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Abstract

Quantum effects in accelerated frames and gravitational fields have been studied for
decades. One of the most influential outcomes is the discovery of thermal radiation from a
black hole by Hawking in 1975. Other important discoveries include the Unruh effect,
dynamical Casimir effect etc.. Although these discoveries are very exciting, experimental
verification of them is extremely challenging. Even in the theoretical aspect, not all the
issues have been resolved, e.g., the well known black hole information paradox. Quantum
information science was developed rapidly during the last thirty years. The well established
concepts and tools in quantum information science have been used to explore the
guantum effects in gravitational fields and relativistic frames, giving birth to a new research
field named relativistic quantum information. This thesis studies quantum effects in
accelerated frames and gravitational fields by exploiting the concepts and techniques in

guantum information science.

The Unruh effect implies that the state of the fields confined within part of the Minkowski
spacetime can appear thermal, and entanglement exists between different spacetime
regions. We show that the particle number distribution of the field modes confined within a
finite diamond region is also thermal in the Minkowski vacuum, an analogue to the Unruh
effect; and there exists entanglement between different diamonds. The vacuum
entanglement can be extracted and utilized for some quantum information protocols, e.g.,
guantum key distribution. Furthermore, we show that the presence of a horizon and the
Unruh thermal noise has important consequences to the quantum communication

protocols where one of the parties is a uniformly accelerated observer.

Interactions between uniformly accelerated objects and quantum fields are traditionally
studied using perturbation theory. The quantum circuit model, a crucial tool in quantum
communication and computation, can be exploited to calculate radiations from the
uniformly accelerated objects non-perturbatively. By further combining field detection
scheme in quantum optics, e.g., homodyne detection, the output field from the uniformly
accelerated objects can be fully studied. These techniques help to study decoherence
effect in non-inertial frames, which may provide important insights for the black hole

information paradox.



Dynamical spacetimes generally create quantum particles. Gravitational perturbations
around a black hole oscillate and decay, due to the emission of gravitational waves to
spatial infinity and into the black hole. We show that they play the role as a multimode

squeezer, squeezing the state of the quantum fields and creating particles.
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Introduction and Overview

Quantum effects in curved spacetimes have been studied for decades and important pro-
gresses have been made. These studies deepen our understanding of both gravity and quan-
tum mechanics. The most important new effects include the Hawking effect [Haw75], Unruh
effect [Unr76, Dav75|, dynamical Casimir effect [Moo70] and particle creation from an ex-
panding universe [Par68]. However, these effects are very small and are extremely difficult
to observe directly. Particle creation by the expanding universe can be observed from as-
tronomical data. In the very early universe, the exponentially expanding universe amplified
the quantum fluctuations of curvature and produced curvature perturbations (scalar pertur-
bations and/or gravitational waves), which are subsequently responsible for the anisotropies
in the cosmic microwave background (CMB) and the formation of large scale structures.
The dynamical Casimir effect was observed in a superconducting circuit recently [WJP™11],

forty years after its theoretical prediction. The Hawking effect was discovered by Hawking in
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1975, which states that a black hole is not ‘black’ but instead emits thermal radiation with
temperature proportional to the surface gravity of the black hole. It can be estimated that
the Hawking temperature for a solar mass black hole is about 10~® K, which is much lower
than the temperature of the CMB (~ 2.7 K). If there exist primordial black holes with very
small mass [CH74], it may be possible to detect Hawking radiation from them. Recently,
Hawking radiation in some analogue systems were observed [Stel6], however they are not
the true Hawing radiation from a real black hole. Following Hawking’s discovery, Unruh
and Davies found that even in flat spacetime, a uniformly accelerated observer experiences
a thermal bath with temperature proportional to their proper acceleration. Many attempts
have been tried to detect the Unruh effect by electrons in particle detectors [BL83] and
penning traps [Rog8§], atoms in microwave cavities [SKBT03, BKCT06| and by ultraintense
lasers [CT99, [SSHO6]. However, the Unruh temperature is so low that it is extremely difficult
to detect it. In order to observe Unruh-Davies radiation with 1 K, one needs acceleration

about 10%° m/s?, far beyond current technologies in the lab.

In the theoretical aspect, although much progress has been made, some serious issues also
arise. The most well known one is the black hole information paradox [Haw76]. As the
black hole radiates Hawking particles, its mass gradually decreases. After a sufficiently long
time, the black hole may completely evaporate. Since the Hawking radiation is thermal, the
complete evaporation of a black hole ends up with a thermal cloud of particles. This results
in a non-unitary evolution: a pure initial state (usually a vacuum) evolves into a mixed final
state. If this is true, unitary evolution of an isolated system in quantum mechanics is violated
and information is lost. In spite of many attempts [STU93, [StHW94, Mat05, [HPS16, BMT],

a completely satisfactory resolution of this issue has not been found.

Quantum information science was developed rapidly during the last thirty years [BB84,
Eke91, BW92, BBCT93, [Sho94, [Sho95, [Sch95l [SW97, [Hol98| [L1097], where the importance
of concepts like entanglement is emphasized. A modern version of the black hole information
paradox is not only concerned with destroying the purity of the state but also destroying the

entanglement [HP07]. Quantum information theory thus can provide intuitions and tools



that help to sharpen our understanding of the black hole information paradox. In a broader
perspective, quantum information science can also help us to understand other effects in rel-
ativistic quantum field theory. The Unruh effect can be understood in this way: the fields in
the right Rindler wedge perfectly entangle with that in the left Rindler wedge such that the
overall state is pure (vacuum), whilst uniformly accelerated observers restricted to one of the
Rindler wedges see a thermal state. This reveals an important fact that the Minkowski vac-
uum is an entangled state [Unr76, [SW85bl [SW&T]. A large amount of work has been devoted
to study whether it is possible to extract the vacuum entanglement in Minkowski spacetime
[RRS05, LHIO0L ORI SMMI5], curved background spacetime [SM09, MMM12], circuit QED
[SPARMM12] and in ion trap systems [RCRO05], and utilize it for quantum information sci-
ence [RW15], e.g., quantum communication. On the other hand, the uniform motion and the
acceleration of the observer, as well as the presence of gravity, would have crucial influences
to the entanglement [AMO3], [FSMO05|, [AFSMT06) Dat09, BFSS06, MMGL10, FMMMMI0].
Examples like quantum teleportation [AMO03, [PJOS, [FLT™13|, quantum key distribution
[DRW13] in the accelerated frame and gravitational fields have been explored. Quantum
metrology [GLMO04, (GLMO06], an important tool in the precise quantum limited measure-
ment, were generalized to relativistic situations [AAF10, MBFET14] |ABS™14, BDU"14] where
it can be utilized to measure the Unruh temperature [AAF10], parameters of gravitational

fields [KR16] etc..

In this thesis, we are going to utilize concepts and tools in quantum information and quantum
optics to explore quantum effects in accelerated frames, as well as in the presence of gravity.
We try to understand the vacuum entanglement and its potential applications in quantum
information science, to study how acceleration and gravity affects quantum communication,
to expore decoherence of radiation from a uniformly accelerated quantum source and its
possible relation to the black hole information paradox, and to investigate particle creation
by gravitational perturbations around a black hole. The main contents of this thesis are

summarized in the following.
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1.1 Quantum field theory in flat spacetime

In Chapter 2, we briefly introduce basic concepts and tools of quantum field theory in
flat spacetime. We start from the quantum theory of a simple harmonic oscillator, and
then move to discuss a discrete atomic chain, which gives us an intuition of the global
properties of quanta, vacuum state etc.. In the continuum limit, by taking into account
special relativity, we arrive at the standard relativistic quantum field theory in flat spacetime.
Without introducing complicated mathematics but being adequate to capture the essential
physics, we mainly discuss free scalar fields, in particular, the free massless scalar fields.

Important concepts like particles, vacuum state, and Wightman functions are introduced.

1.2 Basic concepts in quantum optics

In Chapter 3, we introduce some basic concepts in quantum optics and continous variable
quantum information. The first concept to introduce is the coherent state, which is a good
approximation to the light fields coming from a laser. We then discuss various squeezed
states, including single-mode, two-mode and multimode squeezed states. The squeezed states
are non-classical, containing entanglement which is very useful in quantum communication,
e.g., quantum key distribution. Finally, we consider an important field detection model,
the homodyne detection. Quantum optics is not a fully relativistic theory because although
the electromagnetic field is relativistic, the description of atoms is non-relativistic. However,
tools in quantum optics are adequate and useful to study the response of detectors in inertial

frame, accelerated frame and even in curved spacetime to the quantum fields.

1.3 Quantum field theory in curved spacetime

In Chapter 4, we generalize the quantum field theory in flat spacetime to the curved back-
ground spacetime. When considering quantum field theory in curved spacetime or acceler-
ated frame, the concept of particles, as well as the vacuum state of the field, are not unique

and are observer dependent. We first formulate a general framework to quantize the fields in



1.4 SPACETIME DIAMONDS 5

various inequivalent ways and derive the relations between different quantizations. As one of
the most important topics of this thesis, we discuss quantum fields in uniformly accelerated
frame, and the well known Unruh effect which states that a uniformly accelerated observer
experiences a thermal radiation in the Minkowski vacuum with temperature proportional to
their acceleration. Another important topic is the thermal radiation from a static, spheri-
cally symmetric Schwarzschild back hole, discovered by Hawking forty years ago and named
Hawking radiation. The temperature of the Hawking radiation is proportional to the surface
gravity of the Schwarzschild black hole. At the end of this chapter we briefly introduce the

black hole information paradox.

1.4 Spacetime diamonds

The original research in this thesis begins in Chapter 5. In Chapter 5, we study the quan-
tization of a massless scalar field inside a spacetime diamond in Minkowski spacetime. We
show that particle number distribution of the diamond modes is thermal in the Minkowski
vacuum state. The temperature of the thermal radiation, named diamond temperature, is
inversely proportional to the size of the spacetime diamond. We then propose that a two-
level Unruh-deWitt detector with energy scaled in a particular way can detect the thermal

radiation. Finally, we show that the fields inside different diamonds are entangled.

1.5 Quantum communication with accelerated observers

In Chapter 6, we study quantum communication with a uniformly accelerated observer. The
standard quantum communication is between two inertial observers Alice and Bob. When
one of the observers uniformly accelerates, the quantum communication is affected because of
the presence of Unruh thermal noise as well as the event horizon for the accelerated observer.
We first consider a protocol where an inertial observer Alice sends a coherent state signal
and a local oscillator to a uniformly accelerated observer Rob, who then performs homodyne
detection in his own reference frame. We then consider quantum communication between

two uniformly accelerated observers: a uniformly accelerated observer sends a coherent state
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signal and a local oscillator to another uniformly accelerated observer, who then performs

homodyne detection.

1.6 Quantum circuit model for non-inertial objects:

uniformly accelerated mirror

In Chapter 7, we propose a quantum circuit model to study the interactions between a
uniformly accelerated object with the quantum fields. The idea is based on the the trans-
formation between the Rindler modes and Unruh modes, which are basically a two-mode
squeezing transformation. A uniformly accelerated object is stationary in its own reference
frame, so its interactions with the Rindler modes are easy to deal with. We thus start from
the inertial frame where the initial state is imposed, usually the Minkowski vacuum; then go
to the Rindler frame where the accelerated object couples with the Rindler modes in the cor-
responding Rindler wedge, leaving the Rindler modes in the other Rindler wedge unchanged;
after that we go back to the inertial frame because an inertial detector is used to detects
the fields radiated by the accelerated object. The Unruh modes are used as a stepping stone
between the accelerated and inertial frames. Finally, in order to model the response of an

inertial detector, we transform the Unruh modes to the Minkowski modes.

As the first application of the circuit model, we study an eternally accelerated mirror. We
find that a pulse of particles along the horizon is radiated by the mirror and the radiation
field is squeezed. The squeezing of the field is related to the fact that the mirror plays a
role as a scissor and cuts the correlations across the horizon. The issue for the eternally
accelerated mirror is that the total energy of the radiation field is divergent. This divergence

problem can be resolved by turning on and off the interactions between the mirror and the

fields.
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1.7 Quantum circuit model for non-inertial objects:
uniformly accelerated squeezer

In Chapter 8, we realized the turning on and off the interactions by making the accelerated
objects only act on a localised wave packet modes. This resolves the energy divergence
problem. As further applications of the circuit model, we focus on a uniformly accelerated
single-mode squeezer. Unexpectedly, we find that the output state, as detected by inertial
observers, from a uniformly accelerated single-mode squeezer is mixed, even if the input
state is pure. The decoherence effect we find is a previously unnoticed consequence of the
transformation from the bipartite Hilbert space of the Rindler and Unruh modes, to the
single Hilbert space of the Minkowski modes. This unexpected result may indicate new

directions in resolving inconsistencies between relativity and quantum theory.

1.8 Particle creation by gravitational perturbations around

a Schwarzschild black hole

In Chapter 9, we consider particle creation by gravitational perturbations around a Schwarzschild
black hole. Quantum particle generation is a general phenomenon in a dynamical spacetimes,
e.g., the exponentially expanding universe. However, it was shown that plane gravitational
waves can not create particles, analogous to the plane electromagnetic waves case, due to
the violation of momentum conservation. It is interesting to see whether this is also true in
the black hole background spacetimes. We study the interaction between a massless scalar
field and the gravitational quasi-normal modes of a Schwarzschild black hole, and show that
scalar particles can be created. The gravitational quasi-normal modes play the role as a

multimode squeezer and squeeze any state of the scalar field.
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Introduction to Quantum Field Theory in Flat

Spacetime

In this chapter, we review the fundamental concepts and tools of quantum field theory (QFT)
in Minkowski spacetime. For simplicity, we will mainly discuss a massless free scalar field.
We will try to develop the QFT step by step from the quantum theory of a simple harmonic

oscillator.
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2.1 From harmonic oscillator to atomic chain

2.1.1 Harmonic oscillator

We start from a quantum harmonic oscillator in order to introduce some basic concepts in
quantum mechanics, which are very important in quantum field theory. A classical harmonic
oscillator is a mass which is tied to a spring and oscillates with a particular frequency w.
There are many other models, for example, it can also be considered as a mass confined
in a parabolic potential, as shown in Fig. [2.1[a). The total energy of a classical harmonic
oscillator is continuous and could be any nonnegative value. The dynamics of a quantum har-
monic oscillator is completely different. The Schrodinger equation, instead of the Newtonian

equation, needs to be solved with the Hamiltonian [Sak&85]

1 1
H= 5;32 + §w2932, (2.1.1)

where we consider an oscillator with unit mass and w is its frequency. Z and p are the

position and momentum operators, satisfying the commutation relation
[z, p] = ih, (2.1.2)

where h is the reduced Planck constant. After solving the Schrodinger equation one finds
that the energy of the quantum harmonic oscillator is discrete, as shown by Fig. (b),
a striking feature that differentiates it from a classical one. The energy eigenvalue of the

quantum harmonic oscillator is
1
E, = <n—|—§>hw, n=20,1,2,.. (2.1.3)

and the corresponding eigenstate is denoted by |n). Another important feature is that the
energy of the lowest energy state, named ground state, is nonzero, Fy = fuww/2, which means
the oscillator cannot be static at the bottom of the potential. This is due to Heisenberg’s

uncertainty principle,

AxAp >

Do | St

(2.1.4)
where

(Ax)? = (Y[a*]p) — (V]Ef)?,

(Ap)? = (@P*[) — (®lply)® (2.1.5)
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are the variances of the position and momentum operators for an arbitrary quantum state

|¢). For the ground state |0), the minimum uncertainty relation is satisfied, AzAp = h/2.

\ /

FIGURE 2.1: (a) A classical harmonic oscillator: a mass confined in a parabolic potential. (b) A quantum
harmonic oscillator. The energy level is discrete and the lowest energy Ej is not zero, known as the ground
state energy. Jumping between different energy levels is described by the lowering and raising operators.

There exists an algebraic method to describe the quantum harmonic oscillator [Sak85|. In-

troducing operators

(wi +1ip), af = (wi — ip) (2.1.6)

. 1
a =
V2hw

which satisfy commutation relation

[a,a'] =1, (2.1.7)
the Hamiltonian Eq. (2.1.1)) becomes
. 1 < 1
H = (a*a+§)7m = (N+§>hw, (2.1.8)

where N = a'é is the number operator and satisfies N|n) = n|n). It can be shown that

alln —1) = v/nn), an) =+vnln—-1), n>1. (2.1.9)

Therefore the a' is called raising operator and a is called lowering operator. The action of
the raising and lowering operators is pictorially shown in Fig. [2.1(b). In particular, the

lowering operator a annihilates the ground state,

al0) = 0. (2.1.10)
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In the following we will consider this as the definition of a ground state (vacuum state).

2.1.2 Atomic chain model

We are now going to consider an one-dimension atomic chain model. The chain consists
of N unit mass atoms which are connected by springs with spring constant ks, as shown
in Fig. 2.2 The distance between neighbouring atoms is a,. Here we impose the periodic
boundary condition so that in fact it is a closed atomic chain, a ring. When suffering
from external perturbations, the atoms would deviate from their equilibrium positions. The

classical dynamical equation for these deviations is
ity = Ks(Ung1 + Un_1 — 2uy), (2.1.11)

where wu,(t) is the deviation from the equilibrium position for the n-th atom. At any given

: Go
S N e
1 2 n—1 n n+l1 N 1

FIGURE 2.2: One dimensional atomic chain.

time, u,(t) has to satisfy the periodic boundary condition: w,(t) = u,n(t). Therefore it
can be expanded in terms of a set of complete and orthonormal basis {¢,}, which also
satisfies the periodic boundary condition. In fact, this is simply a Fourier transformation.

Orn 1s chosen as
1

Okn = \/_Ne

and the periodic boundary condition, ¢; nin = @kn, requires that k& = ]%JO and —N/2 <

thnao (2.1.12)

j < N/2 (assume N is even). It is easy to show that {¢x,} as chosen is orthonormal and

complete,

> Grn B = O > Ok = O (2.1.13)
k n
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Eq. (2.1.11) admits normal modes solutions ¢, (t) = e~ “*t¢,,,. By substituting ¢z, (t) into
Eq. (2.1.11)) we find the dispersion relation,

wi = 4k, sin®(ka,/2). (2.1.14)

When the wavelength of the normal modes is much longer than the distance between neigh-
bouring atoms, that is 1/k > a,,
wi ~ vg|kl, (2.1.15)

where v, = a,vks is the velocity of sound waves. The general solutions w,(t) is a linear

superposition of these normal modes,
un(t) = aubrnl(t), (2.1.16)
k

where ¢ is the expansion coefficients satisfying g, = ¢*, because u,(t) is real. While wu,,(¢)
describe the motion of an individual atom, the normal modes ¢y, (t) describe the collective

wave-like excitations of the atomic chain.

Canonical quantization procedure can be used to quantize the the motion of the atomic

chain. The classical Lagrangian of the atomic chain is
L, = lui — 1/@8(%+1 — )% (2.1.17)

The canonical momentum is defined as

aLac .
= e = 1y, 2.1.18
Pn= G = ( )

so that the classical Hamiltonian of the atomic chain is

1 1
HaC = pnun - Lac = Z |:§p721 + §ks(un+l - un)2:| . (2119)

n

By replacing u,, and p, in Eq. (2.1.19) by Hermitian operators u, and p, we obtain the

quantum Hamiltonian for the atomic chain,

. 1., 1., X
H, = Z {Epi + ka(un+1 — un)Q] . (2.1.20)

n
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The position and momentum operators 1, and p, satisfy commutation relations
[amﬁn’] = Z.hénn’; [ana an’} = 07 [ﬁmﬁn’] = 0. (2121>

Fourier transform 4, and p,, to define a new set of operators ¢, and 7,

iy =Y Gkbkn,  Pn= Y Tk, (2.1.22)
k k
satisfying cj,i = (_x and 7%,1 = 7_j. Substituting Eq. (2.1.22) into Eq. (2.1.20) we have
- 1. . 1 5. .
Hac = Z (§7Tkﬂ'k -+ iwiqqu) . (2123)
k

We further define the lowering and raising operators as

1 1

N . A At N .
ar = WrQr +1T_k), Q= WrG_k — Tk ), 2.1.24
k 57 k( kdk k) k Qhwk( k4d—k k) ( )

which satisfy commutation relations,
lar, al] = e, [ag,aw] =0, [al,al] =0. (2.1.25)

The Hamiltonian now becomes

) 1
Hpe =) (a;ak + 5) Fiwg. (2.1.26)

k

We see that the atomic chain can be considered as a collection of single harmonic oscillators,
each of which corresponds to the collective wave-like excitations of the atomic chain, with
wave number k and frequency wy. These collective excitations are known as phonons. The
vacuum state |0) is defined as

al0) =0 (2.1.27)

for all k. Therefore, the vacuum state is global in the sense that it describes the collective

motion of the atomic chain.

2.2 Relativistic quantum fields

We are now ready to introduce the QFT in flat spacetime. The field is a quantity that

distributes continuously over the space and time. A natural generalization to the atomic
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chain model discussed in Subsection is to take the continuum limit, that is, a, —
0 and N — oo. We thus obtain a non-relativistic QFT in a one-dimension ring. This
non-relativistic QF'T can be generalized to higher dimensions and open regions, and has
been studied and applied extensively in the condensed matter physics [Tsv95]. However in
this thesis we are interested in relativistic QFT, which also follows the laws of the special
relativity. In a more concrete word, the equation of motion of the fields should be invariant
under the Lorentz transformation. The relativistic QF'T was developed since 1920s and is
now well established, see [Wei95 [PS95l [Z06] for example. Another important thing to
note is that the phonons discussed in the Subsection [2.1.2] are the excitations of some kind
of materials, so they are not fundamental. While quantum fields, e.g., Dirac fields and
electromagnetic fields, that we are going to discuss are considered to be fundamental, which
means we do not know whether there are even more fundamental “materials”, things like
ether for example. From the atomic chain model to a relativistic QFT, we need to take three
steps forwards: (1) take the continuum limit; (2) take into account the special relativity; (3)

consider the quantum fields as fundamental objects.

2.2.1 Basics of special relativity

The special relativity was originally proposed by Albert Einstein in 1905 in the paper “On
the Electrodynamics of Moving Bodies” [Ein05]. Tt is based on two postulates:

e The Principle of Relativity — the laws of physics are invariant in all inertial systems;

e The Principle of Invariant Light Speed — the speed of light in a vacuum is the

same for all observers, regardless of the motion of the light source.

Einstein’s special relativity has greatly changed our understanding of space and time. In
the Newtonian mechanics, the space and time are absolute and independent of the motion
of the objects. While in the special relativity, the principle of invariant light speed leads
to completely different notions like the time dilation, length contraction and relativity of

simultaneity, see Fig. 2.3
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Time dilation

Relativity of <: Invariant |:||> Length
simultaneity light speed contraction

FIGURE 2.3: Relation between the principle of Invariant Light Speed and the time dilation, length
contraction, relativity of simultaneity.
In the Newtonian mechanics, coordinates in two different inertial frames are related by
the Galilean transformation [Gol65]. In the special relativity, the Galilean transformation
is replaced by the Lorentz transformation [Har03]. Suppose that z# = (t,z,y, z) are the
coordinates of a spacetime event in an inertial frame K and 2/* = (t',2/,y,2') are the
coordinates of the same event in a different inertial frame K’. Without loss of generality, we
assume the K’ frame moves along the z-axis with constant velocity v with respect to the

K frame. The Lorentz transformation relating the coordinates of these two inertial frame is

[Har03)]

t = ~(t—wvx)

= y(x—ot)
y o=y
7 o=z (2.2.1)
where 7y is the Lorentz factor
1

1= = (2.2.2)

Note that we take the unit where the speed of light is unity, ¢ = 1. The time dilation,
length contraction and relativity of simultaneity can be easily derived from the Lorentz
transformation . Although the coordinates are changed in different inertial frames,
there are some quantities that are invariant under the Lorentz transformation, known as

Lorentz scalar. The spacetime interval between two events is one of the Lorentz scalars. The
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spacetime interval between two very close events, with coordinates (¢, z,y, z) and (t+dt, x +

dz,y + dy, z + dz) respectively, is defined as [Har(3]
ds®> = —dt? + dz? + dy? + dz? = 1, dz*dz”, (2.2.3)

where 7, = diag{—1,+1,+1, +1} is the Minkowski spacetime metric. One specific example
of the spacetime interval is the proper time interval of an observer. The proper time 7 is
the time that measured by the clock carried by the observer itself. So in the rest frame of
the observer, dz = dy = dz = 0, one finds d7? = —ds?. Therefore the proper time of any

observer is invariant under the Lorentz transformation.

There are three types of causal relations between two spacetime events: time-like, space-like
and light-like. When ds? < 0, the two events are time-like, which means slower-than-light
signals can be transmitted from the earlier event to the later event. In addition, the temporal
order of any pair of time-like events cannot be changed by the Lorentz transformation,
implying that causality is preserved. When ds? = 0, the two events are light-like, meaning
that these two events are connected by light signals. When ds? > 0, the two events are

space-like and there are no signals can connect these two events.

The principle of relativity states that the laws of physics are invariant in all inertial frames,
which implies that the dynamical equations that dominate the evolution of physical systems
are the same in all inertial frames. Or equivalently, the dynamical equations should be co-
variant under the Lorentz transformation. To satisfy the above requirement, it is convenient
to represent physical quantities by tensors which transform in a particular way under the
Lorentz transformation. Here we are going to discuss some examples but not the general
case. We have mentioned that a Lorentz scalar (a rank-0 tensor) is invariant under the

Lorentz transformation. The transformation for a vector (rank-1 tensor) is the following:
Vit =AL VY (2.2.4)

where V# is a general vector and A* is the general Lorentz transformation matrix which is
defined as
/
an = 9
Y Oxv

(2.2.5)
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Examples of vector include the four momentum of a particle p* = (E,p) = (ymq, ymov),

four current J* = (p,J) etc.. A rank-2 tensor, denoted by V#¥ is transformed as
VI = AP N VOP (2.2.6)

Examples of rank-2 tensor include the energy momentum tensor T*¥, electromagnetic tensor
F* etc.. The inner product of two tensors gives a tensor with a lower rank, e.g., the inner

product of two vectors is a scalar. It is easy to show that
pp'=-mi =—E*+p-p, (2.2.7)
which gives the Einstein’s mass-energy relation

E*=mi+p- p. (2.2.8)

A dynamical equation represents the relation between different physical quantities. When
the physical quantities are represented by tensors that are covariant under the Lorentz
transformation, the dynamical equation is also Lorentz covariant. For example the Maxwell’s

equation can be written as a covariant form [Jac75],
0, F" = dmJ", (2.2.9)

implying that the electromagnetic laws are invariant in all inertial frames.

2.2.2 Hermitian massless scalar fields

We introduce the quantum theory of an Hermitian massless scalar field ® in the (1+ 3)-
dimensional Minkowski spacetime. For field theory in lower dimensions, e.g., (1 + 1)-
dimensional spacetime, the quantization procedure is similar. The QFT for a massive scalar
field can be obtained by introducing a mass term in the Lagrangian density [PS95]. In this
section, canonical quantization procedure is adopted. The Lagrangian density of the scalar
field & is

1

,ﬁz—ﬁm%@@xa@):-¢%—4v¢f (2.2.10)
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W

where the represents derivative with respect to time ¢ and “V” represents the gradient.

The conjugate field of  is defined as

N 82 X
Mm="=9. (2.2.11)
0P
The Hamiltonian density of the scalar field is
YT U T - Ny
H=I1d—- L= §H + Q(V(ID) (2.2.12)

The equation of motion for the scalar field can be derived by substituting Eq. (2.2.10)) into

au( oL ) _% (2.2.13)
8(0,9)) 09

the Euler-Lagrange equation

We find the Klein-Gordon equation,
(82 — V)P = 0. (2.2.14)
In the canonical quantization, the equal-time commutation relations are imposed,
[@(t,x),1I(t,x")] = i6®P(x — x),  [®(t,x),D(t,x)] = [(t,x),II(t,x)] = 0. (2.2.15)

Similar to the atomic chain model, the scalar field ® can be expanded in terms of a set of
complete and orthonormal bases {¢k(t, X), o1 (t,x)}, which is defined as

1
(27)3/2/ 2w

Substituting ¢k (t,x) into the Klein-Gordon equation ([2.2.14]) we find

dr(t,x) = e~ wattikox, (2.2.16)
wi = k| (2.2.17)

The bases {¢k(t,x), ¢5.(t,x)} are orthonormal in terms of the Klein-Gordon inner product.
For any two solutions ¢; and ¢5 of the Klein-Gordon equation, the Klein-Gordon product is

defined as [BD82|, [CHMOS]

(61,00) =1 [ dx (10162~ 620.61). (22.18)

where the spatial integral is on any space-like hypersurface of constant ¢. It is straightforward

to show that

(b, b)) = — (b, P) = 6P (k =K, (dx. b)) = (O}, die) = 0. (2.2.19)
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The scalar field @ is expanded as

o = / dk (axé + o), (2.2.20)

where ay, and ELL are known as the annihilation and creation operators (correspond to the
lowering and raising operators of the harmonic oscillator), respectively. They satisfy the

boson commutation relations,
lag, af, ] = 0P (k = K),  [au, éwe] = [a], al,] = 0. (2.2.21)
The Hamiltonian of the scalar field can be written in terms of the creation and annihilation

) . 1
H= /dx H = /dk Wi <dL&k + 5) (2.2.22)

The vacuum state is the lowest energy state and is defined as

operators,

10) = [0k;) @ [Oy) @ [Ohy) @ -+ - (2.2.23)
and satisfies
ax|0) =0 (2.2.24)

for all k. It is evident that the vacuum state is global since any single-wave-number mode
is the global excitation of the field. Although the vacuum state is the lowest energy state,

the expectation value of energy is not zero,
~ 1
(0|H|0) = §/dk Wi — 0. (2.2.25)

The existence of vacuum energy is due to the uncertainty principle. In Minkowski spacetime,
the vacuum energy is not observable in most cases and can be disregarded safely. However,
it may play very important roles in some special situations, e.g., the Casimir effect [CP4§],

spontaneous emission of atoms [Dir27].

2.2.3 Green’s functions

The vacuum expectation values of the products of two field operators are very important in

QFT. The most relevant one in this thesis is the positive frequency Wightman function. For
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completeness we also briefly introduce other functions, including negative Wightman func-
tion, Schwinger function, Hadamard’s elementary function, Feynman propagator, retarded
and advanced Green functions. Here I follow the definitions and notations by Birrell and

Davies [BD&2].

The positive frequency Wightman function G* (¢, x;t',x’) is defined as

GF(t,x:t',x') = (0|D(t, x)D(t', x)|0) (2.2.26)
and the negative frequency Wightman function

G (t,x;t',x') = (0]®(t',x")D(t,x)|0). (2.2.27)

The Schwinger and Hadamard functions are related to the commutator and anti-commutator

of the scalar field at two spacetime events, respectively.
iG(t,x;t,x) = (0][®(t,x), D, x)]]0) = GH(t,x; 1, X)) — G~ (t,x; 1, x),(2.2.28)
GO (t,x;t',x) = (0{®(t,x), (¢, x)}|0) = GT(t,x;t',x) + G~ (t,x;¢',x)(2.2.29)
The Feynman propagator G is
Gr(t,x;t',x) = —i{0|T{®(t,x)d(t',x)}|0)
= —if0(t - )G (t,x;t',x') —i0(t' — )G~ (t,x;t',x"), (2.2.30)

where T is the time ordering operator and (t) is the Heaviside step function. The retarded

and advanced Green functions are
Gr(t,x;t',x') = —0(t—t)G(t,x;t',x'), (2.2.31)
Gat,x;t',x") = 0t —t)G(t,x;t',x). (2.2.32)

We see that the positive and negative frequency Wightman functions are two fundamental

functions from which others can be derived easily.

Substituting Eq. (2.2.20)) into the definition of the positive frequency Wightman function,
Eq. (2.2.26)), we find
efiwk(tft/)+ik-(xfx’)

1
Gt (t,x;t',x) = /dk ok (t, x) g (', x') = m/dk . (2.2.33)

Wk
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For a massless scalar field, wy = |k|, the above integral can be calculated analytically,

1 1
N I | 2.2.34
(7X7 7X) ZJLﬂ.Qe_l)I(I)}r (t_t’—i€)2—|X—X/|2 ( )

The limit can be taken after all other calculations have been done, or we can do it right now
and find
1 1

_4_7T2(t—t’)2 —|x = x/]?

(2.2.35)
The singularity in the last term of Eq. (2.2.35)) should be treated as the Cauchy princi-

1

8mi|x — x/|

GHt,x;t' x') = [6((t—t")—[x—x]) =6 ((t—t")+|x—x'])]

pal value, same for the following equations: (2.2.36) and ([2.2.40). The negative frequency

Wightman function is basically the complex conjugate of the positive frequency Wightman
function,

hxt K] = -t =
Glbxt,x) = s e T e k=P

1 / / / /
= 5t t) — [x = x]) = 5((t — ) + |x — x'])]

~ 8milx — x|
1 1
42 (t— )2 — |x — x/|2

(2.2.36)

According to the relation between Wightman functions and Schwinger function, we have

1

Gt xitx)=———
(%8, x) 4rt|x — x|

[6(t—t)—x=x|) =6((t =)+ |x—xX1)], (2.2.37)

showing that the Schwinger function is nonzero only when (¢t —¢') £ |x — x| = 0: the two
events are light-like. This means there are no causal connections between space-like and
time-like events. This is reasonable because for a massless field all signals travel with the

speed of light. The retarded and advanced Green functions are

Calt,x: ) x!) = 2ie<t ~ 8 ((E— ) — x — x'P), (2.2.38)
T
1

Galt,x;t' x) = 2—0(75’ —1)5((t =t — [x—xP), (2.2.39)
T

which are also nonzero on the lightcone and satisfy the corresponding boundary conditions.
Finally, the Feynman propagator is
1 1
A2 (t— )2 — |x — x/|?

Golt,x: ', x') = —ié((t ) x = xP?) (2.2.40)



2.3 SUMMARY AND FURTHER READING 23

2.3 Summary and further reading

In this section, we introduce some basic concepts and tools in QFT in flat spacetime. In
particular, we discuss the quantization of a massless Hermitian scalar and calculate various

Green’s functions.

Relativistic QFT in flat spacetime has been developed since 1920s [Dir27]. Many excellent
textbooks have been written to introduce the framework of the relativistic quantum field
theory. The textbook by Zee [Zeel()] gives a very nice introduction to the basic concepts of
QFT. The textbook by Peskin and Schroeder [PS95] is more advanced and contains adequate
technical details. The one by Weinberg [Wei95] also gives a very excellent introduction and

contains technical details.
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Basics of Quantum Optics

In this chapter, we are going to review some basic concepts and tools in quantum optics, a
quantum theory of light. Quantum optics is a research field that studies phenomena involving
light and its interactions with matter at submicroscopic level [WM07, [SZ97, BR04]. Mature
tools and techniques have been developed since 1960s to prepare, manipulate and detect
the states of light. These tools and techniques are very important in studying the quantum
effects in gravity and accelerated frames. More promisingly, they may help us to conceive
some realistic experiments in near future to test the quantum effects in the presence of

gravity.

25
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3.1 Quantum states of the electromagnetic field

The quantization of a free electromagnetic field can be found in standard quantum optics
textbooks [WMOT, [SZ97, BR04]. The freely propagating electromagnetic field has two po-
larizations, both of which are perpendicular to its propagation direction. For example, if the
electromagnetic wave propagates along the z-direction, the electric field vector operator can
be written as E = (Ex, Ey, 0), where E, and Ey represent two independent polarizations, re-
spectively. For simplicity, we consider a single polarization electric field, namely, we assume

E(t,z) = E,(t, z) without loss of generality. The electric field operator can be expressed as

[BLPS90]

oo Fiw 1/2
Bl ) — d a6 Wtz _ gt gis(t=2) | 3.1.1
( >Z) Z/O w(471’600v4) |:a ‘ ot ( )

where h is the Plank’s constant, ¢ is the speed of light in vacuum, ¢, is the free space
permittivity, A is the cross-sectional area determined by the fibre mode or the geometry
of the experiment. The creation and annihilation operators satisfy the boson commutation

relations,

G, 00, ] = 6(w — W), [, o] = [a],al,] = 0. (3.1.2)

wr Pw!

3.1.1 Localized wave packet modes

When discussing quantization of the electromagnetic field in quantum optics, discrete set of
modes are usually used. On the one hand, the maths is simpler for the discrete set of modes;
on the other hand, the discrete set of modes can be realized when the fields are confined
within a finite region, e.g., a cavity. However in the open space, the frequency is continuous
and continuum frequency modes should be used, as shown by Eq. (3.1.1)). In order to utilize
the simplicity and conveniences of the discrete modes, one can define a set of complete and
orthonormal discrete modes even in open space [BLPS90]. Assume that {f;(w)} is a set of

complete and orthonormal functions, which have support only for w > 0 and satisfy

|t m@ne) =ds SR = 5w - ), (313)
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where ¢ and j label the members of the denumerably infinite set. Correspondingly, we can

define localized wave packet mode operators,
a; = /00 dw fi(w)ay,. (3.1.4)
0
The inverse relation is easy to obtain by using the completeness relation in Eq. ,
=Y f(w)a (3.1.5)
The localized wave packet mode operators satisfy commutation relations
la;,al) = 6,5, [as, a;] = [al, al] = 0. (3.1.6)

Substituting Eq. (3.1.5)) into Eq. (3.1.1]), we can expand the electric field operator in terms

of the localized wave packet modes as
B(t,z) =14 Y [a;fi(t.z) —alf;(t,2)], (3.1.7)
J

where f;(t, z) is the corresponding wave packet in the time domain,

00 B 1/2 ’
0= [ o) e (3.1.9)

Altought f;(w) is arbitrary, we are mainly concerned with the narrow bandwidth wave pack-

ets: wp > o, where o is the bandwidth and wy is the central frequency.

3.1.2 Number states

As discussed in Chapter [2 the vacuum state |0) is a state that contains no excitation in any
frequency mode, a,|0) = 0. From the definition of the localized wave packet mode operator
(3.1.4), we have a;|0) = 0 for all i. In the rest of this chapter, we are mostly interested in

“” without introducing any

a particular wave packet mode f(w) and neglect the subscript
confusion. A single photon state can be generated by acting on the vacuum state by the

creation operator &T,

1) = a'|o) :/Ooodw F*(w)al|o). (3.1.9)
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This state contains only one particle with frequency distribution | f(w)|?, and spatiotemporal

distribution |f(¢, 2)|?>. An n-photon state is

my =0 012 (3.1.10)

The number states are orthogonal

(nm) = dum (3.1.11)

and complete

> In)n|=1. (3.1.12)

3.1.3 Coherent state

A coherent state |a) can be generated by displacing the the vacuum state [WMO7],
la) = D()|0), (3.1.13)

where ﬁ(a) is an unitary displacement operator,

A

D(a) = exp(ad’ — a*a) (3.1.14)

and « is an arbitrary complex number, a = |ale??. Using the Baker-Campbell-Hausdorff

formula [Mil72, BK72] one can show that

~

DYa)aD(a) = a+a,
Di(a)a'D(a) = a' + o, (3.1.15)
and
ala) = ala). (3.1.16)
So a coherent state |«) is the eigenstate of the annihilation operator @ with a complex
eigenvalue . The expectation value and variance of the photon number are
N = (a|N]a) = |af,
(AN = (o) — (alN]a)? = |af?, (3.1.17)
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where N = afa is the photon number operator. The relative fluctuation of the photon
number is AN/N = 1/V' N. The coherent state can be written as a linear superposition of

the number states,
— o lal?/2 | (3.1.18)
=e n 1.
Z nl

from which one can easily show that the probability distribution of the photon number is a

Poisson distribution,

2n ,—|a|?
P(n) = |(nla)t = 12 (31.19)
n!
We introduce the Hermitian quadrature amplitude as
X(¢) = ae™ + afei?, (3.1.20)

where ¢ represents the quadrature phase. Two important quadrature amplitudes are the

position and momentum operators,

i=X(@p=0)=a+a, p=X(p=n/2)=—ia+ial. (3.1.21)
The commutator between two quadrature amplitudes with 7/2 phase difference is

(X (6), X (¢ +7/2)] = 2i. (3.1.22)

According to the uncertainty principle [Sak85|, the product of the uncertainties of these two

quadrature amplitudes satisfy
AX(P)AX (¢ +7/2) > 1, (3.1.23)

where (AX(¢))2 = (X2%(¢)) — (X (¢))? is the quadrature variance. For a coherent state, the

expectation value of the quadrature amplitude is
(a] X (¢)]er) = ae™™ + e = 2|a cos(f — ¢) (3.1.24)

and the variance is

(AX(¢)) = 1. (3.1.25)
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We can see that the variance of the quadrature observable is unity for all quadrature phase.

This means the coherent state satisfies the minimum uncertainty relation,
AX(P)AX (¢ +m/2) = 1. (3.1.26)

Fig. shows the phase space representation of the coherent state, as well as the vacuum

state.

X(m/2)
. I AX(m/2)
3 o)
oL X0
0)

FIGURE 3.1: Phase space representation of a coherent state with amplitude oo = |a|ei9. For comparison,
the vacuum state is also plotted. The vacuum state is centred on the origin and its noise is normalized to
one. The coherent state |«) is shifted 2|«| in the direction € and its fluctuation is the same as the vacuum
state.

3.1.4 Squeezed states

In this subsection, we shall introduce two types of squeezed state: the single-mode squeezed

vacuum state and two-mode squeezed vacuum state.

Single-mode squeezed vacuum state — A single-mode squeezed vacuum state is a minimum-
uncertainty state [WMQT7] with its minimum uncertainty of the quadrature amplitude smaller
than unity, that is, AX;n < 1. According to the uncertainty principle, the uncertainty of

its conjugate quadrature amplitude should be greater than unity. The single-mode squeezed
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vacuum state can be generated by squeezing the vacuum,

1€) = 5()[0). (3.1.27)
The single-mode squeezing operator S(¢) is defined as [WMO7]
S(€) = exp (%5*&2 - %g&“) (3.1.28)
and obeys the relations
S(€) = 57(¢) = S(=9). (3.1.29)

0

where £ = re' is an arbitrary complex number. Using the Baker-Campbell-Hausdorff for-

mula [Mil72, BK72], one can show that

N

SH(€)asS(€) = acoshr —afe” sinhr,

St€)atS(€) = afcoshr —ae " sinhr. (3.1.30)

For a single-mode squeezed vacuum state, the expectation value of any quadrature amplitude

is vanished, (£|X(¢)|€) = 0. The variance of the quadrature amplitude is
(AX(9))* = (€|X2(¢)]€) = cosh? r + sinh? 1 — 2 coshr sinh 7 cos(2¢ — 6). (3.1.31)
The minimum and maximum uncertainties are
AX(0/2) =e, AX(0)2+7/2)=¢, (3.1.32)
satisfying the minimum-uncertainty relation
AX(0/2)AX(0/2+7/2) = 1. (3.1.33)

Note that the minimum uncertainty relation is satisfied only for two conjugate quadrature
amplitudes with minimum and maximum uncertainties, respectively. Product of uncertain-
ties of other pairs of conjugate quadrature amplitudes are greater than unity. Fig. shows

the phase space representation of a single-mode squeezed vacuum state.

