthermore, it may not be necessary to
preserve the probabilistic interpretation of the system state. For example, the probabilistic interpretation
may only be applicable in some limit, and it is the task of the physicist to explain how this limit comes
about. To quote DeWitt on this point [43] [75]:

“...one learns that time and probability are phenomenological concepts.”
And Kiefer’s clarification of DeWitt’s statement [75]:

“The reference to probability refers to the ‘Hilbert-space’, problem, which is intimately
connected with the ‘problem of time’. If time is absent, the notion of a probability conserved
in time does not make much sense; the traditional Hilbert-space structure was designed to
implement the probability interpretation, and its fate in a timeless world thus remains open.”
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Inserting a resolution of the identify on He in terms of the clock states Ic = [ dt |t)(¢]
between H;,; and |1)) in the second term of Eq. (7.18) and using the definition of the

system state in Eq. ((7.13)), we find
d / /
i s (0) = Hs us(0) + X [t A(e.2) us(0)), (7.19)

where A(t,t') := (t| Hy [t') is an operator acting on Hg. We will refer to Eq. (7.19) as the
modified Schrodinger equation. When the interaction Hamiltonian vanishes, A = 0, the
modified Schrédinger equation reduces to the usual Schrédinger equation.

The second term on the right-hand side of Eq. (7.19)) is a linear integral operator on
Hs with integration kernel A(#',t); we will denote this integral operator as

[HA) [s (1)) = [ / dt'A(m’)] s (t)) = / at' A(t, 1) [9s(£)) (7.20)

Notd)|, H, is a self-adjoint operator if and only if A(t,#) = A(t,t)!. We see this is true
from the definition of A(¢,t)
A(t,8) o= (8] Hing [t = [(¢'| Him [8)]T = At 01, (7.21)

and therefore H, is self-adjoint. If H4 is also a bounded operator,
[l = [ det (0] < o (7.22)

then H 4 is an integral operator of the Hilbert-Schmit type [152, [50].

With the definition of Hy, let us write the modified Schrodinger equation in a more
suggestive form

i s(0)) = [Hs + ML (). (723)

Expressed this way, the modified Schrodinger equation can be seen as the ordinary Schro-
dinger equation with the system Hamiltonian Hg replaced with the self-adjoint integral
operator Hg + AH 4.

The evolution generated by the modified Schrodinger equation must preserve the norm
of the system state as demanded by Eq. (7.16))

L= WsOls@) Vi = 0= tus(olvs(). (7.24)

3A proof of this can be found on pages 197-198 of [152].
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Evaluating % (Ys(t)|1s(t)) using Eq. yields the condition
0= [t (WsOIALOsO) - WsOIACOs@)) ). (725)

Since A(t,t') := (t|H;u|t'), Eq. (7.25)) is a condition on the interaction Hamiltonian such
that the modified Schrodinger equation is consistent with the normalization condition in

Eq. (7.16).
We now show that Eq. (7.25)) is satisfied for any choice of interaction Hamiltonian. Using

Eq. ([7.14) and the definition of the operator A(t,t'), the right-hand side of Eq. (7.25]) can
be expressed as

(@[ AHin, [0)(t] @ Is] [¢)) = (¢ | [H = Ho @ Is — lo © Hs, [t)(t] @ L] [4))
= — (W] ([He, [){t] ® Is) |[¥))

d
= —i (Wl ([0t @ Is) |[4)

d
= i ), (7.26)

which vanishes, since by construction ((¢[¢)),, = 1. Therefore, we conclude that the

evolution generated by the modified Schrédinger equation preserves the norm of |15()).

From Eq. we see that |1)) is an entangled state of the clock and system. This
entanglement encodes the time evolution of the system state [i5(t)) generated by the
modified Schrédinger equation. This is somewhat analogous to the situation in general
relativity. The state |1)) is analogous to the 4-dimensional spacetime metric—neither
evolve with respect to an external time. However, one can foliate the 4-dimensional space-
time by spacelike hypersurfaces (by choosing a clock), and then the 4-dimensional metric
encodes the evolution from one hypersurface to the next of the induced 3-metric and its
conjugate momentum on these hypersurfaces. This evolution is analogous to the evolution
of the system state [¢g(t)) governed by the modified Schrédinger equation.

If the interaction Hamiltonian happens to be of the form

A =AY f(T) @ B;, (7.27)

where f;(T') is a function of the time operator T' and B; is a self-adjoint operator on Hg,
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Figure 7.1: The rectangular prism is a pictorial representation of the joint state of the
clock and system |¢)) = [dt |t)|s(t)). The horizontal axis represents the Hilbert
space associated with the clock H¢ and the directions orthogonal to the horizontal axis
represent the Hilbert space of the system state Hg. The system state [1)5(fo)) at the time
to is obtained by conditioning |1)) on the clock being in the state |ty) and pictorially
represented by a slice of the rectangular prism. Adapted from Giovannetti et al. [60].

then the operator A(t,t) is
At 1) = <L‘!Hmt\t'>

= Z (tIfi(T

> ( / " f(t") |t"><t"|) ) B
= (t - Z fi(t)B.. (7.28)

Substituting Eq. (7.28]) into the modified Schrédinger equation and simplifying, we find

d
o [Vs(t)) = [vs(t)) (7.29)

Hg+ A Z fi(t)B
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which we recognize as the ordinary Schrodinger equation with Hg replaced with the time-
dependent Hamiltonian

Hg(t) = Hs + A _ fi(t)B:. (7.30)

7.2.2 Solving the modified Schrodinger equation

To further explore the consequences of the interaction Hamiltonian AH;,; which couples
the clock and system, we seek a series solution in the interaction strength A to the modified
Schrodinger equation.

Suppose the modified Schrodinger equation can be solved for [¢g(t)) in terms of a time
evolution operator V (t), so that the solution may be given as

[Ys(t)) = V (¢, to) [¥s(to)) » (7.31)

where [5(ty)) € Hs is the state of the system at the time t = ¢y and V(tg,to) = Is.
Suppose V(t,tg) may be expanded in powers of A as

V(t,tg) = ZA" (t.to). (7.32)

Upon substituting |1s(t)) = V(¢,10) [1s(tp)) into the modified Schrédinger equation and
equating terms at equal order in A, we find the operator Vy(¢,ty) satisfies

d .

i Volt to) = HVo(t,to) = Vi(t to) = e~ tHs(t=t), (7.33)
and we see that Vy(t,to) is the usual Schrédinger time evolution operator U(t, ty) =
e~Hs(t=t0) The higher order operators V,,(t,to) satisfy

d
Zavn(t,to) == HSVn(t, to) + /dt, A(t,t’)Vn,l(t',to), (734)

the solution to which is the recurrence relation

Vi(t,to) = —iU(t, 1) / Cds U s o)1 / du Als, w)Vi 1 (1, to). (7.35)

to
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Using Eq. (7.33)) and Eq. ([7.35]), the time evolution operator V (¢,%;) may be expanded to
leading order in A as

V(t,to) = Ul(t, o) {[5 + (—iN) /t ds U(s,to)T/du A(s,u)U(u,to) + O(N*) | . (7.36)

to

Having obtained a series solution to the modified Schrodinger equation, we can deduce
that the evolution of the system state |¢g(t)) is non-Markovian at leading order in the

interaction strength . From Eq. (7.36]) we see that
V(ts, t1) # V(ts, t2)V (ta, t1), (7.37)

where t3 > ty > t1, indicating that the evolution described by the modified Schrodinger
equation in Eq. (7.19) at leading order in the interaction strength A is non-Markovian.
This is in stark contrast to the ordinary Schrodinger equation.