Two-mode squeezed vacuum state — The two-mode squeezed vacuum state is also known

as the Einstein-Podolski-Rosen (EPR) state [WPGP™12|. Assume that a, and a; are two
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» X (0)

FIGURE 3.2: Phase space representation of a single-mode squeezed vacuum state. The dotted circle
represents the vacuum shot noise.

independent modes, which are usually referred to as signal and idler modes, respectively. The
EPR state can be generated by squeezing the vacuum state with the two-mode squeezing

operator [WMOQT],
|€)Epr = S5(£)]0). (3.1.34)

The two-mode squeezing operator is defined as

~

S5(€) = exp (£*asa; — Eala)), (3.1.35)

and obeys relations
SH(E) = 557(6) = Sx(=€), (3.1.36)

0

where £ = re? is an arbitrary complex number. Using the Baker-Campbell-Hausdorff for-

mula [Mil72, BK72], one can show that

S1(€)asSo(€) = agcoshr —ale sinhr,

7

S51(€)a;S5(€) = a;coshr — ale™ sinhr. (3.1.37)

According to the disentangling theorem [Tru85],

A

Sy(€) = exp [ — ¢ tanhr didﬂ exp [ — In(coshr)(ala, + ala; + 1)] exp [ — e tanhr a,a;].
(3.1.38)
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The EPR state can be expressed in terms of the number states of the signal and idler modes

as
oo

> (=1)"e™ tanh™ r |n),|n);, (3.1.39)

n=

1
coshr

|§)EPR =

where |n)s and |n); are the number states of the signal and idler modes, respectively. Whilst
the overall state is pure, the reduced state of each mode is mixed, e.g., the state of the signal

mode is

ps = tri(|€)ppr(€]) = > " tanh®" 1 |n),(n|. (3.1.40)
n=0

cosh? r

The expectation value and variance of the photon number are

N, = (|N,|¢)gpr = sinh?r,
2

(AN,)" = (EIN2[E) ppr — (€| Ns|&)Epg = cosh’r sinh®r. (3.1.41)

One can directly read out the probability distribution of the photon number from Eq.

(3.1.40),
tanh?" r N7
P(n) = =___ s ) 3.1.42
(n) cosh®>r (N, + 1)1 ( )

Since the idler and signal modes are symmetric, the above results are also valid for the idler

mode.

From Eq. (3.1.37)) one can show that the expectation value of the quadrature amplitude of

each mode is vanished,

(€1Xo(9)|E)rpr = (€1Xi(9)|E)EPR = O, (3.1.43)

and the variance of the quadrature amplitude is
(AX.(9))" = (AXi(¢))” = cosh(2r). (3.1.44)

The uncertainty of the quadrature amplitude of each mode is greater than unity if r # 0.
This is consistent with the fact that the reduced state of each mode is mixed. In order
to characterize the entanglement between the signal and idler modes, we introduce the
correlation (“4”) and anti-correlation (“-”) operators

A~

X*(¢) =

A

(Xs(9) + Xi(9)). (3.1.45)

Sl
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Without loss of generality, we discuss a special case: # = 0. It is easy to see that

(EIX*H(0)|E)mpr = 0. (3.1.46)
The variances of X*(¢) are

(AX*())* = (€](X*(6))*€)epr = cosh(2r) £ sinh(2r) cos(26). (3.1.47)
The maximum and minimum uncertainties of X *(¢) are obtained when ¢ = 0 and ¢ = 7/2,
AXT(0) = €, AXT(r/2)=¢€". (3.1.48)
The maximum and minimum uncertainties of X ~(¢) are obtained when ¢ = 7 /2 and ¢ = 0,
AX ™ (n/2)=¢€", AX~(0)=e". (3.1.49)

AX~(0)AXT(r/2) = e7?" < 1 implies that the signal and idler modes are entangled [BR04].

Fig. [3.3 shows the phase space representation of the two-mode squeezed vacuum state.

3.1.5 Thermal state

When the electromagnetic field is in equilibrium with a heat bath environment, the field is

in a thermal state. The density operator for a thermal state with temperature 7" is [SZ97]

i = 1;[,;k - 1;[ { {1 —exp ( . ];_’“T)} ni:%exp ( - /:%) |n>wk<n|}, (3.1.50)

where kp is the Boltzmann constant. For the k-th mode (with frequency wy, which we
assume to be discrete for convenience), the expectation value and variance of the photon
number are

_ . 1
Nk = tl‘(pka>:

_WE
(ANY)® = t(pNE) — Nf = epr'fBT) 2
[exp (32) — 1]

The probability distribution of the photon number can be directly read out from the density

operator Eq. (3.1.50)) as

Pu(n) = {1 — exp ( - ];—’“Tﬂ exp ( - ;%) - % (3.1.52)

= Ni(N;, +1). (3.1.51)
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X.(n/2) X;(r/2)
— — X,(0) —— ‘ — X;(0)
(a) (b)
Xi(ﬂﬂ) X~ (m/2)
— —» X*(0) »X~(0)
|
() (d)

FIGURE 3.3: Phase space representation of an EPR state. The dotted circle represents the vacuum shot
noise. (a) and (b) show that the uncertainties of the signal and idler mode are greater than the vacuum

shot noise. (¢) and (d) show that the correlation and anti-correlation operators are squeezed. The former is
s

squeezed in the quadrature phase ¢ = 7 and the latter in ¢ = 0.

By comparing with Eq. (3.1.42)) we see that the photon number distribution of the signal or
idler mode is the same as the thermal photon number distribution (3.1.52]). This implies: on
the one hand, the reduced state of the signal or idler mode can be considered as a thermal

state with temperature

Wi

T — .
2kpIn(cothr)’

(3.1.53)

on the other hand, a thermal state can be purified by entangling it with another thermal

state to form an EPR state.

3.2 Basic optical elements

In this section, we introduce two basic optical elements that we will use frequently in the

following: the phase shifter and beamsplitter.
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3.2.1 Phase shifter

A phase shifter added a phase to the field modes. This can be realized by using a delay line

or some dielectric materials. The unitary operator for a phase shifter is
Uy = exp (ipata), (3.2.1)
where ¢ is the shifted phase. It can be easily shown that

UlaUy = ae™. (3.2.2)

3.2.2 Beamsplitter

A beamsplitter is a partially transmitted mirror, with two input and two output modes.
Assume that the two input modes are a; and as, respectively. The unitary operator for the

beamsplitter is [KMNT07|
Ups = exp | — 2'9((3’";5&{&2 + €—i¢&1&£) , (3.2.3)

where 6 and ¢ characterize the properties of the beamsplitter. The input-output relations

for the beamsplitter are

a; = ];S&lUBS = Gy cos0 — iase™ sin b,

an, = ﬁ];S&QﬁBS = Gy 080 — iae”? sin 6. (3.2.4)

The transmission and reflection coefficients are cos? § and sin” 6, respectively. The relative
phase shift ¢ is introduced to ensure that the transformation is unitary. Fig. shows a

schematic diagram of a beamsplitter.

3.3 Homodyne detection

3.3.1 Balanced homodyne detection

Homodyne detection is a phase sensitive detection scheme that measures the variance of a

quadrature amplitude of the optical field [SZ97]. A schematic arrangement for the homodyne
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A1
292
BS N
ai / >al
(6, 9)
as

FIGURE 3.4: Schematic diagram of a beamsplitter.

detection is shown in Fig. |[3.5] The signal mode, ag, and the local oscillator mode, ay,, are
coherently combined at a lossless 50:50 beamsplitter, then the two output field modes a;,
and ay are detected by two photon detectors Dy and D,, respectively. Finally, the photon
numbers registered by these two detectors are subtracted to give the photocurrent. This

scheme is known as the balanced homodyne detection. From Eq. (3.2.4)), we find

dl = —2(CLS + &L),
. L. .
ay = E((IL — ag), (3.3.1)
where we have chosen cos?f = sin? 0 = % and ¢ = 5. The output signal operator is defined
as
O =N, — N, = dla, — abas. (3.3.2)
It can be easily shown that
O = agal + akar. (3.3.3)

The local oscillator is usually prepared in a large amplitude coherent state |3;), with 8, =

|BL|e?. The expectation value of the output signal operator is

(O) = (Y5, BL|Olbs, Br) = |Br|(¥s| (ase ™= + ale'® ) [ihs) = |Br|(ws| X (6r)|0s), (3.3.4)
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where |1)g) is the state of the signal mode. We can see that the expectation value of the
output signal of the balanced homodyne detection is directly related to the expectation
value of the quadrature amplitude of the signal mode. The phase of the detected quadrature
amplitude is determined by the phase of the local oscillator. The expectation value of the

square of the output signal operator is
. o e .2 .
(0%) = ((asaf, + alar)") ~ B (X*(¢1)), (3.3.5)

where we only keep terms in the order of |31|?. This is a good approximation when |3 | > 1.
Therefore, the variance of the output signal normalized by the strength of the local oscillator

(|8L|?) is the variance of the quadrature amplitude,

(AX(¢1))” = %. (3.3.6)

‘ii - — I(t)

X photocurrent
az

is a1
Signal / e

e
ar,

L.O.

FIGURE 3.5: Schematic diagram of homodyne detection.

3.3.2 Ordinary homodyne detection

There is another way of doing homodyne detection: use an almost transparent beamsplitter
and detect the photon number of the detector D;. This corresponds to the ordinary homo-

dyne detection [SZ97]. Assume that the reflection coefficient R = sin® @ is very close to zero.

From Eq. (3.2.4) we find
i = V1—Ras+VRay,
i, = V1—Ra,—VR as, (3.3.7)
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™

again we choose the phase as ¢ = 7. The expectation value of the photon number of the

detector D is

A

(Ny) = (1 — R)(akas) + R|BL)* + VR(1 — R)|BL(X (61)). (3.3.8)

Although R is small, the amplitude of the local oscillator is chosen to be large enough so

that the following condition applies,
R|BL* > (1 — R)(akas). (3.3.9)
Therefore the particle number operator can be approximated as
Ny ~ Rl ar, + /R(1 — R)(asal + alay). (3.3.10)

To the order of |3;|?, the variance of the particle number normalized by the strength of the

local oscillator is )
(ANy)

R|BL[?
The first term is the shot noise of the local oscillator, attenuated by a factor of R. The

~ R+ (1-R)(AX(¢p))". (3.3.11)

second term is basically the variance of the quadrature amplitude of the signal. In ordinary
homodyne detection, the attenuated shot noise of the local oscillator should be subtracted
first. If the reflection coefficient R is much smaller than the minimum variance of the
quadrature amplitude, the first term can be neglected. The result then is similar to that of

the balanced homodyne detection.

3.3.3 Self-homodyne detection

Suppose that an arbitrary quantum state |¢)) (or p) is displaced by a displacement operator

~

D(ayr), where ay is large, |az| > 1. The input mode a is transformed into
i =a+ar. (3.3.12)

The photon number operator

N =" = |ag|* + |ag| X (o) + afa, (3.3.13)
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and the square of the photon number is
. N A 2 At a
N? & |ap* +2|larPX (¢r) + ) (X(o1))” + 2]azl?a’a, (3.3.14)

where we only keep terms in the order of |ay|>. Therefore the variance of the photon number
normalized by |az|? is the variance of the quadrature amplitude of the initial state,

2

AN 2

% = (AX (1)), (3.3.15)

By comparing with the ordinary homodyne detection, we find that this simple scheme can

be considered as a way of homodyne detection, called self-homodyne detection. Here |ay |2

corresponds to R|SBr|? in Eq. (3.3.11]).

3.4 Quantum circuit

Quantum circuit plays an important role in quantum computation, communication and
information [Pre98, NC00]. A quantum circuit consists of a collection of quantum gates
and lines. In continous variable quantum computation and quantum information, a line
represents a field mode and a quantum gate represents an unitary transformation. In this
section, we introduce the pictorial representations of several important quantum gates that

were discussed in the previous sections.

The first type of quantum gate is the single-mode quantum gate, which has one input mode
and one output mode. Examples include the displacement, single-mode squeezer, phase
shifter etc.. Fig. show some examples of the single-mode quantum gates.

The second type of quantum gate is the two-mode quantum gate, which has two input modes
and two output modes. Examples include the two-mode squeezer, beamsplitter etc.. Fig.
3.7 shows two examples that are frequently used in this thesis.

A combination of these elementary quantum gates forms a general quantum circuit. Fig.
is a simple example of a quantum circuit which consists of three quantum gates. In principle,
any quantum circuit can be decomposed into elementary single-mode and two-mode quantum

gates.
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T e e

displacement single-mode squeezer phase shifter

FIGURE 3.6: Single-mode quantum gates.

74 N

two-mode squeezer beamsplitter

FIGURE 3.7: Two-mode quantum gates.

B YA

BS

FIGURE 3.8: An example of a quantum circuit.
3.5 Summary and further reading

In this chapter, we introduce some basic concepts and tools in quantum optics: some typical
quantum states, homodyne detection and quantum circuit. In particular, the homodyne
detection is very important and can be used to detect quantum state in the relativistic

systems and in the presence of gravity.

The textbooks by Walls and Milburn [WMO07], Scully and Zubairy [SZ97] give a very complete
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introduction to quantum optics. To learn more about the experimental aspects of quantum
optics, one can refer to the textbook by Bachor and Ralph [BR04]. The textbook by Nielsen
and Chuang |[NCO0] contains a comprehensive introduction to quantum information and
computation. For Gaussian quantum information, one can refer to the review paper by
Weedbrook et al. [WPGP™12]. For homodyne detection and homodyne tomography, one

can refer to an excellent review paper by Lvovsky and Raymer [LR09].



Introduction to Quantum Field Theory in

Curved Spacetime

In this chapter, we are going to briefly review quantum field theory (QFT) in curved space-
time, which is concerned with the evolution of quantum fields on classical spacetimes. We
first briefly introduce general relativity, then discuss the Rindler space and Schwarzschild
spacetime. After that QFT in a general curved spacetime is discussed. Finally, we focus
on QFT in Rindler space and Schwarzschild spacetime, in particular, the Unruh effect and

Hawking effect.

43
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4.1 General relativity in a nutshell

General relativity is a geometric theory of gravitation published by Einstein in 1915. It is
a generalization of the special relativity and Newton’s gravity theory. Let’s begin with the
Eotvos experiments [Har03] that test the equality of the gravitational and inertial mass.
The gravitational mass of an object determines the gravitational force that it experiences in
a gravitational field, and the inertial mass determines its acceleration. Eo6tvos experiments
show that the accelerations of two objects made of different materials agree to a very high
accuracy better than 1.5 x 10713 [WND96]. This means the ratio between gravitational mass
and inertial mass is the same for all objects, or we can say the gravitational mass and inertial
mass are equal. In particular, objects with different compositions follow the same trajectory

in a gravitational field.

The equality of gravitational and inertial mass implies that the gravitational field can be
eliminated by falling freely. Imagine that there is a freely falling elevator (Einstein’s eleva-
tor) in a gravitational field and an observer inside the elevator drops some objects. These
objects are either at rest or undergo uniform motion (neglecting the resistance) with respect
to the observer. The observer inside the freely falling elevator feels no gravity. On the other
hand, the equality of gravitational and inertial mass implies that the gravity can be created
by acceleration. Imagine that there is a small, closed laboratory that stays static in a gravi-
tational field and the observers inside the laboratory can carry out experiments. Consider a
same laboratory in an empty space but instead it uniformly accelerates, and observers inside
can carry out experiments. By performing experiments in the laboratory, the observers can-
not distinguish whether they are static in a gravitational field or uniformly accelerating in
an empty space. The uniform acceleration and a uniform gravitational field are equivalent.

This can be summarized as the Einstein’s Equivalence Principle (EEP) [Car04]:

e In a small enough region of spacetime, the law of physics reduce to those of
special relativity; it is impossible to detect the existence of a gravitational

field by means of local experiments.



4.1 GENERAL RELATIVITY IN A NUTSHELL 45

The EEP implies that gravitation can be described in terms of a geometry. Suppose that a
coordinate system {2*} is chosen to label the events in a spacetime. The metric tensor g,
fully characterizes the properties of the spacetime. The spacetime interval between two very

close spacetime events, with coordinates x* and z* + dx*, is
ds® = g, da*da”. (4.1.1)

A freely falling body follows a geodesic in the spacetime geometry, which is determined by

the geodesic equation,

d2z+ dz? dz°
p AT 41.2
o ey Y (4.1.2)

where A\ is the proper time of the massive body or an affine parameter for a massless body,

and I'f is the Christoffel symbol [Car04],

1 o
Fgg = 59“ (gpa,a + Joa,p — gpo,a)- (413)

As emphasized by the EEP, the motion of one body cannot detect the presence of gravity. In
order to detect the presence of gravity, one has to observe the relative motion between two
bodies, which is described by the geodesic deviation equation, where the Riemann curvature

tensor R, appears [Har03]. The Riemann curvature tensor R*, , is defined as
— B 8
RMI/pJ - aprgu - aargy + Fgﬁralj - Fggrp,/ (414)

and contains full information about the gravity.

We have discussed briefly how to describe gravity in terms of geometry and its influence on
matter. On the other hand, the matter also influences the curvature of spacetime, which is
described by the Einstein’s equation. Suppose T}, is the energy momentum tensor of the

matter, the Einstein equation is
G = 81GT,,, (4.1.5)

where G, is the Einstein tensor constructed from the Riemann curvature tensor [Har(3].
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4.2 Rindler space

4.2.1 Uniformly accelerated observer

A uniformly accelerated observer moves with a constant proper acceleration in the Minkowski
spacetime. Their proper acceleration is measured in their own reference frame. The worldline

of a uniformly accelerated observer who accelerates along the z-axis is [Har(3]

t = a 'sinh(ar),

r = a *cosh(ar),

Yy = const.,

z = const., (4.2.1)

where 7 is the proper time of the accelerated observer, a is the proper acceleration. Without

loss of generality, we can set y = z = 0. The four velocity u* of the uniformly accelerated

observer can be easily derived from Eq. (4.2.1)),

. dt dz

U= = cosh(ar), u®=— =sinh(ar), v’ =u*=0, (4.2.2)
T

and the four acceleration a* is

a 1 asinh(at), a" = i acosh(ar), a’=a*=0. (4.2.3)

, du du®

Therefore we have
Nuwata” = Nee(a')? 4 e (a®)? = a®. (4.2.4)

This is consistent with the fact that the observer is uniformly accelerated. By looking
carefully at the four velocity we note that there exist horizons for uniformly accelerated
observers. When 7 — —oo, u* becomes asymptotically parallel to (—1,1,0,0) but never go
beyond the light ray (—1,1,0,0). When 7 — 400, u* becomes asymptotically parallel to
(1,1,0,0) but never go beyond the light ray (1,1,0,0). Therefore there exist a past and a
future horizon for the accelerated observers. The horizon can be clearly illustrated in the

(1 + 1)-dimensional flat spacetime (or one can suppress the other two spatial dimensions in

the figure), see Fig. [1.1]
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FIGURE 4.1: A uniformly accelerated observer Rob follows a hyperbolic worldline, which is confined
within the right Rindler wedge formed by the past and future horizon.

4.2.2 Rindler coordinates

Instead of using Minkowski coordinates, accelerated observers can use a new coordinate
system to describe the spacetime events in the Rindler space. The new coordinate system is
called Rindler coordinate system, denoted as (7,&,y, z). The proper time 7 of a particular
accelerated observer is chosen as the global time, and £ is a new spatial coordinate. The

coordinate transformations between the Minkowski and Rindler coordinates are

t = a 'e"sinh(ar),

v = a 'e” cosh(ar), (4.2.5)

and y, z are the same. The line element can be written in terms of the Rindler coordinates

as

ds? = —e®@(d7? — d€?) 4 dy? + d22. (4.2.6)
There is a corresponding Rindler coordinate system (7, &, y, z) in the left Rindler wedge, as
shown in Fig. [£.2] The coordinate transformations are
t = —a e sinh(a7),

z = —a 'e® cosh(a7). (4.2.7)
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Note that we have used the prescription that 0; is past directed. The line element is

ds? = —e?®(d7? — d€?) + dy? + d22. (4.2.8)

FIGURE 4.2: Rindler coordinate system. The whole Minkowski spacetime is divided into four wedges
by the past and future horizons: right Rindler wedge (R), left Rindler wedge (L), future wedge (F) and
past wedge (P). In the right Rindler wedge, the coordinates are (7,&,vy, 2); in the left Rindler wedge, the
coordinates are (7,&,y, 2).

It is evident from Eq. that the global time 7 is also the proper time of the accelerated
observer with £ = 0. Clocks of different stationary observers (with £ = &, = const.) in the
accelerated frame tick at different rate. From the line element Eq. it is easy to show
that dry = e®°dr. So the the clock ticks slower when it is closer to the horizon (£, — —o0).
In fact, a stationary observer in accelerated frame is a uniformly accelerated observer with

a

proper acceleration ag = ae~%°. Their acceleration is huge when they are close to the horizon

and is tiny when they are far away from the horizon.
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4.3 Schwarzschild spacetime

The Schwarzschild metric was discovered by Schwarzschild in 1916 [Schi6]. It describes an
empty, static, spherically symmetric and asymptotically flat spacetime. Examples include
the spacetime outside a static and spherical star, a Schwarzschild black hole etc.. In this
thesis we are interested in a Schwarzschild black hole, a peculiar spacetime region that one
can fall in but can never come out. The interface between this region and the outside world

is called the event horizon. An astrophysical, stellar mass black hole is believed to be formed

from the collapse of a star [Tol39, [OV39).

4.3.1 Schwarzschild metric and gravitational redshift

In terms of Schwarzschild coordinates (¢, r, 6, ¢), the line element for the Schwarzschild space-

time is

20
'

ds? = — (1 — g)dﬂ + N L dr? + r? (d¢92 + sin? 9d¢2), (4.3.1)

where M is the mass of the black hole and geometric unit has been used: G = ¢ = 1. Static
observers in the Schwarzschild spacetime are those observers with constant r, 6 and ¢. We
can see from Eq. that when a static observer is very far away from the black hole
(r — 00), their proper time coincides with the coordinate time ¢. Therefore we can consider
t as the proper time of static observers at spatial infinity. When a static observer is close
to the black hole, their clock ticks slower than that at spatial infinity. This is known as the

gravitational redshift. Suppose that a static observer is at r = rg, § = ¢ = 0. From Eq.

(4.3.1)) we have

2M
dro = 4/1 — Z—dt, (4.3.2)

To
where 7 is proper time of the static observer at ro. We note that as the static observer gets
closer and closer to 2M, their clock ticks slower and slower as compared to those at spatial

infinity.

Imagine that if a static observer close to the horizon holds a source of light and sends a light

signal radially toward spatial infinity, then the frequency of the light signal received by a
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static observer at spatial infinity would be lower than when it was initially sent. We can
verify this by a rigorous calculation. A light ray follows a null geodesic in a curved spacetime.
If K is a Killing vector of the spacetime, then its inner product with the four momentum of
the light, p- K, is a conserved quantity [Har03]. Since the Schwarzschild spacetime is static,

it has a time-like Killing vector K; = (1,0,0,0). It can be shown that the four velocity

|2

of a static observer is proportional to the Killing vector K;, that is, ueps = K;/ .

Therefore we have /1 — %p - Ueps 1S a constant. Note that the quantity p - ugps is the
frequency of the light as measured by the static observer [Har03|]. The relation between the

frequencies as measured by two static observers at r; and rq is

1 - 2M

w1 = —mwo. (433)
1—2M
1

This represents a gravitational redshift or blueshift, depending on the relative position of

these two observers. If r; — oo, then we have

2M
Woo = 4/ 1 — —wy. (4.3.4)
To

This represents the gravitational redshift we mentioned before. A particular interesting limit
is ro — 2M. From Eq. , the frequency as measured by any static observer tends to
be zero (this result can be generalized to any observer outside the black hole). It seems that
the light is trapped at r = 2M and can never escape. This light-like surface is known as the

event horizon of the Schwarzschild black hole. Nothing can escape from it even for light.

4.3.2 Maximally extended Schwarzschild spacetime

If we look more closely at the metric of the Schwarzschild spacetime, Eq. , we would
find that the metric is divergent at r = 2M, the event horizon. However the Riemann
curvature tensor at the horizon is finite [Har03]. This suggests that the singularity at the
horizon is superficial and is due to the silliness of the Schwarzschild coordinates at the
horizon. A choice of a different coordinate system, e.g., Eddington-Finkelstein coordinate
system [Har03|, can remove the coordinate singularity at the horizon. Another option is

the Kruskal-Szekeres coordinate system [Har(03], which is more relevant to this thesis. The
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Kruskal-Szekeres coordinate are denoted by (7', R, 0, ¢), where 6, ¢ coordinates are the same

as the Schwarzschild polar angles. The transformations between (7', R) and (¢,r) are

, /2 , )
T:(m—l) 6/4M81nh(ﬁ), (435)
R = (ﬁ — 1)1/267/4M cosh (ﬁ)
for r > 2M and
T / '
T:(l—m)12e /M cosh (£L-), (4356)
R=(1—5) e/ sinh (54

for r < 2M. The line element of the Schwarzschild spacetime in terms of the new coordinates

becomes
3203

r

ds? = —

e—r/QM(dTQ _ dRz) + 7,.2 (de2 + sin2 0d¢2)’ (437)

where r should be considered as a function of T and R,

r=arrew (B2, (1.33)

e
where W (z) is the Lambert W function [CGHT96]. It is clear that the metric is regular at

r = 2M. It is convenient to introduce null coordinates U and V,
U = T-R,
V. = T+R. (4.3.9)

The line element in terms of U and V is

32M3
r

ds® = —

e " PMAUAV 4 r*(d6? + sin”® 0dg?) (4.3.10)
where r is the function of U and V/,

r=2M[1+W(-UV/e)]. (4.3.11)

We denote the region outside the event horizon, r > 2M, as region I; and the region inside

the horizon, r < 2M, as region II. In region I,
U:—exp{ —ﬁ[t—r—?Mln <ﬁ—1>]},

V:exp{ﬁ{t+r+2M1n(ﬁ—l)}}.

(4.3.12)
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TABLE 4.1: Signs of null coordinates U and V in four regions. Regions I and II are described
by the original Schwarzschild coordinates, regions III and IV are the Kruskal extension.

I | I | III| IV

U |— |+ |+ |-

Vo4 |+ = |-

In region II,

U:exp{—ﬁ{t—r—ZMln(l—ﬁ)}},

V:exp{ﬁ{t—l—r—}—%\/ﬂn(l—ﬁ)]}.

Thus U = const. represents a radially outgoing light ray, and V' = const. represents a

(4.3.13)

radially ingoing light ray. In addition, if we look at the signs of U and V, as summarized
in Table we note that in region I and II, V is positive. Mathematically, it is possible to
extend the value of V' to negative values. We thus obtain another two regions, III and IV,
as summarized in Table [£1l This is known as the Kruskal extension of the Schwarzschild

geometry.

A

singularity

FIGURE 4.3: Kruskal diagram.
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The four regions can be nicely illustrated in the Kruskal diagram, Fig. Region I is
the outside world (where we live) of the black hole and region II is the inside of the black
hole. The shaded part, including regions III and IV, is the Kruskal extension. In the
Kruskal diagram, the worldline of a light ray is represented by a 45° (U = const. or V =
const.) straight line. The future horizon is r = 2M,t = oo (or U = 0); the past horizon is
r=2M,t = —oo (or V = 0). Falling observers or ingoing light rays in region I will cross
the future horizon and eventually hit the singularity. Outgoing light rays in region I will
go to spatial infinity, while outgoing light rays in region II cannot escape and will hit the
singularity. Note that there is no way of sending signals from region I to region III, and vice

versa. So these two regions are causally disconnected.

4.3.3 Penrose diagram

By doing a conformal transformation, which preserves the angles of light rays, the Kruskal
diagram can be drawn in a compact way. This is known as the Penrose diagram of the
maximally extended Schwarzschild spacetime. The new null coordinates are (U’, V') [Car04],

U' = tan"1(U), (43.14)

V' =tan" (V).
The transformation maps the infinities of U and V' to finite values of U’ and V'. A typical

Penrose diagram of the Schwarzschild spacetime is shown in Fig. 8.6 A few symbols are
introduced in Fig. [8.6] the meanings of which are listed in Table [1.2]

4.4 Quantum field theory in curved spacetime

QFT in curved spacetime is concerned with the dynamics of quantum fields in curved back-
ground spacetimes. The background spacetime is considered to be classical and plays the
role as a stage on which the quantum fields evolve. This is obviously not a complete theory

because the back action of the quantum fields toward the spacetimes should also be taken
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FIGURE 4.4: Penrose diagram of the maximally extended Schwarzschild spacetime.

TABLE 4.2: Meaning of symbols in the Penrose diagram.

I° spatial infinity

It future infinity
I~ past infinity
H* future horizon
H~- past horizon

T | future null infinity

I~ past null infinity

r =0 | singularity

into account consistently. In this thesis, we restrict ourselves to the regime where the back

action of the quantum fields is neglectable so that QFT in curved spacetime is applicable.

We consider a scalar field for simplicity. Generalization to higher spin fields can be found
in [BD82]. The quantization of the scalar field in a curved spacetime is analogous to that
in the Minkowski spacetime. The first step is to write down the dynamical equation for
the scalar field in curved spacetimes. The scalar field equation in the Minkowski spacetime
is invariant under the Lorentz transformation. This is the requirement of the principle of

relativity: the laws of physics are invariant in any inertial frame. In general relativity, the
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general covariance requires that the laws of physics are the same in any reference frame.
Therefore the scalar field equation in curved spacetimes should be written in a generally
covariant form. For a minimally coupled and massless scalar field <i>, the field equation is
assumed to be [BD&2]

0® =0, (4.4.1)

where the d” Alembertian O = (v/=¢) '0,.(v/—99"0,) and g,, is the metric of the back-

ground spacetime. This is known as the Klein-Gordon equation.

For a space-like hypersurface ¥ with induced metric gs;; and unit normal vector n*, the

Klein-Gordon inner product Eq. (2.2.18) is generalized to [BD82, [CHMOS)]

(61, 0) = i / (610,62 — 20,870 /G, (4.4.2)

where g5, is the determinant of the induced metric gs;; and dX is the volume element of
the space-like hypersurface ¥. The Klein-Gordon product is independent of the choice of X
[HE73]. We can find a complete set of mode solutions ¢; to the Klein-Gordon Eq.
that are orthonormal in terms of the Klein-Gordon product , namely,

(00, 05) = bij, (07, 05) = =i, (i, d;) = 0. (4.4.3)

Here i or j is to be understood as a collection of several indexes, including continuous and

discrete indexes. The scalar field ® can be expanded as
= Z (i + al¢y). (4.4.4)
The annihilation and creation operators satisfy the standard boson commutation relations,
a5, a1) = 65, las, a5 = [a],al) = 0. (4.4.5)

The vacuum state |0),, named a-vacuum, is defined as

a;]0), = 0, V1. (4.4.6)

—-

All other states can be generated from the a-vacuum and the creation operators a

e
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There is an essential difference between the QFT in the Minkowski spacetime and that in the
curved spacetime. A natural set of modes, Eq. , can be choosen in the Minkowski
spacetime, however the choice of modes in a general curved spacetime is ambiguous. The
Minkowski spacetime is invariant under the translations in time and space, rotations in space,
and Lorentz boosts, which consist of the elementary actions of the Poincaré group. In the
Cartesian coordinates (¢, z,y, z), the Minkowski line element is invariant under the actions
of the Poincaré group. Therefore, the Cartesian coordinates are the natural coordinates
that manifest all the symmetries of the Minkowski spacetime. In particular, the vector
0, is a time-like Killing vector of the Minkowski spacetime and the modes Eq.
are the eigenfunctions of 9,. Furthermore, the Minkowski vacuum is invariant under the
actions of the Poincaré group. In a general curved spacetime, there exist less symmetries or
even no symmetry. Therefore no coordinate system is preferred in a curved spacetime. In
addition, the principle of general covariance states that the coordinate systems are physically
irrelevant. This implies in principle we are free to choose any coordinate system, and an
arbitrary set of complete and orthonormal modes. Consequently, the definition of the vacuum

state is ambiguous.

In this thesis, we focus on spacetimes that possess time-like Killing vectors so that positive
and negative frequency modes can be defined; or spacetimes that are asymptotically flat in
the distant past and distant future, so that a natural in and out vacuum are well defined.
Suppose we have two sets of complete and othomormal modes, ¢; and v;, e.g., they could be
the in and out modes, respectively. The scalar field can be expanded in terms of the second
set of modes as

O =" (b + b)), (4.4.7)

7

where b; and I;j are the corresponding creation and annihilation operators. The vacuum state

|0)p, named b-vacuum, is defined as

b;|0), =0, V. (4.4.8)
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All other states can be generated from the b-vacuum and the creation operators Z;I Since
these two sets of modes are complete and orthonormal, one can expand v; in terms of ¢;,
v =Y iy + By e)). (4.4.9)
J
Conversely,

;= Y (i — By (4.4.10)

These relations are known as the Bogoliubov transformations [BD82]. «;; and f;; are the

Bogoliubov coefficients, which can be obtained by using Eq. (4.4.3)),

Qi = <¢j7wi>7
Bij = — (&}, ¥i). (4.4.11)

Using the two ways of expansion of the scalar field d, Eqgs. and , one can derive

the the relations between the operators a; and bz»,

a; = Z(aji6j+ﬁ;igj)’ (4.4.12)
J

b = (e - Bal) (1.4.13

i
The Bogoliubov coefficients satisfy the following relations in order to preserve the commu-

tation relations of a; and l;i,

S lawiol; = Bibi) = Gy D (Bl — Fowy) =0, (4.4.14)
% k

Z(O‘ika;k = BiBix) = 0ij, Z(aikﬂjk — Biraji) = 0. (4.4.15)
k !

If the Bogoliubov coefficients f;; # 0, the a-vacuum and b-vacuum are not equivalent. In

particular, the a-vacuum contains b particles,
2(0[5B;{0) Z 1B (4.4.16)

This is the ambiguity of the vacuum state that we mentioned before. A given time-like Killing

vector field corresponds to a set of physical observers. If ¢; and ); are the eigenfunctions of
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two different time-like Killing vector fields, then we can conclude that the notion of particles
and vacuum are observer dependent. In particular, if ¢; and 1; correspond to modes in
the distant past and the distant future of an asymptotically flat spacetime, then an initial
vacuum |0), contains b particles if 3;; # 0. This process can be considered as particle creation

from the evolution of the spacetime.

4.5 Quantum fields in Rindler space

In this section, we introduce QFT in Rindler space and the Unruh effect. Although Rindler
space is not a curved spacetime, the studies of QFT in it give very important insights to the

QFT in curved spacetime.

4.5.1 Rindler modes

In the Minkowski spacetime 0, is a time-like Killing vector field, the integral curves of which
correspond to the worldlines of inertial observers. There exists another Killing vector field
in the Minkowski spacetime: z0; + t0, = (x,t,0,0). It is time-like when |z| > |¢|, namely, in
the right or left Rindler wedge. It turns out that the integral curves of 0, + t0, in the right
or left Rindler wedge are associated with the worldlines of uniformly accelerated observers.
As we have discussed in Section the uniformly accelerated observers are stationary and
the metric Eq. is static in the Rindler coordinates. According to the general theory
we discussed in Section [4.4] there exist a natural set of complete and orthonormal modes,
and a corresponding vacuum. They are known as the Rindler modes and Rindler vacuum,

respectively.

The Unruh effect is better illustrated in the QFT in (1 4 1)-dimensional Rindler space. We
thus study an Hermitian massless scalar field ® in (1 + 1)-dimensional Rindler space in this
section. Generalization to higher dimensions can be found in [BD82, [CHMO§|. In the right

Rindler wedge (z > |t|), the Klein-Gordon equation in terms of the Rindler coordinates is

o 9\
(— 55+ 8_52)(1) = 0. (4.5.1)
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The positive frequency solutions should be proportional to e™7, where w is a postive con-
stant. The spatial part of the solutions can be a linear combination of ¢ and e=™¢. We

choose normalized solutions as

gi(ﬂ 5) _ e—iw('r-i-E) _ e—iwv’ (4.5‘2)

—_

R 7 _ e~ w(T=6) — @—W“, 4.5.3
gQw( 5) \/m \/m ( )

where v = 7+ &, u = 7 — £ are null coordinates. g¢f (v) and ¢g& (u) represent left-moving
and right-moving modes, respectively. Note that the right Rindler modes are only defined in
the right Rindler wedge, and should vanish in the left Rindler wedge if they are extended to
the whole Minkowski spacetime. Therefore a more complete definition of the right Rindler

modes is
.
AT > |t

gt (v) = Amw (4.5.4)
0, x < —|t].
\
n ﬁe’i‘”“, x> |t);
9o, () = (4.5.5)
0, r < —lt.

\

These Rindler modes are orthonormal in terms of the Klein-Gordon inner product Eq.
. The left-moving and right-moving right Rindler modes are decoupled for a massless
scalar field. The Rindler modes in the left Rindler wedge can be obtained by simply replacing
v, ubyv=—-7—¢and i =—7+E.

L 0, x> [t];
oh () = | (15.6)
kﬁe*’””,, r < —|t.
(
L 0, x> |t];
oh @) = | (45.7)
\ \/Lr—we_““, r < —[t].

By combining the right and left Rindler modes, we have an alternative set of complete and
orthonormal modes for a massless scalar field in the (1+1)-dimensional Minkowski spacetime.

The scalar field ® can be expanded in terms of the Rindler modes as

o = / dw[bf,gft, (v) + bE, g5, (w) + bt gL, (0) + b g% (@) + h.c.], (4.5.8)
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where h.c. represents the Hermitian conjugate. bE  and bL_ (m=1, 2) are the Rindler

annihilation operators. The Rindler vacuum state |Og) is defined as

bR LI0R) = bE|0R) =0, Vm,w. (4.5.9)

4.5.2 Bogoliubov transformation

In (1 4 1)-dimensional Minkowski spacetime, the positive frequency eigenfunctions of the

time-like Killing vector 0, are chosen as

1 .
u(V — e—sz’
wV) = 7
1 .
U (U) = me—zw, (4.5.10)

where V' = t+x, U = t—x and k is a positive constant, representing the Minkowski frequency.

The scalar field ® can be expanded in the standard way,
(i) = /dk} (dlkulk —+ &2ku2k -+ h.C.), (4511)

where aix, Goy, &J{ - d;k are the Minkowski annihilation and creation operators satisfying the

boson commutation relations,
[, @l ] = Smnd(k — K'Y, [an, o] = (0], a0 0] = 0,
with m,n = 1,2. The Minkowski vacuum state |0,/) is defined as

We are now going to derive the Bogoliubov transformations between the Minkowski modes
and the Rindler modes. Since the left-moving and right-moving modes are independent,
we first consider left-moving modes. The Rindler modes can be written in terms of the

Minkowski modes as
g0 = [ dbfallunn(V) + Bl (v)) (45.13)
0

[
gl (v) = /0 h dk ol (V) + Bleui (V)] (4.5.14)
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The Bogoliubov coefficients can be calculated directly using the Klein-Gordon inner product.
However, due to the special form of the Minkowski modes, an easier way to find off , is to

multiply Eq. (4.5.13)) by *V /27w with k& > 0, and integrate over V. We find

1 k - —iw/a i
e %\/;/0 AV (aV)w/agkV (4.5.15)

We have used the relation aV = e®, so that gf* (v) o< (aV)~/?. The integral Eq.
is convergent if we shift the integration path from the real axis to V + ie, with ¢ — 0.
Since the integrand is analytic, according to the Cauchy theorem, the contour integral along
C1 + Cy + (5, as shown in Fig. is vanishing. Furthermore, the integrand along the path

C5 goes to zero when |V| — oco. We thus can shift the integration path C) to the positive

imaginary axis C3. According to the definition of Gamma’s function [AST2], we find

- mw/2a w/a
RO (k) r(1 - iw/a), (4.5.16)

a

ay, = ———
Lok 2wV wk

where I'(z) is the Gamma function.

Im(V)

FIGURE 4.5: Integration contour in the complex V plane.

The coefficient B, can be calculated in a similar way. The phase ¢*V in Eq. (4.5.15) is

replaced by e~V

We find

and the integration path should be shifted to the negative imaginary axis.

R R NS 4517
= ———————| — —w/a). ..
o= (%) T (4.5.17)
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The derivation of a¥ , and S~ , proceeds similarly. We find

L R el (KT 4.5.18
e = Oqop=——""—|— +iw/a), 5.
Lo = afi= S (5) Tat i (4.515)
L pe _ 1€ (K ﬂw/ap 1 45.19
e = Bipr=—""—I|-—- +iw/a). 5.
o = =t (5] Tai (4.5.19)
The right-moving Rindler modes can be written as
) = [ abfafuaV) + s ) (4.5.20)
0
shi(@) = [ dhlabun(U) + Bz ©)] (45.21)
0

- - : R AR L L
The Bogoliubov transformation coefficients oy ., 5555, o5, and B, can be shown to be

O‘Qka = alekv ﬂﬁzk:ﬁfwm (4-5-22)
a5 = Ol Brg = Blok (4.5.23)

4.5.3 Unruh temperature

We have shown explicitly that the Bogoliubov coefficients 3%

. are not vanishing. This means

the Minkowski vacuum is inequivalent to the Rindler vacuum. The Minkowski vacuum is
empty of Minkowski particles but not Rindler particles. The expectation value of the Rindler

particle number in the Minkowski vacuum is

0(0)

<OM‘bﬁLbRw‘OM> = <OM‘b£1Lb£1w‘OM> - e2rw/a _ 1’

m

(4.5.24)

The formally divergent quantity 6(0) appears because we consider a space with infinite
volume. We can see that the Rindler particle number distribution is a thermal distribution
with temperature Ty = a/2m, which is known as the Unruh temperature [Unr76]. The
Rindler particles can be understood as particles observed by a uniformly accelerated observer.
This means a uniformly accelerated observer experiences a thermal bath with the Unruh

temperature in the Minkowski vacuum.

The Unruh temperature is proportional to the acceleration of the accelerated observer. If

we recover all the physical constants we find

ha

T, = 4
U orcky’

(4.5.25)
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where h is the reduced Plank constant, ¢ is the speed of light in vacuum and kg is the
Boltzmann constant. In order to observe temperature 7y ~ 1K, one has to accelerate with
acceleration a ~ 10%° kg - m/s?, a huge acceleration. It is therefore extremely difficult to

detect the Unruh effect with the state-of-art technologies.

4.5.4 Unruh modes

It is very useful to introduce Unruh modes [Unr76] that are linear combinations of only posi-
tive frequency Minkowski modes, and thus share the same vacuum state with the Minkowski
modes. In Unruh’s original paper [Unr76], the Unruh modes are defined through analytically
extending the Rindler modes to the whole spacetime region. The left-moving Rindler mode
in the right Rindler wedge, gf* = (47w)~Y2(aV)~™®/ for V > 0, is extended to the negative
real axis along a small circle centred on V' = 0 and in the lower-half complex plane, leading
to (4rw)~Y2e~™/a(—qV)Tw/e = e=mw/agl* for VV < 0. The corresponding normalized Unruh

mode is thus defined as
G1,(V) = cosh(ry) gl (v) + sinh(r,) gl (), (4.5.26)

where the factor 7, satisfies tanh(r,) = e~™/. Since G1,(V) is analytic and bounded in
the lower-half complex plane, it thus can be expressed purely in terms of uix(V'), which
are also analytic and bounded in the lower-half complex plane. This means Gy,(V) con-
tains only positive frequency Minkowski modes. The left-moving Rindler mode in the left
Rindler wedge, g- = (47w)~1/2(—aV )™/ for V < 0, is extended to the positive real axis
along a small circle centred on V' = 0 and in the lower half complex plane, leading to
(4mw)~12emmw/a(qV)w/e = e=mw/agls for V' > (0. The corresponding normalized Unruh

mode is thus defined as
G1,(V) = cosh(ry)gl, (v) + sinh(r,) g’ (v). (4.5.27)

The Unruh mode Gy, (V) is also analytic in the lower-half complex plane and can be ex-

pressed purely in terms of positive Minkowski modes.
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The above argument is from the perspective of analyticity. In fact, one can straightforwardly
show that the Unruh modes Eqgs. (4.5.26) and (4.5.27]) are linear combinations of positive
frequency modes e~*Y. Substituting the Bogoliubov transformations, Eqs. (4.5.13) and

(4.5.14]), into the definition of G,,, we find

Cro = \/m/d’f O + € B une + (Bllk + €™ g ) u ]
(4.5.28)
From the explicit expressions of the Bogoliubov coefficients, Eqs. (4.5.16))-(4.5.19)),
Tw/2a 1— —2nw/a k iw/a
—nw/a ie ( € )< ) .
ol te " - I'l —iw/a), 4.5.29
1wk 61 k 27‘(‘\/& a ( / ) ( )
BR e ™k = 0. (4.5.30)
Therefore we have
where
/2sinh AN
Ay, = Ly 2sinhimw/a) (—) T(1 — iw/a). (4.5.32)
2mvVwk a

It is clear that the Unruh mode Gy, (V') contains purely positive frequency Minkowski modes.