7.3 Summary

In this chapter we have generalized the conditional probability interpretation of time to
account for an interaction between a clock and the system whose evolution it is tracking.
This is a necessary consideration if the conditional probability interpretation is to be ap-
plied to any model of quantum gravity because gravity couples everything, including any
clock and system. In the case of an interaction between the clock and system, we find
the conditional state of the system |¢g(t)) satisfies a non-Markovian modified Schrodinger
equation.

We find that when the interaction Hamiltonian H;,, is of the form given in Eq. ,
the modified Schrodinger equation becomes the ordinary Schrodinger equation with a time-
dependent Hamiltonian dependent on H;,;. In the limit when the interaction between the
clock and system vanishes, H;,; = 0, the modified Schrodinger equation reduces to the
ordinary Schrodinger equation.

As it stands, the conditional probability interpretation of time does not specify a unique
choice of clock states, and thus does not address the multiple choice problem [78]. In this
chapter we chose clock states that are completely delocalized in the energy basis of the
clock, that is, eigenstates of the operator canonically conjugate to the clock Hamiltonian.
These clock states are maximally asymmetric under the action of the group generated by
the clock Hamiltonian, which suggests that an appropriate figure of merit for choosing the
clock states may come from the resource theory of asymmetry [22].
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Future work will focus on realizing specific examples of the developed formalism. It
should be noted that although the results presented were in the context of nonrelativistic
quantum mechanics, in principle, there is nothing stopping the application of the condi-
tional probability interpretation to relativistic quantum field theory and theories of quan-
tum gravity.

Another avenue to explore is the possibility of replacing the infinite dimensional clock
Hilbert space with a finite dimensional one. The canonical commutation relations between
the clock Hamiltonian and time operator in Eq. will no longer be satisfied. However, it
is still possible to define a self-adjoint time operator that satisfies an approximate canonical
commutation relation with the clock Hamiltonian [IT0]. Tt will be interesting to explore
the role the dimension of the clock Hilbert space plays in a classical limit.

Another task will be to generalize the above formalism to mixed states. This will
allow for the investigation of how an interaction between the system and clock affects the
fundamental decoherence mechanism discussed by Gambini et al. [57, 56, 55 58].
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Epilogue: What have we learned?

Part I - Detectors in Curved Spacetimes

The way we learn about a system is by measuring it. This is true in quantum field theory on
curved spacetime, in particular, with regard to learning about the entanglement structure
of a field theory. The entanglement harvesting protocol is a measurement model that can be
used to probe the entanglement structure of a quantum field theory. With this perspective,
it was emphasized throughout that entanglement in quantum field theory depends on the
measurement model employed. This is analogous to how the particle content of a field
theory depends on the measuring apparatus, specifically on the motion of the observer
carrying the apparatus.

In Chap. [2] we gave a physical motivation for a particular measurement model: the
Unruh-DeWitt detector. We identified the POVM elements associated with this measure-
ment model and derived the final state of two detectors moving along arbitrary timelike
trajectories in spacetimes admitting a Wightman function. We quantified the amount of
entanglement that appears in this state as a result of the detectors’ local interaction with
the field in terms of several measures of entanglement.

In Chap. [3| we applied these results to study how the entanglement structure of the
Minkowski vacuum is affected by topological identifications. Why should we be interested
in the global topology of spacetime? The reason is that the topology of our Universe may
be non-trivial, in which case these considerations are bound to be important [133].

Chapter [4] investigated the behaviour of Unruh-DeWitt detectors operating in the ex-
terior region of both the BTZ and RP? geon black holes. The response of a detector in
the RP? geon spacetime was shown to be different than an identical detector in the BTZ
spacetime, even though these spacetimes are locally indistinguishable from one another
in the region in which the detectors are operating. We saw that the transition rate of a
detector in the exterior of the RP? geon spacetime developed a time dependence as a result
of the non-stationary features hidden behind its horizons.
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We then applied the entanglement harvesting protocol developed in Chap. [2[to examine
the entanglement structure of the Hartle-Hawking vacuum associated with the BTZ black
hole, and how it depends on the parameters defining the spacetime. This served as an
example of the entanglement harvesting protocol in a curved spacetime. We saw that
as the detectors moved closer to the horizon, the entanglement that appears between
them decreases. We gave an interpretation of this result in terms of the local Hawking
temperature experienced by the detectors and red shift effects.

Part IT - Quantum Reference Frames

Part II asked: What happens if we replace a classical reference frame with a quantum
one? Our focus was on spatial reference frames associated with the translation group and
inertial reference frames associated with the group of Galilean boosts. The motivation for
studying these reference frames was that they are the simplest examples of reference frames
associated with noncompact groups. If we are to apply the theory of quantum reference
frames to relativistic scenarios where the relevant group is the Poincaré group, we must
understand how the theory generalizes to reference frames associated with noncompact
groups.

Chapter [5| demonstrated the failure of the G-twirl to define a properly normalized
relational state when the twirling operation is carried out over a noncompact group. For
the group of translations and Galilean boosts, we identified a relational state as the trace
over the center-of-mass degrees of freedom of a composite system and showed that this
state appears naturally from averaging over this group. We then studied the informational
properties of transforming between an external description of a composite system to a fully
relational one.

Chapter [6] generalized the communication protocol of Bartlett et al. [23] to parties
communicating without a shared classical reference frame associated with a 1-dimensional
noncompact Lie group. As an example of this protocol, we considered two parties employ-
ing different classical reference frames associated with a spatial origin, and quantified how
well they can communicate as a function of the reference token prepared by the sender.

Part III - Quantizing Time
One could argue that the main difficulty, both conceptually and mathematically, in con-

structing a quantum theory of gravity is that by definition it requires a background inde-
pendent quantization scheme. This is dramatically different than other theories of physics.
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We cannot consider matter moving around on a fixed background geometry and apply the
usual quantization techniques; rather, we need to quantize matter and spacetime together.
This strongly motivates a relational point of view.

The conceptual appeal of the conditional probability interpretation of time is that
it is manifestly relational: everything is quantized, a clock is chosen as a subsystem of
the universe, and the state of a system comprising everything else is defined relative to
(conditioned on) the state of the clock. The time evolution of the system is encoded in the
correlations of the entangled state of the clock and system satisfying the Wheeler-DeWitt
equation. I find it satisfying that the relativity principle in the conditional probability
interpretation is realized through entanglement.

Part IIT generalized the conditional probability interpretation to take into account
the possibility of a coupling between the clock and the rest of the universe. We should
expect such a coupling when the gravitational interaction between the clock and system
is taken into account. We saw that what results is a non-Markovian modification to
Schrodinger equation. Future work will focus on exploring the full consequence of this fact
and constructing explicit examples of the developed formalism.

In both classical and quantum mechanics, space and time are the entities we use to
describe the dynamics of a given system. Quantum gravity is the quantization of space
and time. This quantization will surely have an effect on the dynamics governing ordinary
quantum theory in some limit.

Concluding thought
Applying the theory of quantum information to situations at the boundary of relativity

and quantum theory will certainly lead to new insights into the nature of our world. The
hope is that this thesis takes a small step in that direction.
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Appendix A

Mathematical considerations

A.1 Quotient spacetimes and the method of images

Some spacetime manifolds can be constructed as quotients by the action of a group on a
different spacetime manifold. This quotient space construction is useful for understanding
properties of these spacetimes that may have initially been constructed another way (for
example the BTZ black hole [19, [18]). In Part I of this thesis we exploited the quotient
space structure of several spacetimes to easily construct Green’s functions on them a la
the method of images, which are necessary to describe the behaviour of detectors. In this
appendix, the basic properties of quotient spacetimes are discussed and the method of
images is introduced. This appendix follows closely the discussion in [34]; more details can
be found there.