Similarly, using the Bogoliubov transformations, Eqs. (4.5.13) and (4.5.14]), we find

G /dk; af e + e B Vg + (Bl + e ™ afi ) ui, ]

(4.5.33)

V1 — e2mw/a

From the explicit expressions of the Bogoliubov coefficients, Eqs. (4.5.16))-(4.5.19)),

,L’emu/Za(l _ 6—27rw/a) (k>—zw/a
- — 'l +iw/a), 4.5.34
I (+ija),  (4534)

a
BE e/ = . (4.5.35)

—nw/a
Oflu.}k: te Blwk

Therefore we have
le(V) = /dk‘Bkwulk(V) (4536)

where

_iy/2sinh(rw/a) (k ~wfa .
B, = — S (a) [(1+iw/a). (4.5.37)
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It is clear that the Unruh mode G',,(V) contains purely positive frequency Minkowski modes.

Note that By, = Aj,,.

Right-moving Unruh modes are defined as

Gou(U) = cosh(r,)gs, (u) + sinh(r,,) g2 (@), (4.5.38)

Gou(U) = cosh(r,)gs (@) + sinh(ry)ga (u). (4.5.39)
It can be similarly shown that
GmAU)::/dkBmm%(UL Gm(U)::/dkAmﬂ%(U) (4.5.40)

Therefore the right-moving Unruh modes are linear combinations of positive frequency modes

e~*U_ The Unruh modes can be written in a compact way,

G(V) = F(w,a)(aV)“/,

Gr(V) = F(w,a)(—aV)“/,

Gow(U) = F(w,a)(—al)™/e,

Gow(U) = F(w,a)(al)™™/2, (4.5.41)
with F(w,a) = m\;’;ﬁ;(m/a). G1,(V), G1,(V), Gou(U) and Ga,(U) are all analytic in

the lower-half complex plane.

The Unruh modes form a set of complete and orthonormal modes. The scalar field can be

expanded in terms of the Unruh modes,
d = / dw (1,G1 + diw G + C20Gaw + doyGay, + hoc.), (4.5.42)

where ¢y, di,, €2, and do, are the corresponding Unruh annihilation operators. These

operators satisfy boson commutation relations,

A~

s ] = Opn(w — &), [, d! )] = G0 (w — W), (4.5.43)
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with all others vanishing. The relations between the Unruh and Rindler operators can be

derived as

émew = cosh(ry)bR  — sinh(ry)b=t |

A = cosh(ry,)bk  — sinh(r, )b . (4.5.44)
Conversely,

bE = cosh(ry)éme + sinh(ry)dl .

bl = cosh(ry)dpme + sinh(ry)el . (4.5.45)

A~

We can see that the Rindler modes (ISR bL ) and Unruh modes (¢, dnw) are related by a

mw? T mw

two-mode squeezing transformation with a frequency dependent squeezing parameter 7.

The relations between Unurh modes and Minkowski modes can be derived as

a1 = / dw(Apetr + Brodiw), (4.5.46)
Qo = /dw(Bkwégw-f-AkaZQw). (4.5.47)
Conversely,
by = / dkBybng,  dy, = / Ak Ap iy, (4.5.48)
Cow = / dkApaop,  doy = / Ak By, doy. (4.5.49)

It is thus clear that the Unruh modes and Minkowski modes share the same vacuum,

Emes|0ar) = dime|0ps) = 0. (4.5.50)

4.5.5 Minkowski vacuum as an entangled state

From the transformations between Unruh modes and Rindler modes, Eq. (4.5.45), we can
see that the Minkowski vacuum is a two-mode squeezed state of the left and right Rindler

modes. In the discrete-frequency limit, the Minkowski vacuum can be written as [Unr76]

—mn;w;/a

ow) = JT6: 32— (GAE) " 0w
i n;=0 v

= 11 (ci > el n;, R) @ |nz~,L>), (4.5.51)
n; =0

7
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where C; = /1 — e=2mi/a is the normalization factor. Here |n;, R) and |n;, L) are the n,-
particle states with Rindler frequency w; in the right and left Rindler wedge, respectively.
A similar expression to Eq. also holds for the right moving modes. If one only has
access to the fields in the right Rindler wedge, then he (or she) traces out the state in the
left Rindler wedge, obtaining

b= T1 (€2 5 i ). -
n; =0

)

This is a density matrix for the system of free bosons with Unruh temperature Ty = a/2.
Therefore the Minkowski vacuum state looks like a thermal state with Unruh temperature
Ty = a/27 as viewed by a uniformly accelerated observer with acceleration a in the right

(or left) Rindler wedge.

4.5.6 Unruh-DeWitt detector

In the previous subsections, we have shown that the Minkowski vacuum looks like a thermal
state if the observer is restricted either to the right or left Rindler wedge. A uniformly
accelerated observer with acceleration a experiences a thermal bath with the Unruh temper-
ature Ty = a/27. It is thus expected that a uniformly accelerated detector would respond
to the thermal radiation, e.g., being excited from its ground state to excited states. In
this subsection, we introduce a simple particle detector model, the Unruh-DeWitt detector
[Unr76, DeWT9], that responds to the quantum fields and discuss the response of a uniformly

accelerated Unruh-DeWitt detector in the Minkowski vacuum.

Assume that an Unruh-DeWitt detector moves along a world line described by z#(7), where
7 is the proper time of the detector. The detector couples to the scalar field i) through the

interaction Hamiltonian
Hy = M\x(r)m(r)®(a"(1)), (4.5.53)

where A is a small coupling constant, x(7) is the switching function that characterizes he

turning on and off of the interaction, and 7(7) is the monopole of the detector. Suppose
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that the initial state of the scalar field is the Minkowski vacuum |0,/), and the initial state
for the detector is its ground state |Ep). When the detector moves and interacts with the
scalar field, it may not remain in its ground state and could be excited to a higher energy
eigenstate |F). Meanwhile, the scalar field may make a transition to a new state |¢). If the
coupling constant \ is sufficiently small, perturbation theory can be used to calculate the
transition probability of the detector from its ground state to a higher energy state. To first

order, the transition amplitude is
+o0 .
IAE, ¥l / drx ()i (r) (@ (7)) Bo, Oar). (4.5.54)
The time evolution of the monopole is
(r) = e (0)e 0T, (4.5.55)

where Hj is the free Hamiltonian of the internal dynamics of the detector, Ho|E) = E|E).
Substituting Eq. (4.5.55)) into Eq. (4.5.54]), the transition amplitude becomes

+oo
iNE|m(0)|Ep) / drx (1) E=ET (1) D (27(7))[04r). (4.5.56)
By squaring the modulus of the transition amplitude Eq. (4.5.56) and summing over all the

final states of the scalar field, we obtain the transition probability of the detector from its

ground state |Ey) to an excited state |E),
P(Ey — E) = [AP[{E[m(0) [ Eo)[*F(E — Ep), (4.5.57)

where the response function F(E), which does not depend on the internal structure of the

detector, is
+oo +oo ' )
F(E) = / dr / dr'x(r)x(r)e FCTIGT (2t (1), 2 (7)), (4.5.58)

with G*(z#(7),2"(7)) = (Opr| @ (2 (7))@ (2#(7'))|0as) the positive frequency Wightman
function. If the world line of the detector is along the orbit of a time-like Killing vector
and the Minkowski vacuum |0,/) is invariant under the isometry generated by the time-like

Killing vector, the Wightman function is invariant under the time translation along the
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world line. It is then convenient to consider the transition probability per unit proper time
(transition rate), which is proportional to [BD82]

F(E) = /_+°° ds e "P*GT(s). (4.5.59)

o0

Note that F(E) is basically the Fourier transform of the positive frequency Wightman func-

tion.

We discuss two examples: the responses of a static detector and a uniformly accelerated
detector interacting with a massless scalar field in the Minkowski vacuum. The Wightman

function is given by Eq. (2.2.34]). For a static inertial detector, the Wightman function

becomes
G+ (7' — 7") = —L; (4.5.60)
static A2 (1 — 7/ — i€)?
The transition rate is proportional to
. 1 +o00 e—iEs
-FsaicE = T 5 d —F— =0. 4.5.61
taiie( £) 472 J_ ° (s — i€)? ( )

Note that we have assumed E > 0. Therefore, if the scalar field is in the Minkowski vacuum
state, the static inertial detector cannot be excited from its ground state to a higher energy

state.

For a uniformly accelerated detector with acceleration a, the world line is given by Eq.

(4.2.1)). The Wightman function for an accelerated trajectory can be derived as [BD82]

1 a?
Gr.(r—7)=— : 4.5.62
wce ) 1672 sinh® (a(r — 77) /2 — iac) ( )
Using the identity
1 R |
— = — —_— 4.5.63
sinh®(rz) w2 :Z (x —k)? ( )
we can write the Wightman function for the accelerated trajectory as
1 = 1
Glo(r—7)=— : 4.5.64
ace(T =) 472 Z (1 — 7" — 2ie + 2mik/a)? ( )

k=—o00
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Substituting this into Eq. (4.5.59)), we find

. 1 X e o—iBs B = onkE)
facc E) = —— d - . = 5 e “
(E) 472 k;w /Oo ° (s — 2ie + 2mik/a)? 27 ; ‘

E 1
e (4.5.65)

o7 e27B/a _ |
We have used the residue theorem in the second equality. The appearance of the Plank
factor (e2™#/¢ — 1)~! in the transition rate Eq. indicates that the response of a
uniformly accelerated Unruh-DeWitt detector in the Minkowski vacuum [0,;) is thermal.
The temperature of the thermal response is the Unruh temperature Ty = a/27. This is

consistent with the results obtained via a different way, i.e., the Bogoliubov transformation

of field modes.

4.6 Quantum fields in Schwarzschild spacetime

4.6.1 Particle creation from a collapsing star

The well known Hawking radiation from a black hole was discovered by Hawking when he
studied the quantum fields on the geometry of a collapsing star [Haw75]. Here we briefly
summarize the essential physics of particle creation from a collapsing star without going into

technical details. The details of explicit calculations can be found in [Haw75l (Wal75, [Par75].

At the final evolution stage of a massive star, no other forces can balance the self gravity of
the star and it collapses to form a black hole [Tol39, [(OV39]. We consider a simplified model
of the star collapsing: a spherically symmetric matter ball collapses to form a Schwarzschild
black hole. In the exterior of the matter ball the space is empty, so the spacetime is described
by the Schwarzschild metric Eq. . During the process of collapsing and even after
the formation of the event horizon, the exterior spacetime is not affected according to the
Birkhoff’s theorem [Bir23]. Here the exact metric inside the matter ball is irrelevant. The
essential point is that the quantum fields propagating through the matter ball are distorted
when the matter ball is collapsing. It is evident that the whole spacetime of the collapsing

star is dynamical (time-dependent). According to the general discussions of QFT in curved
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spacetime in Section [£.4], there exists intrinsic ambiguity in defining field modes and vacuum
state. Fortunately, there are well defined in region and out region for the spacetime of the
collapsing star. In the remote past, if the matter ball is sufficiently distended or at region
that is far away from the surface of the star, the spacetime is approximately flat, one thus
can construct the standard Minkowski space quantum vacuum. This is called the in region.
The in-vacuum is empty of particles as observed by static observers far away from the surface
of the star in the past. After the black hole was formed and at the region very far away
from the event horizon, the spacetime is also approximately flat, so that we can define a new
quantum vacuum. This is called the out region and the corresponding vacuum is known as
the Boulware vacuum [Bou75]. The Boulware vacuum (out-vacuum) is empty of particles as

observed by static observers far away from the event horizon in the future.

Consider a massless scalar field ® in the spacetime of the collapsing star. In the in-region,

the mode solutions to the Klein-Gordon equation are proportional to

1 Ye (4.6.1)
and

Y e, (4.6.2)

where Y},,(0, ¢) is the spherical harmonic, v = ¢t —r — 2M In(r/2M — 1), v = t +r +
2M In(r/2M — 1). These two sets of mode solutions represent outgoing and ingoing modes
in the in-region, respectively. An ingoing mode propagates toward the star, with part of it
is reflected by the curvature around the star, and part of it propagates through the star and
becomes an outgoing mode. To simplify the analysis, we take the geometric optics approx-
imation and neglect the scattering by the curvature. When the ingoing mode propagates
from spatial infinity to the surface of the matter ball, it is blue shifted. We assume that
the ingoing quanta do not interact with the matter inside the matter ball. After passing
through the matter ball, it propagates to spatial infinity and is red shifted. If the matter
ball is static, the blueshift and redshift cancels with each other so that the ingoing mode
becomes the exact outgoing mode Eq. . However, if the star is collapsing, during the
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period that the mode transits through the matter ball, the radius of the matter ball has
become smaller so that the blueshift and redshift cannot cancel with each other. The net
effect is that the ingoing mode is red shifted when it emerges from the other side of the
matter ball. The redshift effect becomes more and more significant when the surface of the
matter ball is closer and closer to the gravitational radius. There is a critical moment at

which the redshift becomes infinity.

singularity [+

black hole —

[O

collapsing star —

=

FIGURE 4.6: Penrose diagram of a collapsing star.

This process is depicted schematically by Fig. [4.6] which shows the matter ball collapsing
to form a black hole. The null ray v passes through the matter ball and emerges from the
surface of the matter ball when the surface is crossing the gravitational radius. Therefore
the null ray ~ stays on the event horizon. Null rays advanced to v, for example ~;, can
escape to future null infinity .#* after passing through the matter ball. However null rays
retarded to -, for example v, cannot escape to future null infinity .#* but instead fall into
the singularity. If one traces the propagation of an ingoing mode, Eq. , originated
from the past null infinity .# ~, one would find that the part retarded to the null ray v falls
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into the event horizon and eventually hits the singularity, while the part advanced to the null
ray -y escapes to future null infinity and can be detected by outside observers. Therefore,
the outside observers after the black hole was formed cannot have full information about
the ingoing modes in the in region. In addition, the part that escapes to future null infinity
is red shifted. The redshift is more and more significant as closer and closer to the event

horizon.

As we have shown, the positive frequency modes as observed by static observers in the out
region are dramatically different from that as observed by static observers in the in region.
The Bogoliubov transformations between the in modes and out modes were first calculated
by Hawking [Haw75]. He showed that the in-vacuum is inequivalent to the out-vacuum. If the
initial state of the quantum field is the in-vacuum, the state as observed by static observers

in the out region is a thermal state with temperature (in the unit G =c=h=kg = 1)
Ty = — (4.6.3)

known as the Hawking temperature [Haw75]. Here « is the surface gravity of the black hole,
e.g., k = 1/4M for a Schwarzschild black hole. This is a rather surprising result. A classical
black hole absorbs everything and nothing can escape from it. When quantum mechanics is
considered, the black hole is not “black ” but instead radiates particles. It can be estimated
that the characteristic wavelength of the Hawking particle is at the same order of magnitude
as the size of the black hole. Therefore the Hawking radiation can be understood in terms of
the Heisenberg’s uncertainty principle: a black hole cannot trap a particle with wavelength
at the same size as the black hole. Hawking proposed a heuristic picture for the production
of Hawking particles. Vacuum fluctuations around the event horizon produce virtual particle
and antiparticle pairs. Due to the gravity around the black hole, the antiparticle falls into

the black hole while the particle escapes to spatial infinity.

The temperature of an astrophysical black hole is so low that it is extremely challenging to

directly detect the Hawking radiation. If we recover all the physical constants in Eq. (4.6.3),
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we have

hed

Ty = ——
B SrGMkg

M
~ 6.169 x 1078 x (ﬁ@) K, (4.6.4)

where G is the gravitational constant, M is the solar mass. The Hawking temperature of
a solar mass black hole is about 1078 K, which is much lower than the temperature of the

Cosmic Microwave Background radiation (~ 2.73 K).

4.6.2 FEternal black hole

In the previous subsection, we have introduced the Hawking radiation created by a collapsing
star. One can also obtain the Hawking radiation by studying quantum fields in an eternal
Schwarzschild black hole, the maximally extended Schwarzschild spacetime. Although it is
not clear whether an eternal black hole exists in the real world, it is instructive to study

quantum fields in it and make comparison with quantum fields in Rindler space.

Boulware vacuum-The exterior Schwarzschild spacetime is static and possesses a time-
like Killing vector d; = (1,0,0,0). We can quantize a massless scalar field ® in terms of
the eigenfunctions of the time-like Killing vector d;. Since t can be considered as the proper
time of static observers at spatial infinity, the excitations of these field modes are particles
as observed by static observers at spatial infinity. We consider a Hermitian massless field P

that satisfies the Klein-Gordon equation (4.4.1)). The normal-mode solutions to Eq. (4.4.1))

can be decomposed as

1
vVAarw

where w > 0 is the frequency of the mode, Y},, (0, ¢) is the spherical harmonic that represents

Ui (t, 7,0, ) = e Y (0, )Ry (r) )7 (4.6.5)

the angular momentum of the mode. The radial function R, (r) satisfies

d*R,,

2
dr?

+ V(1) Rut = w* R, (4.6.6)

where V) (r) is the effective potential

(4.6.7)

v = o[ 2,

r2 r3
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with f(r) =1 — 2M/r. Here r, is the tortoise coordinate,
dr, =dr/f(r), re =1r+2MIn(r/2M — 1), (4.6.8)

and the event horizon corresponds to 7, — —oo. An implicit relation r = r(r,) can be
derived and substituted into the effective potential Vl(s), Eq. 1} so that the effective

potential can be considered as a function of r,.

In region I (the world we live in), two types of modes form a complete and orthonormal set

of basis: the upcoming modes and ingoing modes, denoted as u.; ~and u, respectively.
The asymptotic behaviour for the radial part of the upcoming mode, R}, is
BiPetrs Ty — +00;
R"™ ~ (4.6.9)
e 4 Aem s r, — —00,
and for the radial part of the ingoing mode, R, is
. e 4 A e p s 4 00;
o~ (4.6.10)

Ble™wrs, Ty — —00.

Here A’V (A1) and B!} (B™) are the reflection and transmission amplitudes of the upcoming

(ingoing) modes, respectively. They satisfy the following Wronskian relations [HLO14],

|Aup2 — 1_|Bup2

wl wl !l >
|AL? = 1—|BLJ%
AP = |An|,  BY=B" (4.6.11)

wl — Fuwl

in

m are chosen to satisfy the orthonormality

. up . .
The upcoming modes u,,,, and ingoing modes u
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relations,

= 5(w - w/)5u'5mm'7

wlm’ w’l/

up* up*

= _5<w - w,>6ll’5mm’7

(u /)

(gt Uy )

(U W) = (W = )OS

(U fff'if o= —0(w — w)owbmm .

<wlm7 W /) = 0,

(Dotms Py = 0. (4.6.12)

Here (, ) represents the Klein-Gordon inner product [BD82], which is defined on a spacelike

hypersurface ¢t = const. as

[ r? * _ *
(o, x) = 2/2M drf(r) /47r dQ (¢ O x — xOpp*) (4.6.13)

for any two solutions ¢ and x of the Klein-Gordon equation (4.4.1]) in the Schwarzschild

background spacetime.

A corresponding set of upcoming and ingoing modes in region I1I (the extended Schwarzschild
spacetime) can be similarly defined, which are denoted as v/y and v3 = respectively. They
form a set of complete and orthonormal modes in the region III and are independent of those

modes in region I. The upcoming and ingoing modes in region I and III are schematically

shown in Fig. [4.7]

The scalar field operator d can be expanded as
CI) Z / dw wlm wlm + bwlm wlm + dgllm illpm + bcIuIlIm Em + h'C')7 (4614>

where al, and bI ., are the upcoming and ingoing annihilation operators in region I, !l and

DI are the upcoming and ingoing annihilation operators in region III. The corresponding

vacuum is known as the Boulware vacuum [Bou75],

al, |0g) =0, |0g) =all |0g) =B |0g) =0, Vw,l m. (4.6.15)

Alm
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I~ r=0 I

FIGURE 4.7: Upcoming and ingoing modes in the maximally extended Schwarzschild spacetime.

The Boulware vacuum is empty of particles as observed by static observers at spatial infinity.

Unruh vacuum-There exists another Killing vector, dy, on the past horizon H~. One can
quantize the scalar field in terms of the eigenfunctions of the Killing vector 0y [Unr76]. The

normalized positive frequency modes with respect to dy are defined as [CFTT]

1

w?r = eZrMwy b -y p=2mMuw,upk 4.6.16
wlm 9 Sil’lh(47TM(U) ( wlm wlm) ( )
1
oy = e2rMuwgup y p=2mMuw, ub ) 4.6.17
wlm 9 sinh(47er) ( wlm wlm) ( )

Note that the definitions of w and w modes are very similar to the definitions of Unruh
modes from the Rindler modes, Eqs. (4.5.26) and 1) The scalar field operator ® can

be expanded as
=Y / A (Cutm 'S, + Gt @+ gt + B 0 +hc),  (46.18)
lm

where ¢,5m and Cym, are the upcoming Unruh annihilation operators. The corresponding

vacuum state is known as the Unruh vacuum [Unr76],

Cuim|00) = G |00) = 0L, 100) = 0L |0y) =0, Y w,l,m. (4.6.19)

wlm
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It can be easily shown that

1 A
~1 2rMw A —2rMw 2T
Al = e Cotm + € Coim ) > 4.6.20
: 2sinh(4rMw) ( : ) ( )
1 N
~TI1 2rMw 2 —2mMw At
Al = e Culm T € Cotm ) - 4.6.21
: 2 sinh(4rMw) ( : ) (4.6.21)
If the state of the scalar field is the Unruh vacuum |0Oy), we have
RO 6(0)
<OU|acIjlmale|0U> = eSTMw _ 17
(0p |6, L 00) = 0. (4.6.22)

The formally divergent quantity 6(0) appears because we consider an infinite space outside
the black hole. This implies static observers at spatial infinity see a thermal flux coming
out from the black hole. The temperature of the thermal flux is the Hawking temperature
Ty = 1/8wM. The specification of the Unruh vacuum in an external black hole reproduces

the Hawking radiation from a collapsing star at late times.

Hartle-Hawking vacuum-In addition to Eqs. (4.6.16]) and (4.6.17)), we further introduce

win —

1
wim /2 sinh (47 Mw)

. 1 i i
on o QﬂMngllm + 672#MWU:3[;1)- (4624)

wlm A (6
/2 sinh(4rmMw)

The scalar field operator d can be expanded as

(e2PMuyin 4 o=2nMuyine ) (4.6.23)

Ci) = Z / dw (éwlmwﬁm + éwlmwz?m + CZwlmeijllm + lemwg}m + h.C.), (4625)
Ilm

where azwlm and jwlm are the ingoing Unruh annihilation operators. The corresponding
vacuum state is known as the Hartle-Hawking vacuum [HHT76],

éwln’L’OU) = éwlm’OU> = Awlm‘OU> = lem’OU> = 07 v w, l, m. (4626)

Similarly, we have

. 1 . -

b= Mg e Megt ) 4.6.27
wim 2 sinh(drMw) ( : oim) (4.6.27)
~ 1 S N

P = (™M d y,,, + 72 Mgl (4.6.28)

wim 2sinh(4rMw)



4.6 QUANTUM FIELDS IN SCHWARZSCHILD SPACETIME 79

If the state of the scalar field is the Hartle-Hawking vacuum |0Oy), we have

6(0)

<0U’dIT dI ’OU> = <OU’bIT bI ’OU) - eStMw _ 1°

wlm P wlm wlm“wlm

(4.6.29)

This implies static observers at spatial infinity see a thermal flux coming out from the black
hole as well as a thermal flux coming into the black hole. The black hole is in equilibrium

with the environment at the Hawking temperature.

4.6.3 Black hole information paradox

It was shown by Hawking that when a star collapses to form a black hole, there is a thermal
flux coming out from the black hole. The temperature of the Hawking radiation is propor-
tional to the surface gravity of the black hole. The Hawking temperature is very low for
large black hole, e.g., about 1078 K for a solar mass black hole. Nevertheless, the black hole

loses mass when it emits Hawking particles. The energy flux was estimated to be [Pag76]

P = h—66, (4.6.30)
153607 G2 M?

where we have restored all the physical constants. This is known as the Stefan-Boltzmann-

Schwarzschild-Hawking power law. The power for a black hole with one solar mass is about

10~2°V, which is extremely small as expected. As the black hole looses mass, it gradually

evaporates. After a sufficiently long time, the black hole could completely evaporate and

disappear. The lifetime of a black hole with initial mass My is about [Pag70]

5120mG* M3
= ————— 9 4.6.31
- ( )

The lifetime for a black hole with one solar mass is about 107s, which is much longer than
the age of the universe (~ 10'7s). However, for a Planck mass quantum black hole, the

lifetime is about 10~%%s.

If a black hole evaporated completely, the leftover is a cloud of Hawking particles. Since the
Hawking radiation is thermal, there are no correlations between different Hawking particles.
The state of the Hawking particles cloud is thus mixed. Without loss of generality, the

initial state of the quantum fields can be a vacuum, which is a pure state. This implies that
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the process of formation and evaporation of a black hole is not unitary: a pure initial state
evolved into a mixed final state. This is the information paradox first proposed by Hawking

[Haw76).

4.7 Summary and further reading

In this chapter, we introduce QFT in curved spacetime. In particular, we discuss the Unruh
effect and the Hawking effect, which are the striking results of exploring QFT in Rindler

space and Schwarzschild spacetime, respectively.

There are many excellent textbooks that introduce general relativity. For a basic introduction
with more emphasis on basic concepts, one can refer to the textbook by Hartle [Har03]. For
more technical details, one can refer to the textbook by Weinberg [Wei72]. The textbook by
Carroll [Car04] tries to introduce general relativity in the language of differential geometry.
The most comprehensive textbook of general relativity would be the well known “MTW”
IMTWT3]. The standard textbook for quantum field theory in curved spacetime was written
by Birrell and Davies [BD82] in 1982. A more recent one is written by Parker and Toms
[PT09]. The textbooks by Wald [Wal94], and Haag [Haal2] describe the quantum field

theory in curved spacetime using the algebraic method.



Spacetime Diamonds

5.1 Introduction

A key result of relativistic quantum field theory is that the restriction of observers to partial
regions of spacetime leads to the observation of particles, even if the total spacetime is in the
vacuum state (see Ref. [PT04] and references therein). Key examples are Hawking radiation
[Haw75], where the observers are cut off from the inside of a black hole by its event horizon,
and Unruh-Davies radiation [Unr76, Dav7hl, [CHMOS|, where uniform acceleration of the
observer restricts them to a Rindler wedge through the formation of a virtual horizon. Both
Hawking and Unruh-Davies radiation are thermal and their temperatures are proportional to
the surface gravity of the black hole and the acceleration of a uniformly accelerated observer,
respectively. The thermal character of the radiation is closely related to entanglement of the

observed field modes with others hidden behind the horizon [BD82]. More recently, it has

81
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been predicted that particles should also be observed when a detector is restricted to the

future or past light cone [OR1I].

In all these cases, the region the observer is restricted to is unbounded. A natural question
is whether an observer restricted to a bound region of spacetime can see thermal radiation.
Using the thermal time hypothesis [CR94], Martinetti and Rovelli found that an accelerated
observer with a finite lifetime can experience an effective temperature, a generalization to
the Unruh-Davies temperature [MR03]. For the special case of an inertial observer with
a finite lifetime, the temperature at the middle of their lifetime is nonzero. This so-called

“diamond temperature” is given by [MRO3]
Tp=—, (5.1.1)

where T is the lifetime of the inertial observer. The diamond temperature arises because
an observer with a finite lifetime does not have access to all the degrees of freedom of
the quantum field. However, the temperature discovered by Martinetti and Rovelli is time
dependent. Also, it was unclear what type of physical system could observe the diamond
temperature. In [OR11], an Unruh-DeWitt detector [Unr76, [DeW79] with an energy scaling
that effectively restricts it to the future or past light cone was shown to register a thermal
response identical to that of a uniformly accelerated Unruh-DeWitt detector. In this chapter,
we show that an Unruh-DeWitt detector with an energy scaling which effectively gives it
a finite lifetime, or equivalently, confines it within one diamond, also registers a thermal
response. The temperature that the detector sees is exactly the diamond temperature (|5.1.1])
discovered by Martinetti and Rovelli. We thus find a physical meaning for the diamond
temperature: it is the temperature observed by a particular type of energy-scaled detector.
Note that a similar version of these diamonds on the static (1 + 1)-dimensional Minkowski
cylinder has been encountered in the context of the gauge-gravity correspondence, leading
to the thermal effects on the conformal boundary of the Banados-Teitelboim-Zanelli black

hole [MS98, [LM99].

This chapter is organized as follows. Section briefly reviews the time-like entanglement.
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Section B3l reviews the diamond coordinates and derives the Minkowski metric in terms of the
diamond coordinates. In Section we explicitly calculate the Bogoliubov transformation
between the diamond modes and the Minkowski modes, and show that the particle-number
distribution of the diamond modes is thermal in the Minkowski vacuum. In Section [5.5 we
calculate the response of an energy scaled Unruh-DeWitt detector in (1 + 3)-dimensional
spacetime and show that the response is thermal. Section [5.6| studies the entanglement

between different diamonds. The results in this chapter have been published as “Spacetime

diamonds’ in [SR16].

5.2 Time-like entanglement

The concept of entanglement between the left and right Rindle wedge rests on the fact that
the fields within can be considered as independent systems. In particular, no signal can
be sent from the left Rindler wedge to the right Rindler wedge and vice versa. This is
evidently illustrated by the vanishing of the Pauli-Jordan function (or Schwinger function)
for space-like intervals [PS95], iG(t,r;t',r’") = (0 [Cf)(t,r), @(t’,r’)} |0) = 0. This is true for
both massive and massless fields. For a massless field in (3 4+ 1)-dimensional Minkowski
spacetime, the Pauli-Jordan function is also vanishing for time-like intervals, as can be seen
from Eq. (2:2.37). The Pauli-Jordan function for a massless scalar field is shown in Figure
5.1l Therefore, the fields in the future and past region can be considered as independent
systems. No light signal can be sent from the past region to the future region and vice
versa. However, for massless scalar fields in (1 + 1)-dimensional (and 2 + 1 and other
even+1) Minkowski spacetime, the strong Huygens principle is violated. This means the
massless scalar fields propagate not only on but also into the future lightcone [JMMKTH].
Nevertheless, one can still calculate the distribution of field modes in the past or future
wedge, and the entanglement between the past and future wedges in the Minkowski vacuum.
These calculations are independent of whether the strong Huygens principle is violated or
not. In the case where the strong Huygens principle is violated, the origin of the time-like
entanglement may be different from that of the space-like entanglement which is assumed to

be preexistent.
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/\t

FIGURE 5.1: Pauli-Jordan function for a massless scalar field in (1 + 3)-dimensional Minkowski space-
time (the three spatial dimensions have been compacted to one). The Pauli-Jordan function is nonzero only
on the light cone.

It was shown that there exists a direct mapping between the fields in past and future wedges,
to the fields in the right and left Rindler wedges [OR11]. The mapping in (14 1)-dimensional
space-time is schematically illustrated in Figure 5.2l An inertial observer who is localized
only in the past or future, and uses appropriate energy scaling detector can detect a thermal
radiation, an analogue to the Unruh radiation. According to the dimensional analysis, the
observation of this effect is within the range of current technology [OR11]. The space-like
entanglement between the right and left Rindler wedges can be extracted by using two
detectors (D; and Dy), which detect localized wave packet modes, in the right and left
Rindler wedges, respectively [RRS05]. According to the mapping, two detectors (D3 and
D,), with appropriate scaled energy, in the past and future wedges can extract exactly the
same entanglement [OR12]. Note that the detectors D5 and D, operate in past and future

wedges, we thus name the entanglement extracted by them as time-like entanglement.

5.3 Diamond coordinates

A static observer with a finite lifetime stays at r = 0. The overlap of the future light
cone of their birth and the past light cone of their death is called a diamond, satisfying
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FIGURE 5.2: Schematic diagram of the mapping of left-moving modes in (1 + 1)-dimensional Minkowski
spacetime between the past and left Rindler wedges, the future and right Rindler wedges. The detectors D3
and D, can extract the same entanglement as that extracted by the detectors D; and Ds.

|t| + |r| < 2/a, where 2/a is the size of the diamond or 7 = 4/a is the lifetime of the static
observer. There exists a conformal transformation which maps the diamond (bounded) to a
Rindler wedge (unbounded) [MRO03]. Assume that (¢, z,y, z) are the Minkowski coordinates

and (¢, 2,1y, 2’) are the conformal coordinates. The conformal transformation is defined as

at  at ar’ 14 (at/2)* —(ar/2)* ay = ay az  az
2 f.(tr;a) 2 f-(t,r;a) T2 fotria) 2 fo(t,r;a)
(5.3.1)
and the inverse transformation is
at at’ ax 14 (at'/2)* — (ar'/2)* ay = ay az _ a?
2 a f+(t’,r’;a)’ 2 a f+(t’,r’;a) T2 - f+(t’,r’;a)’ 2 a f+<t/7r/;a)’
(5.3.2)

where fi(t,r;a) =1 — (at/2)® + (ar/2)* £ ax, and r = /2% + y2? + 22. It can be shown by

straightforward calculation that the line element in terms of the conformal coordinates is

ds* = —dt* +da® +dy* + dz?
4
= ————(—dt? + da” + dy” + d2?), 5.3.3
P ra) S 559
which is consistent with the assumption that this is a conformal transformation. The con-

formal mapping from a diamond in Minkowski coordinates to the right Rindler wedge in the
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conformal coordinates can be clearly illustrated in (1 + 1)-dimensional spacetime, see Figure

0.0l

/\
NS
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M
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4 s N N

FIGURE 5.3: Conformal mapping in (1 + 1)-dimensional spacetime: V! = (1+V)/(1-V),U' = —(1 —
U)/(14U). A diamond in Minkowski coordinates (¢, x), |t| + || < 1, is mapped to the right Rindler wedge
in the conformal coordinates (¢',z’). The regions outside the diamond in Minkowski coordinates (¢,z) are
together mapped to form the left Rindler wedge in the conformal coordinates (¢, ).

This motivates us to introduce a new coordinate system (7, £, (, p), called diamond coordi-
nates, to describe spacetime events and field modes inside the diamond.

at'/2 = e*sinh(an), ar’/2 =e“cosh(an), (=y, p=2. (5.3.4)

The relationship between the diamond coordinates and Minkowski coordinates can be easily

derived by using Eq. (5.3.1)),

1t - at
= —tan
=3 1+ a??/4 —a?r?/4 )’

¢ 11 {\/(1+a2t2/4—a2r2/4)2—a2t2}
= — In 3
a f-(t,r;0) (5.3.5)
(=2
- f-(t,r;a)
B 2z
' tra)
Inside the diamond, the line element written in terms of the diamond coordinates is
4(—d 2 d 2 —2a€ d 2 d 2

[cosh(an) + cosh(a&) + %efaf(@ + pz)]z'
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Although the x direction appears special in the coordinate transformation , no direc-
tion is preferred due to the rotational invariance of the diamond. In fact, the same conformal
transformation [MR03] maps the region outside the diamond to another Rindler wedge, e.g.,
see Fig|5.3] This nice property can help us to intuitively understand correlations between

field modes inside and outside the diamond.

It can be shown that ( = p =0, £ = const. are worldlines of uniformly accelerated observers
with acceleration §|sinh(ag)| in the perspective of inertial observers. The most interesting
one is ( = p = & = 0, which is exactly the worldline of the static observer. Along the static
worldline, ¢ = 2tanh(%an), or dt = dn/ cosh®(an/2). That means the diamond clock ticks
at the same rate as the inertial clock at n = 0, while the former ticks much faster than the

latter when n — +o0.

6/a

2/a

v

-2fa

-6/a

FIGURE 5.4: Diamonds in (1 + 1)-dimensional Minkowski spacetime. Only a chain of diamonds along
the ¢ axis is plotted and they are labeled by integers n = 0,+1,.... The size of these diamonds are the same,
2/a.
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5.4 Thermal radiation

As a concrete example, we first consider a massless Hermitian scalar field ® in the (1+1)-
dimensional Minkowski spacetime and directly calculate the Bogoliubov transformation be-
tween the diamonds modes and Minkowski plane wave modes. We show that the Minkowski
vacuum looks like a thermal state in the diamond and the temperature of the thermal state

is inversely proportional to the lifetime of the static observer.

A chain of diamonds along the t axis is shown in Fig. [5.4] Other diamonds are not plotted,
but one can imagine that the (1 + 1)-dimensional Minkowski spacetime is in fact a network
of such diamonds. Without loss of generality, we first consider the zeroth diamond in Fig.
b.4 By simply setting ¢ = p =0 in Eq. (5.3.6), we can directly read out the metric inside
the diamond in terms of 1 and &, which turns out to be conformal to the Minkowski metric
(note that this is only true for (1 + 1)-dimensional spacetime). It is thus very easy to derive
the Klein-Gordon equation by utilizing the conformal invariance of the massless scalar field

in (1 + 1)-dimensional Minkowski spacetime.

Since the left-moving modes and right-moving modes are decoupled, we only discuss the
left-moving modes in the following. Results for the right-moving modes can be obtained
similarly. The Minkowski annihilation operators and positive frequency mode functions are
ay, and up(V) = eV /\/dxk, with V = ¢ + 2. While in the zeroth diamond they are b
and g\ (v) = e /\/Amw, with v = 1 + €. Meanwhile, g9 (v) can be rewritten in terms of

Minkowski null coordinate V,

1 [1+ aV/Q) i/
Oy = , 5.4.1
200 = (1R 541

where V' € ( —2/a,2/ a) and the mode functions vanish outside the zeroth diamond.
We now have two ways to quantize the scalar field and it is straightforward to find the

Bogoliubov transformation between operators (135,0), by )T) and (ay, a}),

o = [ (@f,gak T @gzga;). (5.4.2)
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Direct calculation shows that 6 # 0, which means these two ways of quantization are

inequivalent; in particular, the Minkowski vacuum is not a vacuum in the diamond and vice

versa. The Bogoliubov transformation coefficients afdk and ﬁ n can be calculated using the

Klein-Gordon inner product [BD82]; we have

1 k[T 1+s i« 9iks
o = Wy =5 [Cas((5) e

1 VQs
= —————e“""M(1+1iQ,2,—4i 4.
a sinh(wQ) (14 ix) (5.4:3)

[k [T 1+s\“ ..
/BU(J(Q = <9£J0)(V)>Uk / ds(l—s) e2ins

1 VQOr 9
= ————— e ""M(14+11Q,2. 41 4.4
asinh(ﬂﬂ)e (1+148, 2, 4ir), (5-4.4)

where M(a, b, z) is the Kummer’s function [AS72] and Q@ = w/a, k = k/a. In the Minkowski

vacuum state, the particle-number distribution in the diamond is

/
Ol 00 = [ a5 = SEZ (5.45)
which is exactly a thermal distribution with temperature
a 2
Tp = — = —. 5.4.6
PTor T xT ( )

The temperature Tp derived here is the same as the diamond temperature derived from
the thermal time hypothesis [MR03]. The same thermal particle-number distribution was
obtained by Ida et al. [IOS13] through a different way. However, they use it as an intermedi-
ate result to derive the time-dependent temperature as proposed by Martinetti and Rovelli
instead of interpreting it as the diamond temperature. We emphasize that Tp is exactly
the diamond temperature and will show that this thermal radiation could be detected by an

energy-scaled Unruh-DeWitt detector.

In principle, the above result can be generalized to (1 + 3)-dimensional spacetime. One can
define diamond modes, calculate the Bogoliubov transformation coefficients and show that

the particle-number distribution is thermal in the Minkowski vacuum. However instead of
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doing the long mathematical calculation, we propose a detector model in (14 3)-dimensional
spacetime and show that it responds to the diamond temperature, which is more physically

relevant.

5.5 Detector response

We now turn to (1 4 3)-dimensional Minkowski spacetime. In [ORII], an inertial detector
switched on at ¢t = 0 and sensitive to energy E with respect to conformal time is proved to
register a thermal response. We now show that a similar inertial detector, which is switched
onatt= —% and switched off at ¢t = %, detects thermal radiation with diamond temperature
in the Minkowski vacuum. Because we require the energy difference of the two-level detector
at r = 0 to be constant with respect to diamond time 7, the free Hamiltonian of the detector
in the inertial frame should be
dn Hy

—Hy= —F—. 5.5.1
dt ° 1 —a?t?/4 ( )

We then take the complete Hamiltonian to be H = Hy/(1 — a*t*/4) + H;, where H is the
standard interaction term for an Unruh-DeWitt detector, M. Converting to diamond time

n, the Schrodinger equation is

H; |0, (5.5.2)

= |Ho+ ——5——
' ‘ cosh?(an/2)

where W is the wave function of the detector. In contrast to Ref. [OR11] where perturbation

theory breaks down at sufficiently late time, the perturbation theory is always valid here

provided |H;| < |Ho| at n = 0.

To first order perturbation theory, the detector response function can be obtained in a

e PG (0 )
/ dn/ Cosh2 (am/2)cosh?(an'/2)’ (5:5.3)

standard way,

where Gt (n,7) = (04|®(1)®(1)|047) is the positive-frequency Wightman function in the
Minkowski vacuum state. In terms of Minkowski coordinates ¢ and r, the general expression

of the Wightman function is given by Eq. (2.2.34)). Taking into account that the inertial
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detector is at r = 0, and the relation between the Minkowski time and diamond time is

t = 2tanh(an), we find

T a

G*t(n, 1) 1 a?

cosh?(an/2)cosh?(an’/2) 1672 sinhz(%(n —1))

(5.5.4)

Now, consider an accelerated trajectory ¢t = a~!sinh(at), x = a !cosh(at), y = 2 = 0,
with a and 7 the proper acceleration and proper time of the accelerated observer; in this
case, the Wightman function is given by Eq. (4.5.62). Comparing Eqs. and (4.5.62)),
it is clear that the response function F(F) is the same as that of a uniformly accelerated
detector, showing that an inertial Unruh-DeWitt detector with energy scaled as 1_(1%—,52/4

detects thermal radiation with temperature Tp = 3= in the Minkowski vacuum.

Energy-scaled detectors are physically realizable; e.g., by applying a time-dependent exter-
nal electric field or magnetic field to an atom one can realize a time-dependent Stark effect
or Zeeman splitting. However, an order-of-magnitude estimate shows that for current tech-
nology the change of the electric field or the magnetic field is not large and fast enough to
detect the diamond temperature. More promising candidates might be artificial atoms such

as the superconducting qubits and quantum dots [RW15].