Consider a group GG which acts on a spacetime manifold M. The action of G on M is a
map of sets M x G — M, denoted as (p, g) — pg, such that pe = p, with e € G being the
identity element, and (pg)g’ = p(gg’) for all p € M and g¢,¢" € G. The G-orbit of p € M
is the set of points pg for all g € G.

The space of all G orbits M /G is known as the quotient space. In general, a quotient
space M /G will not be a manifold. The quotient space M /G is a manifold if and only if
the group acton of GG is free and properly discontinuous.

A group action is free if the isotropy group G, := {g € G |pg = p} is trivial at every
point p € M, that is, for each p € M, pg = p implies that g = e. A group action is
properly discontinuous if:
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1. Any two points p,p’ € M that do not lie on the same orbit have neighbourhoods U
and U’ such that gU NU’" = 0 for all g € G;

2. For each p € M, the isotropy group G, is finite; and

3. Every point p € M has a neighbourhood U such that gU = U for g € G}, and
gUNU =0for g ¢ G,.

The advantage of considering quantum field theories on quotient spacetimes is that
Green’s functions in the quotient spacetime M /G can be constructed via the method of
images from the Green’s function in the original spacetime M. If we are given a Green’s
function G r¢(x,2") on a spacetime M, the corresponding Green’s function G rq/g(z, ") on
the quotient spacetime M /G is given by the image sum [21], 20]

Gyl a') =Y n"Gulz,g"a"), (A1)

n

where ¢"x’ denotes the group action of the group element ¢" on 2z’ and n = {1,—1}
corresponding to untwisted and twisted fields, respectively'}

A.2 The theory of distributions

For convenience, we summarize here the basic properties of distributions we have used in
this thesis and provide a proof of the identity used in obtaining Eq. (3.25]).

Recall that the definition of a distribution G acting on a smooth test function f(z)
that tends to zero as y — +o00, is given by

(e e}

(G, f) = PV / dz g()f(x), (A.2)

—0o0

where the generalized function g(x) defines the distribution G and PV specifies that the
principle value of the integral should be taken. The derivative of a distribution is obtained
from the above definition by integrating by parts to give

(G f)=—(G.[f). (A.3)

However, we will restrict our selves to n = £1 and the study of untwisted

"More generally, n = €.

and twisted fields.
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The distribution 1/z acting on a test function f(z) is defined as

<§,f(gj>> — PV /OO d 1@ (A.4)

00 xz

All the subsequent inverse power distributions 1/x™ are defined as distributional derivatives

of 1/z, hence
<% (x)> _ <17f,(x)> :/Omdx f(ar)+f(—2x>—2f(0>. (A5)

€T T

Equation (|A.5|) is used in arriving at the expression for transition probability of an Unruh-
DeWitt detector in Minkowski space given in Eq. (3.27)).
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Appendix B

Derivation of Eq. (2.28)

The final state of two initially unexcited Unruh-Dewitt detectors interacting with the
vacuum state of a scalar field is given by Eq. ([2.24))

pi 0 0 pu
0 P22 P23 0
, B.1
0 po3 psz O (B-1)
pia 0 0 py

PAB =

where py = E + O(A\%) and F is the leading order contribution given by

A\ / dtdt' / dTdT’
t>t T>T'

["A(t’)nB(t)nB(T)77A(T’)ei[‘QATA(t')‘QBTB“”Q‘”A(T’”QBTB(T” (0a(t") 0B (t)¢B(T)Pa(T"))
+ (1) na()ns (T )na(T)e' e = ara@rSura OO 6 5 (¢) g4 (1) pa(T) b5 (T"))
+ 0t )0 (8)is (T)ia(T)e'2amat)=eme O eama T+ (6, (1) b (1) 9 (T) 05 (1))

)

+ 0 )nat)na(T g (T)e'lm2pms )= 2araFQaralI) 7] (6 o (1) 4 (£) 5 (T) pa (T
(B.2)

<

We wish to express the 4-point functions appearing above in terms of Wightman func-
tions. Let us express each field in terms of its positive and negative frequency parts as
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¢i = ¢ + ¢; , where
¢, = /dﬂ(k) uy () ay and b; = /dﬂ(k) Uk(fl?i)*@;t,
and note ¢; |0) = 0 and (0] ¢; = 0; further

oF ¢y = oy 0F + [0 05 ],

and
(05, 07] = / dp(k)dp(p) ur(x)ws(x;) [ar, al)]

:/Qmmugﬂmm@ﬂ
= W(.%l, 37]')]1-

(B.5)

Using these observations we can express an arbitrary 4-point function in terms of the

Wightman function as

(P1020304) = (¢ (05 + ¢3) (03 + b3 ) 1)
= (07 (¢305 + 0505 + &30 + 63 05) 67)
= (0793 03 01) + (&7 05 6564 -
In the above equation, the second term simplifies to

(0705 03 01) = (D201 + [01.63]) (¢x 03 + [61.61]))
([of.02] [03,¢1])
Wz, xo)W (23, 24),

while the first term simplifies to
(603 0507) = (o1 (6505 + [05,05]) 61)
= (&F o303 01) + (7 03, 65] 07)
= W (w1, 23)W (w9, 24) + W (22, 3) () b1
== W(Ih 173)W<JZ2, IL‘4) + W(ZEQ, 173)W<I'1, ZL‘4).

Therefore we may express the 4-point function as

(D1020304) = W (w1, 22)W (23, 24) + W (1, 23)W (12, 24) + W (32, 23) W (31, 24).
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Applying Eq. to each of the 4-point functions in Eq. (B.2), £ may be expressed
as

E=M\ /M dtdt’ /T>T/ dTdT’ [E|X‘z(t’,t,T’,T) + Ejop(t',t,T,T) + Ep,ps (¢, 1, 1", 1),
(B.10)

where

Epxp(t', 6, T',T) = na(t )ns(8)is(T)na(T")e! - aralt)=Sems 0 8aralr)+Gura @)

A(

x W(za(t'),zp(t))W (2zp(T), z4(T"))
+7]B(t/) (t)ns(T )77 (T)ez —QpT(t")—QaTa(t)+Q2BTE(T")+QaTa(T))

x W( 7f’),f)?A( DWW (za(T), 25(T"))

At A(T )62[ Qata(t)—QpTt)+Qp7E(T")+Qa7a(T))]

X W(za(t), zp ()) (za(T),25(T"))

+773(t/)77A(t)77A<T)77 (T)e! i[-QpTp(t)—QaTA()+QATA(T)+QBTE(T)]

X W(xg(t'),za())W (z5(T),za(T")), (B.11)

Eop(t',t, T, T) == na(t' s (t)ns(T)na(T")el- 2amat) =0 @araT)+ 0575 (1)
x W(zat'), zp(T))W(zp(t), za(T"))

+?73( Na(t)ns(T)na (T)el[ Qprp(t')—QaTa(O)+Q575(T")+QaTA(T)]
W(zp(t'),za(T))W (SCA() wB(T’))

+77A( s (One(T )na(T

W ( T)

)

w(

+ 773( Nnp(T)e'™ QBTB( N QaTa()+QaTA(T)+QpT5(T)]

)
za(t), zp(T))W(zp(t'), za(T")), (B.12)
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EPAPB (t,, t, T/, T) o nA( ) <t>7]B (T)T]A(T,) i[=QaTa(t)—QpTB(#)+QATA(T")+Qp7E(T)]

W(ap(t), 2p(T))W (za(t'), 2a(T"))
+773< Va(t)np(T ) na(T)el= e )= 2ara®+2ems (T)+2ara (D)
W(za(t),2a(T))W (zp(t'), 25(T"))
+77A( Vs ()N (T )na(T)el=amat)=-2e7aO)+2p75(T")+2a7a(T)]
W(za®), za(D)W (@s(®), z5(T"))
+773( Nat)na(T)np(T)el=mBE)=QaraO+Qara (1) + 2575 (1)
x W(ap(t'),zp(T))W (za(t), 2a(T")). (B.13)