5.6 Correlations between different diamonds

In Minkowski vacuum state, a mode localized in the right Rindler wedge is perfectly entangled
with a corresponding mode in the left Rindler wedge [BD82|. Similarly, a mode localized in
the past light cone is perfectly entangled with a corresponding mode in the future light cone
[OR11]. As we have mentioned before, there exists a conformal transformation that maps
a diamond into a Rindler wedge, and the region outside the diamond to another Rindler
wedge [MRO3]. Therefore, if the dynamics of the scalar field is conformally invariant and
also the vacuum state, then a mode inside the diamond should be perfectly entangled with
a corresponding mode outside the diamond. A pair of entangled modes inside and outside
the diamond has been calculated in the (1 + 1)-dimensional spacetime [[OS13]. Here, we

are interested in the timelike entanglement between diamonds along the ¢ axis, which is
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now not bipartite entanglement but multipartite entanglement. In this case, it is convenient
to consider localized modes and introduce Gaussian formalism [WPGP™12] to describe the

entanglement between various diamonds.

As shown in Fig. [5.4] orthonormal mode functions in the nth diamond can be easily obtained

by shifting those of the zeroth diamond,
95" (V) = g (V = 4n/a), (5.6.1)

where V € (2(2n — 1)/a,2(2n + 1)/a). The Bogoliubov transformation coefficients Ozf;,? and
ﬁg}g are

ol =etmall) Bh) = el (5.6.2)
It is obvious that the temperature in every diamond is the same, owing to the translational
invariance of the Minkowski vacuum. Notice that the modes gfun)(V) are orthonormal and

form a complete set of modes with which the scalar field ® can be expanded.
+00 R
P = Z / dw[bM g (V) + bt glm= ()], (5.6.3)
where ZA)SJ") and lA)L(u")T are the annihilation and creation operators in the n-th diamond. Another

orthonormal and complete set of modes was introduced in [IOS13], the modes inside the

zeroth diamond, g&o)(V), and that outside,

a w/a
gie"><V>:¢L—w(a¥f§i) 0(V| - 2/a), (5.6.4)

which is perfectly correlated with ga(uo)(V). One can expand the scalar field d as
d = / dw[bQgO (V) + 5 g (V) 4 50T O (V) 4 pletgleo= ()], (5.6.5)
0

where b and b are the annihilation and creation operators outside the 0-th diamond.

Similar to constructing the Unruh modes, one can construct modes that cover the whole

Minkowski spacetime from gfjo)(V) and gffx)(V). Define a new set of operators (cf‘J ) ele X)) as

o0 — (:osh(rw)l;fuo)—Sinh(?”w)i)u(fxyr

w

~

é(ex) = COSh(Tw>bc(fX)_Sinh<7aw)i)£;0”' (566)

w
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The new operators ég] ) and égf *) annihilate the Minkowski vacuum,

é10,) = é0,,) = 0. (5.6.7)

The inverse transformation of Eq. (5.6.6) is

A~

0© = cosh(r,)c? + sinh(r,)el™T

~

b = cosh(r,)E™ + sinh(r,)e", (5.6.8)

Based on the inverse transformation Eq. (5.6.8]), one can calculate the correlations between

by and b5
(a6 100r) = (0ar[BVTBEDT041)* = cosh(r,) sinh(r,)d(w — o),
0u16950,) = (00 |BOT5Y10,,)* = 0. (5.6.9)
From Egs. ‘) and 1} the operator b (n # 0) can be expressed in terms of b
and 51,
b = [T g 8+ ol 8]
0

= / dw’ {A(" b + B b ”]. (5.6.10)
0

ww' W’

By using this property and the Bogoliubov transformation between g™ (V) and ¢o” (V)

with n # 0, one can easily find

FUOA A™

b p©) — b( i = Cew
N

(i} 01 B

b b = b S — .6.11
OB o) = w8 o) = 5t (5.6.11)

From Egs. |D and 1 , we can derive the integral representations of A , and wa

A i\/g/ﬂds 1 (1+s)m(s+2n—|—1>m/
wl T ra N Q ) (s+2n—1)(s+2n+1)\1—s s+2n—1/)
B0 _ —i\/g/ﬂds 1 (1+s>m(s+2n+1)‘m'
wo eV QS (s+2n—1)(s+2n+1)\1—s s+2n—1

(5.6.12)
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For the n = 1 case (adjacent diamonds), the coefficients A lw, and B , can be calculated

analytically:

—i(Q=Q) [0y _ ; e

we 21a (1 —4€Y)
B _ 27U O (1 — i) (i + Q) (5.6.14)
we! ona Q T(1+ Q) ' o

When w = W/, ASB/ is divergent, which means the correlation between same-frequency modes
is dominant. The divergence causes no problem, because it should be understood in the sense
of a distribution and disappears when a wave packet mode is considered. It is obvious that
ASOE, and BU(JB, are finite and nonzero when w # w’, indicating different-frequency modes are
also correlated. For n > 1, there are no analytic expressions for Agfd), and B‘EZJ),. However,

for large n, we can find asymptotic results:

1 QY
DRI 6.1
(Oale 0a1) 4an? sinh (7w Q) sinh (7 Y)’ (5.6.15)
1 QY
0059 10,) ~ — . (5.6.16)

4an? sinh(7Q2) sinh(7¢Y)

The correlation decays as n—12 for large n but does not vanish. Contrary to the adjacent

diamonds, the correlation between same-frequency modes is not dominant.

We proceed to consider localized modes instead of single-frequency modes. In each diamond,

we construct Gaussian wave packet modes,

~

b :/ dw gn (w; Wn, 0y v ) D™, (5.6.17)
0

where g, (w;wp, 0, v,) is a Gaussian wave packet

( ) 1 e (w — wn)2 —iwv
n\W; W, On,; Un) = ex -5 (€ "
J 2mo? P 402

where w, is the central frequency, o, is the bandwidth, v,, is the central position of the wave

packet, and we assume w,, > o,. The quadrature observable of the Gaussian mode is defined

as

A ~

X () = hme=i6 4 jteio (5.6.18)
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FIGURE 5.5: Entanglement between Gaussian modes in the first and zeroth diamond. Left: quadrature
phase ¢ = 0, right: quadrature phase ¢ = 0.2m. The central frequency of the Gaussian mode in the zeroth
diamond is set to be wp/a = 1.0, the bandwidth and central position are the same, o1/a = og/a = 0.02,
avy = avg = 0. (a) For ¢ = 0, the variances of X°(0) and Xio(w/ 2) are approximately the same and have

a minimum which is smaller than 1 when the central frequency w;/a = 1, while the variances of X 19(0) and
X1%(7/2) have a maximum which is larger than 1 at w;/a = 1. (b) For ¢ = 0.27, the minimum variance
of XlO(O.QW) is also smaller than one, however the corresponding central frequency of the Gaussian wave
packet mode in the first diamond is wy/a < 1. The maximum variance of X1°(0.27) is greater than one and

the corresponding central frequency of the Gaussian wave packet mode in the first diamond is wq/a < 1.

where ¢ is the quadrature phase. With ¢ = 0 and ¢ = 7, the quadrature X™ are analogous
to the position operator and momentum operator, respectively. Correlations between dia-
monds can be characterised by the variances of the correlation (“4”) and anti-correlation
(“=") observables, X = (X + X(™)/\/2 . For example, for two-mode squeezing,
V(X (0) < 1 and V(X,fm(g)) < 1, indicating that the correlations between the quadra-

tures of the two modes beat the quantum shot noise and are entangled.

In Minkowski vacuum state, (OM|13£Jn) 047) = 0, therefore (05| X ™ (4)|04) = 0. The variance

of the quadrature observable is
(AXM ()" = x| (X (@) "[0)
= 1+ 2<0M|g(n)T3(n)|0M> + <0M|g(n)g(n)|0M>e—2i¢ + <0M|g(n)T5(n)T|0M>e2i¢
= 14 2(04[D™TB™[0,). (5.6.19)

In the last equality we used the fact that (0 M\ZAJSJTL) l;fﬁ) |0as) = 0. The variance of the quadrature

observable is independent of phase and greater than unity, indicating that the state within
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a diamond appears mixed. This is consistent with previous result that the particle number
distribution of diamond modes is thermal in the Minkowski vacuum. The expectation value

of the product of two quadrature observables belonging to two different diamonds is
O X(A) X (9)]0ar) = (0ar 6™ TH™10nr) + (Onr D15 |0nr) + (Oar[6TV5™[0nr) e

+(0a7 DT 0, ) €2

= 2 Re{(0ar DT |041) } + 2 Re{(0ar[6™D™]0,)e =2},

(5.6.20)
where
(0p[B™T00™)0,,) = / dw / dw’ g (@) g (") (0 |BE T [0,4)
- / e / A/ g2 (@) gon (@) (O BT |0,)
95 (w)gum () B ™
= [ dw [ dw' I wo 6.21
/w/ “ 2sinh(nw’/a) (5621)
(O BMB™(0,) = / d“”/ A g () g (') (Ong | DD 05
= /dw/dw/gn(w)gm(u}’)(OM]b” m)b 10as)
(@) g (W) ATT™
= [ dw [ do wo' 6.22
/w/ 2sinh(7w’/a) (56.22)

We have assumed that n # m and the phases of the two localized modes are the same.
Based on Eqgs. (5.6.19) and (5.6.20]), the variances of the correlation and anti-correlation

observables are

(AX5(0)" = S(AXW(0) + H(AX(6)” + (0] X ()X (6)]0n)

= 14 (0arD™ 0™ |0ar) + (0ar BT T50™00r) £ (00| XM ()X (6)[00).
(5.6.23)

For ¢ = 0, Fig. (a), (AX1)? < 1 for two Gaussian modes in adjacent diamonds with
the same central frequency, bandwidth and central position. The correlation between the

two Gaussian modes beat the quantum shot noise, that is, they are entangled. In fact, since
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the bandwidth is so small that the mode distributes across almost the whole diamond, the
central position of the Gaussian mode is not so relevant. For nonzero ¢, e.g., ¢ = 0.27 (Fig.
5.5(b)), correlation between two Gaussian modes with different central frequency can beat
the quantum shot noise. These properties are different from the Rindler entanglement which
only exists between same-frequency modes and is independent of the quadrature phase. In
the next nearby diamonds, correlation between Gaussian modes with much broader band-
width still can beat the quantum shot noise, although the entanglement is very small. That
implies entanglement is stored between Gaussian modes localized in position rather than in
frequency. For further away diamonds, it is hard to see entanglement. Although Eq.

shows that the correlation has not vanished, it is very small.

In (143)-dimensional Minkowski spacetime, although we know that a mode inside a diamond
is perfectly correlated with a corresponding mode outside the diamond, explicit expressions
for these modes have not yet been found. In addition, the diamond modes are not complete
in the whole Minkowski spacetime. This can be seen by noticing that at ¢ = 0, the diamonds
can not cover the whole space. However, if we only consider timelike entanglement between
diamonds along the ¢ axis, the method used in this section is still valid. In realistic quantum
optics experiments, a detector often detects a localized mode, e.g., a Gaussian beam with very
narrow transverse size travelling along the z axis, then the (1 + 1)-dimensional calculation

provides a very good approximation to the (1 + 3)-dimensional case.

5.7 Summary

By directly calculating the Bogoliubov transformation between the diamond modes and
the Minkowski modes, we show that the particleenumber distribution in the diamond is
thermal in the Minkowski vacuum. The temperature of the thermal distribution is identical
to the diamond temperature (that observed by an inertial observer at the middle of their
lifetime) discovered by Martinetti and Rovelli [MR03]. We interpret this temperature as the
diamond temperature and show that a particular type of energy-scaled detector responds

to the diamond temperature. The temperature is constant with respect to diamond time,
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but varies with respect to lab time. It is, therefore, clear that the diamond temperature is
real and detectable. An order-of-magnitude calculation shows that T ~ 1K corresponds to
T ~ 10~'s , which is challenge but potentially accessible in the lab in near future. We further
study the timelike entanglement between various diamonds and show that entanglement

between adjacent diamonds is dominant.

5.8 Appendix

In this appendix, we derive in details the particle number distribution of diamond modes in

Minkowski vacuum. From Eq. (5.4.4)),

New = / dk g0

0

+1 +1 —iQ) ALY 00
1 + s . ’
_ d d d —2ik(s—s")
Wza\/QQ// S/ 8(1—5) <1—3/) /o e

+1 +1 1 1es\ /144 i
= / ds / ds’ | ,
47r2a\/ Q' J 1 (s—s —ie)2\1—s 1—¢

—1KZ

where in the last equality we have used the integration fooo dk ke = —ﬁ. Define new

integration variables t and ¢’ as

1 1
t = Eln(1+s), or s = tanht,
-5
1 1 !
t = §ln(1+sl>, or s =tanht’,
-5

we have

+o00 +<>o —Qi(Qt Q')
Nyw = dt :
4r2a/Q0Y / / smh2( —t' — i€)

By further introducing integration variables p and g,

p:t_'_t/? q:t_t/7
we find
+oo +oo —i(Q+9Q)q
Nopw = dp e~ =¥ / dg -5
87r2a\/ 9194 / P oo 1 sinh?(q — i)
1 400 72qu
= — Q- / dg ———.
472al) ( ) o 1 sinh?(q — i)
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Utilizing the trick that we used to calculate the transition rate of a uniformly accelerated

Unruh-DeWitt detector in Minkowski vacuum, Eq. (4.5.65)), we finally obtain

1
e2rw/a _ ]

Ny = d(w—w).

Therefore the particle number distribution of diamond modes in the Minkowski vacuum is

thermal, with temperature a/2.
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Quantum Communication with Uniformly

Accelerated Observers

6.1 Introduction

One important task of relativistic quantum information [PT04] is to investigate how rela-
tivistic motion and gravitational fields affect the storage, transfer and processing of quantum
information. Early works mainly studied global states of quantum fields, for example, the
effects of acceleration on the entanglement of global states [AMO3], [FSMO05]. Recently, a
general framework for projective measurements on a localized single mode of the quantum
field was proposed [DDMMBI13]. This formalism was used to study the effect of relativistic
acceleration on continuous variable quantum teleportation and dense coding [GRKD17]. In

reference [GRKD17|, the authors assume that accelerated observers only have access to a

101
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single mode in the accelerated frame, which results in larger mode mismatch as the accelera-
tion increases. In this chapter, we are study mode mismatch due to the presence of a horizon,

which causes intrinsic loss of information about the state as viewed by inertial observers.

As a specific realization of localized projective measurements, homodyne detection was pro-
posed as a way to model efficient, directional quantum communication between two localized
parties in a relativistic quantum field theory scenario [DRW13]. An interesting case is the
quantum communication with a uniformly accelerated partner, in which the Unruh effect

[Unr76] is expected to play an important role.

In this chapter, we are going to discuss two quantum communication protocols with accel-
erated observers. In Section [6.2] we study the quantum communication between an inertial
observer and a uniformly accelerated observer. In Section we investigate the quantum
communication between two uniformly accelerated observers. In particular, we are interested
in cases where the localized wave packet sent by the sender straddles the future horizon of
the receiver. The results in Section [6.2] have been published in [SR14]. The result of Section
is the joint research effort by Robert Mann, Timothy Ralph and myself.

6.2 Quantum communication between an inertial ob-

server and a uniformly accelerated observer

This section discusses the first protocol: quantum communication between an inertial ob-
server and a uniformly accelerated observer. In this protocol, an inertial sender, Alice, sends
a coherent state signal and a local oscillator to an accelerated receiver, Rob, who then per-
forms homodyne detection in his own frame. Approximate analytic solutions were obtained
in the case the wave packet sent by Alice is well localized in the right Rindler wedge. We
generalize this work to the case where the wave packet straddles the future horizon of Rob.
Similar scenario was considered to study quantum entanglement through the event hori-

zon [DDMM13]. As a result, Rob can only access part of the signal and local oscillator.
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Generally, the signal and noise received by Rob are divergent if Rob’s detector can detect
arbitrarily low frequency particles. This is because in the horizon-straddling case Rob can
still detect particles at late times when his velocity approaches the speed of light, resulting
in large redshift of the signal and local oscillator. While, under some special conditions, the
signal and local oscillator received by Rob remain finite no matter what low frequency cutoff
he chooses. In order to get finite results generally, and to correspond with physical detectors,
we introduce a low frequency cutoff. We find that there exists a low frequency cutoff that
maximizes the signal to noise ratio. Interestingly, this low frequency cutoff approximately
corresponds to the Unruh temperature, and we thus call it the Unruh frequency. In addition,
we calculate the conditional variance and find that the low frequency cutoff that minimizes

the conditional variance is also approximately equal to the Unruh frequency.

t
3

-3

FIGURE 6.1: Alice (static) sends Rob (accelerated) a Gaussian wave packet which straddles Rob’s future
horizon.

6.2.1 Homodyne Detection in an accelerated frame

For simplicity, we consider the massless scalar field in (1 + 1)-dimensional Minkowski space-
time. Generalization to (3 + 1)-dimensional Minkowski spacetime is straightforward by

making the paraxial approximation and taking into account the expansion of the transverse
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shape of the wave packet during its propagation. There are two inequivalent ways to quan-
tize the massless scalar field in Minkowski spacetime [Ful73], one for inertial observers and

the other for uniformly accelerated observers.

In the inertial frame, the massless scalar field is quantized in the usual way,

(L, x) = / dk[arur(U) + &LUZ(U)] + (left-moving parts), (6.2.1)
0

where u,(U) = ﬁe‘iw, with U = t — x, are positive frequency right-moving Minkowski

plane wave mode functions, u; are negative frequency mode functions, and ay (dL) are
annihilation(creation) operators of single frequency Minkowski modes. In this chapter, we
only consider right-moving modes and neglect the subscript “2”, which characterizes right-

moving modes, without introducing confusions. In terms of Rindler coordinates and Rindler

modes, ®(7,£) can be expanded as

d(r,8) = / dQ [ngg(u) + bl gl (w)] + (left-moving parts), (6.2.2)
0
where g&(u) = \/ﬁe’m““ are positive frequency right-moving Rindler plane wave mode

functions, ¢&*(u) are negative mode functions, be (bf,) are annihilation(creation) operators

of single frequency Rindler modes obeying boson commutation relation
(Do, bl ] = 6(Q2 — Q). (6.2.3)

Here €2 is defined as a dimensionless Rindler frequency, which is related to the physical
frequency w by ©Q = w/a. The subscript “2” is also neglected for the Rindler modes. In
addition, we only consider Rindler modes in the right Rindler wedge, we thus neglect the

superscript “R” in the Rindler annihilation and creation operators.

We consider the scenario that a uniformly accelerated observer, Rob, with proper acceleration
a travels along & = 0 in the right Rindler wedge and an inertial observer, Alice, stays at
spatial origin = 0, as shown in Figure [6.I] Alice sends a right-moving signal, a coherent
state with amplitude «, and a local oscillator to Rob. The local oscillator is also a coherent

state, but with very large amplitude § € R, 5 > |a|. Rob then performs homodyne detection
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on the signal using the local oscillator as seen in his own reference frame. The homodyne
detector is formed from two identical photodetectors that detect distinct modes S and L
after they have been mixed on a beam splitter. The photocurrents from the photodetectors
are subtracted to give the output signal. As a result the output of Rob’s homodyne detector

at some time 7 (as measured in Rob’s frame) is represented by the following operator [BR04]:
O(r,¢) = bs(T)b} (7)€’ + bly(r)br(r)e ™, (6.2.4)

where by (ZA)}() are boson annihilation(creation) operators with K = S, L. The subscripts 5,
L refer to the signal and local oscillator modes, respectively. The relative phase ¢ determines
the quadrature angle detected. Here b k (7) are temporally and spatially localized single mode
annihilation operators in the perspective of Rob. They can be constructed from the single

frequency Rindler annihilation operators l;g,
Bﬂﬂ:/jdﬁﬂﬁﬂ%, (6.2.5)
0

where fx (€2, 7) is Rob’s detector mode function. In an experiment, Rob would integrate the
photocurrent from his detector over a time long compared to the inverse of the frequency
being analyzed (as will be determined by the frequency of the local detector). For later

convenience, we define the integrated output signal operator X (),

X(gb) = /dTé(T, o) = /dT [[;S(T)BTL(T)Gid) + EE(T)BL(T)G_W}. (6.2.6)

The expectation value of the output signal received by Rob is

~

X = (X(9), (6.2.7)

and the variance is
Vo = (X%(9)) — (X(9)). (6.2.8)

Alice prepares coherent states (signal and local oscillator) by displacing the Minkowski vac-
uum |0y7) using the displacement operators DK(v) = exp(’yd} — 7*&;(), with v = «, f,
and

d}( = /dkaK(k',t,iC)&k, (629)
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where fp, (k,t, x) is a normalized displacement mode function satisfying [ dk|fp, (k,t,z)|> =

1. Therefore, ax are also temporally and spatially localized annihilation operators in the

perspective of Alice. The state that Alice prepares can be written in a compact form,

la, B, 1) = Dg(a)DL(8)]0ar). (6.2.10)

The expectation value of the signal becomes

Xy = (0] D} (9) D(0) X (8) Ds(@) Di.(8) 0ar). (6:2.11)
In order to explicitly calculate the expectation value and variance of the signal, we need
to know the Bogolyubov transformation between the Rindler modes and Minkowski modes,

which are already given by [Tak86l [CHMOS]

[;Q = /dk(agkdk + ngdl), (6.2.12)
where
ier/Q k iQ
Q = raa—-«)1-1 ,
= R )<a)

ie*ﬂﬂ/2 k i
= —I'(1—-iQ)( - 6.2.13
e = St (£ (6:213)

are the Bogolyubov coefficients for right-moving waves. Taking into account Eq. (6.2.12)),
we can find the identity

Dl (Vbx(M)Dr(y) = br(r) +7 / a0 / Ak f1c(27) [og i, (K) + Bax fo (K)]

b (7) + vFi (7). (6.2.14)

The expressions for X, and V4 can be expanded via Eq.(6.2.14]).

Although the amplitude of the local oscillator sent by Alice is (3, it is not so when viewed by
Rob due to Doppler shift and Rob’s inability to access the whole wave packet. The latter
effect is more important in the horizon-straddling case. However, one has to bear in mind
that this does not mean the amplitude of the local oscillator must be attenuated. In fact,

it sometimes can be amplified. Homodyne detection only measures the amplitude without
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caring about the frequency of the mode. So it is possible that Rob detects a large amount
of low frequency particles but the total energy of these particles is still smaller than the
energy of the original wave packet. If Rob performs homodyne detection without knowing
the amplitude of the local oscillator sent by Alice, he has to measure the strength of the local
oscillator by adding the photocurrents of the two photodetectors. We define the strength of

the local oscillator as seen by Rob as
[= / dr (b by) — / dr (00| D5 (8) D (@) by D) D1 (8)[0ns). (6.2.15)

Both the expectation value X4 and variance Vy of the signal should be normalized by the
strength of the local oscillator. Since the Bogolyubov transformation (6.2.12)) is a linear
transformation, it is obvious that (0n|bx|0as) = (0as|bl|0as) = 0. Taking into account the

fact that 8 > |«|, we have
Xy ~ Bae® / drFs(T)F; (1) + Bare™™ / drE5(1)Fr(7),
8 [ ar [ arFy ()R ) Oul{bs(r), B Mo,
s / drF (1) F}(7), (6.2.16)

Q

Ve

1

Q

where {A, B} = AB + BA represents anticommutation of two operators. If we further
require that the detector mode function for signal and local oscillator are the same and the
displacement mode function for signal and local oscillator are also the same, then Fg(7) =

Fr (7). The normalized output signal becomes

X, = % ~ \// AT F(7)Ff (1) (0™ + a*e™) ~ g(aei‘b +a*e™™), (6.2.17)

and the normalized variance becomes

Ve [ ar [ATE(D)FL () Ol bs(r). B} 0u)

Vo = 7 [drFL(r)Fs(7) (6.2.18)

In order to proceed, we need to introduce explicit forms for Rob’s detector mode function

and Alice’s displacement mode function. The detector mode function can be written as

Fr(Q,7) = e i (). (6.2.19)
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It is important that the detector mode function should be well localized spatially and tempo-
rally; otherwise, its interpretation as a detector following a particular spacetime trajectory
is compromised. Thus we consider a detector mode function that is very broad in 2; in
particular, we take fr(Q2) ~ \/m for Q > Q¢ > 0 and zero otherwise, where €., is some
low frequency cutoff. We will see that if we do not introduce a low frequency cutoff, X, and
Vs may be divergent. That means if Rob’s detector is accurate enough so that it responds
to any low frequency particles, he will detect very large amounts of low frequency particles.
However, in practice, there is always some low frequency below which Rob’s detector cannot
detect. From Figure [6.1] we can see that, in the horizon-straddling case, the wave packet

overlaps with Rob’s whole future worldline. That is to say, Rob can detect particles even

when 7 — +o00. Therefore, the integrals over 7 in Egs.(6.2.17) and (6.2.18) go from —oo to

+o0 and we have the simplification [ drZe="@=%97 ~ §(Q — V).

We assume that the displacement mode function is peaked at a large wave number k, > 0,
much larger than the bandwidth o, although o is also broad on the wavelength scale. Hence
we write k = k, + k, where k, > |k| for the region of wave numbers for which the mode
function is nonzero. These are typical approximations used for nonrelativistic quantum

communication systems. The displacement mode function thus can be written as

I (ks to, m0) = €7 fi(k), (6.2.20)

where U, = t, — x, reprents the central position of the wave packet. In particular, we choose

fp(k) as a Gaussian form,

fD(k:):< : )1/4e><p{—M}, (6.2.21)

2mo? 402

satisfying k,/c > 1. One term in Eq.(6.2.13]) can be approximated as

(_) ~ ¢ (E)ezﬂ[ln(ko/a)—l}’ (6222)
a
and using the identity
Q
P(1—iQ)P = —

sinh (7))’
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ol A 1 GO =i ()
! ~~ o o
Ok 21k, (1 — e=27) ’
—7Q
e ™ L9 09
* ~ k(=) —ik'(2)
OéQk- ~ (& ko’ e ko
Ban 27ky(1 — e=27) ’
—7Q
(& ™ .0 Q a1 Q
* ~ ik(32) =ik (%)
QLo = e ko’e ko
Paraqy 27ky(1 — e=27%) ’
—2mQ)
(& G QN
BarBiw = (o) e~ (o) (6.2.23)

k(1 — e—270)°

The strength of the local oscillator received by Rob can be calculated as

~
2

5 / a0 / i / a0 / i / dr (9, 7) [, 7) [@QkaL(k?) T Bon Sy ()

X |:@;2/k’fDL(kJ> + 6;2’k/fl*)L(k/):|

Q

5 / a0 / dk / aK’ {agkaak/fw)fm(m + o B [, (k) 5, (K)
Bkt fon () fon () + 5nmsk,fDL<k>f5L<k'>]

20 1 2 2 /1.2 2 2 /1.2
2 [= —20%(Q+koUs)? /K5 —27Q ,—20°(Q—koUs)* /k?
B \/;_ko /dQ—l e {e +e e

+2 cos(2k,U, e ™ e (kolo)?/ ’fﬁe‘”(“’%Uo)Q/’f?] . (6.2.24)

Q

Substituting Eq. (6.2.24)) into Eq. (6.2.17]), we have a general expression for the expectation

value of the signal.

If U, < 0 and |k,U,| > kg /o, then only the first term in Eq.(6.2.24) survives. In ad-
dition, the Gaussian part of the integrand can be approximated as a delta function, that
is, \/2%6_202(9'”%[]0)2/ N (2 + k,U,). We can recover the analytic expression for the

normalized output signal found in [DRW13],

- e’ + e
X¢ ~ .
Ny

In this case, Rob can access nearly the whole wave packet because |k,U,| > k,/o implies

(6.2.25)

|Uy| > 1/0 =~ ., where .. is the characteristic spread of the wave packet in position space.

The approximate expression of X, shows that the output signal is amplified due to the



110 QUANTUM COMMUNICATION WITH UNIFORMLY ACCELERATED OBSERVERS

Unruh thermalization. However, this amplification is quite small. Since we initially assume
that k,/o > 1, so |k,U,| > 1, then e=2™*lsl must be a very small number. This can be
verified in our numerical integration of Eq. (6.2.24]) below.

Next, we would like to calculate the variance of the signal. Using Eq.(6.2.13]) and the identity

* dk . /
— O =5 — 6.2.26
| s @ 9), (6.220)
we find
A 1
(Oarlbably|04r) = /dk QR = 1_6—_%95(9 - ),
X 6727rQ .

and therefore,

(One|{bs (7). B () }0ur) = / a0 / A f5(S2,7) F5(2 7) (Onr (b, by } 0n)

. , 1+6—27rQ

Taking into account fg(2,7) = fL(£2, 7), we have
Ve = 52\/§£/d9 {6_202(9‘*"‘30(]0)2/’“3 +9 COS(QkOUO)e_”Qe_UE(Q"'k"Uo)Q/kg6—02(Q—koUo)2/k§
Tk,

—27Q)
+€27TQ€2‘72(QI%U0)2/]€2:| L (6229)

(1— e 2m2)2"

Substituting Eq. into Eq. , we finally get a general expression for the
normalized variance of the output signal. Again, in the case where U, < 0 and |k,U,| > k, /0o,
we can recover the analytic expression found in [DRW13],

B 1 +€—27rko|Uo|
V¢, ~

~ 1 — 6—27rk:o|Uo|'

(6.2.30)

However, the Unruh thermalization effect is still very small because |k,U,| > 1 so Vy =~ 1.

6.2.2 Horizon-straddling case

We would like to explore the horizon-straddling case where U, ~ 0. The approximation

made in [DRW13] is no longer valid because contributions of the second and third terms
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in Egs. (6.2.24]) and (6.2.29) are significant and important. Since there is no analytic
expression for the integration, we numerically integrate Eqs. ((6.2.24)) and (6.2.29)]) for various

parameters. It turns out that in most cases I and Vj are divergent if we integrate over an
arbitrarily low frequency. Physically, this means if Rob’s detector is strong enough such that
it can detect arbitrarily low frequency particles, then Rob will observe a large expectation
value and fluctuation of the number of low frequency particles. This is reasonable because
when the wave packet straddles Rob’s future horizon, most of these particles are greatly
redshifted as seen by Rob, especially at late times when Rob’s velocity approaches the
speed of light. In realistic situations, Rob’s detector cannot detect arbitrarily low frequency
particles. Therefore, we introduce a low frequency cutoff )., for the detector mode function.
One might expect that the low frequency cutoff depends on the specific detector Rob carries.
That is true, but we do not want to discuss specific models of Rob’s detector. We can find

a natural low frequency cutoff by other considerations.
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FIGURE 6.2: Strength of local oscillator for various low frequency cutoffs: Qc,; = 0.00001 (top), 0.001
(middle), 0.1 (bottom), § = %= = 10.

Figs. and show the strength of the local oscillator and the variance of the output
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FIGURE 6.3: Normalized variance for various low frequency cutoffs: Q¢ = 0.01 (top), 0.05 (middle),
0.1 (bottom), § = %= = 10.

signal received by Rob for various parameters. According to Eq. , the strength of the
local oscillator /3% also characterizes the amplitude of the expectation value of the output
signal for a given relative phase ¢. Thus Fig. also indirectly shows the amplitude of the
expectation value of the output signal. We can see that they depend on when Alice sends
the signal and local oscillator if the central wave number k, is fixed. If Alice sends the signal
and local oscillator early enough then I ~ 3%, Vy & 1, and thus X4 &~ ae’®+a*e~®. Rob sees
the original coherent state signal. The Unruh thermalization effect is not significant, as we
have argued before. If Alice sends them later so that the wave packet straddles Rob’s future
horizon, the strength of the local oscillator decreases with some characteristic oscillation,
while the variance increases with similar oscillation. The Unruh thermalization becomes
significant in this horizon-straddling case. Interestingly, if we choose lower frequency cutoff,
for some specific values of k,U, the strength of the local oscillator and the variance remain
unchanged, while for other k,U, they increase dramatically. These particular values of k,U,
can be determined by k,U, ~ (%+n)7r, n =0,4+1,+2, ..., and at these points the variances are

approximately one. From Eq. (6.2.24)), the local oscillator received by Rob is quite different
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from that sent by Alice in the horizon-straddling case. Since Rob still can see the wave
packet at late times when his velocity approaches the speed of light, one expects that the
wave packet is greatly redshifted as seen by Rob. Therefore, Rob’s effective local oscillator
consists of large amounts of low frequency components, resulting in large expectation value
and variance in the homodyne detection, implying an amplification of the original coherent
state. However, for some specific values of k,U,, the low frequency components in the local
oscillator are strongly suppressed. This can easily be verified by substituting k,U, = (% +n)mw
into the integrand in Eq. . Consequently, the strength of the local oscillator and the

variance do not significantly depend on the low frequency cutoff for these values of k,U,.
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FIGURE 6.4: Signal to noise ratio versus low frequency cutoff for k,U, = nw, § = % = 10. The signal
to noise ratio decreases when the low frequency cutoff become smaller and larger. The low frequency cutoff
that maximizes the signal to noise ratio is between 0.1 and 0.2.

Fig. shows Rob’s signal to noise ratio for k,U, = nm. These values approximately
correspond to peaks of the oscillation of the expectation value and variance of the output
signal, as shown in Figs. and[6.3] The signal to noise ratio decreases and goes to zero when
the low frequency cutoff becomes smaller. This is because the variance increases faster than
the expectation value as the low frequency cutoff approaches zero. On the other side, when

the low frequency cutoff becomes larger, the signal to noise ratio also decreases. Since the
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FIGURE 6.5: Signal to noise ratio versus low frequency cutoff for k,U, = (% +n)m, 0 = % = 10. The

signal to noise ratio first increases and then tends to be a constant when the low frequency cutoff becomes
smaller.

variance tends to one in the large low frequency cutoff limit, this means the expectation value
of the output signal decreases. There is a maximum when the low frequency cutoff is between
0.1 and 0.2. The behavior of the signal to noise implies that the signal and local oscillator
Rob receives mainly contain low frequency particles. However, when k,U, = (n + 1/2)7
where troughs of the oscillation of the expectation value and variance of the signal locate,
the behaviour of the signal to noise ratio is a bit different. Instead of going to zero, it tends
to be constant when the low frequency cutoff is smaller than some particular value, which
is also between 0.1 and 0.2, as can be seen from Fig. 6.5 This is closely related to the
fact that for these values of k,U, the low frequency components in the local oscillator are
strongly suppressed. For those values of k,U, between peaks and troughs, the signal to noise
ratio behaves more like those at the peaks, because both the expectation value and variance
increase but the variance increases faster than the expectation value in the low frequency
limit. Therefore, we can see that there exists a low frequency cutoff €2, which maximizes the
signal to noise ratio for various k,U, and €., ~ 0.15. An interesting observation is that the

low frequency cutoff that maximizes the signal to noise ratio is approximately corresponding
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to the Unruh temperature

Wemn = kema = — (6.2.31)

where a is the proper acceleration of Rob. In communication of classical information using
quantum states, the best strategy is to have a maximal signal to noise ratio. Therefore,
the Unruh frequency provides a natural low frequency cutoff if Alice tries to send classical

information to Rob via her quantum states.

However, if Alice wants to send quantum information to Rob, it is also important to minimize
the amount of noise added such that the states remain close to the quantum limit. This can
be quantified via the conditional variance between the input and output [RLIS|, which for

this system can be defined as

SNRout I? -
Ve=(1-————Z|Vow=1|(1— == |V, 2.32
¢ ( SNRiy, )V ' ( 52‘/)‘/ (6.2.32)

where SNR;, represents the signal to noise ratio of input state, in our case it is the coherent
state signal |a) sent by Alice; while SNRoy represents the signal to noise ratio of output

state, in our case it is the state received by Rob.

Fig. shows that for a given k,U, < § (horizon-straddling case), the conditional variance
has a minimum. However, the location of the minimum slightly changes for various k,U,.
Comparing with Fig. one can see that locations of the minimum of the conditional vari-
ance do not exactly coincide with locations of the maximum of the signal to noise ratio. The
former are a bit larger than the latter, approximately ranging from 0.1 to 0.4. Nevertheless,
they are still in the same order of magnitude, approximately equal to the Unruh frequency.
Therefore, we conclude that the Unruh frequency provides a natural low frequency cutoff to
optimize the communication of both classical and quantum information between an inertial

partner and uniformly accelerated partner using coherent states.
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6.3 Quantum communication between two accelerated

observers

In previous sections we have considered quantum communication between an inertial partner
and a uniformly accelerated partner. An inertial partner, Alice, sends a coherent state signal
|a) and a local oscillator |5) to a uniformly accelerated partner, Rob, who then performs
homodyne detection. We found some interesting results when the wave packet sent by Alice
straddles Rob’s future horizon: 1) the expectation value and variance of the signal could be
amplified; 2) the signal to noise ratio is maximized and the conditional variance is minimized
if the low frequency cut off is chosen to be the Unruh frequency. A question arises as to
whether these results are only due to the presence of a horizon. If Alice is not an inertial
observer, for example she is another uniformly accelerated observer, can we still get the same
conclusions? To answer these questions we need to study quantum communication between

two Rindler observers.
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For any uniformly accelerated observer, there exist a past horizon and a future horizon. It is
possible that one accelerated observer is beyond the horizons of another accelerated observer
so that communication between them is impossible. If a set of Rindler observers share the
same future and past horizon, those in the right Rindler wedge and those in the left Rindler
wedge are causally disconnected. For example in Fig. observer O; cannot send signal to
O,, and vice versa. If we shift this set of Rindler observers along the z-axis in the space-time
diagram, we get a new set of Rindler observers (red curves). For the new set of Rindler
observers, those in the right Rindler wedge and those in the left Rindler wedge are also
causally disconnected. For example, observer O3 cannot send signal to observer Oy, and vice
versa. However, observer O, and Oz, O, and O, are causally connected so communication
between them is possible. We can propose two communication protocols in which signal
can straddle the future horizon of the receiver: 1) observer O sends a left-moving coherent
state signal and local oscillator to observer Oz, who then performs homodyne detection; 2)
observer O, sends a right-moving coherent state signal and local oscillator to observer Oy,

who then performs homodyne detection.

2L

-2 -1 0 1 2 3

FIGURE 6.7: Two sets of Rindler observers. World lines of the second set of Rindler observers (red)
can be obtained by shifting the world lines of the first set (black). Observer O; and Oy (black) are causally
disconnected, as well as O3 and Oy (red). While O and O3, O and Oy are causally connected.
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We should keep in mind that quantization of fields for different observers could be very
different. One of the typical examples is the quantization of fields for inertial observers and
uniformly accelerated observers, as we have discussed in Chapter [4. Each observer prepares
and detects quantum states in accordance with their own field modes. In order to inves-
tigate quantum communication, which basically involves preparing and detecting quantum
states, between two observers, we need to know the Bogoliubov transformations between
field modes of the two observers. For example when we discuss quantum communication
between an inertial partner and a uniformly accelerated partner, we need to know the Bo-
goliubov transformations between Minkowski modes and Rindler modes. Similarly, if we
want to study quantum communication between two uniformly accelerated observers, we

have to find out Bogoliubov transformations between two sets of Rindler modes.

Due to the time translation and space translation invariance of the Minkowski space-time,
the local observations of uniformly accelerated observers whose world lines are connected
by parallel transportation are the same if the state is also translational invariant. For
example they see Unruh radiation with the same temperature in the Minkowski vacuum
state. However, the field modes they can detect are very different in the perspective of
inertial observers. We are going to derive the Bogoliubov transformations between different
Rindler modes corresponding to different uniformly accelerated observers. We do it by two
steps: 1) find the Bogoliubov transformations between Unruh modes; 2) use the relations
between Rindler modes and Unruh modes to derive the Bogoliubov transformations between

Rindler modes.

6.3.1 Bogoliubov transformations between Unruh modes

For a massless scalar field in (1 + 1)-dimensional Minkowski space-time, the left-moving
modes and right-moving modes are independent so they can be treated separately. In this
chapter we only consider left-moving modes and neglect the subscript “1”. Generalization to
right-moving modes is straightforward. To make notations clearer, we introduce Heaviside

step function #(V) in the definition of Rindler modes. Suppose that (V)g%(v),0(—=V)gk(v)
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are the Rindler modes in the right and left Rindler wedges, respectively. The left-moving
Unruh modes are defined by Egs. (4.5.26) and (4.5.27)). The inverse transformations can be

easily found to be

0(V)gl(v) = cosh(r,)G,(V) —sinh(r,)G*(V),
0(—V)g=(v) = cosh(ry,)G,(V) — sinh(r,)G (V). (6.3.1)

The explicit expressions for Unruh modes, G, (V) and G, (V), are given by Eq. (4.5.41]).
When we shift the world lines of this set of Rindler observers along the z-axis in the space-
time diagram, we get world lines of another set of Rindler observers. The corresponding
Rindler modes and Unruh modes are denoted as {6(V =+ s/a)h(¢),0(—V F s/a)hE()} and
{G,(V £ 5/a),G,(V £ s/a)}, respectively. Here s is a positive, dimensionless parameter
charactering the shift distance. From Eq. m, it is easy to see that

G,(V+s/a) = F(w,a)(aV £ s)7%/
G.(V+s/a) = F(w,a)(—aV Fs)“/2, (6.3.2)

eTw/2a

ViTw \/2 sinh(nw/a)

where F(w,a) =

The Unruh modes {G,,(V), G, (V)} form a set of orthonormal and complete modes, as well as
{G,(V+s/a),Gu(V+s/a)} and {G,(V —s/a),G,(V —s/a)}. One can express G, (V +s/a)
and G,,(V £ s/a) in terms of the Unruh modes {G,(V), G, (V)}.

GV £s/a) = / Q[ A (£5)Gu (V) + Buro(£5)Gu (V)]
GV 4 s/a) — / 0 [C(£5)Go(V) + Do (£5)Gu (V)] (6.3.3)

where the transformation coefficients are

Avu(ts) = (Gu(V), Gu(V £ s/a)),
Buw(£s) = (Gu(V), Gu(V +5/a)),
Cow(Es) = (Gu(V), Gu(V £ s/a)),
Dyo(£s) = (Gu(V), Gu(V £s/a)). (6.3.4)
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Note that all these Unruh modes are positive frequency modes with respect to the Minkowski
time, so there is no mixing of negative frequency modes in the above Bogoliubov transfor-

mations. The inverse transformations can be found to be
G,(V) = /dw’ (AL (£8)Gw (V £ 5/a) + Cy (£5)Gur (V £ 5/a)],

G,(V) = /dw’ (B, (£8)Gur (V £ 5/a) + D}y (£5) G (V £ s/a)]. (6.3.5)

From the explicit expressions for the Unruh modes, Eqs. (4.5.41)) and (6.3.2)), we can directly
calculate the Klein-Gordon products and obtain the Bogoliubov transformation coefficients
Apw(ES), Burw(£8), Curw(£s) and Dy, (£s). We find

- o T(Q-9)/2

2Vww’ /sinh(7Q)sinh (7))

Si(Q-9)
Q= 1 ie)sinh(n(Q2 — Q) D(—i)LEQT((Q — )’
o () /2

Avu(s) =

m
2vVww' /sinh(7Q)sinh (7€)
—i(Q+Q)

Q1 )sinh(x (2 + Q)T QT Q)T (—i(2 + )
o—T(Q+Y)/2

N
2v/ww' \/sinh(7Q)sinh(7)
SH(Q+2)
Q1 )sinh (7 (Q + QN ()T (—i QT (Q + )’
oT(2-9) /2

(e

2v/ww' \/sinh(7Q)sinh (7€)
i)

Q= s (@ = )TN i =)

6.3.6)

where = w/a and I'(z) is the Gamma’s function. Here € is a small positive regularization

parameter and has to be taken to be zero: € — 07. It is easy to verify the following equalities,
Ago(s) = e™EIDE (5), Bui(s) = ", (). (6.3.7)

The Klein-Gordon products between {G,(V), G, (V)} and {G,(V — s/a), G, (V —s/a)} can

be calculated following the same procedure. By doing the explicit calculation, we find that
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the following trick applies: replace s in Eq. (6.3.6) by —s, and then let (—1) = e™. We have

(=s) = ™ Auu(s) = Dl(s),
(=5) = e BL(s) = Ch(s),
Co(=s) = N Cu(s) = Bl (s),
(=s) = e ™D (s) = A%, (s). (6.3.8)

6.3.2 Bogoliubov transformations between Rindler modes

We have built up relations between the shifted Unruh modes {G,,(V + s/a), G, (V =+ s/a)}
and the original Unruh modes {G,,(V),G,(V)}. The relations between the shifted Rindler
modes and the shifted Unruh modes are basically the same as that between the original

modes and the original Unruh modes, Eq. (6.3.1). Namely,

O(V £ s/a)gi(v) = cosh(r,)G,(V + s/a) — sinh(r,)G* (V £ s/a),
0(—=V Fs/a)gh(®) = cosh(r,)G,(V £ s/a) —sinh(r,)G*(V + s/a). (6.3.9)

Using Eqgs. (6.3.5)), (4.5.26]) and (4.5.27), we can relate the shifted Rindler modes and the

original Rindler modes.