Observe that E‘X|2(t’, t,T",T) factors as
Expt t,7.T) = [UA(t/)UB(t)e_imATA(t/)JFQBTB(mW(ﬂﬁA(t/), z5(t))
(U )a(t)e RO ONY (g5 (1), 2.4 (2))]
 [a (T ()OO ONY (1 (T), 24(T7)
+ (T )na(T)epm T EaTaIYY (4,(T), xB(T/))] . (B.14)

and thus the integration of E X‘z(t, , 6, T",T) may be expressed as
% / dtdt’ / dTdT' Exp(t',t,T',T)
>t/ T>T'

= |\ / dtdt’ {m(t')nB<t>e*”“““’”9373“”W(:cA<t'>,:cB<t>>
t>t/

2

, (B.15)

st Yna(t)e OO OATAONY (1), 4 (0))]

which upon comparison with the definition X in Eq. (2.26)), we see that
X*/ dtdt’/ dTdT" Exp(t',t,T,T) = X% (B.16)
>t T>T

Now observe from Eq. (B.12) that E|O\2(t/ ,t, 7", T) has the following properties
E|C|2 (t/, t, TI, T) == E|C|2 (t, t/7 TI7 T) == E‘C|2 (t/, t, T, T/)’ (Bl?)
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and that for a function f(z,y), such that f(z,y) = f(y, ), the following holds

| doty o) = [ dedy (o) =5 [ dody fa0) (B.18)

<y

Using these observations, the integration of E|C|z(t’ 6, T",T) specified by Eq. (B.10) is
equivalent to

1
/M dtdt’ /T>T/ dTdT" Ejqp(t',t,T',T) = Z/dtdt’/deT’ Ep,t,7.7).  (B.19)

By relabeling the integration variables for different terms in Eq. (B.12), it is seen that

1
Z/dtdt//deTIE|C|2(tI,t7T/,T)
2

- | / dtdtnp(Ona(t)e O 2O (o0 (), 25(t))| . (B.20)

Then, using Egs. (B.20) and (B.20)) and comparing with the definition of C' in Eq. (2.25)),
we find that

/ dtdt’/ dTdT" Eop(t',t,1',T) = > (B.21)
t>t T>T1
By similar arguments leading to Eq. (B.21]), one can show
/ dtdt’ / dTdT' Ep,p,(t',t,T',T) = PsPp, (B.22)
t>t T>T'

where P4 and Pp are defined by Eq. (2.9).
Therefore, using Eqgs. (B.10), (B.16)), (B.21)), and (B.22), we find

E = |X|? 4 |C)* + Py Ps, (B.23)

as stated in Eq. (2.28))
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Appendix C

Derivation of Eq. (4.27)

As derived in Sec. [4.3] in the sharp switching limit the transition rate of an Unruh-DeWitt
detector outside the BTZ black hole turned on in the far past is given by

pBTZ<T> 1 1 > /oo - 1
—=-+ E ds Re
)\2 4 27T\/§ o0 Y0

oI5 <
\/0(11)[)(’7‘), [map(T — £3))

B S
Vol(zp(r),map(r — €8)) + 2)

and for the detector trajectory specified in Eq. (4.24), we have

o(zp(1),Map(r —{3)) = 2R27% " R2R_2 72 sinh? <n7r%h> — sinh? (Rz—h—ﬁé)] )
(C.2)
For convenience, let us define
2, T r?
K, = RQ——T,%Slnh (717?7> , Qn =K, + RQ——T}ZL, and f:=2m\/R>—13/rp,
(C.3)
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in terms of which the transition rate simplifies to

PBTz(T)_l 1

A2 _4+25

X Z/ ds Re |e #¥5
n=—00 \/K —smh2 % \/Qn—sth %)

We now focus on evaluating the integrals appearing above, which are of the form

I(a, P) := Re \/_7112 (C.5)
— S

Hodgkinson and Louko [66] evaluated I(a,p), and we summarize their approach below.