O(V +s/a)h(C)
- / d“’{’\/ % {em—wmw/w<s>9<V>gf<v> + TR B L (5)0(V)gl (v)
! e 2ginh (7 ! w(8)0(=V)gE(v
- \/sinh(7Q)sinh(7Q) [ ' B+ ) B (8)6(=V )9 (0)
—e™ = 26inh (7(Q — Q’))Aw/w(s)é’(—\/)gﬁ*(v)} } (6.3.10)

0(=V = s/a)hy;(C)

= M —m(Q-Q')/2 _ L=\ _ m(Q+Q)/2 . L/ —
- / de Sinh(m,){e Doy(s)0(=V)g,;(v) — e Cur(8)0(=V)gL*(3) 3.
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O(V = s/a)h(C)

= [a M{e““’Q’WAW<—s>e<v>g55‘<v> - e’M’WBW<—s>e<v>g§*<v>}.

sinh(7 Q)
(6.3.12)
0(=V + s/a)h;(C)
= w ! e 2ginh (o NCori(—s By
/d {\/sinh(WQ’)sinh(WQ) [ B+ ) Cus(=)8(V)g. ()
—e™ D 26inh (7(Q — Q) Do (—5)0(V) g2 (v)
S | D (0= V)gh(e) 4 eI (5o Vgl ()] |
(6.3.13)

Since {6(V)gl(v),0(—V)gL(v)} form a set of orthonormal and complete modes, the scalar
field & can be expanded by them and the corresponding operators {l;f,l;ﬁ } Meanwhile,
the Rindler modes {#(V + s/a)hZ(C),0(—=V F s/a)hE(C)} also form a set of orthonormal
and complete modes, and we denote the corresponding operators as {Ef(is) bL +5) } The

scalar field can be expanded as

A ~

b = [ | OOV 0) + B 6V I 0) B (V) (o) + 8 0-V)a ()]
= / dw’ [zaf,(is) O(V £ s/a)hl (¢) + b (£s) O(V + s/a)hE ()
+bE, (£5) 0(=V F s/a)hl (C) + bl (£s) 0(—=V T s/a)hg,*(g)} . (6.3.14)
The Bogoliubov transformations between the shifted and original Rindler operators are
bl (+s) = / dw { L(Es) BE 4+ BE () bEF 448 (4s) bE + 68 (%) ij} :

bl (£s) = / dw [ L(Es) B+ BE () bEF 4L, (+s) bE + 6L, (+5) 65*} .
(6.3.15)
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The Bogoliubov transformation coefficients can be obtained from the relations between the

shifted Rindler modes and original Rindler modes, Egs. (6.3.10)—(6.3.13)).

aliu(s) = v (=5) = (0(V +s/a)h(C), 8(V)gs(v))
i)

9/ sinh(1Q) (Q — S + de)sinh(m(2 — Q))DEQ)T(—i)T(—i(Q — 7))’

(6.3.16)
Bibu(s) = 0gu(=s) =0V +s/a)h(C), 0(V)g(v))
SO+
T 2Vww sinh(7Q) (Q + Q)sinh(m(Q + Q)N L(—iQ)D(—i Q)0 (E(Q + )’
(6.3.17)
Tow(s) = agu(=s) = (0(V +s/a)h(C), 0(=V)g5(v))
- SH(2+)
= oo (95 O )smh(r s ()T (i) T (i@ + ) (6318)
u(s) = Bu(=s) =0V +s/a)h(C), 0(=V)g."(0))
T ()
T Ve (2 — Y+ ie)sinh(7Q)sinh (7 Q)T ()T (—iQ) D (—i(Q — )
(6.3.19)
ag(s) = vihu(=s) = (0(=V —s/a)h(C), O(V)gl(v)) =0, (6.3.20)
Bow(s) = 65u(=s) = (0(=V = s/a)h5 (<), 6(V)gS*(v)) =0, (6.3.21)
Tow(8) = agi(=s) = (0(=V = s/a)h; (C), O(=V)g;(v))
B s 1 PUCtY
T 2w sinh(7Y) (Q — Q' — ie)sinh(r(Q — Q)T (—iQ) D Q)T (i(Q — )’
(6.3.22)

0h,(s) = BE(=s)=(0(=V = s/a)hL,(C), O(—V)gl(v))

T 1 Sfi(Q+Q’)

2w’ sinh(m Q') (2 + Q)sinh(m(Q + Q) TEQ)TEQ)C(—i(Q + Q7))
(6.3.23)
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6.3.3 Quantum communication protocols

We restrict ourselves to quantum communication between two uniformly accelerated ob-
servers with the same proper acceleration. In this case, there are two kinds of communication
protocols between two Rindler observers. One is between two Rindler observers undergoing
anti-parallel uniform acceleration and the other is between two Rindler observers undergoing
parallel uniform acceleration. We are interested in scenarios where signal and local oscilla-
tor sent by the sender may straddle the receiver’s future horizon, for example in Fig. [6.7]
observer O, sends signal and local oscillator to observer O3 or vice versa. For concreteness,
we first consider the case that observer Oy sends signal and local oscillator to observer Os;

who then performs homodyne detection.

The following calculation is similar to the case where the sender Alice is an inertial observer.
Observer O, prepares the signal and local oscillator in his own reference frame by displacing
the Minkowski vacuum with amplitude o and 5. That is, the state prepared by observer O,

la, B, o) = ﬁS<05)DL(/6)|OM>7 (6.3.24)

where |0,) is the Minkowski vacuum state and 7, is the proper time of observer Oy. The
displacement operator is lA)K(W) = exp(ylsgT — 7*6?}), with v = o, and K = L,S. The

spatiotemporally localized Rindler operator l;f} is defined as

b = /dwaK(w;cug,a, o) b, (6.3.25)
where fp, (w) is a normalized displacement mode function satisfying [ dw|fp, (w)|* = 1.
We choose the normalized displacement mode function to be a Gaussian wave packet in the
perspective of observer O,

1 1/4 _ 2 )
g (W wo, 0,10) = ( 2) exp{ — M}e_w’o, (6.3.26)

210 402

where wy, o are the central frequency and bandwidth of the wave packet satisfying wy/o > 1,

vg = Too+&p is the central position of the wave packet. The integrated output signal operator
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of observer O3’s homodyne detection is [SR14]

X<¢) = /dTZS [i)g(_‘g’ T3)I;£T<_S7 7—3)ei¢ + EéT(_Sa TS)B%,(_Sa 7—3)67@] ) (6327)

where 73 is the proper time of the observer Os. 5%(—3,7'3) are spatiotemporally localized

operators,
bel=s,m) = [ dofucio, m)B(-9) (6.3.28)
where fx(w,73) is a broadband detector mode function which can be written as
fr(w,75) = e77 fie(w).

In order to have a localized detector, we take fx(w) = v/a/2m for w > weyy > 0 and zero

otherwise, where w.y is a low frequency cut off. The expectation value of the signal is
X = (0u|DL(8) DL (@) X (8) Ds(c) D1(8)[0ar) (6.3.29)
and the variance is
Vi = (01D},(8)Dk() X*(9) Ds(a) D1(5)|0ar) — X5 (6.3.30)

Using the Bogoliubov transformation (6.3.15)) and (|6.3.16f), we can derive the identity

A ~ A

DO (-5, mDil) = Be(osem) 7 [ [ dsiewm) o (-9 o)

+5.=5) o (o0

bk (—s,73) + Y Fi(73). (6.3.31)

The expressions for X, and Vj can be expanded via Eq. . The local oscillator sent by
observer O, will be distorted as viewed by observer Oz due to the Doppler shift and observer
O3’s inability to access the whole wave packet. If observer O3 performs homodyne detection
without knowing the amplitude of the local oscillator, he has to measure the strength of
the local oscillator by adding the photocurrents of the two photodetectors. We define the

strength of the local oscillator as seen by observer O3 as

I = /dTS 577—2|b ( SaTS)?)%((_$>T3>|a7ﬁa7—2>
[ drs (0ulDL(E) D@ (5, bk (~5, ) Dis(0) D (8) 0. (6:3:32)
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Both the expectation value X4 and variance Vy of the signal should be normalized by the
strength of the local oscillator. Since the Bogoliubov transformation(6.3.15)) is linear, it is
obvious that (0|b% (—s,73)|0a) = (Oar|b5 (—s,73)|04;) = 0. Taking into account the fact
that 8 > |al, we have

X¢ = 5a€i¢/dTng(Tg)FL*(Tg)—|—C.C.,
8 [ drs [ drFy () i) O 5. 72, B (5.7} 0w,

52/dT3FL(T3)Ff(T3)- (6.3.33)

Ve

Q

1

Q

If we further require that the detector mode function for signal and local oscillator are the
same and the displacement mode function for signal and local oscillator are also the same,

then Fs(73) = F(73). The normalized output signal becomes

X . . I . .
Xo= 717 \// drs Fy(m5) Fy (73) (0 + ae™™) = %(ae"f’ tateT),  (6.334)

and the normalized variance becomes

o _ Vi Jdns [ ATiF; (7) Fo(r5) (0l {05(—s,73), bs' (=, 73) }|0ar)

Vo=~ T drs () P2 . (6.3.35)

It is convenient to introduce two quantities A, and B, as

-[1(9/; QOa Vo, 0, 8)7

1 1/4 —iQ'In(s)
Aw’ = /dw aoLJ’w(_S)fBK(waUO) = ( ) i

2m0% ) 2¢/Q'sinh (7 Q)T (i)
B = /dw B =5) Iy (w, v0) = (27302) 1/42\/@52}12:';(@9')]2(9/; o, v0,,5),
(6.3.36)
where
L8, v, 0,5) = /OOO \d/% O+ Q’)sinh(ej;(;?(_;g;)li(—i(ﬁ T Q’))eXp{ ) %}
B = [ N IoE z’e)siihzé);;};rlzf)i)fz)r(i(sz - m)eXp{ ) %

b

(6.3.37)
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Substituting A, and B, into (6.3.33), we find

I — 52/dw(]Aw!2+ |Bw|2+AwB;5+Aj;Bw)

5 T o dQ? 9 9 . *
- B A [m(w () +11<Q>f2<9>+11<9>12<9>],

cut

(6.3.38)

and

eQﬂQ —1

V, = BQ/dw(yAwFJr\Bw|2+AwB;+A;Bw)

2 Q > dQ 9 9 . .
=7 42 (0 /a) /cht sinh (7€) {’Il(ﬂﬂ L)+ H(Q)LQ) + L(Y)]; (Q)}

62#9 + 1
X 627‘(‘Q _ 1’

(6.3.39)

where .y = weys/a represents the low frequency cutoff.

In the high central frequency and narrow bandwidth limit, namely, Q¢ > 1 and Qg > o/a,
the integrals I1(€; Qo, vo, 0, s) and I5(€; Qg,vo, 0, s) can be evaluated approximately. This

is due to the fact that the Gamma’s function can be approximated as
['(2) ~ V2m27 Y22 (6.3.40)

when |z| is large. The only issue here comes from ['(i(2 — €)). When ' is close to €,
i(Q — Q') ~ 0, the above approximation is not valid. However, numerical calculation shows

that B, rapidly decays when € increases. Therefore it is reasonable to only consider small

Y, so that Q@ — ' > 1 and Eq. (6.3.40) can be applied to I'(i(2 — Q)).

We take the high central frequency and narrow bandwidth limit, evaluate the strength of
the local oscillator and the normalized variance, Eq. . The results are shown in Figs.
and [6.9} By comparing Figs. and [6.2], we can see that the strengths of local oscillator
received by the accelerated observer in two different scenarios are almost the same. This is
also true for the normalized variances, if one compares Figs. and [6.3] This implies that,
in the high central frequency and narrow bandwidth limit, the output of the homodyne
detection as performed by an accelerated observer does not depend on the motion of the

senders. Instead, it reflects the unique properties of the horizon of the receiver.
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FIGURE 6.8: Strength of local oscillator in the case where an accelerated observer communicates with
another accelerated observer. Three low frequency cutoffs are plotted: ¢y = 0.00001(top), 0.001(middle),
0.1(bottom), § = %= = 10.
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FIGURE 6.9: Normalized variance in the case where an accelerated observer communicates with another
accelerated observer. Three low frequency cutoffs are plotted: Qe, = 0.01(top), 0.05(middle), 0.1(bottom),
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6.4 SUMMARY 129

6.4 Summary

In this chapter, we discuss quantum communication using coherent states and homodyne
detection with a uniformly accelerated observer in the horizon-straddling case in which the
sender sends both the signal and local oscillator. Two different protocols are studied: the
sender is either an inertial observer or a uniformly accelerated observer. In the case that the
sender is inertial, we find that under some special conditions the accelerated observer cannot
detect substantial low frequency particles regardless of his proper acceleration, in contrast
with the general viewpoint that the accelerated observer sees large amounts of low frequency
particles if their acceleration is large. We also show that the Unruh frequency provides a
natural low frequency cutoff both for quantum limited classical communication and quantum

communication between the inertial observer and uniformly accelerated observer.

In the case that the sender is another uniformly accelerated observer, we derived the general
expressions for the expectation value of the quadrature amplitude and the variance. In
the high central frequency and narrow bandwidth limit, we explicitly calculated the the
normalized output signal and the normalized variance. It is surprising that they are almost
the same as that in the case where the sender is inertial. We thus conclude that the output
of the homodyne detection as performed by an accelerated observer does not depend on the

motion of the senders. Instead, it reflects the unique properties of the horizon of the receiver.
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Quantum Circuit Model for Non-inertial

Objects: Accelerated Mirror

7.1 Introduction

It has been well known since the 1970s that a moving mirror can radiate particles [Moo70,
EDT76]. A perfect moving mirror acts as a moving boundary and thus changes the states,
especially the vacuum, of the quantum fields. For an appropriately chosen accelerated tra-
jectory the radiation flux is thermal, and an analogy [DF77, Wal85, [(CW87| can be drawn
with Hawking radiation from a collapsing star [Haw75] that eventually forms a black hole.
Since the thermal fluxes are correlated with the final vacuum fluctuations, some authors
[Wil93, [HSU15|] have proposed that the emission of the large amounts of information left in

the black hole need not be accompanied by the eventual emission of a large amount of energy,

131
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providing a new perspective to the solution of the black hole information paradox [Haw76].
Recently, experiments have been performed to mimic the moving mirrors by changing the
properties of the materials, e.g., the inductance of a superconducting quantum interference

device WJPT11, LPHHI13].

When the mirror is uniformly accelerating, its trajectory is a hyperbola in spacetime, and
both the energy flux and particle flux are zero away from the event horizon [FD76, [DF77,
BD82, [Gro86]. Particles and energy are only radiated when the acceleration of the mirror
changes. In the case that the mirror eternally accelerates, the energy flux along the horizon
is divergent [FS79, [F'S80, [FS99, Kay15, IKL16]. This divergence is evidently related to the
ideal assumption that the mirror accelerates for infinitely long time. One way to get rid of
the divergence is to turn on and off the mirror so that effectively it interacts with the fields

for a finite time [OPO1, [(OP03al, [(OP0O3D].

In this chapter, we develop a quantum circuit model to describe unitary interactions be-
tween quantum fields and a uniformly accelerated object (such as a mirror, cavity, squeezer
etc.). This allows one to straightforwardly calculate the radiation produced by such objects
as observed by a localized Minkowski (inertial) observer. We concentrate on a uniformly
accelerated object because the transformations between Minkowski modes, Rindler modes
and Unruh modes are well known [Unr76|, [Tak86, [CHMO08| and can be represented by some
simple quantum optical elements, like two-mode squeezers, beamsplitters etc. As an applica-
tion of our circuit model, we revisit the uniformly accelerated mirror problem with variable
reflection coefficient R,, in (1 + 1)-dimensional Minkowski spacetime. Our approach has a
number of advantages. It allows inclusion of general unitary interactions (including nonlinear
interactions), generalizing the formalism developed for linear scattering [MP96]. It is also
non-perturbative in the reflection coefficient R, unlike the self-interaction model proposed
by Obadia and Parentani [OP01], which requires a perturbative expansion in this quantity

and so is valid only for low reflection coefficients.

For the eternally accelerated mirror, the radiation flux detected in a localized Minkowski
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wave packet mode is divergent. We can regularize this infrared divergence by introducing
a low-frequency cutoff for the mirror, which means the mirror is transparent for the low-
frequency field modes (to some extent, this is physically equivalent to having the mirror
interact with the field for a finite period of time). After infrared regularization the particle

number in a localized wave packet mode is finite.

We further study the properties of the radiation flux and find that the radiation field is locally
squeezed. That is, the variance of the field quadrature observable at a particular angle is
lower than the quantum vacuum noise. This local squeezing effect has gone unnoticed up
to now, but in our circuit model it is a very straightforward result. We show that the
generation of local squeezing is closely related to cutting the correlations across the horizon,
somewhat reminiscent of destroying coherences by allowing an accelerated thermal bath
(or an accelerated detector) to equilibrate with the traced out Minkowski vacuum state
[Unr92]. This mechanism of transferring correlations to local squeezing may have important
implications for black hole firewalls [AMPS13, BP13], as we shall discuss. It is known
that two-mode squeezing between the outgoing left-moving and right-moving modes is also
generated by an accelerating mirror [OP03b]. This means that the correlations between
the quadratures of these field modes are below the quantum vacuum noise, and implies
the presence of bipartite entanglement [WPGP712]. While the presence of entanglement
between left-moving and right-moving modes is obvious in our circuit model, we choose to
focus here on the properties of the left-moving modes alone. Henceforth, by ‘local squeezing’

we shall mean specifically the squeezing within the left-moving modes.

This chapter is organized as follows. Section constructs a general circuit model for a
uniformly accelerated object with time independent interactions, and derives input-output
relations for a uniformly accelerated mirror. Section [7.3| calculates the radiation flux from
a uniformly accelerated mirror. Section [7.4] investigates local squeezing in the radiation
field. Section [7.5| discusses possible connections with black hole firewalls. The results in this
chapter have been published in [SHMRI7h].
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7.2 Circuit model

7.2.1 Relations between Rindler modes and Unruh modes

In Chapter 4] we have introduced the relations between Rindler modes and Unruh modes.
These relations act as the foundation of our quantum circuit model. For simplicity, we focus
on a massless scalar field @ in (1 + 1)-dimensional Minkowski spacetime. There exists three
ways of quantizing the massless scalar field and the corresponding operators are known as
the Minkowski mode operators (@), Rindler mode operators (b2, bL ) and Unruh mode
operators (¢, (fmw) One can directly derive the Bogoliubov transformation between the
Minkowski modes and the Rindler modes to show the Unruh effect, or use the Unruh modes
as the stepping stone to link the Minkowski modes and Rindler modes. The utilization

of Unruh modes is proved to be very convenient because the relation between the Rindler

modes and Unruh modes is simply a two-mode squeezing transformation, as given by Eqgs.

and (T5.15)

In terms of concepts in quantum optics, the transformation from Unruh modes to Rindler
modes, Eq. (4.5.45), can be represented by a two-mode squeezer, as shown in Fig. (a).
The two output modes of the two-mode squeezer are the right and left Rindler modes, which
are spatially separated and independent. For a uniformly accelerated object in the right
Rindler wedge, it only interacts with the right Rindler modes and leaves the left Rindler
modes unchanged. So the accelerated object can be represented by a unitary connected to
the right Rindler modes. After the interaction, Rindler modes are transformed back to the
Unruh modes, which is described by Eq. (4.5.44). This transformation can be represented
by a two-mode antisqueezer, as shown by Fig. [7.1|(b).

7.2.2 General circuit for time independent interactions

How are the states of a quantum field affected by an object (such as a beamsplitter) that
is uniformly accelerated in the right Rindler wedge? This is the question of central interest

in this chapter. A straightforward way to study this problem is to work in the accelerated
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Cmuw bfmw bf’bw Cmuw
5 L DAL 3
dmw bmw : bmw dmw

FIGURE 7.1: (a) Two-mode squeezer: Unruh modes to Rindler modes. (b) Two-mode antisqueezer:
Rindler modes to Unruh modes.

frame in which the object is static. As we have mentioned before, the object only interacts
with Rindler modes in the right Rindler wedge and the Rindler modes in the left Rindler
wedge remain unaffected. The most general unitary interactions between the object and
the field not only couples the left-moving and right-moving Rindler modes, but also Rindler
modes with different frequencies. Together with Eqs. and , we can construct
a quantum circuit model (or input-output formalism) for the uniformly accelerated object.
We start from the inertial frame in which Unruh modes are used instead of Minkowski modes.
This makes the model simpler although we still need to transform the Minkowski modes to

the Unruh modes and vice versa.

First, based on Eq. (4.5.45)), the Unruh modes pass through a collection of two-mode squeez-

~

ers each of which couples a pair of Unruh modes (¢4, dne) With frequency dependent squeez-

ing parameter r,. Second, the output right Rindler modes ?)ﬁw interact with the object and

Z;/R

/B which could be a function of other Rindler frequency modes b% .

are transformed to
The left Rindler modes I;ﬁw remain unchanged. Finally, based on Eq. , the Rindler
modes pass through a collection of two-mode antisqueezers and are transformed to output
Unruh modes (&, d., ). If we use an inertial detector to detect the radiation field from the
accelerated object, then the final step is to compute the response of the inertial detector,
which is most conveniently done by transforming the Unruh modes (¢ d ) to Minkowski

mw? mw

modes.

We focus on time independent interactions in this chapter and discuss time dependent in-

teractions in the next chapter. If the interaction is time independent, the unitary does not
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couple Rindler modes with different frequencies, so that the input-output formalism is sub-
stantially simplified. Since modes with different frequencies are independent, we can draw a
quantum circuit for each single frequency. The quantum circuit is shown in Fig. [7.2] A pair
of left-moving Unruh modes (¢1,,dy,,) and a pair of right-moving Unruh modes (¢, day)

pass through the two-mode squeezers S, from which emerge left-moving Rindler modes

(b}

IR R
lw? b

bE ) and right-moving Rindler modes (b2 bL ), respectively. b2 and bE, interact with

each other when passing through the object (symbolized by the black dot in Fig. and

'R

emerge as b and b,

vE =UIE U, (7.2.1)
where the operator U, represents a general unitary transformation which includes nonlinear
interactions. For example, U, = exp{ixw(l;ﬁ B{%w)z} describes the nonlinear Kerr effect. After
that, the Rindler modes are combined by two-mode antisqueezers S !, ending up with Unruh

modes again.

~ ~f

Clw Cow .
! !
lw 2w
%/: : &\/
R ;) <
blw b2w
U
IR IR
b2m blw
bk bE
(g 2w lw %U)
62:.-; Clw
dgw dlw

FIGURE 7.2: Unruh modes pass through the squeezers and then become Rindler modes. The Rindler
modes in the right Rindler wedge interact with the object (U,) and then combine with the Rindler modes
from the left Rindler wedge in the antisqueezers, going back to Unruh modes again.
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If we restrict the unitary functions of up to quadratic power of the mode operators then a

linear input-output relation can be written. In particular,

bR = qmplt 4 gmipRt 4 g m2plt o g2yl (7.2.2)

%) ww

Note that this describes not only linear scattering but also active linear processes such as
squeezing (represented by the dagger terms). For computational purposes, we introduce

operator vectors ¢, d,,, b® and bZ, which are defined as

A éw S Czw "R Bf C L l;oLJ
N N R Y )]

Then Eqs. (4.5.44]) and (4.5.45)) can be rewritten as
En) _ oo (Pho) (Bl Ems
X - N R =S, ~ : 7.2.3
(dmw> Su,) (b#w)7 (b#w dmw ( )

_ ( Icosh(r,) o,sinh(r,)
S = (axsinh(rw) Icosh(r,,) ) 24

with

01

1 0) is one of the Pauli matrices. The

where [ = ( (1)(1)) is the identity matrix and o, = (
transformation between the input Unruh modes (€, Ellw, Cou, &Qw)T and the output Unruh

modes (¢, d) . ¢, .d, )T can be represented as
lwlw? Y2wr 2w

Ay ~
Clw Clw
d d

lw _ lw

=S US| |- (7.2.5)
C2w Cow
A ~
d2w d2w

S, characterizes the transformation from Unruh modes to Rindler modes

S, = <5(;w ;w> (7.2.6)

and U, characterizes the action of the object

Ull 0 U12 0
0O I 0 0
U, = (7.2.7)
U0 U2 0
0O 0 0 I
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where

o= (g ). (7.25)

w 6mn* QmIvE
ww ww

We want to emphasize that the general formalism developed here is valid for a wide class
of quantum optical devices (objects), such as beamsplitters, single-mode squeezers, two-
mode squeezers and cavities. In the next chapter, we will show that it generalizes to devices
with time-dependent parameters, e.g., beamsplitters with time-dependent transmission coef-

ficients. In this chapter, we mainly apply the formalism to the simplest case, a beamsplitter.

7.2.3 Circuit model for a uniformly accelerated mirror

The perfect moving mirror problem has been extensively studied for several decades. A
perfect moving mirror provides a clear boundary for a quantum field, which vanishes along
the mirror’s trajectory. The standard method for calculating the radiation from a perfect
moving mirror is to find the Bogoliubov transformation between the input and output modes
by taking into account the Dirichlet boundary condition [BD82]. However a realistic mirror
is not perfect but usually partially transparent, for which the Dirichlet boundary condition
is not satisfied. In this chapter, we are interested in a uniformly accelerated imperfect mirror
whose motion looks nontrivial for an inertial observer. Rather than use the standard method
(which is still valid if appropriate boundary conditions are considered), we shall employ the
circuit model developed in the previous subsection, leading to a much simpler way to attack

this problem.

The idea is to work in the accelerated frame, in which the mirror is static and can be
considered as a beamsplitter. Without loss of generality, we assume that the mirror uniformly
accelerates in the right Rindler wedge. The beamsplitter transforms the right Rindler modes

as

VE = cosf,bf — ie"®sin6,bY

~

VE = cosf,bl —ie "sin 6, bl (7.2.9)
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where 6, an ¢, are frequency dependent. The relative phase shift ie**®> ensures that the
transformation is unitary. The intensity reflection and transmission coefficients of the beam-

splitter are
R, =sin?6,, T, = cos?b,.

By comparing Egs. ((7.2.9) and ([7.2.2]) we have

oo 22 _
a,, = o, =cosb,,

12 _ 2% _ i o
o, = —o,, =—1e""snb,,

and all 8" are zero. We can therefore express the action of the beamsplitter as

Icosf, 0 Zsinf, 0
0 1 0 0
U, = , (7.2.10)
—Z*sinf, 0 Icosf, O
0 0 0 I

where [ is the 2 x 2 identity matrix and

i plPw
Z:< 28 0 > (7.2.11)

ie i
The explicit expressions for the transformation Eq. (7.2.5) can be calculated straightfor-
wardly. We find
¢\, = ¢&fcosh?(ry,)cos b, — sinh?(r,)] — o,dyucosh(r,)sinh(r,)(1 — cosb,,)

+Ze&y,cosh?(r,)sin b, + Z oxaQWCOSh(rw)sinh(rw)sin 0.

. Jt
= [cosh?(r,)cos @, — sinh?(r, flw — cosh(ry)sinh(r,,)(1 — cos b, et
! d

Clw 1w
_jotbw —i€i¢w CZT
+cosh?(r,)sin 6, (iel_@i(st écf:j) + cosh(r,,)sinh(r,)sin 6, (z’e—i% J;:) , (7.2.12)
d,, = o,¢,cosh(r,)sinh(r,)(1 — cosf,) + dy,[cosh?(r,) — sinh?(r,,)cos 6,)]

—0,Z €y, cosh(r,)sinh(r,)sin 6, — UzZa$agwsinh2(Tw)sin 0.,

~F dA
= cosh(r,)sinh(r,,)(1 — cosf,) (flw) + [cosh?(r,,) — sinh?(r,,)cos 6] (jw)
Clw lw

o—itw AT e~ ibw ]
—cosh(r,)sinh(r,)sin 6, <Z€ CQ“) — sinh?(r,)sin 4, (ze 2w) , (7.2.13)

. N L. 5
—ieiPw iy, —iettedl
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ch, = —Z*élwcosh2(rw)sin6w—Z*axéllwcosh(rw)sinh(rw)sinHw

+&gu[cosh?(r,)cos B, — sinh?(r, )] — o,daucosh(r,)sinh(r,)(1 — cos6,,)

et —je—itw gt
— cosh®(ry)sinf,, ( i@e@i% éilw> + cosh(r,)sinh(r,)sin 6, ( wa dlwm)
G db
+[cosh?(r,)cos 6, — sinh?(r,,)] (é‘r ) — cosh(ry)sinh(ry,) (1 — cosb,) (aZ ‘”) :
2w 2w
(7.2.14)
(31'2“) = —0,4"¢y,cosh(r,)sinh(r,)sin b, + axZ*am(_:llwsinh2(7"w)sin 0,
+0,E9,c08h (1, )sinh(r,,) (1 — cos 8,,) + day[cosh?(r,) — sinh?(r,)cos 6]
;i At eidw ]
= —cosh(r,)sinh(r,,)sin 6, (—Zii—i¢ilg1w) — sinh?(r,,)sin 6, (_Z;—zmlgh)
éT CiQw
+cosh(r,)sinh(r,)(1 — cosb,) <A2w) + [cosh?(r,,) — sinh?(r,,)cos 6] <aﬁ )
Cow 2w
(7.2.15)

With these transformations, it is easy to calculate the expectation value of the particle

number of the output mode ¢},

(O] EL e 10a) = 2(1 — cosb,,)cosh?(r,)sinh?(r,,)6(w — w')
6271'w/a )
= 2(1—c039w)m5(w—w)
= n(w)d(w—w). (7.2.16)

The corresponding expectation values for the other three outputs is the same as Eq. ((7.2.16)).
Hence the number of Unruh particles in every output is generally not zero. The particle-

number distribution is
627rw/a

(627rw/a _ 1)2’

depending on the transmission coefficient of the uniformly accelerated mirror. Note that

n(w) = 2(1 — cosb,) (7.2.17)

n(w) = 0 only when 6, = 0; in other words when the mirror is completely transparent to
the field mode with frequency w. We also note that the distribution of the output Unruh

particles is not thermal.
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7.3 Radiation from an eternally accelerated mirror

.
Inertial . .
. P
detector ~ .
R

A 4
X

h
*% Mirror

FIGURE 7.3: A uniformly accelerated mirror on the right Rindler wedge. An inertial detector is placed
at an appropriate position to detect left-moving particles coming from the uniformly accelerated mirror.

7.3.1 Particle number flux

As an application of the quantum circuit model, we calculate the radiation flux from an
eternally accelerated mirror. As shown in Fig. an inertial detector is placed at an
appropriate position to detect the left-moving particles radiated by the accelerated mirror.
In the previous section, we have shown that the accelerated mirror radiates Unruh particles.
However when considering the response of an inertial detector, it is more convenient to use
Minkowski modes. The transformation from Unruh modes to Minkowski modes is given
by Eq. . Since we only consider left-moving modes here, without introducing any
confusion, we omit the subscript “1”7. In realistic quantum optics experiments a detector
normally detects localized wave packet modes. In order to take this into account we consider

Gaussian wave packet modes defined as

a(f) = /OOO dk f (ks ko, o, Vo), (7.3.1)
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where

ks ko, 0, Vi) = < ! )1/4 eXp{ _ k)P mvo} (7.3.2)

2o 402

with kg, o and V the central frequency, bandwidth and central position, respectively. In the
narrow bandwidth limit (kg > o), the integration over k can be approximately calculated

to a very good accuracy.

When kg > o, the Gaussian wave packet f(k;ko,o,Vp) is significantly nonzero only for
positive k, so the range of integration of k can be extended to (—o0, c0) without introducing
large errors. Secondly, since f(k; ko, o, Vp) is well localized around kg, those values of Ay,

and By, only near kg are relevant. Writing [DRW13]

1 k w/a 1 ek .up ko
RN L ek ey (7.3.3)
wle) =

and then expanding Ay, and By, around kg yields

> 1\ V4 N .
Af“E/o Y o (2_) DS (meofa) (1 — o /a)es 12D ¢ ikoVs

X exp { - UQ(M/“]{% oVo)” } (7.3.4)

o] 1 1/4 . '
By, = / dkf(k)Br, ~ —i a ( > 2 sinh (7w /a)T(1 + iw/a/>eflgln(%)e*2ko‘/0
0

Twkg o

X exp { - "2(“’/“]% kOVO)Q} (7.3.5)

up to first order in k — k. Using Eq. (7.2.16) and

P — iw/a)? = [P(1 + iw/a)|? = —2/@ (7.3.6)

sinh(7w/a)
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the expectation value N(f) = (0y]a’(f)a(f)|0ar) of the Gaussian mode particle number is
N = [ do [ A Oul(Apd + Brud) (Al + Brd.)low)

627rw/a

(627rw/a _ 1)2 ’

S [ nfo ] [ i

(7.3.7)

_ 2/dw(|Afw|2+ IByul?)(1 = cos 6,)

1 — COSGQ)m,

where 2 = w/a is the dimensionless Rindler frequency.

Two special cases are of particular interest. Consider first that the mirror is completely
transparent for all modes, that is cos? 8, = 1. From Eq. , the particle number
vanishes, N(f) = 0. This is not surprising because a completely transparent mirror does
nothing to the Minkowski vacuum. The second case is that the mirror is perfect for all
modes, that is, cos® 6, = 0. When Q — 0, (™ —1)72 ~ Q=2 and all other factors in the
integrand of Eq. are finite. Therefore, the particle number N(f) is divergent.

This infrared divergence occurs because we naively assume that the mirror accelerates for
an infinitely long time, which seems physically unreasonable. In the framework of the self-
interaction model, the mirror is switched on and off so that one obtains finite particle flux
[OP01]. In our circuit model, we could also switch on and off the mirror. However instead we
shall use a simpler method of regularization. The idea is to directly introduce a low frequency
cutoff for the mirror, that is, the mirror is completely transparent for low-frequency field
modes. The mechanism for a physical mirror to reflect electromagnetic waves is that the
atoms consisting of the mirror absorb electromagnetic waves and then reemit them again.
If the wavelength of the electromagnetic wave is very long, the response time of the mirror
is very long. Hence if the mirror accelerates for a finite time, it cannot respond to Rindler

modes with characteristic oscillation period longer than the accelerating time.
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In this sense, introducing a low-frequency cutoff is equivalent to switching on and off the
mirror. In higher dimensional spacetime, e.g., (1+3)-dimensional spacetime, there is another
reason justifying a low-frequency cutoff. A physical mirror with finite size cannot reflect field
modes whose wavelengths are much larger than its size. This infrared divergence is not due to
the pathological character of a massless scalar field in (1+ 1)-dimensional spacetime [Col73];
it also appears in higher dimensional spacetime [FS99] if the mirror is accelerated for an

infinitely long time. If we assume that the reflectivity R, of the mirror is a power law of w

0.035 ; ‘
—o/a=10
'=1=10/a=05
003 A - ofa=02]]
0.025F
=
8 002
£
=
z
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[V
o
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FIGURE 7.4: Particle number versus central position of the Gaussian wave packet: ko/a = 20, ag = 10.
For larger bandwidth (narrower wave packet in time domain), the particle number distribution is narrower,
showing that particles are localized around the past event horizon.

as w — 0 (R, ~ w?) then in order to obtain finite particle number we must have v > 1. As
a concrete example, we choose

920.}2

— «in2 —
Rw—sm ew—m,

(7.3.8)

where ¢ is a parameter characterizing the low-frequency cutoff. Fig. shows the particle
number N(f) versus the central position of the Gaussian wave packet. We can see that
the particle-number distribution is symmetric with respect to V5 = 0. In addition, for larger

bandwidth (narrower wave packet in time domain), the distribution is more localized around
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FIGURE 7.5: Energy of the wave packets versus the central frequency: o/a = 1.0,aVy = 0,ag = 10. The
energy is almost constant in the high central frequency limit.

Vo = 0. These two facts indicate that the particle flux radiated by the uniformly accelerated
mirror is well localized around the past horizon V;; = 0. Since the mirror starts to accelerate
in the distant past, that means the mirror only radiates particles when it starts accelerating.

It radiates no particles when it is uniformly accelerating.

7.3.2 Total energy flux

Since we are considering a narrow bandwidth Gaussian wave packet mode with central
frequency kg, the energy of the field in this wave packet mode can be approximated as
koN(f), which is finite. It is interesting to know how much energy was emitted by the
uniformly accelerated mirror. This can be calculated by integrating the energy in each wave

packet mode for all k.

In the large ko limit, we can derive an analytically approximate expression for the particle
number N(f). From Eq. (7.3.7), one expects that the term in the braces has two peaks

at koVp and —koVh. If kg is large then the peaks are far away from the origin. However,
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the factor % exponentially decays for large €2 so that it strongly suppresses one of
the Gaussian peaks. Therefore, the main contribution to the integration is from the low

frequency. We Taylor expand the term in the braces to second order,

20%(Q — koVp)? 20%(Q + koVp)?
L ow))]ﬂxp[_ o2 + Vo)
0

202
-~ 26_202‘/02 4 40°1)

27,2 —202V2
B2 ~ R (40°Vy5 — 1)e 0,

exp | —

In order to get an analytic expression, we introduce a sharp low frequency cutoff instead of
the smooth cutoff Eq. (7.3.8): R, = 1 for Q > € and zero for 0 < ©Q < e. Therefore we
have 1 — cosfg = 1 for 2 > € and zero for 0 < Q < e. The particle number N(f) can be

approximated as

20 21,2 & 22 202 o Q220
4 Y 2 VO Q 4 2772 1 Q—

2 3/2 g _9252V/2 1 202 1 62
(2) @)eilmm e e -o(n-5)] @

Comparison with direct numerical calculation shows that Eq. (7.3.9) is a very good ap-

N(f)

Q

Q

proximation when € is small. We can see that the particle number is dependent on the low
frequency cutoff €. The first term of Eq. (7.3.9)) is proportional to ﬁ which is divergent
when € — 0. Furthermore, in the high central frequency limit ky — oo, the leading order
term of N(f) is proportional to %, yielding the relationship E(f) ~ koN(f) ~ O(1) for the

energy of the wave packet.

A numerical result shown in Fig. for smooth cutoff verifies the analytical result, namely,
the energy in a wave packet tends to be a constant in the large kg limit. Therefore, adding
up the energy of all wave packets yields a divergent result. This ultraviolet divergence arises
as a consequence of the physically unrealistic assumption that the mirror is accelerated
eternally, so that it appears to any inertial observers when they cross the past horizon.
This ultraviolet divergence can be removed by smoothly switching on the mirror [OP01],
or by considering an accelerated mirror whose acceleration was slowly increased from zero.
For a switch-on timescale of AT, the particle number is suppressed for wave packets with
central frequency ko > ﬁ while it remains the same for wave packets with central frequency
1

ko < x7. Therefore Eq. (7.3.7) is not applicable to wave packets with very high central
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frequency because it does not take into account physical initial conditions. In next chapter,
we are going to study interactions that are turned on and off, so that the energy divergence

problem can be resolved.

7.4 Squeezing from accelerated mirrors

The two-mode squeezing process is a well-known mechanism for generating particles from the
vacuum. Examples of two-mode squeezing include non-degenerate parametric amplification
[BRO4] and the Unruh effect [Unr76]. In the Unruh effect only one of the modes is observed
locally. Hence, although the two output modes are entangled with each other, so that
the composite state is a pure state, the locally observed state appears thermal. Another
important mechanism is the single-mode squeezing process, for which the locally observed
state is squeezed and pure; degenerate parametric amplification is an example [BR04]. Tt is
possible that a particle generation process is the combination of the two, which we now show
is the case for the uniformly accelerated mirror. Using the quantum circuit model for the
uniformly accelerated mirror, it is very easy to show that the wave packet mode is locally
squeezed at some quadrature phase depending on the central frequency and central position

of the wave packet.

Using Eqgs. (7.2.12)-(7.2.15)), it is straightforward to calculate the expectation values of the

products of two Unruh operators in the Minkowski vacuum state.

<OM‘émwj;nw’ ‘OM> = <0M’£;nwé;nw’ ’0M> = <0M’é;;r1wdg1w’ ’OM> = <OM’CZ;ILwé:7T1w’ ‘OM>

= —(1 — cosb,) cosh(r,)sinh(r,) | sinh?(r,) + cosh?(r,) | §(w — '),

(7.4.1)

(0r]&, s |00r) = (Ona|day i [Oar) = (Onrlét,dit [0y = (Ons|d, &l |0ar)*

= ie"? sin @, cosh(r,,) sinh(r,)d(w — W), (7.4.2)
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(O], dis[0ar) = (Onrdi,Ehr|Ons) = (Onr|ég,dl|0ar)* = (O], [0nr)"

= —ie "~ sind, cosh(r,)sinh(r,)d(w — '), (7.4.3)

with others zero and here m = 1,2. We can see that the left-moving Unruh ¢ modes and d’
modes are correlated. This is consistent with the pair production of Unruh quanta by linear
scattering of Rindler quanta discussed in [MP96]. Furthermore, the left—moving Unruh modes
are also correlated to the right-moving Unruh modes, as shown by Egs. and -
From the perspective of an inertial observer, however, the Unruh modes hlghly oscillate
when close to the horizon, so it is not clear what kind of physical detector can respond
to the Unruh quanta and how to witness the correlations between the Unruh modes. We
thus transform the Unruh modes to localized Minkowski modes to take into account the
response of an inertial detector. While, according to Egs. and , it is expected
that the left-moving and right-moving Minkowski modes are correlated, we mainly focus on

left-moving Minkowski modes here.

7.4.1 Narrow bandwidth detector mode

We first consider left-moving and narrow bandwidth (ky > o) Gaussian wave packet modes.

using Eqs. (4.5.46)), (7.3.1), (7.3.4), (7.3.5)) and (7.4.1), we have

+BkwAk’ <OM|d Cow’ |0M

_ _\/§0 —%ikoV /Oo A9 exp [_ o%(Q —2koV0)2
ko 0 kg

2 0 k 2 2782 1
M} (1 — cos fg)e™ e+

- 7.4.4
k2 (€272 — 1)2 ( )

xexp[—

The quadrature observable of the localized wave packet mode a(f) is defined as

X(¢)=a(f)e ™ 4 a'(f)e, (7.4.5)
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where ¢ is the quadrature phase. From Eqs. (7.3.7) and ([7.4.4), we find that for a narrow

bandwidth Gaussian wave packet the variance is

(AX(@))°
= 1+ 2(0na’(f)a(f)|0sr) +2 Re [<0M|d(f)a(f)|oM>e—2z‘¢]

20 [* 202(Q — koVp)? 202(Q + koVp)?
= 1+4\/;k—0/ dQ{ exp [— P2 +exp | — 2 }
o279 o0 2() _ 2
X (1 — cos 09)( =0 1) f— cos(2¢ + 2]{:0\/0)/ dQ exp {— M]
- 0

kg
o2 (Q + koVp)?
kg

27
q € +1

Eamt (7.4.6)

X exp [_ }(1 — cosfg)e

where we have used the fact that in the Minkowski vacuum state, (04| X (¢)[0/) = 0. The
variance of the wave packet mode could be smaller than one if the third term of Eq. ([7.4.6))
is larger than the second term. In order to show that squeezing is possible, we consider a

Gaussian wave packet centered at Vy = 0. Eq. (7.4.6) considerably simplifies, yielding

- 20 [ 20202 ™2
AX™n) =1 4\ﬁ— 0 _ 1— <1 (74
( ) e /0 dQ exp ( w2 ) X (1 — cos 99)(67rQ 1 <1 (7.4.7)

for the minimum of (AX(¢))2, which is at ¢ = 0.

The variance of the quadrature beats the quantum shot noise, showing that the Gaussian
wave packet mode is squeezed. When the center of the Gaussian wave packet is away from the
past horizon V = 0, the mode is squeezed at a different quadrature phase angle. According
to Eq. , the minimum of the variance is reached when ¢, + kqVy = 0 is satisfied, that
is

¢s = —koVo. (7.4.8)

The squeezing phase angle ¢, depends on both the central frequency and central position
of the Gaussian wave packet. Other than the rotation of the squeezing phase angle, the
squeezing amplitude decreases when the center of the wave packet is away from the past
horizon. Fig. shows the minimum variance of various wave packet modes (different

central position and bandwidth), where the condition (7.4.8) has been satisfied.
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FIGURE 7.6: Minimum variance versus central position of the Gaussian wave packet: kq/a = 20, ag = 10.
Maximum squeezing is achieved when the wave packet centres on the past horizon V) = 0. The squeezing is
stronger for larger bandwidth wave packets.

7.4.2 Broad bandwidth detector mode

From Fig. [7.6| we see that the squeezing is stronger for a larger bandwidth Gaussian wave
packet, which implies that different single-frequency Minkowski modes are also correlated.
This can be verified if we replace f(k) in Eq. by a Dirac delta function d(k — ko).
In order to show that significant squeezing can be achieved, we consider a broad bandwidth
wave packet mode. We introduce a specific example of a broad bandwidth localized detector
mode and calculate its expectation of particle number and variance. The broad bandwidth

wave packet is defined as

402

g(k: ko, 0, Vi) = N\/Eexp{ _ (k= ko)® z’kVo} (7.4.9)

where vk is introduced to kill the low frequency tail. N is the normalization factor

¥ ~1/2
N = {026202 + \/gkoa [1 + erf(\jga)] } : (7.4.10)

where erf(z) is the Error function. When ky > o, g(k) reduces to the usual Gaussian wave

packet f(k). When kg < o, g(k) is no longer a Gaussian wave packet and generally kq does
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not play the role as the central frequency of the wave packet. According to Eqgs. (4.5.32)

and (4.5.37)), we find
o ' V2 sinh 7€)
/ dk g(k) Aw, iN/av2sinh r
0 21/ Q
_iN\/a\/QsinhﬂQF(1+iQ><2_a
27r\/§ a

(1—i0) (ﬁ)ige—fﬁzA(Q), (7.4.11)

a

0o —i2 2
/ dk g(k) By, = ) T TH(Q), (7.4.12)
0

where Z4(§2) and Zp(2) are

1 Q Q3 (ko — 2i0°Vp)?
I, = —(k0—2z'02V0)F(1+Z—> 1F1(1+Z 3 (ko — 2i0 VO))
a

2 2792 402
o (1 iQ 1 iQ 1 (ko — 2i0%V})?
a2 pl s 22
T (2+2)11(2+2’2’ 402 ’
1 L, i) iQ 3 (ko — 2i0°Vp)?
IB = a(k0—220' ‘/0) F(l-;) 1F1(1—?,§, 40_2
LI 1 i o 1_@)1’(74:0—22'02‘/0)2 |
a 2 2 2 22 402

with 1 F (b, ¢, z) the generalized Hypergeometric function [NIS]. The particle number in this

localized wave packet detector mode is

aN 2 _ K2 627TQ
N(g) = %6 ﬁ /dQ(|IA|2 + |IB|2)(1 — COS Qg)m (7.4.13)
and
. (aN) i e
<0M]a(g)a(g)|0M> = — p e 202 d§) IAIB(l — COS QQ)G <€27"Q——1)2 (7414)

Therefore the variance of the wave packet is

(AX(6)” = 1+2N(g)+2 Re[(0nla(g)a(g)|0ar)e27]

2(aN)? _ i e 2 2
= 1 + - € 20 /dQ (1 — cosﬁg)m |IA| + |IB|
—2cosh(mQ2) Re (IAIB€_2i¢):| : (7.4.15)

Fig. [7.7 shows the minimum variance of the broadband wave packet modes centred on the
past horizon. About 14% squeezing can be attained as we increase the bandwidth. For a
very large bandwidth wave packet mode (such as a broad bandwidth top-hat mode), we find
that the minimum variance approaches but never exceeds 50%. We also note that when

cos(2¢ + 2koVy) = —1, the variance is maximal and larger than unity.
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FIGURE 7.7: Minimum variance of broad bandwidth wave packet modes (Eq. (7.4.9))) centred on the
past horizon: kg/a = 20,ag = 10. Stronger squeezing is achieved for larger bandwidth wave packet mode.

7.4.3 Ratio of single-mode squeezing

Both a single-mode squeezed state and one mode of a two-mode squeezed state contain
particles. However it is possible for a single-mode squeezed state to be pure (and hence
separable) whilst one mode of a two-mode squeezed state is mixed due to its entanglement
with the other mode. Thus (given the same particle number) the presence of single-mode
squeezing indicates a greater level of purity and separability from other modes than would
be the case if there were only two mode squeezing. Given this relationship it is interesting
to ask what proportion of the particle number in the detected mode is due to single-mode
squeezing and how much is due to to two-mode squeezing. The contribution by pure single-
mode squeezing to the particle number can be estimated as

1 1

N2 .. . .
where V,,;, = (AX mm) is the minimum variance. The ratio

N,

ps

U:N

(7.4.17)
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characterizes how important the single-mode squeezing is as compare to correlations with
other field modes. Here N is the total particle number of the detected mode. For a pure
single-mode squeezed state one can verify that n = 1. Fig. 7.8 shows the portion of particle
number from single-mode squeezing is small (up to ~ 3%) but not negligible. Note that for

a very large bandwidth top-hat detection mode, n can climb as high as 7%.

30 40 50
ol/a

FIGURE 7.8: Portion of particle number from single-mode squeezing for broad bandwidth wave packet
modes (Eq. (7.4.9))) centering on the past horizon: kg/a = 20,ag = 10.

7.4.4 Origin of single-mode squeezing

According to the quantum circuit model, it is easy to understand the origin of the local
squeezing. In Fig. , after passing through the mirror the left-moving Rindler mode ZA)ZUR in
the right Rindler wedge is in thermal state, as well as the left-moving Rindler mode IA)LLU in
the L wedge. The entanglement between I;f and lA){; depends on the transmission coefficient
of the mirror. If the mirror is completely transparent, they are perfectly entangled; while if
the mirror is perfect, the entanglement is completely severed. The Rindler modes l;f and ZA)ﬁ
further pass through a two-mode antisqueezer S !, ending up with two Unruh modes ¢, and

szm which are also entangled. The amount of entanglement between ¢, and cZ(’U depends on
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the amount of entanglement between H/% and b%. If 'F and bL are perfectly entangled, there

is no entanglement between ¢, and d.; otherwise, &, and d/, are partially entangled. From

Eq. (4.5.46)), the Minkowski mode @y, is a linear combination of the Unruh modes ¢, and cZ:J
It is a general result in quantum optics that a linear combination of entangled modes would
produce single-mode squeezing, e.g., a 50 : 50 beamsplitter transforms a two-mode squeezed

state into single-mode squeezed sate in each output mode. Therefore, the Minkowski mode

ay, is squeezed.

It is clear that the local squeezing is closely related to the correlations across the horizon.
If the mirror is transparent (cosfg = 1), the correlations across the horizon are preserved
and there is no local squeezing. When one uses a partially transmitting mirror (cosfq < 1)
to sever the correlations across the horizon, local squeezing is inevitably produced according
to Eq. . Furthermore, there may be other ways to sever the correlations across the
horizon, for example by using two uniformly accelerated Unruh-DeWitt detectors in left and

right Rindler wedges [MS06, SMM15].

7.5 Squeezed Firewall ?

Recently three assertions about black hole evaporation were shown to be mutually incon-
sistent [AMPS13]: (i) Hawking radiation is a unitary process, (ii) low energy effective field
theory is valid near the event horizon, and (iii) an infalling observer encounters nothing
unusual at the horizon. One of the proposed solutions to this paradox is that the infalling
observer burns up at the horizon. A black hole firewall forms at the horizon for an old black

hole and the correlations across the horizon are severed.

Recently this firewall state was modeled for a Rindler horizon in Minkowski spacetime by
severing correlations across the horizon. The correlations across the horizon are severed by
requiring the Wightman function to be zero, disregarding the underlying dynamics. Fur-
thermore, a low-frequency cutoff in the Wightman function was introduced, implying that

correlations between high-frequency modes are cut whilst correlations between low-frequency
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modes are preserved. The response of an Unruh-DeWitt detector was seen to be finite

[Loul4], leading to the author’s conclusion of a finite firewall.

We propose that a uniformly accelerated mirror is a possible mechanism for generating a
Rindler firewall. From the quantum circuit model we can see that the accelerated mirror acts
as a pair of scissors cutting the correlations across the past horizon. If the mirror is perfect,
the correlations across the horizon are completely severed and the particle flux along the
horizon is divergent. This is a hot firewall, destroying everything that crosses it. However,
if the mirror is not perfect but transparent for low-frequency modes, the high-frequency
correlations are cut while low-frequency correlations are preserved, and the particle flux in a
localized wave packet mode along the horizon is finite, similar to the warm firewall proposed
by Louko [Loul4]. In Sec. [7.4] we showed that the radiation field from the accelerated mirror
is locally squeezed, which implies that the Rindler firewall is locally squeezed. It seems that
local squeezing is a general property of a Rindler firewall because in order to form a firewall

one has to cut the correlations across the horizon, which inevitably generates local squeezing.

Is a black hole firewall locally squeezed? Black hole firewalls are introduced in order to
preserve the unitarity of black hole evolution [AMPS13, BP13|. For an old black hole, the
late time Hawking radiation should be correlated with early time Hawking radiation but not
with the degrees of freedom inside the event horizon. The correlations across the horizon are
severed during the evaporation. According to the arguments for the Rindler firewall, it is
reasonable to conjecture that the black hole firewalls are also locally squeezed. In addition,
if the local squeezing is strong enough, black hole firewalls do not have to be entangled with

other unknown systems.

7.6 Summary

We have developed a quantum circuit formalism to describe unitary interactions between
a uniformly accelerated object and the quantum fields. The key point is to work in the

accelerated frame where the object is stationary and couples only to Rindler modes in one
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of the Rindler wedges. If the initial state of the quantum fields is given in the inertial
frame and the response of inertial detectors is considered, we have to transform modes from
the inertial frame to the accelerated frame, which turns out to be a two-mode squeezing
operation if we consider Unruh modes instead of Minkowski modes in the inertial frame. We
thus can construct a quantum circuit using two-mode squeezers and devices depending on

the interaction of the object with the Rindler modes.

As an example, we studied a uniformly accelerated mirror. In the accelerated frame, the
mirror is stationary and is simply a beamsplitter with frequency dependent reflection co-
efficient. The input-output relation of a beamsplitter is well known and is widely used in
quantum optics [BR04]. The quantum circuit for the uniformly accelerated mirror is shown
in Fig. [7.2l As an application, we calculated the radiation flux from an eternally accelerat-
ing mirror in the Minkowski vacuum. We found that the particles are localized around the
horizon and the particle number in a localized wave packet mode is divergent if no low fre-
quency regularization is introduced. Our results are consistent with earlier results obtained
using different methods [FS99, [OP01]. The infrared divergence occurs due to the ideal as-
sumption that the mirror accelerates for an infinitely long time. We emphasize that the
infrared divergence is not due to the particular pathological character of a massless scalar
field in (1 + 1)-dimensional spacetime |Col73] because it also appears in higher dimensional
spacetime [FS99]. We regularize the radiation flux by introducing a low-frequency cutoff
for the mirror, that is, the mirror is completely transparent for low frequency field modes.
Physically, this is equivalent to having the mirror interact with the field for a finite time.
After regularizing the infrared divergence, the particle number of a localized wave packet
mode is finite. However the energy of the wave packet mode does not decay as the central
frequency increases, in turn implying that the total energy of the radiation flux is infinite.
This ultraviolet divergence arises because of the naive assumption that the mirror is accel-
erated eternally so that it appears to inertial observers when they cross the past horizon.
If the mirror slowly increased its acceleration or was switched on smoothly, the number of
high frequency particles would be suppressed, removing this ultraviolet divergence. Using

perturbation theory it is straightforward to show that the energy flux is finite if the mirror
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is smoothly turned on and off [OPO01].

A further application of our circuit model would be in the study of a uniformly accelerated
cavity. Previous work on this topic [AMO3] [DER11, BFL12] studied how the quantum states
stored inside a perfect cavity are affected by uniform acceleration. While Unruh-Davies
radiation [Unr76, [Dav75] cannot affect the field modes inside a perfect cavity, it can affect
field modes inside an imperfect one. Because the circuit model is designed to study an
imperfect uniformly accelerated mirror, we believe that by generalizing the model from one
mirror to two mirrors, one can study the interaction between Unruh-Davies radiation and

the field modes inside an imperfect cavity.

One limitation of our circuit model is that it is only suitable for studying hyperbolic tra-
jectories in Minkowski spacetime; more general trajectories are not straightforwardly incor-
porated. One might expect this to severely limit the utility of the circuit model because
physically it is not possible to accelerate a mirror for an infinitely long time. However our
use of the transparency term shows that we can turn on and off the mirror so that it is trans-
parent in the distant past and distant future. This could be used to model a mirror that
initially undergoes inertial motion, accelerates for a finite period of time, and then returns

to inertial motion. We will leave this topic for future work.

We find that the radiation flux from the uniformly accelerated mirror is locally squeezed. To
the best of our knowledge, the contribution of local squeezing to the generation of particles
by a moving mirror has not been discussed previously. The squeezing angle depends on the
central frequency and position of the localized detector mode function. Maximum squeezing
occurs when the detector mode function centers on the horizon. It is clear from the circuit
model that the local squeezing is related to the correlations across the horizon. When the
mirror is completely transparent, the correlations across the horizon are preserved and there
is no squeezing. When the mirror completely reflects a Rindler mode with a particular
frequency, it destroys the correlation across the horizon and generates some squeezing in the

Minkowski mode. It therefore provides a mechanism for transferring the correlations across
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the horizon to the squeezing of the radiation flux on the horizon.

Recently, Louko [Loul4] proposed a Rindler firewall state by severing the correlations across
the horizon by hand and claimed that the response of a particle detector is finite. It was sub-
sequently shown that entanglement survives this Rindler firewall [MML15]. Our calculation
suggests that one way of generating a Rindler firewall is to uniformly accelerate a mirror.
We conjecture that if the firewall is formed in an old black hole, the radiation flux at the
horizon could be locally squeezed as the price of severing the entanglement across the event
horizon. In addition, the black hole firewall may not need to be highly entangled with other
systems [SusI6] because the local squeezing may be enough to account for the particle flux

on the horizon.



Quantum Circuit Model for Non-inertial

Objects: Accelerated Squeezer

8.1 Introduction

In this chapter, we continue to discuss the quantum circuit model for uniformly accelerated
objects. In Chapter[7], we have introduced a general formalism to study uniformly accelerated
objects, but we have mainly focused on a special case where the interaction does not mix
different frequency Rindler modes. This means we can draw a quantum circuit for every
single frequency mode, as shown by Fig. [7.2] The decoupling of different frequency modes is
the consequence of time independent interactions: no turning on and turning off. Although
we can obtain finite particle number and energy in a localized wave packet detector mode

by introducing a low frequency cutoff for an accelerated mirror, the total energy of the

159
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radiation from the accelerated mirror is divergent. The energy divergence is due to the
unphysical initial conditions imposed on the uniformly accelerated mirror and can be resolved

by introducing turning on and off the interactions [OP01].

We are now going to generalize the circuit for time independent interactions to a circuit
for time dependent interactions. Generally, time dependent interactions will create particles
because they inevitably mix in negative frequency modes, e.g., due to suddenly changing
the reflectivity of a static mirror [BL15]. However, if the switching process is smooth and
slow enough, the particle creation effect can be neglected. In this chapter, we assume that
the turning on and off of the interactions is realized by making the objects only act on a
localized wave packet mode. The wave packet has a finite bandwidth and localized in time.
We find that by making the accelerated objects act on a localized wave packet mode, the

energy divergence problem can be resolved.

Using this circuit model for time dependent interactions, we study a uniformly accelerated
single-mode squeezer. Suppose that the initial state of the field is the Minkowski vacuum. A
uniformly accelerated observer would see thermal radiation with Unruh temperature Ty =
a/2m, the well known Unruh effect [Unr76]. A uniformly accelerated single-mode squeezer
in the right Rindler wedge thus squeezes the thermal state and the output is a squeezed
thermal state as observed by a uniformly accelerated observer. Unexpectedly, we find that
the output state as viewed by an inertial observer is not a pure state. We thus conclude that
the whole process can not be described by a unitary operator. Because of the equivalence
principle there is a strong relationship between gravity and acceleration [MTWT3], so our

finding may have important implications for the black hole information paradox.

In this chapter, we first discuss the circuit for a uniformly accelerated object that acts on
a narrow bandwidth wave packet mode in Section We then generalize this to a circuit
for any localized wave packet mode in Section [8.3] Finally, we study the output state from
a uniformly accelerated single-mode squeezer as viewed by inertial observers using homodye

detection in Section [8.4] The relevant manuscript is in preparation.
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8.2 Accelerated objects acting on narrow bandwidth

modes

8.2.1 Circuit for a single narrow bandwidth mode

In quantization of fields in free space, continuum frequency modes are usually used, which
are normalized to a delta function. As we have discussed in Section [3.1.1] it is possible to
introduce a set of discrete, complete and orthonormal wave packet modes, with which the
field operator can be expanded. The localized wave packet operator is defined by Eq.
and the inverse relation is given by Eq. (3.1.5).

Now consider a wave packet mode in the right Rindler wedge, the localized Rindler operator

is defined as
‘R °R
bimg = /dw g(w)by; . (8.2.1)

where g(w) is a localized wave packet and m = 1,2, represent left and right moving modes
respectively. In this section we assume that g(w) is a narrow bandwidth wave packet with
central frequency wy. Using the relation between the Rindler operators and Unruh operators

(E5.45),

~

R . i ]
b, = /dw g(w) cosh(rw)cmw—i-/dw g(w) sinh(r,)df,,

~ Cosh(rg)/dw g(w)émw+sinh(r0)/dw g(w)d'

A

~ cosh(ro)Cmg + sinh(ro)ding*, (8.2.2)
where tanh(rg) = e~™°/® and we have defined localized Unruh operators
Crmg = /dw 9(W)Cmuw, chg* = /dw g*(w)czmw. (8.2.3)

The corresponding localized Rindler operator in the left Rindler wedge is

bL . = cosh(rg)dpmg- + sinh(ro)é] (8.2.4)

mg-*
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FIGURE 8.1: Quantum circuit for a narrow bandwidth wave packet mode.

The inverse of Egs. (8.2.2) and (8.2.4) can be easily obtained,

Cmg = cosh(ro)éﬁg —sinh(ro)lsﬁj;*,
g = cosh(rg)bk,. — sinh(re)bf . (8.2.5)

If the accelerated object acts only on a narrow bandwidth wave packet mode, that is, the
unitary operator Ug representing the interaction is constructed from IA)fq and IA)%, then we

can draw a circuit for the single narrow bandwidth mode, as shown in Fig. 8.1l From Egs.

(8.2.2)), (8.2.4) and (8.2.5)), we can derive the input-output relation for the localized wave

packet Unruh modes,

é;ng = g+ Cosh(ro)(Ugl;ﬁgUg — Bﬁg),
g = g — sinh(ro) (UIEL U, — bET ). (8.2.6)

Note that all other wave packet modes that are orthogonal to g(w) are not affected by the
accelerated objects. Assume that the wave packets orthogonal to g(w) are denoted as g ;(w)

with ¢ = 1,2, .... According to the relation between the single frequency modes and the wave
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packet modes, Eq. (3.1.5)), the single frequency output Unruh operators can be written as

= Cmw T+ g*(w) (é/mg - émg)

= Gy + g (w) cosh(ro) (UIDE U, — bE ), (8.2.7)

g-mg

A

Czlmw = g(w)czlmg* + Zng(W) d;ngj_Z = g(w)d;ng* + ZQLZ(W) dAmgii’

= oo + 9(W) (g — ding+)

= dpmw — g(w) sinh(rg) (UTZA)RT U, — ZA),TQ) (8.2.8)

g-mg

8.2.2 Uniformly accelerated mirror

We are now going to revisit the accelerated mirror problem. We assume that the mirror
only reflects a localized wave packet mode characterized by g(w). The unitary operator Ug

is chosen to be

Uy = exp {Q(’sﬁgi - Bﬁi’ﬁ?)} (8.2.9)
so that
b = TR0, = cosd b +sin 0 b,
by = beg g =cosf bl —sin6 bl (8.2.10)

Substituting this unitary operator into Eq. ({8.2.6), we can find the input-output relations
for the circuit Fig. 8.1}

¢y = [1+(cosf—1) cosh®(rg)]é1g 4 (cos @ — 1) cosh(ro) sinh(ro)aﬁg* + sin @ cosh?(rg ) éag,

+ sin 0 cosh(rg) sinh(ro)@g*, (8.2.11)

d. = [1— (cosf —1) sinh2(r0)]cflg* — (cos @ — 1) cosh(rg) sinh(ro)éig — sin 0 sinh?(ro) dag»

1g

— sin 0 cosh(r) sinh(ro)égg, (8.2.12)
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¢y = [14(cosf—1) cosh®(rg) ] éag + (cos @ — 1) cosh(ro) sinh(ro)afgg* — sin @ cosh®(rg)é1y,
— sin # cosh(rg) sinh(ro)cﬂg*, (8.2.13)
cZ’Qg* = [1—(cos@ — 1)sinh*(ro)] dage — (cosf — 1) cosh(ry) sinh(ro)é;g + sin 0 sinh?(ro)d; g+
+ sin 0 cosh(rg) sinh(ro)éL}. (8.2.14)

If the initial state is the Minkowski vacuum, we can derive the nonzero vacuum expectation

values of the products of two output Unruh operators staightforwardly,

<OM|CIgclg|OM> = <OM|d/T d/ > <0M|é/2Tgé,29|0M> = <OM|dA/2Tg* dl?g >

= 2(1 — cos @) cosh?(rg) sinh?(rg), (8.2.15)

) = (Ou|éfydye|0ar) = (Ons|ehydng. 0ar) = (Onr|étf,dd. [0ar)

= —(1 — cos ) cosh(rg) sinh(rg) [ cosh®(rg) + sinh*(ry)],  (8.2.16)

<OM‘éllg(illg*

) = (On|el d 0ar) = —(Onr|chydiye|0ar) = —(Onr|ésdy0ar)
= siné cosh(rg) sinh(ro). (8.2.17)

<OM|Clg 2g*

Using the relation between the single frequency modes and the localized wave packet modes,

Eq. (8.2.7), we have

9(w)g"(W){0arléfy410nr),
9" (@)g(w")(Ons|diyedy 5 0ar),
97 (@)g(w')(Onr] by 0ar)
9(w)g™(W){0r|é 4 g 0ar),

= _<OM|C2w Alw’|OM> - g*(W)g< ><OM|Clg 2g*

0M|é,2Twé/2w’ |0M>

OM |d/2Tw dl2w’ | OM

<0M |é/1wé/1w’ |0M

(Os || 0ns

{
{ )
(s, oy Onr)
{ )

ey d,QTw’ |OM

0M|C

0 | Clw d/2w’ | OM

)s
). (8.2.18)

)
)
(Our|éudi0r) =
(O, |0nr)
( )
{ )

OM|C/Jr le |OM

= —(Omlef,d,100) = g(w)g™ (@) (Onr|&di-

Suppose that inertial detectors detect a left-moving localized wave packet Minkowski mode

ar1(f) = [y dkf(k)ay, where f(k) is an arbitrary wave packet. The expectation value of



8.2 ACCELERATED OBJECTS ACTING ON NARROW BANDWIDTH MODES 165

the particle number Ny (f) = (Oar]al (f)ay(f)|0a) in the Gaussian wave packet mode is

Nl(f) = /dw / dw,<OM‘ ?wéllTw + Bfwd w)(Afw'Clw’ + Bfw/dlw )|0M>

- [aw [ [A;zwAfw,g( g () + BioBrug* ()g(w >] (Ol 20
= 2(1 — cosf) cosh®(rg) sinh®(r) (| Ayy|* + | Byel?). (8.2.19)

where the Ay, and By, are defined as

Ay = [ g @) = [k [ do ) Ay @)

By, = /dw By,g(w /dl{:/dw f(k)Brwg(w). (8.2.20)

The expectation value of the square of a;(f) is

Oulan(Dan(Dl0n) = [ o [ A [ApBrtOulidilOn) + B Ouldlnlons)
= 2Angf9<OM‘éllgczllg* ’0M>
= —2(1 — cos ) cosh(rg) sinh(ry) [ cosh®(ro) + sinh®(rg)] Az By,

(8.2.21)

The variance of the quadrature amplitude X;(¢) = a1(f)e™ + al (f)e’® is

(AX2(0)" = 1+2N(f) +2 Re[(Ourfan (N () 0ar)e ]
= 1401~ cos0) cosh(ro) sinh(ru)[cosh(ru) + ()] Re(:dsy By )

+4(1 — cos ) cosh?(ro) sinh®(ro) (| As|* + |By|?)- (8.2.22)

We see that the particle number and quadrature variance depend on the overlap integrals Ay,
and By,. For any give f(k) and narrow bandwidth g(w), they can be calculated numerically.

In the case that f(k) is a very narrow bandwidth Gaussian wave packet, A, and By, can be

approximated by Eqgs. and ( , respectively. Assume that g(w) is also a narrow

bandwidth Gaussian wave packet

g(w) = (27:52) " eXp{ - %}e‘w (8.2.23)
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where wy is the central frequency, ¢ is the bandwidth, satisfying wy > 6. v, is the central
position of the Gaussian mode in the Rindler frame. Analytical approximation can be

obtained in two limiting cases: the central frequency of g(w) is large and is small.

High central frequency limit—When the central frequency of g(w) is large, namely, Qy =
wp/a > 1, the Gamma function I'(1 + i€2) can be approximated as [AST72]

0 . o~
(1 i0) ~ o nee len(Q)—zQ—Hﬂ'/ZL. 8.2.24
(1) sinh(7(2) ‘ ( )

Substituting the Gamma function into the overlap integrals Eq. (8.2.20)), we have

2 . 2
Apg 2 05 e thoVotim/4 exp In o — QUc| p€Xp Y — 7 (/o 2 ol
6]6’0 /{50
2
X exp{ — (5/@)2 |:1H (:}—]:O) - avc:| }7

7 - w o’ (wo/a — koVo)?
2 ZkoV0+’L7r/4 0 1 0 _ 0
k exp { z n (ek‘oav exp 2

X exp { — (§/a)?In? (ekj#) } (8.2.25)

2 2
By, ~ 2 0(5 e—thoVo—in/4 oy Z_ m (<) g | bexpd — o (wo/a—?i—kovo)
€k0 kg
2

X exp{ — (6/a)? [ln (ew—l;) — avc} },

[o6 _, : W W o?(wo/a + koVp)?
2 Y —ikoVo—im/4 _01 0 . 0 oVo

akoe exp {z —ln cheaV exp P

X exp { — (§/a)?In’ (di#) } (8.2.26)

Here V. is the central position of the wave packet g(w) in terms of the Minkowski coordinates,

Q

Q

IS
=}

Q

satisfying aV, = e*<. If we define

E = exp [— 202(%/&2_ kOVO)2],
kg
2 2
g+ = exp |:_ 20 (wo/a;— ]{'0‘/0) }7
kg
Wo
O, = 2—1
" (ekgaV)
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The overlap integrals Ay, and By, can be written in a compact way,

5202
Afg ~ 9 /U_]jeikovo+iﬂ/4ei@h/2\/5_e_4wgh’
a
50 5202
Bfg ~ 92 /%e—ikovo—iﬂ/4ei@h/2 g+6_m' (8227)
aro

Therefore, the particle number and variance can be rewritten as

Ni(f) ~ (1—cosf)sinh®(2r)(E~ + ) (2;‘5) exp ( ~

ak?[)

5202

2
2wj

), (8.2.28)

(AX1(4))* ~ 1+ (1 — cosf)sinh(2r) <%) exp ( - 52@’%) {(5— + £1)sinh(2ry)

0 2‘*’3

—2VETE~ cosh(2ry) cos(2ko Vo + 2@25)] : (8.2.29)

Figs. [8.2) and show the particle number and minimal quadrature variance of a Gaussian
wave packet detector mode. Note that the particle number and the amount of single-mode

squeezing is smaller than that for an accelerated mirror with time independent interactions,

see Figs. and

In Chapter [7, we encountered the energy divergence problem. We now show that the energy
divergence problem can be resolved by making the mirror only act on a localized wave
packet mode, namely, the interaction is turned on and off. When the central frequency
of the detector wave packet is large, kg — oo, £ — ¢729°% and ©), — —oo. From Eq.
(18.2.28]) we can see that the number of high energy particles is strongly suppressed by the
factor e=9°©i/45  Therefore we expect that the total energy radiated by the accelerated
mirror is finite. Fig. shows the energy, koNi(f), of the field in a detector wave packet

mode f(k). One can see that the energy decreases as the central frequency ky increases,

contrary to Fig. [7.5]

Furthermore, the introduction of switching on and off of the interaction also suppresses the

number of low frequency particles. When ky — 0, ©, — o0, so that e~ O5/45 s (). This
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FIGURE 8.2: Particle number versus central position of the detector mode. Central frequency of the
detector mode is kg/a = 20. Parameters for the wave packet g(w) are wp/a = 8.0,6/a = 0.2,aV, = 1.0, and
0 is chosen to be 6 = /2.
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FIGURE 8.3: Minimal quadrature variance versus central position of the detector mode. Central fre-
quency of the detector mode is ko/a = 20. Parameters for the wave packet g(w) are wp/a = 8.0,6/a =
0.2,aV. = 1.0, and 6 is chosen to be 6 = 7/2.

is expected because a finite duration of interaction does not produce very low frequency

particles.

Low central frequency limit — When the central frequency of g(w) is small, namely,
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FIGURE 8.4: Energy of the fields versus central frequency of the detector mode. Bandwidth of the
detector mode is 0/a = 1.0. Parameters for the wave packet g(w) are wo/a = 8.0,0/a = 0.2,aV, = 1.0, and

6 is chosen to be § = /2.

Qo = wo/a < 1, the Gamma function can be approximated as [AS72]

N(144iQ) ~ 1 —ivQ ~ e %,
where 7 is the Euler constant, v ~ 0.577. If we define
O, =20y In (evkch),

the overlap integrals A;, and By, can be approximated as

0_5 52(-)12
—q 1 - 2
Afg ~ 2 — e Zk‘QVoe’L@l/Q, /5—6 4w0 ,

CL]{?O
5202

Bfg

Q

CL]{?O

Therefore, the particle number and variance are

Ni(f) ~ (1—cosf)sinh®(2r)(E~ +ET) (@) exp ( _

a,k/’o

406

(AXy(¢))® ~ 1+ (1 — cosf)sinh(2r) (T) exp < 0%}

2
2wy

aRko

—2V E+E~ cosh(2ry) cos(2ko Vo + ng)} :

2 05 e—ikoVoe—i@l/Q 6‘+€_ 4""(% .

(8.2.30)
(8.2.31)
(8.2.32)
5202
77 > (8.2.33)

) [(5— + E7) sinh(2r¢)

(8.2.34)
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When the central frequency of the detector mode is large, ky — oo, ©; — oco. From Eq.
(8.2.33)) we see that the number of high frequency particles is suppressed by the factor
e~9°07/45  Therefore the total energy radiated by the mirror is finite. When ky — 0,

0, — —00 so that e 9°97/4% — (. The number of low frequency particles is also suppressed.

8.3 Accelerated objects acting on arbitrary single mode

In the previous section, we used the narrow bandwidth approximation for the wave packet
g(w), wo/d > 1, and obtained a quite simple circuit model (Fig. for a uniformly
accelerated object that acts on a single wave packet mode. In this section, we are going
to construct a circuit that is valid for arbitrary wave packets g(w). For an arbitrary wave
packet mode, especially a broadband mode, the action of the two-mode squeezers and two-
modes anti-squeezers cannot be described simply by a single mode. We thus need to work
out the transformation from Rindler modes to Unruh modes frequency by frequency. In
the Rindler frame, the unitary Ug acts on a single wave packet mode. The input-output
relation for the single wave packet Rindler mode is determined by Ug. Our first step is the
find the input-output relations from the single frequency Rindler modes. The second step is
to derive the input-output relations of the Unruh modes using the transformations between
single frequency Rindler modes and single frequency Unruh modes. For simplicity, we only

consider left-moving modes in the (1 + 1)-dimensional spacetime. The relevant circuit is

shown in Fig. [8.5]

Suppose that g(w) is the wave packet that we are interested in and its corresponding localized
Rindler operator is 135; g1i(w) are the wave packets that are orthogonal to g(w) and their
corresponding localized Rindler operators are i)ii. The uniformly accelerated unitary Ug

only acts on l;f, that is,

UIBED, = 0%, UIBE U, = F (8.3.1)

991

According to the relation between the single frequency modes and the wave packet modes,
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FIGURE 8.5: Circuit for a uniformly accelerated object. Rindler modes in the right Rindler wedge
interact with the object, which is represented by the unitary operator Uy, while Rindler modes in the left
Rindler wedge remain unaffected. The time dependent interactions mix different frequency Rindler modes.

Eq. (3.1.5), we have

IA) bR + Z g“ gJ_z

(8.3.2)

Therefore the action of the unitary Ug toward the single frequency Rindler operator is

b= O, = O [g*(w)f)if + Zw(wﬂ?ﬁi} U,

= g"(w)UrU, +ng bE

A A

= b+ " (w) (UIBRT, — bI).

(8.3.3)

By using the relations between the single frequency Rindler modes and Unruh modes, we

find

¢ = cosh(ry)b® — sinh(r,)bL'!

= cosh(ry)b — sinh(r,)b-" 4 ¢* (w) cosh(ry,) (Ug@fffg - Bf)

= ¢yt 9" (w) cosh(rw)(Ugl;ng — l;ff),

d, = cosh(r,)bY — sinh(r,)b!

= cosh(r,)bY — sinh(r, )b — g(w) sinh(rw)(UngTUg — Ag

= d, — g(w)sinh(r,) (ﬁg@fTUg - i)fT).

(8.3.4)

(8.3.5)
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These input-output relations are valid for any wave packet mode g(w). In the narrow band-
width limit, cosh(r,) and sinh(r,) can be replaced by cosh(ry) and sinh(rg), so Eqgs. (8.3.4))
and (8.3.5) go back to Eq. (8.2.7). To have a complete input-output relation for Unruh

modes, one has to express 55 in Egs. (8.3.4) and (8.3.5)) in terms of the input Unruh opera-

tors, which is straightforward. In the following we are going to discuss three examples that
only takes into account left-moving modes. Generalization to include both left-moving and

right-moving modes is straightforward.

8.3.1 Accelerated displacement

Suppose that Ug represents a single mode displacement operator, Ug = Dg(a) = exp (a@fT —

04*35), where a is a complex number. It is easy to show that [BRO4]
Di(a)bEDy(a) = bF + a. (8.3.6)
From Eq. (8.3.3) we get the input-output relation for single frequency Rindler modes,
b = bl 4 gt (w). (8.3.7)

The input-output relations for single frequency Unruh modes can be obtained from Egs.

and (E33).

¢, = C,+ ag'(w)cosh(ry,),

A A

d = d,— a*g(w)sinh(ry). (8.3.8)

This shows that a displacement to the Rindler mode results in a displacement to the Unruh
modes. So if the initial state of the field is Minkowski vacuum, the states in the output Unruh
modes ¢, and d/, are coherent states, with frequency dependent displacement amplitudes.
We can further look at the input-output relation for Minkowski modes. From the relations

between the Unruh modes and Minkowski modes, Eq. (4.5.46)), we have
il = / dw (A, + Brud)
— /dw (Akwéw + Bkwczw) + a/dw Apog”(w) cosh(r,,) — o /dw By,g(w) sinh(ry,)

= a+ Oz/dw Akwg*(w) cosh(ry,) — Oz*/dw Biwg(w) sinh(r,,). (8.3.9)
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It is evident that the Minkowski modes are also displaced, with frequency dependent dis-
placement amplitude. If the initial state of the field is the Minkowski vacuum, the output
state as observed by inertial observers would be a coherent state. The expectation value of

the total Minkowski particle number is
[ axtouaiaion) = (2. + 7. (8:3.10)
where Z. and Z, are defined as

I. = /dw[g(w)]2 cosh?(ry,), I = /dw[g(w)]ZSinhz(rw). (8.3.11)

Since both cosh?(r,,) and sinh?(r,,) are proportional to 1/w when w — 0, one has to introduce

a low frequency cutoff in g(w) in order Z. and Z, are finite, e.g., g(w) ~ /w when w — 0.

8.3.2 Accelerated phase shifter

Suppose that Ug represents a single mode phase shift operator, Ug = exp (z'¢ 5?735). Sub-
stituting this unitary into Eq. (8.3.3)), we get the input-output relation for the Rindler

modes,

~

b = bl 4 (e — 1)g* (w)DF = b2 + (& — 1)g*(w) /dw’g(w’)i)ﬁ. (8.3.12)
The input-output relations for single frequency Unruh modes can be obtained from Egs.
(8-3.4) and (8.3.)),

¢ = e, + (e —1)g"(w) cosh(rw)/ dw’ g(w') [ cosh(ry)é, + sinh(ry)d.,],
0

~ A

d, = d,— (e —1)g(w) sinh(rw)/ dw' g*(w') [ cosh(r)él, + sinh(ry)d.].
0
(8.3.13)

Assume that the initial state of the field is the Minkowski vacuum. The vacuum expectation
values of the products of two output Unruh operators can be calculated straightforwardly.

(00]¢1¢,104) = g(w)g™ (W) cosh(ry,) cosh(ry)|e — 1*Z,,

(Opr]dtd ,|00) = g (w)g(w')sinh(r,) sinh(r,, )| — 1°Z,,

(Om]é,d ) 10x) = —g(w)g* (W) cosh(ry,) cosh(ry) [(e7 — 1) + [ — 1]°Z,],

(8.3.14)
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and others are either zero or can be derived from the above results.

8.3.3 Accelerated single-mode squeezer

~

Suppose that Ug represents a single-mode squeezing operator, U, = S, (r),

A

T, 2 T 2R\ 2
S1(r) = exp {5 (bfT) D) (bf) }, (8.3.15)
where r is the squeezing factor and is assumed to be real. It can be shown that

Sl (’l“)bR

g

Si(r) = coshr l;_f + sinhr l;fT. (8.3.16)
Substituting this into Eq. , we get the input-output relation for the Rindler modes,
b = b + g% (w) {(coshr —1) /dw/ g(w")bE, + sinhr / do’ g*(w’)l;f,q . (8.3.17)
The input-output relations for single frequency Unruh modes can be obtained from Egs.
and ,
¢, = Cutg(w) cosh(rw){(coshr -1) /dw’ 9(w") [éur cosh(ry) + dl, sinh(ry,)]
+sinhr / dw’ g*(w") [él, cosh(ry) + du sinh(ry,)] },
d, = d,—gw) sinh(rw){(coshr -1) /dw’ g (W) [éL, cosh(ry) + du sinh(r,)]
+sinhr / dw' g(w') [éur cosh(ry) + df, sinh(ry)] } (8.3.18)

The vacuum expectation values of the products of two output Unruh operators can be

calculated straightforwardly from Eq. (8.3.18]).

<OM|égé:u’ |0M = g(w)g*(w/) COSh(rw) COSh<Tw’)Ecv

<0M|CZICZ:J’ ’01\/[ = g* (w>g<w1) Sinh(ﬂu) Sinh<rw’)Ed7

0a]E,8100) = g*(w)g* (W) cosh(r,,) cosh(ry ) Ee,

<OM |é<lucz¢/u’ |0M - g* (w>g(w/) COSh(rw) Sinh(rw’)Ecda

)
)
)
(Onrlddiy|0ar) = g(w)g(&) sinh(r,) sinh(r.) Eaa,
)
)

(Opr|&td 10

w

= g(w)g(w') cosh(r,) sinh(ry ) Eeq. (8.3.19)
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where

E. = ZI,(coshr —1)*+ Z sinh’r = [(coshr — 1)* + sinh®r|Z. — (coshr — 1)?,
E; = ZI.(coshr —1)> + I sinh®r = [(coshr — 1)* 4 sinh® r]Z, — sinh®r,

E. = sinhr[(l’c + Z,)(coshr — 1) + } = sinhr[ 27, — 1)(coshr — 1) + 1],
Eu = sinhr[(Ic + Z;)(coshr — 1) } = sinhr[ (2Z. — 1)(coshr — 1) — 1},
E.. = —coshr(coshr —1)(Z. +Z,) = —coshr(coshr — 1)(2Z. — 1),

E.; = —sinhr(coshr —1)(Z. +Z;) = —sinhr(coshr — 1)(2Z. — 1), (8.3.20)

8.4 Decoherence in non-inertial frames

In the above section, we have constructed a quantum circuit for a uniformly accelerated
object that acts on an arbitrary wave packet mode. The interaction is unitary in the accel-
erated frame, so it can be represented by a unitary operator Ug. A question of particular
interest is whether this process can be described by a unitary operator in the perspective of
inertial observers. This question can be answered by checking the purity of the output state,
given that the input state is pure. In this section, we are going to investigate the purity of
the output state as observed by inertial observers by using the homodyne detection, given

that the input is the Minkowski vacuum.

Unitary evolution is one of the fundamental assumptions of quantum mechanics. An initial
pure state of an isolated quantum system always evolves into another pure state. The
situation is not as simple when we consider non-inertial, relativistic frames of reference. For
example, the transformation between the description of the quantum vacuum state as seen
by inertial observers and the description of the same state by uniformly accelerated observers
is not strictly unitary. Nevertheless it is still assumed that in transforming between reference
frames pure states will always evolve to pure states provided that the entire space-time is
included. Consider an inertial observer who constantly observes a massless field prepared
in the Minkowski vacuum state. By definition they will observe no particles. However,

according to the Unruh/Davies effect [Unr76, Dav75|, a uniformly accelerating observer who



17QUANTUM CIRCUIT MODEL FOR NON-INERTIAL OBJECTS: ACCELERATED SQUEEZER

constantly observes the same field will see thermal radiation (Unruh radiation), and hence
will count particles. The vacuum state is pure whilst a thermal state is mixed, seemingly
implying a non-unitary evolution. The resolution is that a single accelerating observer is
restricted to a section of space-time called a Rindler wedge. By introducing a second, mirror
image accelerated observer we find that the thermal state can be purified into a two-mode

squeezed state [UWS84. [Lee86l, [Tak86] and unitarity is restored.