We first examine the case when P = 0, in which Eq. (C.5) simplifies to

> sinax T T
I(a,0) = — d = —— tanh — C.6
(a,0) /0 ¥ sinhz g D (C-6)

where the last equality was obtained using Mathematica. Note that Eq. (C.6) may be
expressed as

e—tay

I(a,0) = —g + eT/2 Re/ dy (C.7)
0

coshy’

which may be confirmed by directly evaluating the above integral and comparing with
Eq. (C.6).

Supposing that P > 0, we may express Eq. (C.5) as a contour integral

Ia,P)=Re | dz—nOo— (C.8)

\/ P — sinh? 2
where (' is the contour from z = 0 to z = oo along the positive real axis with a dip
into the lower half plane around the branch point z = arcsin v/P. The contour C; may be
deformed into the union of the contours Cy and C3, where C runs form z = 0 to z = —im/2
along the negative imaginary axis and Cj in the half line z = y — im/2 for y € (0,00). As
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the integrand has no singularities for Imz € [—7/2,0) and vanishes as Re[z] — oo for
Im[z] < 0, the deformation of C; into Cy U C3 does not change the value of the integral.

With these choices of contours, Eq. (C.8) becomes

,zaz 7mz
+ Re

Re dz ———
o, /P —sinh?z \/ — smh2
—7r/2 0% p —za(y im/2)
= Re / —— =+ Re / Y
VP +sin 2 \/P sinh?(y — i7/2)

I(a,P) =

fzay
— ¢9/2Re (C.9)

\/ P+ Cosh2
Applying Egs. (C.6) and (C.9)) to the transition rate in Eq. (C.4) yields

1 ¢
\/Kn + cosh?y \/Qn + cosh?y
(C.10)

N

' o —B2/2
Pprz = o Z/ dy cos (yBQL /)

n=—oo

as stated in Eq. (4.27)).

181



	List of Tables
	List of Figures
	Preface
	Notation and conventions

	Quantum field theory on curved spacetimes
	The Unruh-DeWitt detector and entanglement harvesting
	The Unruh-DeWitt detector
	Entanglement harvesting in curved spacetimes
	The joint state of two detectors
	Quantifying the entanglement in AB

	Detector observables
	Summary

	Unruh-DeWitt detectors in quotients of Minkowski space
	Quotients of Minkowski space and their Wightman functions
	The transition probability in M, M0, and M-
	Entanglement and correlation harvesting in quotients of Minkowski space
	Computation of the matrix element X
	Computation of the matrix element C
	Harvesting entanglement and correlations in M, M0, and M-

	Summary

	Unruh-DeWitt detectors in (2+1)-dimensional black hole spacetimes
	The BTZ and R P2 geon black hole spacetimes
	The Wightman function in the AdS3, BTZ, and R P2 geon spacetimes
	Detectors outside the BTZ and RP2 geon black holes
	Entanglement from the black hole vacuum
	Summary

	Quantum reference frames associated with noncompact groups
	Relational descriptions
	Relational description for compact groups
	Relational description for noncompact groups

	Gaussian quantum reference frames
	The Wigner function and Gaussian states
	The two-particle case
	Purity of the relational state
	The three-particle case

	Summary

	Communication without a shared reference frame
	Communication without a shared classical reference frame
	A recovery operation for noncompact groups
	Application to reference frames associated with the translation group
	Summary

	The conditional probability interpretation of time
	The Hamiltonian constraint in classical and quantum mechanics
	The conditional probability interpretation
	The modified Schrödinger equation
	Solving the modified Schrödinger equation

	Summary

	Epilogue: What have we learned?
	References
	APPENDICES
	Mathematical considerations
	Quotient spacetimes and the method of images
	The theory of distributions

	Derivation of Eq. (2.28)
	Derivation of Eq. (4.27)