We consider accelerated quantum systems in flat space, however we set up the problem
differently such that we explicitly start and end with global, inertial observers. In the
intermediate region we allow interactions with an accelerated system. The specific problem
we will analyse is summarized by the Penrose diagram [MTWT73] in Fig. 8.6 An object
uniformly accelerates in the right Rindler wedge (black curve). Interactions with a massless
scalar field are unitarily turned on and off during its lifetime (shaded region) such that it
interacts with a single spatio-temporal mode in the accelerated (Rindler) coordinates. In the
past null infinity .#~, the initial state of the field is set to be the Minkowski vacuum. For
simplicity we consider a 141 theory in which the right and left moving fields are decoupled.
We assume the right moving field modes are unaffected by the accelerating object. The
output state of the left moving field modes in the future null infinity #* is detected by
inertial, Minkowski detectors. Here the inertial detectors are those detectors that can detect
the overall output state of the scalar field. From Fig. one can easily see that there
are no particles before and after the interaction, a consequence of causality. We assume
that the inertial detectors are turned on for all times (at least at the spacetime points
that are connected to the shaded interaction region by null rays) and detect particles with
all frequencies. Unexpectedly we find a decoherence effect that only affects non-classical

quantum states and cannot be removed by appealing to inaccessible regions of space-time.

8.4.1 Detection of the state

The Minkowski detectors are modelled by the Hermitian number operators, N, = d;&k,

where d; (a}) are the Minkowski field annihilation (creation) operators for wave-number .
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accelerated
object

IO

FIGURE 8.6: Penrose diagram of Minkowski spacetime. I is the spatial infinity, I~ and IT are the
past and future infinities,.# ~ and # are the past and future null infinities. A uniformly accelerated object
follows the black worldline. Interactions between the accelerated object and the field are localized in Rindler
time, represented by the shaded region.

The frequencies |k| are with respect to the proper time of the inertial reference frame under
consideration. The excitation probability of an ideal, inertial, 2-level system of resonant
frequency |k|, coupled weakly to the field, is proportional to (Ny) [SZ97]. We can model
a finite bandwidth detector via the operator Nap = :O"_JFAA: dk d;d;ﬁ. If the bandwidth of
the detector is much larger than that of the mode under consideration then we can extend

the limits of integration to oo and so define N = J dk ajay. Note that by definition
(0|N]0) = 0 for the Minkowski vacuum state, |0).

In order to characterize the state of a particular field mode we use homodyne tomogra-
phy [LR0O9]. In homodyne tomography, the Wigner function of the state is reconstructed
from measurements of the moments of quadrature amplitudes via homodyne detection. For
Gaussian states it is sufficient to measure and analyse only the first and second order mo-
ments [WPGPT12]. In homodyne detection [BR04], a weak signal field and a strong local

oscillator are coherently combined and measured with broad-band detection as discussed
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above. For simplicity and to stay within the 1+1, scalar field paradigm, we specifically use
self-homodyne detection here. In self-homodyne detection, the signal field is displaced by
a strong local oscillator directly, and the output field is detected. Assume that the signal
field mode operator is & = [ dkf(k)a, and the local oscillator is a strong coherent state
|a), prepared in the same field mode (characterized by f(k)) with a a complex number,

a = |ale?, and |o| > 1. The photon number operator can be shown to be
N(9) = |af* +[alX () (8:4.1)

where X(¢) = ae ™ + afe’® is the quadrature amplitude of the signal field and a term
not multiplied by || has been neglected as small. As a reference we can also consider the
operator

No = |af? + |a| X, (8.4.2)

representing the situation where the signal is not imposed and so v represents the mode
when it is prepared in the vacuum state. Hence the average quadrature amplitude of the

field is given by

A

(K (g)) = N @) = o) (8.4.3)
(No)

where we have used (X,) = 0. Its variance is given by

(AN(9)"
(o)

For the Gaussian states considered here this will be sufficient to completely characterize

(AX(9))* = (8.4.4)

them.

8.4.2 Accelerated self-homodyne detection

We wish to apply this technique to the output state from the interactions between a uniformly
accelerated object and the scalar field. In order to do this we need to match the mode shape
of the local oscillator to that of the output signal field. However, the mode shape of the
signal is distorted due to the acceleration of the object. It is difficult for an inertial observer

to construct a local oscillator with this distorted mode shape. We avoid this complication
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by assuming that the local oscillator is also imposed in the accelerated frame in a matching

mode to the signal.

In Section we have constructed a general circuit (Fig. for a uniformly accelerated
object that acts on an arbitrary Rindler wave packet mode. The input-output relations
for Unruh modes are gievn by Egs. and . However, The Unruh operators
[Unr76] are only a useful mathematical stepping stone between the accelerated and inertial
reference frames. In order to represent our inertial detection scheme, we need to construct
the Minkowski modes, ay, from the output Unruh modes — this final step is not represented

by a circuit.

In the circuit , Ug is an arbitrary unitary operator. We assume that Ug = Sg creates
the quantum signal we wish to analyse, as shown in Fig. (a). To achieve self-homodyne
detection, a displacement (local oscillator) is added after the signal operator, namely, the
unitary operator U, = D,(a)S,, as shown in Fig. (b) Dy(a) = exp (a?)gﬁ — a*l;f)
produces the local oscillator for self-homodyne detection, where a = |ale’® is a complex
number. In the following, we assume that |o| > 1. Note that the mode shape of the local
oscillator should perfectly match the mode shape of the signal operator. Af first glance,
it seems problematic to use an accelerated local oscillator, because we want to know the
output state as observed by inertial observers. The use of accelerated local oscillator can
be justified by noticing that a uniformly accelerated displacement also creates a coherent
state as observed by inertial observers, as shown in Section [8.3.1. Therefore, a uniformly

accelerated local oscillator is also an inertial local oscillator.

The total Minkowski particle number operator, N = J dk &gd;, is obtained by using Eq.

(4.5.46),

dk dwl dWQ ( ;;wl égl + Bzm Cizljl ) (AkWQ é/wg + Bkw2 Cz:.)z )

(8.4.5)

where we have used [ dkAg,A;, = 0(w —w’) and [ dkAy, Ay = 0. This tells us that the
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”
i
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FIGURE 8.7: Self-homodyne detection. (a) A signal unitary S‘g generates quantum signals that we are
going to analyze. (b) A displacement is added after the signal unitary Sg to realize homodyne detection.
The mode shape of the displacement is perfectly matched to that of the signal unitary.
total number of Minkowski particles is the same as the total number of Unruh particles.
The conservation of particle number is expected because the Bogoliubov transformation Eq.

(4.5.46)) does not mix negative frequency modes. The square of the total particle number

operator is

N? = / dwy / dwy (¢ & &t e +did, did, +te did, +did, dle).

W1 w1 w2 W2 W] W1 Tw2 Tw2 W1 w1 W2 TwW2 w1 W1 w2 Tw2

(8.4.6)

A full computation of the vacuum expectation value of N2 is straightforward but usually
tedious. However, when the amplitude of displacement is large (Ja| > 1), it is adequate to

only keep terms of order |a|* and |a|? as per the approximation leading to equations ([8.4.3))

and (0).

8.4.3 Classical signals

We first consider preparing a classical signal on the accelerated mode. In particular, we
generate a classical signal by displacing the Rindler mode 135 with an amplitude S. This
produces a coherent state, the “most classical” quantum state. The operator that creates
this signal is S, = Dy(f), with |8] < |a|. The expectation value and variance of the

quadrature amplitudes as observed by the inertial detectors are
Xs(p) = 2I.— 1(56_i¢ + ﬁ*ew),
Va9) = 1. (8.4.7)

where Z. = [ dw|g(w)]? cosh’® r,. Equation (8.4.7) characterises a pure coherent state. There-
fore, displacing a Rindler mode generates a coherent state with amplitude (v/2Z. — 1) as
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viewed by an inertial observer. This is consistent with the results obtained in Section [8.3.1].

As expected the overall evolution is from a pure state to a pure state.

8.4.4 Quantum signals

A more interesting scenario is that a uniformly accelerated single-mode squeezer squeezes
the thermal state in the right Rindler wedge. The single-mode squeezing operator gl(r) is
defined as [BRO4]

Sy(r) = exp {g(BfT)Q - g((}ff}, (8.4.8)
where r is the squeezing factor and is assumed to be real. The operator that creates quantum

signals is S, = Sy (r) so that the unitary U, = Dy(a)S;(r).

In the perspective of an accelerated observer, the output state is basically a squeezed thermal
state. Define the quadrature amplitude of the localized Rindler wave packet mode ZA)f’ as
R __ 7R/ —id | LRIt ig v R _ :

X2 (p) = ble™® 4+ ble. Tt can be shown that (0|X[(¢)|0) = 0, and the variance of the

quadrature amplitude is
(AXf(gb))Q = (2Z. — 1) [ cosh(2r) + sinh(2r) cos(2¢)]. (8.4.9)

The maximum and minimum variances are obtained when ¢ = 0 and ¢ = 7/2, respectively.
An important quantity that characterizes the purity of a state is the product of the maximum
and minimum quadrature variances. If the product is unity then the state is pure, whilst if

the product is greater than unity then the state is mixed. From Eq. (8.4.9)), we find
2
(AXF(0)AX(7/2))" = (2Z. — 1)*. (8.4.10)

We see that the product of the maximum and minimum variances is always greater than
unity, implying that the state observed by an accelerated observer is mixed. This is expected
because the accelerated observer in the right Rindler wedge can not access the correlations

with the left Rindler wedge.

We are now going to find out the output state as observed by inertial observers. By sub-

stituting Ug = ﬁg(a)sl(r) into Egs. 1’ and 1’ one can derive the input-output
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relations for Unruh modes,

¢ = é,+ g"(w)coshr, [I;ff(coshr —1)+ ;;;%T sinhr + a],

d, = d,— g(w)sinhr, [I;fT(coshr —-1)+ l;f sinhr + a*]. (8.4.11)

The localized Rindler operator l;f can be expressed in terms of the input Unruh operators

by using the transformations between the Rindler and Unruh modes. Eq. (8.4.11)) becomes

&, = ¢u+ g (w)coshr, {(cosh’r —1) /dw’g(w’) (¢ur coshry + d!, sinh Tu)

w/

+sinhr / dw'g* (W) (éT coshry + d,y sinh rw) + a] :

(JJI

d, = d,— g(w)sinhr, {(coshr —1) /dcu’g*(w’)(éT cosh 7, 4 d,y sinh Ter)

+sinhr / dw'g(w') (¢ur coshry, + d!, sinh Tr) + a*} : (8.4.12)

It is now straightforward to calculate the vacuum expectation values of the product of two
output Unruh operators.
(0a|&1¢,100) = g(w)g*(w') coshr, coshry (E, + |al?),
(Op|dd ,|00) = g*(w)g(w')sinhr, sinhry, (Ey 4 |of?),
(Opr|dd,|00) = g(w)g(w')sinhry, sinhry (B + a*?),

(Onr| & |0as

)
)

(0a]8,8,100) = g*(w)g* (W) coshry, coshry (E.. + a?),
)
> = g* (w>g(w/> COSh Tw Sinh Tw’(Ecd - |Oé|2)7
)

(O |&d,100) = g(w)g(w') coshry, sinhry (B — o?), (8.4.13)

where E., By, E,., Eqq, Eeq and E.q are given by Eq. (8.3.20). From equations (8.4.5) and
(8.4.6)), the vacuum expectation value of the total Minkowski particle number is

(0m|N[0y) = | (T, +T,) + (Z.E. + I,E,) (8.4.14)
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and the variance of total Minkowski particle number is

(AN)? = (0m|N?[0a) — (0ar| N|0pr)?
= |a*(Zc + Z,) + 2| (Z2E. + I Ey) + T2 (P E}, + o Ee) + I2(0° Egg + o E}y)
—2|ocFICZS(Ecd + E;'fd) — 2ICIs(a2Ecd + oz*2Ejd)

= |af? [(IC +ZI,) + 2(L2E, + I2E,) + 212 E,. cos(2¢) + 2I2 Egq cos(2¢) — 41.T,E.q

—AT.T.E,4 cos(2¢)] , (8.4.15)

where ¢ is the displacement phase. In the homodyne detection, normalizing the variance
of the particle number using the strength of the local oscillator gives the variance of the
quadrature amplitude [BR04]. Here the strength of the local oscillator is ~ |a|?(Z, + Zy), so

the variance of quadrature amplitude is

(AN)?
a*(Ze + Iy)
= cosh(2r) +4Z.(Z. — 1)(cosh 2r — 2 coshr + 1)

V(o)

+2sinhr[(2Z, — 1) coshr — 4Z.(Z. — 1)] cos(2¢). (8.4.16)
The maximum and minimum variances are obtained when ¢ = 0 and ¢ = 7/2, respectively.

Viax = € +4T.(Z. — 1)(e" — 1)?,

Viin = € 7 +4L(Z.— 1)(e" — 1)°. (8.4.17)

It is evident from equations and that noises are added onto the variance
of the original single-mode squeezed state. The amount of additional noises depends on the
squeezing factor r and Z.. A question of particular interest is whether the final state is a pure
state or not. For Gaussian states, the criteria for purity is that the product of maximum
and minimum variances is unity [BR04]. From equation we find the product of the

minimum and maximum variances is
VinaxVimin = 14 16Z.(Z. — 1)(coshr — 1) coshr + 64Z2(Z, — 1)*(coshr — 1)%(8.4.18)

We can see that the product is always greater than one unless r = 0 or Z. = 1. This is our
main result. Unexpectedly, the inertial observer sees a decoherence effect that in general

takes the initial pure state to a mixed state.
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The case of r = 0 means the accelerated object does nothing so that the output state is
the Minkowski vacuum. Z. can be approximated as Z. ~ e?™0/@/(e?™0/¢ — 1) when g(w)
is a very narrow bandwidth wave packet with central frequency wy. When 27wy /a — oo,
Z. — 1 so that Vi, — e 2 and Vi — €%". This corresponds to a single-mode squeezed
vacuum state, which is pure. The above limit could happen in two cases. The first is that
the central frequency wy is fixed while @ — 0. This means the single-mode squeezer tends to
be static in an inertial frame. It thus produces the standard single-mode squeezed vacuum
state. The second case is that a is fixed and finite, while wy — oco. It is well known that a
uniformly accelerated observer experiences a thermal radiation with temperature Ty = 5= in
the Minkowski vacuum [Unr76]. The spectral distribution of the thermal radiation follows
the Plank’s law, which exponentially decays in the high frequency limit. Or equivalently, the
high frequency tail of a thermal state looks almost like a vacuum. Therefore the single-mode
squeezer that squeezes the high frequency tail of the Unruh radiation produces a squeezed
vacuum state. Overall, when the Unruh effect is not significant, a uniformly accelerated
single-mode squeezer produces the standard single-mode squeezed vacuum state. Otherwise,
the product of the minimum and maximum variances is greater than one (see Fig. ,

indicating that the output state is mixed.

—_— T =

40f

1.05

asf memes 7, = 1.03 ]
: 7. =1.01 ]

Vmax Vmin

FIGURE 8.8: Product of maximum and minimum quadrature variances.
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FIGURE 8.9: Phase space representation of quadrature in the final state. The red dashed circle represents
the vacuum shot noise, and the blue shaded ellipse represents the quadrature variance of the output state.
For fixed single-mode squeezing factor (r = 0.5), the minimum quadrature variance is below the vacuum shot
noise for small Z., indicating the output state is a squeezed state. While for large enough Z., the minimum
quadrature variance surpasses the vacuum shot noise, showing that squeezing is destroyed.

As the Unruh effect in the Rindler frame becomes more pronounced, the decoherence in
the Minkowski frame becomes stronger. Eventually squeezing disappears and the final state
becomes classical in the sense that coherent state superpositions are removed and the state
becomes decomposable into a mixture of coherent states. Fig. shows an example of the
phase space representation of the quadrature amplitude. For a given squeezing factor, the
minimal variance Vp,;, increases as Z. increases and eventually exceeds one, the vacuum shot

noise. When 7, < %(1 + /1 + coth(r/ 2)), the minimum quadrature variance Vi, is smaller

than one, indicating that the final state is still a squeezed state but with reduced amount

of squeezing. When Z, > %(1 + /14 coth(r/Z)), the squeezing disappears. In the narrow

bandwidth limit, we use the approximate relation between Z. and wy to find the distribution

of minimum quadrature variance in terms of r and wy, as shown in Fig. [8.10l A critical
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curve, which is determined by

2mwn _ (\/HTh(r/?)Jr 1)’ (8.4.19)

a 1+ coth(r/2) — 1

separates the squeezing region and no squeezing region. When r — oo, 27wy /a — 21In(v/2 +
1) &~ 1.763. Below this value, one can always make the output state classical by increasing

the single-mode squeezing factor r.

30—

0.3

250 : 4

2000 05 ]

27mwo/a

FIGURE 8.10: Distribution of minimum quadrature variance of the output state as a function of single-
mode squeezing factor r and the central frequency wg in the narrow bandwidth limit. A critical curve along
which Vi,in = 1.0 separates the squeezing region and no squeezing region. In the squeezing region Vi, < 1.0,
while in the no squeezing region Vi, > 1.0.

8.4.5 Connetion to black hole information paradox

The decoherence effect we describe here is a previously unnoticed consequence of the trans-
formation from the bipartite Hilbert space of the Rindler and Unruh modes, to the single
Hilbert space of the Minkowski modes. Notice that in Eq. any phase relationship
between the left and right Unruh modes is lost in the construction of the Minkowski num-
ber operator. This means that interactions which lead to entanglement between the left
and right Unruh modes, as occurs with the accelerated squeezer, will in general appear as
decoherence with respect to measurements by inertial observers. Nevertheless, notice that

the interaction with the accelerated squeezer is reversible in principle in the sense that the
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Rindler mode can be unsqueezed by a second accelerated squeezer, thus returning the field
to the Minkowski vacuum state. The accelerations required to generate this decoherence
effect are well beyond those that can be produced in the lab. However, such accelerations do
occur naturally in many regions of the universe. We also note that simulation of these effects
using optical squeezing is possible with current technology and could allow an experimental

investigation of the decoherence effect described here.

Because of the equivalence principle there is a strong relationship between gravity and accel-
eration [MTWT3|. The analogous situation to Unruh radiation in curved space-time is that
of thermal radiation from black holes (Hawking radiation) [Haw75]. In this case regaining
unitarity is not straightforward because the analogue of the mirror image Rindler wedge
lies behind the black hole event horizon and so is inaccessible. Given that in the far future
the black hole is expected to completely evaporate, this leads to the black hole information
paradox [Haw76]. In spite of many attempts [STU93, StHW94, Mat05, [HPS16, BMT], a
completely satisfactory resolution of this problem has not been found [AMPS13|, [BP13].

We believe the decoherence effect discussed in this section has significance for understanding
quantum effects in gravitational systems. For example, our system can be viewed as a
crude toy model for the creation and eventual evaporation of a black hole. We begin in
the far past in a pure Minkowski vacuum state, before the formation of the black-hole. In
the intermediate epoch accelerated observers, representing observers close to the black-hole,
interact with the field modes. Finally in the far-future the black-hole has evaporated leaving
flat space, however the field is left in a mixed state with respect to inertial observers. This

may indicate a new direction for understanding the black-hole information paradox.

8.5 Summary

In this chapter, we discuss time dependent interactions between a uniform accelerated object
and a massless quantum field. The switching on and off of the interactions is realized by

making the accelerated objects only act on a localized Rindler wave packet mode. We first
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constructed a circuit for narrow bandwidth Rindler wave packet modes and then generalized
it to arbitrary wave packet modes. One of the advantages of the this method is that it resolves
the energy divergence problem we encountered in Chapter |7} Based on this circuit model, we
focus on the problem of a uniformly accelerated single-mode squeezer. The most interesting
discovery is that the output state from a uniformly accelerated single-mode squeezer becomes
mixed as observed by inertial observers, given that the input state is pure. This decoherence

effect may have important implications for the black hole information paradox.



Particle Creation from Gravitational
Perturbations Around Schwarzschild Black
Holes

9.1 Introduction

Particle creation in curved spacetimes is a fundamental phenomenon and is a very important
research topic in quantum field theory in curved spacetime [BD82, [Wal94, [PT09]. It usually
occurs in highly dynamical spacetimes. In the very early universe, initial quantum fluctu-
ations of curvature can be amplified by the exponentially expanding universe to form tiny
perturbations on the background spacetime [MEFB92], which play a crucial role in explaining

the origin of the anisotropies of the cosmic microwave background (CMB) and the formation

189
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of the large scale structure of the observed universe. Primordial gravitational waves are also
expected to be generated in the early universe and their detection is one of the main targets
of modern astrophysics. In addition to dynamical spacetimes, stationary or static space-
times can also create quantum particles. Well-known examples include superadiance from a
rotating black hole [Zel72l, Mis72, [Unr74], Unruh-Davies [Unr76l Dav75|] radiation observed
by a uniformly accelerated observer, and Hawking radiation from a Schwarzschild black hole
[Haw75]. Although Hawking particles were observed in an analogue system recently [Stel6],
detection of Hawking radiation from a real black hole remains elusive because the temper-
ature of an astrophysical black hole ( 1078 K) is much lower than the temperature of the

CMB (~ 2.7 K).

One question of particular interest is whether gravitational waves (ripples of spacetime)
can create quantum particles. Generally a dynamical spacetime generates particles, how-
ever it has been shown that particle creation by plane gravitational waves is forbidden
|Gib75, Des75l, IGVI1, [Sor00]. A similar statement is applied to the electromagnetic waves:
electron-positron pairs cannot be produced by plane electromagnetic waves, no matter how
strong we make the electromagnetic field [Schh1]. If electron-positron pairs were created,
momentum conservation would be violated. Pair production of electron and positron is pos-
sible if a nucleus is introduced to balance the momentum [Hub06]. In the gravitational wave
case, one would expect that an analog to the nucleus, e.g., a black hole, has to be introduced
to allow particle creation. From the theoretical perspective, it is very important and nec-
essary to study this issue in details to determine whether and to what degree gravitational
perturbations in a black hole spacetime can create particles. Recently, gravitational waves
from the coalescence of two black holes were directly detected by the Laser Interferometer
Gravitational-Wave Observatory (LIGO) [eal6bl leal6a]. The observed gravitational waves
reveal dramatic change of spacetime when two black holes merge into one and carry away a
huge amount of energy from the binary black hole system. If the gravitational perturbations
can create particles, e.g., photons, they would travel along with the gravitational waves.
These particles could be detected if the particle creation efficiency is high enough. So from

the observational perspective, it is important to have a thorough study of this question.
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In this chapter we address this question. Instead of studying the whole process of the
coalescence of two black holes, a very complicated situation requiring numerical relativity
[Leh01], we study the final stage of merging, where the ring-down is dominant. In particular,
we are interested in the effects of the gravitational quasi-normal modes (QNMs) of a black
hole, which have been extensively studied for decades [Nol99, [KS99, BCS09, [KZ11] and
analytical techniques can be applied. We consider a massless Hermitian scalar field that
propagates in the Schwarzschild background spacetime with quasi-normal perturbations.
The scalar field is assumed to be minimally coupled with the spacetime. The coupling
can be divided into two parts: coupling with Schwarzschild background spacetime and the
QNMs. The former is well studied, whilst the latter is less known and is the main content
of this chapter. We derive the interaction Hamiltonian for the scalar field, which shows that
the QNMs play the role of a multimode squeezer, familiar in quantum optics. The QNMs

“squeeze” the initial state (vacuum or thermal state) of the scalar field and produce particles.

This chapter is organized as follows. In Sec. [9.2] we briefly review the quantization of a
massless scalar field in the Schwarzschild background spacetime. In Sec. [9.3] we review the
gravitational QNMs for Schwarzschild black holes and list some important results for our
calculations. In Sec. [9.4] we study the coupling between the scalar field and the gravitational
QNMs, and derive the interaction Hamiltonian for the scalar field, based on which we show
that the gravitational perturbations around a Schwarzschild black hole create particles. The

results of this chapter have been accepted for publication in [SHMRI7al.

9.2 Scalar field in curved spacetimes

We consider a Hermitian massless scalar field ® that minimally couples to the curved space-

time with metric g,,. The Lagrangian density for the scalar field is [BD82]

L= V30" (0,2)(0,9), (9.2.1)
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where g is the determinant of g,,. We assume that the metric g,, can be decomposed
into the background part ¢gp,, and the perturbation part h,,, namely, g, = gpu + A
The background metric usually possesses some symmetries (time-translation invariance, ro-
tational invariance etc.) and the dynamics of the scalar field on the background spacetime is
well established. The perturbation h,, is assumed to be small so that perturbation theory is
applicable. Expanding the Lagrangian density Eq. with respect to h,, and keeping

terms to first order, we find
L = Lo+ L4, (9.2.2)

where the background part £y and perturbed part £, are

1 v
‘CO = 5\/ —ng% ((9#@)(81/(1));
1
Ly = 4V —9B (haagjléy - QhW) (0,9)(9,9),

with gp the determinant of the background metric and h%, = gp,sh®® the trace of the metric
perturbation. Note that we use the convention: h*" = gféaggﬁ hes. In this chapter, we are
concerned with the Schwarzschild background spacetime, for which the line element in the
Schwarzschild coordinates (¢,r,0, ¢) is

1
iG]

where f(r) =1 — 24 and M is the mass of the Schwarzschild black hole.

ds® = — f(r)dt* + ——dr® + r*(df® + sin® 6d¢*), (9.2.3)

The canonically conjugate field of ® is also decomposed into background part and perturbed

part,
H == H0+H1, (924)
where
0Ly o
HO - a(at®) -V ngB(atq))?
oL 1
I, = = = \/gp[n"(0,D) — h®,¢%(8,®)].

2(0,) 2
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The Hamiltonian density is

H=Ho+ H, (9.2.5)
where
1 i
Ho = To(00) — Lo = 5V =G5 [d(00)° — g§(0.2)(0,) (926)

is the unperturbed Hamiltonian density and
1 . 1
H = IL(0P)— L, = _?/—_gB [1"(0,@)* — h¥ (9,®)(9;®)] + FhHo (92.7)

is the perturbed Hamiltonian density. For the Schwarzschild background spacetime, /—gp =

r2sin @, so the perturbed Hamiltonian

= / Pty — © / dr / do 7’2{ ~ R0, + hY (9,8) (0, D)
2 2M 47
1
+yh Lo 00y - a0y 0,0 029

where d§2 = sin 6dfd¢.

The dynamics of the scalar field on the background spacetime is determined by the unper-
turbed Lagrangian density L£y. The quantization of the scalar field has been discussed in
details in Section |4.6.2] The difference here is that we only consider the scalar field in region

I. The scalar field operator can be expanded as

0 l 0o
o= > /O dw (dwlmUi?m + ot Ui + h-c.), (9.2.9)

=0 m=—1

where the superscript “I” has been omitted for simplicity. The operators a.;, and IA)wlm
represent upcoming and ingoing modes, respectively. They satisfy the boson commutation

relations

.

[dwl’ﬂu aw,l,m,] = 5(&) — w')éll/(Smm/,

~

[bwlm7 I;L’l’m’] == (5(&] — w’)éllzémm,,

~ ~

[dwlma bw’l’m/] = [doﬂm, b:[)’l’m’] = 0. (9210)
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9.3 Gravitational quasi-normal modes

A Schwarzschild black hole is a static and spherically symmetric spacetime that is described
by the Schwarzschild metric Eq. . Taking this metric to be the background metric
9B, gravitational perturbations h,, = g, — gp,, can arise through various physical pro-
cesses, such as a star falling into the black hole. The equations governing the evolution of
the perturbations were first derived by Regge and Wheeler [RW57], Zerilli [Zer70] in the
Regge-Wheeler-Zerilli (RWZ) gauge. Due to the time-translation and rotational invariance
of the Schwarzschild metric, the perturbations can be decomposed into eigenmodes with def-
inite frequency and angular momentum. Furthermore, they can be classified as two distinct

types: odd-parity (or magnetic-parity) and even-parity (or electric-parity) perturbations.

In the RWZ gauge, the odd-parity perturbations are characterized by two functions ho(r)

and A, (r). The nonzero components of h,,, are

W = ho(r)e “X5M(8, ),

b = (e x50, 0), (9.3.1)

where A = {0, ¢}. Here w is the frequency of the perturbations, and X4" is the odd-parity

vector spherical harmonic on the unit two-sphere [MP05],
Xg"=—cscd Y™, X" =sinf Y™, (9.3.2)

where Y™ (6, ¢) are the scalar spherical harmonics. The two functions hg(r) and hy(r) are

not independent and can be expressed in terms of a single scalar function Q(r) as [RW57]

~ fd :Q

The scalar function Q(r) satisfies the equation
d*Q 0
—G V2Q = w’Q (9.3.4)
where
o Il+1) oM
V) = £(r) [ su_o ] 9.3.5)
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is the odd-parity effective potential.

In the RWZ gauge, the even-parity perturbations are characterized by three functions:

Hy(r), Hy(r) and K(r). The nonzero components of h,,, are

by = f(r)Ho(r)e Y™,
hgf) — ]fjl(r)e—iwtylm7
h&i) _ Ho(r>efiwt lm’
f(r)
WL = PQupK(r)e ™y, (9.3.6)

where Qup = diag{1,sin?6} is the metric on the unit two-sphere. Hy(r), Hy(r) and K(r)

can be expressed in terms of the Zerilli function Z(r) as [NZCT12]

- AN+ 1) + 3\Mr + 6M?
K = A A
{ r2(\r + 3M) VI

- Ar? — 3\Mr — 3M?
H = —i Z —iwrZ,,
! " [(r M) + SM)] wre,
~ Ar(r —2M) — w?r* + M(r —3M)] -~ A+ 1M — w?r?] ~
i, - r(r ) —wirt + M(r ) ( .—l— ) Wl (9.3.7)
(r —2M)(Ar+ 3M) iwr(Ar 4+ 3M)
where
1
A= §(l — 1)l +2). (9.3.8)
The Zerilli function satisfies the equation
¢Z e >
— e +VZ =wZ (9.3.9)
with the even-parity effective potential
. A2\ + 1) 4+ 62 Mr? 4+ 18\M?r + 18M3
VO = fr) |22 (0.3.10)

r3(Ar + 3M)?

The boundary conditions for QNMs are that on the event horizon there is only ingoing mode,
Q(Z) ~e ™™ r, = —o0 (r — 2M) (9.3.11)
and at the spatial infinity there is only outgoing mode,

Q(Z) ~e“™, 1, — 4o (r— +o0). (9.3.12)
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The above boundary conditions imply that the perturbations are dissipative: waves can

escape either to infinity or into the black hole. The frequencies of the QNMs are complex,
W= wg — iwy (9.3.13)

where w; is positive and characterizes the decay of the QNMs. For a Schwarzschild black
hole, there is a discrete infinity of QNMs. The QNM frequencies depend on [ and also an

integer n called overtone number [SW85al, [Lea85].

Based on the Newman-Penrose (NP) null-tetrad formalism [NP62], another approach has
been developed to study gravitational perturbations in a Schwarzschild background [Pri72,
BP73]. This more general method has been generalized to study neutrino, electromagnetic
and gravitational perturbations in a Kerr background spacetime [Teu72, [Teu73, PT73,TP74].
In this framework, gravitational perturbations are represented by two field quantities ¢, with
s = £2, which are related to the Weyl scalars [NP62] and satisfy the Teukolsky’s master
equation [Teu72]. For the Schwarzschild case, one can take the limit @ — 0 (a is the angular
momentum per unit mass of the Kerr black hole) in the master equation to obtain the

corresponding field equation for 1. This quantity can be decomposed as
s =€ " Vi (0, ¢) Ru(r) (9.3.14)

where ,Y},,, is the spin-weighted spherical harmonic [GMNT67], (R, (r) is the radial function
satisfying the equation [BP73]

d d riw? — 2isr?(r — M)w
A5 A8+1— Ai . . 1 _
{ N dr( ; dr) + { A + diswr — (1 —s)(I+ s+ )} }stl(r) 0,

(9.3.15)

where A, = r(r —2M). At large distance from the black hole, the asymptotic solutions of

<R, are
efiwr* LT s

stl ~ r ) and SRwl ~

e
T25+1

(9.3.16)

whereas very close to the event horizon

R~ Afe™™™  and Ry ~ e, (9.3.17)
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For quasi-normal modes, the boundary conditions are: only outgoing modes at spatial infinity
and ingoing modes on the future horizon,

Co ATSe ™, — —00;
stl i (9318)

Dy e [t p — 400,
where C,,; and D, are the amplitude of the QNM at the event horizon and spatial infinity,

respectively.

The explicit expressions for the components of the metric perturbation h,, are very impor-
tant when considering the coupling between the gravitational perturbations and the quantum
fields. Chrzanowski, Cohen and Kegeles (CCK) developed a procedure to reconstruct the
metric perturbation h,, in the ingoing and outgoing radiation gauges from the field quantity
Vs [Chr75, [CK74] [KC79]. Roughly speaking, the CCK procedure consists of two steps. The
first step is to relate the field quantity s to the so-called Hertz potential ¥, which also sat-
isfies the master equation with spin weight s = —2. The second step is to find the relation
between h,, and the Hertz potential ¥ [Chr75]. The first explicit calculation of the relation
between the Hertz potential ¥ and 1, for the Schwarzschild black hole was done by Lousto
and Whiting [LW02]. Generalization to the Kerr black hole was performed by Ori [Ori03],
Yunes and Gonzalez [YGOG].

In the ingoing and outgoing gauges, the trace of the metric perturbation h®, vanishes in the
whole spacetime [Chr75]. In the ingoing gauge the perturbation h,,, is transverse at past null
infinity and at the future horizon. Thus it is a suitable gauge to study the gravitational effects
near the event horizon. While in the outgoing gauge, h,, is transverse in the future null
infinity and at the past horizon. It is therefore a suitable gauge for studying gravitational
effects at spatial infinity, e.g., gravitational waves emitted by a black hole. Since it is
reasonable to expect that the interaction between metric perturbations and quantum fields
is strong near the event horizon, we therefore work in the ingoing radiation gauge throughout

this chapter.



PARTICLE CREATION FROM GRAVITATIONAL PERTURBATIONS AROUND
198 SCHWARZSCHILD BLACK HOLES

Following the CCK procedure, Nichols et al. [NZCT12| derived explicit expressions for the
metric perturbation h,, in the Schwarzschild background spacetime in the ingoing radiation
gauge. For the odd(magnetic)-parity perturbations, the nonzero components are
VD d 2f .
§R _ . “J B Rw B Ym Ym * —iwt ’
—2f AT D {{dr* (Zw_l_r)] 2Rt (c1Yimma 4 1Yo’y )e }

o 1 , d 1 .
hfm)g = F%{ {(zwrQ — M)dr* — (§u2f —iw(=3r+7M) — w2r2)] _oR;

ni o= =

X (,gY}mmAmB — giﬁmmZm*B)ei‘"t}, (9.3.19)

where D = (1+2)!/(1 —2)!, u®> = (I — 1)(I + 2), R represents the real part of some function,

and my = \/Li(l,isin 6) is a vector on the unit-sphere with its index raised by the metric

QAB. For even(electric)-parity perturbations,

e e e 2\/5 —lw
hgt) = _fhgr) = f2h£=r) = - T2 ‘SR{szwl Yime t}’
s~ ()] |
—— R — [ tw+ = )| 2R (-1Yimma — 1Yim’ e_“"t},
2210+ 1) | Ldr. - ) |2t Yimma = 1 Yimm3)
. 1 , d 1 .

hE = =

X (oYimmamp + ngmmZm*B)e_M}. (9.3.20)

Note that the metric perturbation in the ingoing radiation gauge is related to that in the

RWZ gauge, Egs. (9.3.1) and (9.3.6), by a gauge transformation.

9.4 Coupling between scalar field and odd-parity QNMs

In the absence of gravitational perturbations, the scalar field ® evolves freely on the Schwarzschild
background spacetime. Its dynamics is dominated by the unperturbed Lagrangian density
Ly. If the Schwarzschild background spacetime is perturbed, the scalar field would couple
to the gravitational perturbations. The dynamics of it is governed by the interaction Hamil-
tonian H;, Eq. , as well. It is a general phenomenon that quantum particles are
generated in a dynamical spacetime, e.g., the exponentially expanding universe [?7, MEFB92].

Our particular interest is in whether or not gravitational perturbations in a Schwarzschild
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background can produce particles. It is well known that the plane gravitational waves do
not produce particles [Gib75, Des75, (GVIT) [Sor00]; Were it otherwise, momentum conser-
vation would be violated. As we shall demonstrate, the situation is different for spherical
perturbations. We will show that gravitational perturbations in a Schwarzschild background

do generate scalar particles and that angular momentum is conserved in this process.

In order to know the state evolution of the scalar field, one needs to find the explicit ex-
pression for the interaction Hamiltonian H; (we restore a hat from now on to indicate that
we consider a quantized scalar field) which contains first order terms of the components of
the metric perturbation h,,. An appropriate gauge can be chosen so that the interaction
Hamiltonian H; takes a relatively simple form. Throughout this discussion we will work in
the ingoing radiation gauge. There are several advantages of choosing this gauge. First,
it is straightforward to generalize the calculations to the Kerr background case. Second,
it is expected that the coupling between gravitational perturbations and the scalar field is
strong around the event horizon so it is more convenient to use the ingoing radiation gauge.

Third, the trace of the metric perturbation vanishes in this gauge, h®, = 0. Consequently

Eq. (9.2.8) is simplified:

H = % / r2dr / dQ[ — W' (8,®)% + K" (9,®)* + 2h™4 (0, D) (0aD) + hAP(94D)(95P)].
2M A
(9.4.1)

where we have replaced x' by {r, A}, with A, B = {0, ¢}. In what follows we will consider
the effects of both odd-parity and even-parity QNMs with frequency wy = wg — iw; and

angular momentum [y, my.

9.4.1 Interaction Hamiltonian from odd-parity QNMs

For simplicity, we only consider the coupling between upcoming and upcoming modes, and
neglect the superscript “up” without introducing any confusion. Couplings between upcom-

ing and ingoing modes, ingoing and ingoing modes are also possible, which we leave for

future work. Since for odd-parity perturbations, h,gf ) = Bl = 0, the relevant terms in Eq.
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(9.4.1) are (8,8)(84®) and (9,9)(95P). Using the expansion of the scalar field operator,
Eq. (9.2.9), and the explicit expression of the upcoming mode function, Eq. (4.6.5)), we find

(0,8)(04®)
Z Z /dw / dw |:awlmdw/l/m/ei(w+w/)tar (@) (Rw/l,)nm(aAY/m/)
r T
LI mm
+dwlm&1,/l/m/€_i(w_w/)tar (@) <Rw/l/ ) Ylm(aAYZn’) + h.C.:| . (9.4.2)
r r
(04®)(05)
Rwl Rw’l’
d d wlmWw'l'm/’ it 0 Ym 0 Y’m’
T o a5 oo
; ’ Rw R*/ /

From Eq. (9.3.19)) we see that hg and hfﬁg contain terms that are proportional to e~ 0! =
e~wrtemwnl and (e~ oty = e~witeiwrt  When multiplying with (8,8)(94®) and (9,9)(05P)

we get terms containing factors

+i(wrtw—w’)t

; !
+i(wp—w—w’)t e ’ e

; ’
e : eiz(wRerer )t7

+i(wp—w—w')t

In the rotating-wave approximation, terms with the lowest frequency oscillations e (wr—w=«)t

dominate over more highly oscillatory terms. This approximation ensures that the energy is

approximately conserved, wr &~ w + ’. Substituting Eqgs. (9.3.19)), (9.4.2) and (9.4.3) into

Eq. (9.4.1) we have in this approximation

LU mm

+€i(wR—w—w’)t(I:II;1 + 1.:2122)dwlmdw’l’m’:| , (944)
where Z,; and Z,» are the radial integrals,

2f R*l R*/l/
I,,« = — Wi - —24 T = —= )
' \/2l0 l0+1 / [dr* 2t (MOJr 7“) 1t °l°}8< r )( r )

d 1 .
I, = / 2f2 |:(ZWOT2 - M) dr —2Rwolo - (5:“’(2)]0 - ZWO( 3r + 7M) - (‘UO )—QRw0l0:|

9 (%) <R;_,) (9.4.5)




9.4 COUPLING BETWEEN SCALAR FIELD AND ODD-PARITY QNMS 201

Z.1 and Z,5 are the angular integrals,

Zai(lo,mo; 1,ms; U'm') = /dQ(_lYlomomAquonmomA*) (04 ), (9.4.6)
4

Tao(lo, mo; l,ms;l',m') = /dQ(QYZOmOmAmB—QYEOmOmA*mB*)(@A ) (OBY) ).
47

(9.4.7)

Since the Hamiltonian (9.6.3) is quadratic in creation (and annihilation) operators, it is
clear that it describes multimode squeezing. The quantity Z,1Z,1 + Z,2Z.> plays the role of
a phase matching function, the nonzero value of which would imply that the gravitational

perturbations generate quantum particles.

9.4.2 Radial integral

It is difficult to find exactly analytic results for the radial integrals Z,; and Z,., because we
do not have analytic solutions for _oR,,,;, and R,;. One might expect they can be calculated
numerically. It turns out that the calculation of the radial integrals is not trivial because of
the peculiar property of the radial function of the QNMs. When r, — 400 (spatial infinity),
the integrands of Z,; and Z,5 are both proportional to giwo—w—wr. according to Egs.
and ; when r, — —oo (event horizon), they are proportional to e~ iwo—w—wre - The
QNM frequency is a complex number, wy = wgr — iwy, so the integrands are proportional to
e“I"™ when r, — 400, and e"“"™ when r, — —o00. Since w; > 0, the integrands are divergent
at the spatial infinity and on the event horizon, which implies the radial integrals are not

well defined.

Leaver [Lea86] proposed a method to overcome this difficulty by exploiting the analyticity
of the integrand in r,. A new contour is chosen such that the integral along this contour is
finite. Sun and Price [SP8§]| discussed in detail how to construct Leaver’s contour by analytic
continuation and restored a factor that is missed in [Lea86]. Similar techniques were also
used by Yang et al [YZL15] to define the inner product of the radial function of the QNMs.
In this thesis, we follow the method of Leaver (taking into account the missing factor) to

regularize the radial integral to obtain a finite result. By using Leaver’s method, the radial
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integral can be in principle calculated numerically. In order to obtain an approximately
analytic result, we assume that the main contribution to the integration is from the region
near the event horizon, that is, r ~ 2M. This is because the coupling between the QNMs and
scalar field near the horizon is expected to be stronger. This assumption can be also justified
by looking at the asymptotic behaviour of the integrand along the contour at infinity, which
is exponentially suppressed. To further simplify the result, we assume that the imaginary
part of the QNM frequencies are small. This is rather a crude approximation because the
imaginary part of the QNM frequencies of a Schwarzschild black hole are not so small.

However this approximation is adequate for the purpose of this thesis.

Noting that » = 2M and r = oo are two branch points, the branch cut can be chosen as a
line perpendicular to the real r axis, starting at » = 2M and ending at » = co. It lies in the
upper complex r plane if wgp —w — w’ > 0, as shown in Fig. 0.1} and in the lower complex
r plane if wg —w —w’ < 0. When wgr —w — ' > 0, the contour C' begins at r = oo, right
next to the branch cut, moves downward to r = 2M, where it wraps and, left next to the
branch cut, moves upward to r = oo, as shown in Fig. [9.1] We refer to the region near
r = 2M as the in region and the region around r = oo as the out region, as schematically
represented by the shaded region in Fig. 9.1 By analytically extending the integrands to
the complex r plane we see that along the contour C' the integrands exponentially decay in
the out region, which can remove the formal divergence. In addition, the exponential decay
of the integrands in the out region implies that the main contributions to the integrals are

from the in region.

We describe in detail how to find the approximately analytic result for the radial integral

Z.1; the result for Z,, can be obtained in a similar way. At spatial infinity, by using Eqgs.
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5 \(/ > Re(r)
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FIGURE 9.1: The contour C' and branch cut for wg —w — w’ > 0. The two shaded regions are referred
to as in (close to the horizon) and out (around r = co) regions, respectively.

(19.3.18) and (4.6.9), the integrand of Z,; can be approximated as

1[/d  of d [R5\ (R
7l == )ma 5 () (52)

* Tk w 1 i(wo—w—w )Ty
~ o= wle/l/Dwolo (7 + ;)6 (wo )

{zQx(x R Il N (e 1)m} AT, (9.4.8)

_ B:;lBZ’l’Dwolo
2M

where we have defined dimensionless quantities x = r/2M, A = 2M (wg—w—w'), Q@ = 2Mw,
Qo = 2Mwy, ' = 2Mw'. Near the event horizon, according to Egs. (9.3.18)) and (4.6.9)), the

integrand of Z,; can be approximated as

1[/d  2of d (R:\ (R
7o) () (%)

~ 2A75,A5Culo [azl(l — Q) (i — 1)(x — 1) +iQ(1 — iQoz)(x — 1) 74 |87,

(9.4.9)

where we have only kept the term proportional to e ““0==«) owing to the rotating wave
approximation. As discussed before, the integration along the real axis is formally divergent.
The integrands Eqs. (9.4.8) and (9.4.9) are analytically extended to the whole complex r

Az

plane. Along the contour C' in the out region, € e~2Mwilzl wwhich means the integrand of

7.1 exponentially decays. We therefore expect that the integral Z,; is finite along the contour
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C. Unfortunately, we cannot find an analytic expression for the integrand on the whole
contour C'. Numerical techniques need to be introduced to perform the contour integration.
However, it may be possible that an approximate result can be obtained by using only the
asymptotic behaviour of the integrand. Note that in the out region the integrand
exponentially decays and contributes very little to the total integral. Introducing another
exponential decaying function in the out region would not introduce large deviation to the
integral. We therefore replace Eq. by Eq. with the factor e ** replaced
by €%, In the in region, the asymptotic expression for the integrand is Eq. which
dominates the contribution to the integral. We expect that most pairs of particles that
are produced satisfy the energy conservation condition, wrp = w + w’, and furthermore the
imaginary part of the QNM frequency is usually small. We thus can take the limit of ¢A ~ 0,
so that e % ~ 2% The exponential factor e ** in Eq. is replaced by €% and
an approximate asymptotic expression is obtained. In a word, we approximate the original

integrand by

1[/d  2f d (R (R
7L == ) () (52)

~ 24%,A%,Con [m‘l(l — iQpz)(IQ2 — 1)(x — 1) +4iQ(1 — iQpz) (v — 1) 74 | ™42

(9.4.10)

along the whole contour C. Obviously, this is a very crude approximation since we have
ignored the behaviour of the integrand in the intermediate region. The validity of this
approximation has to be verified by numerical calculation. However, we expect that this
approximation provides a lower bound for the exact integral since near the horizon we replace
an exponentially growing function by an an exponentially decaying function. The advantage

of this approximation is that we can obtain an analytic result for the radial integral Z,;.

From Eq. (9.4.10)) we see that basically we need to calculate
]{ dz 'A% (g — 1) B2 (9.4.11)
c

where ny, ny are two integers, C' is the contour we introduce, as shown in Fig. [0.1] Defining
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a new variable u = iA(x — 1), we have [MEF53]
\% dx 67:A.’E(x _ 1)n1—iAl,n2
c

n2
— A iA—ni—1 f d u, ni—iA 1 u
(1A) a u e'u + A

2mi(—1)mH1-ifeia , : :
= U 1 —1A 2 —iA, —iA 9.4.12
F(—n1+2A) (n1+ ? 7n1+n2+ 1A, —1 )7 ( )

where F' is the contour illustrated by Morse and Feshbach’s Fig. 5.1.2 [ME53], I'(2) is the
Gamma’s function and U (a, ¢, 2) is the confluent hypergeometric function [AST2]. Therefore

the radial integral Z,; can be approximated as

I’rl

_ 87TMi\/ DO AZIAZ/Z/CwOloeiA{ (_1)271'A
r

—QQy U2 —iA, 4 —iA, —iA
i e e el L >

Fi(Q 4 Qo) U2 — i, 3 —iA, —iA) — U(2 — i, 2 — A, —m)]

(-1t . : : : : : :
—— [ QQ 1—4A,3 — 1A, —A QU1 —1A,2 —iA, —iA
+ (A 0o U(1 —iA,3 —iA, —iA) +iQ U(1 —iA,2 — i, —iA)
81 Mi~/Dy A { (iA)A—2 { 200 _ }
A" A, e C,, . — —— +200, +i(Q+Q
2o+ 1) " 1 T(=1+iA) iA 0+ 0)
(=1)*2 . o (A)A-1 7 Q0 ,
————U (2 —iA,2 —1A, —IA — 200 Q
T(C1q Ayl 22 —iA —iA) + Fars N &
(9.4.13)
where we have used the fact that [NIS]
Ula,a+n+1,z2) = st T(a+k)z" (9.4.14)
? ? F(a) k ?

k=0
with n =0,1,2,---. In the limit of 1A ~ 0, from Eq. (9.4.13)) we obtain the dominant term

V DO 167TZMQQO AZ)ZA:;’Z’OWOZO

T~ — g . 9.4.15
1 /—Qlo(lo T+ 1) (ZA)Q 1 — 270 ( )
The calculation of the radial integral Z,., is very similar and we put the details in Appendix

A (Section [9.8.1)). The dominant term of Z,.5 in the limit of iA ~ 0 is

~ 167TZMQ(2) A:)lA:)/l' wolo
72 (ZA>2 1 — 27

(9.4.16)
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9.4.3 Angular integral

In order to calculate the the angular integrals Z,; and Z,, we need to know the explicit
expressions for the spin weighted spherical harmonics 1Y}, and 45Y},. The spin weighted
spherical harmonics .Y}, for integers s,l,m is defined from the spherical harmonics Y,

[GMNF67],

(I=s)! 0°Yim, 0<s<l;

i = VY (9.4.17)

Eﬁtz§§<—1>s 0 Y, —1<s<0,

where 9 and 0 are the spin-raising and spin-lowering operators, respectively. Assume that 7

is a quantity of spin-weight s, then 07 is a quantity of spin-weight s + 1,

WS R L VN
on = —(sin 6) (% + sin@c?_gb) [(sin6)~*n]; (9.4.18)
and 07 is a quantity of spin-weight s — 1,
N ) i 0 s
0n = —(sin ) (% - sin@f)_ng) [(sin6)°n]. (9.4.19)

According to the definition (9.4.17]), we derive in detail the explicit expressions for 41Y},, and
+2Y, in Appendix B (Section [9.8.2)). In terms of associated Legendre functions P (cos#),
we find

1 20+ 11—l —m)! _ 2m :
Yim = =(—1)™ prit4 2 pm-l P™ )™ (9.4.2
£171 2( ) \/ dr (IL+ D) ({1 +m)! T “m ™1 + sing ! e"?,(9.4.20)

1 2041 (1 —=2) (I —m)! 2
:I:Z}/lm — Z(_1)m\/ + El 2) ( m) |:-le+2+Cl2m0127m1-le_2_2(60t9j: .m)‘le—l-l

y T2 (£ m)! sin 0
om - 4m?*  8mecot@\ .1 ..
+2(cot¢9j:w>cl2mpl 1—1—(—ClQT,@_ClZ,erl"‘Sinzgi sin 6 )Pl 16 "

(9.4.21)

where ¢, = v/(L+m)(l —m+1). Egs. (9.8.20) and (9.8.21)) can be further transformed
to eliminate the trigonometric functions by using the recurrence properties of the associated
Legendre functions [AS72]. Finally, the calculation of the angular integral is reduced to the

evaluation of the integrals of the products of three associated Legendre functions,
1

Tra(ls, muilaymai b ) = | By () P () B ) (0.4.22)
1
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where p = cos 6. The integral Zps has an analytic result and is shown in Appendix C (Section
9.8.3)). Therefore, the angular integrals can always be calculated although the calculation is

tedious in the general case.

For simplicity we consider a special case where the angular momentum of the QNMs along
the z direction is zero, that is, my = 0. This simplifies the calculation a lot and is sufficient

to demonstrate quantum particle generation by the QNMs. It is easy to show that, if we let

m = 0 in Eqgs. (9.8.20) and ((9.8.21]),

20 +1(1—1)

:I:l}/lo = + 47_‘_ (l+1)‘ ‘Pllv (9423)
A+1(1—2)

2o = ([T B (9.4.24)

We thus immediately find

Ia = V2 / dQ 1YY, (Laﬁy:‘m,), (9.4.25)

sin 6

To = [ a0 Vi @) (g0 ) + (g0etin ) @i | @420

sin 6
The integration over ¢ gives rise to a d-function d,, _,,, which implies that the produced pair
of particles have opposite angular momentum along the z direction. This is not surprising
given that my = 0 and is an illustration of the angular momentum conservation in the

particle production process.

Using the recurrence properties

1
BB = ST = (+m)I=m+ A,
“opr = —E[Pmﬂ%—(l—i-m)(l%—m—1)Pm_l}
sinf ! gLt =1

of the associated Legendre function, the angular integral Z,; and Z,, becomes

1
T = —V210 _p K™ / du PLE [P+ (U 4+ )+ m = )P,
-1

(9.4.27)
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1
Ia2 — _g(sm/ﬁm ng;l/m// dﬂ Pl%{ [leJrl o (l + m)(l —m 4+ 1)le71]
-1
X [P+ (U +m) (I +m = 1) P

[P+ U m) I+ m = DRI R = (4 m ) = m + )R] }

(9.4.28)
where the factor K™ is defined as
iclmt'm’ _ CL+1D2L+1)2U+1) (L =M —m) (" —m)! (9.4.29)
Lt (47)3 (L+ M) (1 +m) (I +m) o

Now Z,; and Z,» can be explicitly calculated by using the result of Zps(ly, m1;lo, ma;ls, m3)
As an example, we calculate the angular integrals Z,; and Z,, for a QNM with angular
momentum (lp, my) = (2,0) and a pair of scalar particles, the first of which with angular
momentum (/,m) = (1,1) and the other (I, —1). We find that the particle (1, 1) only couples

with those particles with [’ = 2, namely, the only nonzero Z,; and Z,, are

1
Za(2,0;1,1;2,~1) = —3 §, Tu5(2,0:1,1:2, 1) = ,/23. (9.4.30)
e

(e

9.5 QNM as multimode squeezer

In the last two subsections, we have analytically calculated the angular integrals, and derived
approximately analytic expressions for the radial integrals for odd-parity QNMs. We thus
can obtain the interaction Hamiltonian ﬁl(o), which dominates the evolution of the scalar
field. Given the approximate results we will estimate the strength of the coupling between
the QNMs and the scalar field. The time evolution operator is

U = Texp{ - z/ dt Hl(o)(t)}, (9.5.1)

0

where T is the time ordering operator. In the weak-coupling regime [WLBROG], the time

ordering is not important so that we can approximate the time evolution operator as

U ~ exp{ - z/ dt FI{O)(t)}, (9.5.2)
0
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and the integration over ¢ can be directly evaluated. Using the integration

o , / 1
/ dt e~wrtemilwr—w=et — _ — (9.5.3)
0 i[(wp —w — W) — iwy]
we have
@ — ®®U£‘2~
m U
U, ~ exp{ —i/dw/dw' [Egi)l,(w,w’)&le&L,l,v_m~|— h.c}} (9.5.4)
where
47/M3A* A*//C I 1 VDO
F, w,w') = wl Wl “200 __ [sza — ——————O0 L |- 9.5.5
Iml ( ) m<1 _ 6271,90) (ZA)?’ 0+a2 2lo(l0 T 1) 0+al ( )

It is evident that Eq. ((9.5.4) represents a multimode squeezing operator and E(;;)l, (w,w)
is known as the joint frequency distribution. Eq. shows that the joint frequency
distribution }'l(;)l, (w,w’) is not zero, indicating that there would be scalar particle creation.
If the initial state of the scalar field is a vacuum state (the Boulware vacuum), the QNMs
would squeeze the vacuum and produce a squeezed vacuum state; if the initial state is
a thermal state, e.g., Hawking thermal radiation, the QNMs would squeeze the Hawking
thermal radiation and amplify it. In a word, the presence of QNMs would squeeze any state

of the scalar field, amplify it and produce scalar particles. The energy of producing particle

is from the QNMs. This is the main conclusion of this chapter.

In Eq. , Ay is the reflection amplitude (see Eq. ) of the upcoming scalar
field mode determined by the effective potential, Eq. . Fig. shows the effective
potential of the scalar field for several low angular quantum number [. For a given [, the
effective potential peaks around r, = 2M with its maximum depending on [, higher for bigger
. Unfortunately, there is no analytic expression for the reflection amplitude, however, we
can infer the qualitative behaviour of A.,;. If the frequency of the field mode is lower than
the maximum of the effective potential, most of the field mode is reflected; whilst if the
frequency is higher than the peak of the effective potential, the field mode almost penetrates
through the potential. Fig. (9.3 shows the numerical results of the reflection coefficients,

| A
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FIGURE 9.3: Reflection coefficient for the scalar field modes.

After knowing the behaviour of the reflection amplitude, we can study the behaviour of the

joint frequency distribution. The factor A is defined as

A=2M(wy—w—w') = (Qr—Q—Q) —iQy, (9.5.6)
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where Qg = 2Mwpg, 0y = 2Mw;. Therefore we have

L ! (95.7)

AP [(Qr— - @)+ 02

This is a distribution with respect to € and € that peaks along the line Q + Q' = Qp,
the maximum of which is 1/Q3. Here Qr — Q — Q' can be considered as the frequency
detuning, and €2; can be considered as the decay rate which also characterizes the width of
the distribution Eq. . If Q; is small, the distribution Eq. is nonzero only for
Q0+ Q' ~ Qp. This is an indication of energy conservation: the sum of the frequencies of the
pair of scalar particles should be equal to the real part of the QNM frequency. Figs. and
show an example of the absolute value of the joint frequency distribution, |fl(m°)l, (w,w)].
We can see that basically |.7-"l(72)l, (w,w")| follows the energy-conservation line 2 + Q' ~ Q.
The high frequency part is suppressed by the reflection amplitude A,;; while in the low
frequency regime, |A,;| is almost one and the factor 1/v/Q€ dominates. The latter is
annoying because that means the joint frequency distribution is divergent at 2 = 0 or
' = 0. At the current stage, we assume that there exists a low frequency cutoff so that the

joint frequency distribution is finite. We leave this for future work and do not worry about

the low frequency behaviour here.

We can compute a crude estimate of the maximum of the joint frequency distribution.
Assume that in Eq. (9.5.5), Q ~ Q' ~ Qr/2, |Au| ~ |Awr| ~ 1/4/2 and the contribution

from the angular integral part is at the order of unity, we find

QR [ 1 Cante]
(0) -~ 3R (L wolo
i bmax ~ 4M (QI> (Q%) }1 — eQW(QR—iQI)|' (9.5.8)

This is an approximate relation between the squeezing amplitude (or the strength of coupling)

and various parameters of the black hole and QNM. Here Q5 is the resonance frequency of
the QNM and €2; characterizes the decay rate. If we make an analogy with an optical cavity
[BRO4], 2/ can be considered as the quality factor of the QNM. We see that the squeezing
amplitude is proportional to the cube of the black hole mass, the amplitude of the QNM
at the event horizon, the quality factor of the QNM, and is inversely proportional to the

square of the decay rate. This means the strength of coupling is stronger for longer lasting
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FIGURE 9.4: Modulus of the joint frequency distribution. QNM: Qr = 0.7474,Q; = 0.178, (lg,mg) =
(2,0). Scalar particle one: (I, m) = (1, 1); scalar particle two: (I',m’) = (2, —1).
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FIGURE 9.5: Density plot of the modulus of the joint frequency distribution. QNM: Qg = 0.7474,Q; =
0.178, (lo,mg) = (2,0). Scalar particle one: (I,m) = (1,1); scalar particle two: (I',m’) = (2,-1).

QNMs, larger amplitude of QNMs and bigger black holes. However for Schwarzschild black
holes the QNMs decay very fast and the least damping QNM is the fundamental QNM for
which the overtone number is n = 0 [BCS09]. For example, for the fundamental QNM of
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(lo, mo) = (2,0), Qg = 0.7474 and Q; = 0.178 [BCSQ9]. Substituting these into Eq. (9.5.8),
we find

|‘F'l('rf7,)l’|max ~ 5M3|CwUlo|' (959)

9.6 Coupling between scalar field and even-parity QNMs

The procedure to evaluate the coupling between the scalar field and the even-parity QNMs
is similar. For the even-parity perturbations, h{Y # 0, i £ 0, so we also need (9,%)(9,P)

and (8,9)(0,®) in Eq. (9.4.1)), which is

(0,9)(9,)
oo 0o l U
1 : ’ Rw Rw’ ’
- Z Z Z Z /dw/dw/ F— |: - wwldwlmdw’l’m/eil(Wer )t (_l) ( l )YZmY/m/
=0 I'=0 m=—Ilm/=-1 47T ww/ r r
4 n [ Ry R*,,
w0 Ay, €@ <—’> ( o )ng e h.c}. (9.6.1)
T T
(0,8)(0,)
co oo l U
1 . ’ Rw Rwl ’
- Z Z Z Z / dw / dw, [dWlmdw’l’m’e_Z(w+w )ta'r (_l) a’r ( l )HmY/m/
=0 I'=0 m=—Ilm/=—1" 47T V CUW/ T T
l / Rw R*/ /
Htm e, <_l) Or ( . ) Yim Yy + h.c-] : (9.6.2)
T T

Substituting Eqgs. (9.3.20) and Eq. (9.2.9) into Eq. (9.4.1), and taking into account the

rotating wave approximation, we have

NOTUE S 1 on o Yeat ot
H1 ~ 16_71'6 1 Z Z//dw dwlm{e (wr )awlmaw’l’m’ [(IT3 +I7’4)Ia3

LI mm

+Z1Zus + LooTos) + hoc, } (9.6.3)

where the radial integrals Z,4 and Z,5 are defined in the last section, Eq. (9.4.5), Z,5 and Z,4

are

> 1 R* R*/I
T3 = —W’\/DO/ dr— 2 Ruyly (—wl> <Ll) (9.6.4)
v J r

r

o0 R* R*/ !
Ir4 = -V DO/ dT—QRwoloar <7wl) 87“( 't ) (965)
2M

r
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The angular integrals Z,3, Z,4, Z,5 are

Tas(lo, mo; l,m;l',m') = /dQ Yigmo Yo Y (9.6.6)
4m

Toa(lo, mo; L,m; Um/) = / dQ (1 Yigmem™ = 1Yigmem™) Yo (9aY), (9.6.7)
4m

Zos(lo,mo; I,ms; 1'm') = /dQ (22Yigmem ™ m®? + o Yigmem™**mP*) (04Y 5 ) (05Y;)-
4m

(9.6.8)

The radial integral 7.3 and Z,4, can be calculated similarly to that for Z,;; details are in

Appendix A (Section [9.8.1)). In the limit ¢A ~ 0, we find

87TZ V DOMQQ/ AZZZA:;/I/CWOZO

(9.6.9)

This implies Z,3 + Z,4 =~ 0.

It turns out that Z,3 can be easily obtained and expressed in terms of the 3-5 symbols,

2+ D)+ D)2 +1) (1 11 l I [
T = (caymy /Gt DELEDELED ° " .60

m 00 0 -m —m' my

which is zero when mq # m + m/. Taking into account the property of the 3-j symbols, Z,3
vanishes when [y + [ +[" is an odd integer. If we consider the special case where the angular
momentum of the quasi-normal modes along the z direction is zero, that is my = 0, the

calculation of the other angular integrals can be simplified. We have
T = V2 / dQ _1Yie0Yin (96Yi), (9.6.11)
Ia5 — /dQ _23600 |:(89Y2m)(ag l/m/> + <_Slnea¢}/im) <_S1nea¢Y/m/):| . (9612)

Using the recurrence properties of the associated Legendre function as before, the angular

integral Z,4 and Z,5 become

1
Tus = V26— K™ / du PLPP [Pt = (U +m) (U —m + 1) B,
-1
(9.6.13)



9.6 COUPLING BETWEEN SCALAR FIELD AND EVEN-PARITY QNMS 215

I'=1 I =
Zoa(2,0;1, 1,1, -1) | 3,/ —44/ 5=

Ts(2,0;1, 1,1, 1) | (/52 2,/55

TABLE 9.1: Nonzero Z,4 and Z,5 for a QNM (lp, mp) = (2,0) and a pair of scalar particles:
(I,m) = (1,1) and (I',—1).

™

Lo = Town K [ du {1 = @ m = )
X [P = (U m )= m! + )P
[P+ U+ m)(+m = DPPT B+ (4 m) (I +m = DR }
(9.6.14)

where the factor ICIL%’“/ is by Eq. . As an example, we calculate the angular integrals
Z.4 and Z,5 for a QNM with angular momentum (ly, mg) = (2,0) and a pair of scalar particles,
the first of which with angular momentum (I,m) = (1,1) and the other (I, —1). We find
that the only nonzero Z,4 and Z,5 are for I’ =1 and I’ = 3, as shown in Table .

The time evolution operator is
e = Texp{ —i / dt H (t)}, (9.6.15)
0

where T is the time ordering operator. In the low downconversion regime [WLBRO6], the

time ordering is not important so that we can approximate the time evolution operator as
A o0 A
U® ~ exp{ - Z/ dt H{e)(t)}, (9.6.16)
0
and the integration over ¢ can be directly evaluated. we find

U = ®®Ul(me)l’7

m U
U, ~ eXp{ —i / dw / dw’ [ﬂ%,(w,w’)&ilmdlq,’_m—l— h.C.H (9.6.17)

where the joint frequency distribution is

42M3AZJZA:J/V wolo 1 |: 2 \/DO

JT_'(G) ‘ ()Ia5 . v=v
/QQ’(l — e2m) (1A)3 2lp(lp + 1)

Iml’

(w’ w,) =

QQOIM] . (9.6.18)
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It is evident that the joint frequency distribution E(jjl/ (w,w’) for coupling between the scalar
field and the even-parity QNM is nonzero, showing that there would be scalar particle
creation. Figs. and [9.7] show an example of the joint frequency distribution.
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FIGURE 9.6: Modulus of the joint frequency distribution for even-parity QNMs. QNM: Qp =
0.7474,Qr = 0.178, (lp,mo) = (2,0). Scalar particle one: (I,m) = (1,1); scalar particle two: (I',m’) =
(3,-1).

9.7 Summary

In this chapter, we studied the coupling between the gravitational QNMs of a Schwarzschild
black hole and a massless scalar field, and showed that scalar particles can be produced
by the gravitational perturbations. This is contrary to the plane gravitational wave case
where particle creation is forbidden due to the violation of momentum conservation. In
the Schwarzschild black hole case, the total angular momentum of the QNMs and the pair
of particles is conserved. In arriving at the above conclusion, we explicitly derived the
interaction Hamiltonian for the scalar field which shows that the QNMs play the role as a
multimode squeezer. The QNMs squeeze the initial state of the scalar field and produce

particles. If the initial state of the scalar field is a vacuum state (Boulware vacuum), then
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FIGURE 9.7: Density plot of the modulus of the joint frequency distribution for even-parity QNMs.
QNM: Qpr = 0.7474,Q; = 0.178, (lp,mg) = (2,0). Scalar particle one: (I,m) = (1,1); scalar particle two:
(',m’) = (3,-1).
the final state is a squeezed vacuum state, indicating that the QNMs amplify the vacuum
fluctuations and create particles. If initially there exists Hawking radiation, a thermal state
with temperature proportional to the surface gravity of the black hole, the QNMs would
squeeze the Hawking radiation and amplify it. A recent study [AK] shows that the Unruh
radiation can be modulated by non-uniform acceleration, which implies, according to the
equivalence principle, that the Hawking radiation could be modulated by infalling matters.
In this chapter we explicitly show that the presence of gravitational perturbations results in
coupling between different Hawking particles, and therefore may build correlations between
them, modifying the thermal characteristic. In the realistic astrophysical situations, the
temperature of the CMB is higher than the Hawking temperature, so it is expected that the
amplification of the CMB around a black hole by the QNMs is more significant than the

amplification of the Hawking radiation.

How significant the amplification is depends on the squeezing amplitude. We showed that
the squeezing amplitude is proportional to the amplitude of the QNMs, which is reasonable
because larger gravitational perturbations would create more particles. In addition, the

maximal squeezing amplitude is proportional to the cube of the black hole mass and the real
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part of the QNMs frequency, and is inversely proportional to the cube of the imaginary part
of the QNMs frequency. This implies that for given amplitude of the QNMs a larger black
hole would create more particles. Furthermore, the particle creation efficiency is higher for
lower decaying QNMs. For Schwarzschild black holes, the damping of the QNMs is fast. The
least damping mode has 2Mw; = 0.178. For extreme Kerr black holes, there exists QNMs
with very small damping rate, called Zero-Damping modes [YZZT13]. We expect that our
result is qualitatively correct for the Kerr black holes, which implies the particle creation by
gravitational perturbations around an extreme Kerr black hole is much more efficient than

Schwarzschild black holes. We leave this topic for future work.

9.8 Appendix

9.8.1 Appendix A: Radial integrals 7,5, Z,3 and Z,4

The evaluation of Z,.5 is very similar to that of Z,.;. At spatial infinity (r — o), according

to Egs. (9.3.18]) and (4.6.9), the integrand of Z,, can be approximated as

2 f2 {(WOT2 - M) ar. (g,ugf — wo(=3r +7TM) — w§r2)} Ry (Tl) (Tl)
3iwo 1\ 6iMw, 2  3M7 .. . .
BB, D, — 1 - = _ _ t(wo—w—w)ra
wlw'l ol0|: f ( f)+ er 2’/“f 7”2f e

L p pr ; =2+ 1 —1+4i 3 —14+iA] JiAz
mble’l’Dwolo [3iQ0x(x — 1)72H4 — 5#3(%‘ — 1) 3% Yz — 1)~ 18] ela,

Q

Q

(9.8.1)

The dominant term is e*2% /x when z is large. Near the event horizon (r — 2M), according

to Eqgs. (9.3.18]) and (4.6.9), the integrand of Z,, can be approximated as

1T d /1 | R\ (R,
{(zwor2 - M)— — (§u(2)f —wo(—3r +7TM) — wgr2)] o R, (—l> (—l>

2 f2 dr, . .

1 AM  AM?

AZ AL Coolo {QWSTQ + dwor + 4iMwy — §pf)f ——
T r

Q

:| e—i(wo—w—w’)r*

Q

, 1 )
AL AL Cole {(2933:2 +iQox + 20 — 227 + 7 ) (x — 1) — §u(2):1:_1(3: — 1)1_1A]

x e IAT (9.8.2)
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By using the same approximation that leads to Eq. (9.4.10), we obtain an approximate

expression for the integrand of Z,5 along the whole contour C,

1

d 1 R* R*
. 2 2 . 2,2 wl W'l
7“2_f? {(zwor — M)dr* — <§u0f —dwo(—3r +TM) —wgr )] o R, (7> (T)

Q

. 1 )
A AL Cole [(2933:2 +iQox + 20 — 227 + ) (x — 1) — §u(2)x_1(x — 1)1_1A]

x AT, (9.8.3)

We can see that in the out region along the contour C', the dominant term in Eq. is
22e'»* which is greater than the dominant term in Eq. , e'A® [x. However, these two
terms are both exponentially suppressed so that their contribution to the total integration is
small. We therefore expect that this approximation only introduces a small error. The main
contribution to the integration comes from the in region where x is not large. In the limit
of iA ~ 0, which is the case that we are mostly interested in, e *A% ~ €A% We therefore
expect that Eq. is a good approximation to Eq. in the in region. Note that
we replace an exponential growing function by an exponentially decaying function in the in
region, the final result provides a lower bound for the exact radial integral Z,,. Using Eq.

(19.4.12)) we have

~ vA:;lA:/l/CwoloeiA (_1>1_ZA 2 . . .
Lo =~ AnbMi T oot { (A 205U (1 —iA, 4 —iA, —iA)
FIQU(1 — iA, 3 — iA, —iA) + 200U (1 — iA,2 — iA, —iA) + U(1 — i, —iAA, —iA)
. . . (_1)277;A 2 . . .
2U(1 — A, 1 — A, ZA):| (11 D) peU(2 —iA, 2 —iA, —iA)
~ 'A:JZAZ/Z/CWOlOeiA (ZA)ZA_l 493 ZQO + 109% 2 .
~ 4nM:i = oz { TGA) | (D) — A + 8025 + 4i€)
D (1 — AL — iA, —iA) — U(1 — iA, —iA, —i)
T(A) iA 1 —iA —i iA, —iA, —i
U™ oo in 2 — A, —iA) (9.8.4)
2F(—1+iA)M0 iA 2 —IA, —i : 8.

The dominant term in the limit of iA ~ 0 is

I —~ 167TZMQ(2) AZ}IALT)/IICWOZO
TUA)2 11— e

(9.8.5)
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At spatial infinity (r — 00), the integrand of Z,3 can be approximated as

1 R* R*/ ’ * * —2+1 iAx
P_QRWO,O( r”) (%) ~ 2M B By Doyt (. — 1) 72T 8B (9.8.6)

Az

The dominant term is ze’>® when z is large. Near the event horizon (r — 2M), the the

integrand of 7,3 can be approximated as

1 i Ry * o Ax —iA —iAx
R (—wl) (L’) ~ AMPAY AL Coo 0 (w — 1) TR0, (9.8.7)

F72 wolo r r

By using the same approximation as before, we obtain an approximate expression for the

integrand of Z,5 along the whole contour C,

1 R* R*// % * —3 1Az
F_QRWO,O< ;}’) (%) ~ AMPAY AL Coo 0 (x — 1) 7R eiA7, (9.8.8)

Using Eq. (9.4.12)) we have

AZlAz’l’CWOloeiA (_l)lilA
T—e2%  T(iA)

T,y ~ —Admin/DoMOQLY U(l —iA, 4 —iA, —iA)

, A% AL Coee™® (1A)A 1 5 2
~  —Admi/ Dy MY el w0k - . 9.8.9
Ty S 1—ex®  T(iA) N INE (9:8.9)
The dominant term in the limit of A ~ 0 is
- ! * *
_'Z:rg ~ 871-2 V DOMQQ AwlAw/l/OWOIO . (9810)

(iA)? 1= e2nfl

At spatial infinity (r — o0), the integrand of Z,., can be approximated as

_ZRWOIOE( ;UI) E (%) ~ mble/l/Dw()lO |: - QQ,ZB(ZL’ - ].) 2 + T 1

+i(Q+ Q)a(z — 1) (z — 1) (9.8.11)

Near the event horizon (r — 2M), the the integrand of Z,, can be approximated as

d (R\ d (R,
—2Rw0l05( r )dr( r )

By analytically extending Eqgs. (9.8.11)) and (9.8.12) to the complex r plane and using the

same approximation as before, we obtain an approximate expression for the integrand of Z,3

_AZ(JlA* /l/CWOlO [QQ/:L‘Q ‘I— Z(Q + Q/)(ZL‘ - ].)

w

Q

—27%(x — 1)) (x — 1) "Re7A", (9.8.12)
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along the whole contour C|

—
dr\ r Jdr\ r

d * d >|<//
e (B) 2 (B) s 090 i@+ ) - )

—z 72z — 1)?](x — 1) 2B, (9.8.13)

Using Eq. (9.4.12)) we have

Ir4

Q

A Mir/ Dy o 62#35 T(A) QU1 —iA 4 —iA, —iA)

L =y i(Q+ Q) (2 — i, 2 —iA, —iN) — ﬂ(]@ — A2 —iA, —iA)
T(—1+iA) ’ ’ D(=2+iA) ’ ’
~ AT M D wl* Wl ~wolo QQ/4__ P
TV H0TT T e { T(iA) NN NE
L (= i(Q+ Q) (2 —iA, 2 — i, —iN) — ﬂ(]@ — A, 2 — A, —iD)
['(—1+4:A) ’ ’ ['(=2+iA) ’ ’ '
(9.8.14)
The dominant term in the limit of iA ~ 0 is
T, n STV DO MOY AL AL Conty. (9.8.15)

ONE 1— 2%

9.8.2 Appendix B: Spin-weighted spherical harmonics

If we define two differential operators Sy as

. (8 i 0
S, =-— <% + sinea_¢)’ (9.8.16)

then the action of § (spin-raising operator) and 0 (spin-lowering operator) on 7, which is a

quantity of spin weight s, can be written as

On =S5, n+scot n,

dn =S5, n—scotln. (9.8.17)

According to the definition of the spin-weighted spherical harmonics ((9.4.17)), we find for
s =1

- S Y, (9.8.18)
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and for s = £2

I-2)! . .
+2Ym = EZ‘FQ; (Si+cot9 Si)Ylm

[—2)! 2 1
\ Ez n 2?! {63 — ot 00y £ —— (0 — cot 0)0; — —05| Vi (9.8.19)

since Y}, is of spin-weight 0. Taking into account the definition of the spherical harmonics,

Yinl0. ) = <—1>m\/ A os e

and the recurrence relation for the associated Legendre function
m 1 m—+1 m—1
Op " = §[Pz —(+m)(l—m+ 1),

we obtain the explicit expressions for the s = £1, 42 spin-weighted spherical harmonics in

terms of Legendre function,

1 2041 (1 =1l —m)! 2 ,

5 i I+ D (I +m) sin¢
| A+ 1(1—2) (I —m)! - 2m
Yim = —(—1)™ P2y @ B =2 cotf £ P
+21] 4< ) \/ At <l+2)| (l—i—m)‘ l +Clmcl,mfl l CO <in 0 l
9m 4m?  8mcotf ;
2 4 M 2 pmet _2 2 + P le™m?
+ (Cot9 sin9>clm Tt ( Cim — Clym+1 T sinZ 6 sin @ e
(9.8.21)

where ¢, = /(I +m)(l —m + 1).

9.8.3 Appendix C: Integrals of the products of three Legendre

Functions

We need the overlap integrals of three associated Legendre functions in order to finish the

angular integrals,

1

Toafls,myilaymai ) = [ AP () P () B ) (9.8.22)
-1
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This was done by Mavromatis and Alassar [MA99], albeit with a phase error in their result.
Dong and Lemus [DL02] restudied the problem and found an expression for Zps with positive
m1, my and mg. Here we correct the phase error in [MA99] and give an expression that is

valid for all values of mq, ms and ms.

Zps(ly, my;ly, mo;ls, ms)
(|Am|)! (_1)m1+m2+min{m1+m2,m3}

2L+ 1)(2L +1
218mIF2 T(1Am|) Kiymy Kiymy Kigms ;;( ! )

i o L L1y L L I3 L' L l3 L
X
0 0 O my Mo —Myp — Mo 0 0 0 —Tm; — Mo M3 —Am

[1+ (=D)L HA] D(L/2) T((L' — |Am| +1)/2)

K jam T((L +|Am| +2)/2) T((L' 4+ 3)/2) (9.8.23)

where we have defined Am = mz—my—ma, Ki;,, = /(L — m)!/(l + m)!. min{a, b} represents

the minimal value of a and b, |l; — lh| < L <ly+lyand |L — 13| < L' < L+ 1.
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Conclusion and Future Outlook

10.1 Summary

In this thesis, we investigated how relativistic quantum field effects help to realize quantum
information tasks, and how concepts and techniques in quantum information science help to
deepen our understanding of quantum effects in non-inertial frames and gravitational fields.

The main results are summarized as follows.

10.1.1 Spacetime diamonds

We showed that the state of a massless field confined within a finite spacetime diamond is a
thermal state in the Minkowski vacuum, with temperature inversely proportional to the size

of the diamond. An Unruh-DeWitt detector with appropriate energy scaling responds to

225
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this thermal state. We further studied time-like entanglement between fields within different
diamonds. It is expected that entanglement exists between various diamonds in order that
the composite state is pure. We found that the entanglement is dominant between adjacent

diamonds and decays when two diamonds move apart.

10.1.2 Quantum communication with accelerated observers

We studied two types of quantum communication with a uniformly accelerated observer: the
sender is an inertial observer and another accelerated observer, respectively. In both cases,
the sender prepare a small coherent state as signal and a large coherent state as local oscil-
lator, the accelerated receiver performs homodyne detection using the local oscillator they
detect. In the case where the sender is inertial, we find that under some special conditions
the accelerated observer cannot detect substantial low frequency particles regardless of his
proper acceleration, in contrast with the general viewpoint that the accelerated observer sees
large amounts of low frequency particles if their acceleration is large. We also show that the
Unruh frequency provides a natural low frequency cutoff both for quantum limited classical
communication and quantum communication between the inertial observer and uniformly
accelerated observer. In the case where the sender is another uniformly accelerated observer,
we explicitly calculated the normalized output signal and the normalized variance in the high
central frequency and narrow bandwidth limit. It is surprising that they are almost the same
as in the case where the sender is inertial. We thus conclude that the output of the homodyne
detection as performed by an accelerated observer does not strongly depend on the motion

of the senders. Instead, it reflects the unique properties of the horizon of the receiver.

10.1.3 Quantum circuit model for uniformly accelerated objects

We constructed a non-perturbative quantum circuit model to describe the interactions be-
tween uniformly accelerated objects and quantum fields. We first considered time indepen-
dent interactions in the accelerated frame, for which a circuit can be drawn for every single
frequency Rindler mode. As a first application of the circuit model, the radiation flux from

an accelerated mirror was calculated. We found that a pulse of particles is located around
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the past horizon and the radiation field is locally squeezed. The local squeezing found here

is related to cutting the correlations across the past horizon.

We then generalized the circuit model for time independent interactions to a circuit model
for time dependent interactions. The time dependent interactions are realized by making
the accelerated objects only act on a localized wave packet mode. By using this more
general circuit, we studied the output field from an accelerated single-mode squeezer, given
that the initial state is the Minkowski vacuum. Unexpectedly, we found that the output
state of the field as observed by inertial observers is mixed, although the input state is
pure. The decoherence effect we describe here is a previously unnoticed consequence of the
transformation from the bipartite Hilbert space of the Rindler and Unruh modes, to the
single Hilbert space of the Minkowski modes. Because of the equivalence principle there
is a strong relationship between gravity and acceleration. Our finding may indicate a new

direction for understanding the black hole information paradox.

10.1.4 Squeezed black holes

We studied the coupling between the gravitational perturbations, QNMs, of a Schwarzschild
black hole and a massless scalar field, and showed that scalar particles can be produced by
the gravitational QNMs. The gravitational QNMs play the role as a multimode squeezer,
squeezing any initial state of the scalar field and creating scalar particles. How significant the
particle creation effect is depends on the squeezing amplitude. We showed that the squeezing
amplitude is proportional to the amplitude of the QNMs, which is reasonable because larger
gravitational perturbations would create more particles. In addition, the maximal squeezing
amplitude is proportional to the cube of the black hole mass and the real part of the QNMs
frequency, and is inversely proportional to the cube of the imaginary part of the QNMs

frequency.
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10.2 Future work and outlook

Several further studies based on works in this thesis are summarized in the following.

10.2.1 Spacetime diamonds

We have derived the Bogoliubov transformations between the diamond modes and the
Minkowski modes in (1 + 1)-dimensional spacetime. Future work would be to derive the
similar Bogoliubov transformations in (1 + 3)-dimensional spacetime, although we are confi-
dent that the result is the same by looking at the response of an energy scaled Unruh-deWitt
detector in (1 + 3)-dimensional spacetime. The more important and challenging future work
is to explore how to conceive a detector with appropriate energy scaling so that we can detect
the diamond temperature and extract the time-like or space-like entanglement. At microwave
frequencies, the artificial absorbers such as superconducting qubits [ZKSS10} [ZSK™11] are
possible. At optical frequencies, standard techniques such as electro-optic or acousto-optic

modulation are also possible but could be very challenging.

10.2.2 Quantum communication with accelerated observers

For the quantum communication between two accelerated observers, we derived general ex-
pressions for the normalized output signal and the variance, and discussed a special case
where the central frequency is high and the bandwidth is narrow. A thorough numerical in-
vestigation for other cases could be useful. By comparing the results of such an investigation
with that of an inertial sender, we could have a more convincing conclusion that whether

the normalized output signal and the variance are independent of the motion of the sender.

Due to the strong relation between acceleration and gravity, it is interesting to generalize
this type of quantum communication protocols to the black hole horizon case. For example,
one can consider a scenario where a freely falling observer (inertial) sends a coherent signal
and local oscillator to a stationary observer (accelerated) outside the black hole, who then

performs homodyne detection. These kinds of studies may tell us some unique properties of
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the black hole horizon.

10.2.3 Quantum circuit model for uniformly accelerated objects

We have considered a uniformly accelerated single-mode squeezer that only acts on left-
moving modes. It is interesting to study a uniformly accelerated two-mode squeezer that
couples both the left-moving and right-moving modes. The two-mode squeezer produces
entanglement between the left-moving and right-moving Rindler modes. In the perspective
of the inertial observers, the entanglement between the left-moving and right-moving fields
may disappear. If this is the case, the accelerated motion can also induce decoherence of

entanglement.

The second future work is to generalize these calculations to the black hole case. Due to the
strong relationship between acceleration and gravity, it is expected the decoherence effect
also happens if the Hawking thermal radiation is squeezed. Results from Chapter [J]show that
the gravitational perturbations, QNMs, around a black hole play the role as a multimode
squeezer. So the presence of gravitational perturbations around a black hole would induce

decoherence of the state, as well as entanglement, as observed by a freely falling observer.

10.2.4 Squeezed black holes

A number of future directions could be explored in relation to particle production from
gravitational waves around a black hole. First could be to input some appropriate values
for various parameters to estimate how many particles can be produced by the ring down
that has been observed by LIGO. Other than the ring down stage, the inspiral and merger
stages can also produce particles although this calculation is beyond the scope of our current
work. In fact, the particle number from the ring down stage provides only a lower bound
(could be a very small fraction) for the total particle number from the coalescence of two
black holes. For the first LIGO event, the gravitational waves carried away energy of about
three solar masses. It would be interesting to see how much of this energy would have been

converted into photons (modelled by massless scalar particles) and whether these photons
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can be detected.

The second work to do is to consider QNMs of Kerr black holes. There exists very slow
damping QNMs for the extreme Kerr black holes [YZZ713]. The nonlinear coupling between
these slow damping QNMs can produce gravitational turbulence [YZLI15]. We have shown
that the squeezing amplitude is inversely proportional to the cube of the damping rate of
the QNMs of Schwarzschild black holes. It is reasonable to expect that this result may
be qualitatively correct for the QNMs of Kerr black holes. It is thus necessary to find the
exact relation between the squeezing amplitude and the damping rate of the Kerr black hole
QNMs. If our expectation is correct, we then would have a very efficient particle creation

mechanism.

The most interesting future work is to study the effects of quantized metric perturbations
on quantum fields. Effort has been expended to relate the spectrum of QNMs to the quan-
tization of the area of the black hole event horizon [Mag08]. Up to now, the QNMs are
treated classically and represent classical metric perturbations to the black holes. The met-
ric perturbations can also result in perturbations to the event horizon [ABBT95, [CPS09]. We
can quantize the QNMs to obtain a quantum theory describing the interactions between the
quantum fields and the quantized metric fluctuations [T'S10], or the quantized fluctuations of
event horizon. When the black hole emits a Hawking particle, the event horizon is no longer
stationary and some quantum fluctuations are induced. When quantum fluctuations of the
event horizon interact with other Hawking particles, correlations between different Hawking
particles can be built up. It is important to study this mechanism of building correlations
within Hawking particles, since it may help to understand the black hole information paradox

and ultimately provide clues for the final form of a theory of quantum gravity.
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