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ABSTRACT

Presently contemplated experiments propose to test whether or not gravity itself can serve
as a mediator for quantum entanglement. The detection of such gravitationally mediated
entanglement would provide the first example of an observed phenomenon that cannot be
explained within the framework of classical general relativity, and would constitute the first
experimental test of quantum gravity. This dissertation, based on a series of published articles
[Danielson et al., 2022a,b, 2023, 2025b|, develops the implications of gravitationally mediated
entanglement should it prove to exist in Nature. By analyzing an apparent paradox between
causality and complementarity in a gedankenexperiment, it is shown that the experimental
discovery of gravitationally mediated entanglement may be viewed as implying the existence
of the graviton. A similar gedankenexperiment outside a black hole then shows that a
quantum superposition maintained outside a black hole must undergo a constant rate of
decoherence, so that a black hole will eventually decohere any quantum superposition in its
exterior. This occurs because of an unavoidable accumulation of soft, entangling gravitons
on the black hole horizon, in a direct mathematical analog of the gravitational memory
effect at null infinity. A similar quantum gravitational decoherence effect is shown to arise
in the presence of a cosmological horizon, and more generally in the vicinity of any Killing
horizon. The resulting decoherence rates are predicted in each case. A fully local account
of this decoherence is developed, and reveals the soft radiation can be viewed as the result
of extremely low frequency vacuum fluctuations interacting with the superposition. The
decoherence in the presence of black holes is contrasted with the decoherence that would

arise in the spacetime of a star, in a thermal bath, or in the presence of an ordinary material

body.
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No elementary phenomenon is a phenomenon until it is an observed phenomenon.

—John Archibald Wheeler, “Law Without Law.”
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CHAPTER 1
INTRODUCTION

General relativity and quantum field theory are the two fundamental pillars of modern physics.
Their union in the form of a theory of quantum gravity remains the most significant open
issue in theoretical physics. Although one can formulate an essentially satisfactory theory
of linearized quantum gravity perturbed off of some fixed background spacetime, severe
difficulties arise in formulating a nonperturbative theory of quantum gravity. While strong
arguments can be given that gravity should be quantized |Bronstein, 2012, Page and Geilker,
1981, Eppley and Hannah, 1977, Mattingly, 2006, Carlip, 2008, Giampaolo and Macri, 2019],
these difficulties have led some to suggest that gravity may be fundamentally classical, that the
description of gravity with quantum mechanics requires a radical modification of quantization
[Hossenfelder, 2010, Penrose, 2014, Diosi, 1987], or that the question of quantization is ill-
posed |[Dyson, 2013]. Of central importance to this debate is the prediction that it should be
possible to entangle two initially uncorrelated bodies purely by virtue of their gravitational
interaction. Intimately related with this is the prediction of quantized gravitational radiation
in the form of gravitons, the existence of which has not yet been verified experimentally.

As already noted by Feynman in the 1950s [DeWitt-Morette and Rickles, 2011, Zeh, 2011],
some key issues regarding the quantization of gravity can be explored by considering the
gravitational field sourced by a quantum superposition of a massive body. Due to recent

I many actual experiments involving

advances in maintaining coherent spatial superpositions,
such superpositions have recently been proposed [Ford, 1982, 7, Bahrami et al., 2015]. Given
the rapid progress toward proposed “low-energy” tabletop experiments [Bose et al., 2017,
Marletto and Vedral, 2017, Carney et al., 2019, Haine, 2021, Qvarfort et al., 2020, Carlesso

et al., 2019, Howl et al., 2021, Matsumura and Yamamoto, 2020, Pedernales et al., 2022, Liu

1. Spatial superpositions of masses on the scale of 10° amu over distances of order microns have been
achieved [Gerlich et al., 2011, Eibenberger et al., 2013, Romero-Isart, 2017, Fein et al., 2019] and recent
proposals have suggested up to nanogram scale superpositions [Pino et al., 2018, Brand et al., 2017].
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et al., 2021, Datta and Miao, 2021, Gonzalez-Ballestero et al., 2021, Krisnanda et al., 2020,
Margalit et al., 2021, Christodoulou and Rovelli, 2019, Bose et al., 2022, it is of interest to
understand what such low-energy phenomena might teach us about the fundamental nature
of quantum gravity.

The analysis by Belenchia et al. [Belenchia et al., 2018, 2019] of a gedankenexperiment
originally proposed by [Mari et al., 2016] provides strong evidence that low-energy exper-
iments can probe quantum field theoretic aspects of gravity. In this gedankenexperiment,
an experimenter, Alice, puts a massive body (hereinafter referred to as a “particle”) into a
quantum superposition at different spatial locations. At a later time, she recombines the
particle and determines its quantum coherence. In the meantime—at a spacelike separation
from the recombination portion of Alice’s experiment—another experimenter, Bob, measures
the Newtonian gravitational field of Alice’s particle to try to determine its position. If
Bob succeeds, then by complementarity, Alice’s particle must be decohered. But, if Bob
influences the state of Alice’s particle, then causality would be violated. The analysis by
Belenchia et al. [Belenchia et al., 2018, 2019] showed that, in order to avoid contradictions
with complementarity or causality, quantum gravity must have fundamental features of a
quantum field theory at low energies, specifically the quantization of gravitational radiation
(which decoheres Alice’s particle without the presence of Bob) and local vacuum fluctuations
(which limits Bob’s ability to measure the position of Alice’s particle). However, the analysis
of |[Belenchia et al., 2018, 2019] made only back-of-the-envelope estimates for the decoherence
effects associated with Alice’s recombination and Bob’s measurement. Furthermore, it con-
sidered only a particular type of measurement that Bob might make. An important purpose
of Chapter 2 (based on [Danielson et al., 2022a|) is to reanalyze this gedankenexperiment,
allowing Bob to make any measurement whatsoever in the region spacelike separated from
Alice’s recombination region. We provide a precise analysis of the decoherence associated with

radiation emitted by Alice’s particle and the decoherence associated with Bob’s measurement.



We thereby confirm in a rigorous way the conclusions that had been drawn in [Belenchia
et al., 2018, 2019| from their back-of-the-envelope estimates.

Proposed experimental probes of gravitationally mediated entanglement [Ford, 1982, 7,
Bahrami et al., 2015, Bose et al., 2017, Marletto and Vedral, 2017, Carney et al., 2019, 2022,
Feng and Vedral, 2022| will search for entanglement mediated by the superposed Newtonian
field of a body. Thus the implications of such a discovery are of significant practical interest.
The crux of our rigorous reformulation of the gedankenexperiment is to show that, under
the protocols of the thought experiment, no meaningful distinction can be made between
quantized gravitational radiation—gravitons, and the Newtonian field of a body. In fact,
we show the causal consistency of the theory dictates that the existence of entanglement
mediated by the constraints of gravity, i.e., the “Newtonian field,” implies the existence of
entanglement mediated by gravitons. It follows therefore that the experimental discovery of
entanglement mediated by a quantum state of the Newtonian field may be viewed as implying
the existence of the graviton as a fundamental constituent of Nature.

Entanglement and decoherence are two sides of the same coin, insofar it is impossible
for a system to become entangled with another without accruing a commensurate degree
of decoherence. In the gedankenexperiment involving Alice and Bob, we establish that
Alice’s particle must be decohered by gravitational radiation whenever it is possible for Bob
to measure the Newtonian field of her particle. In flat spacetime, the requirement that
Bob measures the field at spacelike separation from the recombination portion of Alice’s
experiment implies that if Alice recombines very slowly and thus minimizes the energy
radiated into the gravitational field, then Bob must perform his measurement a great distance
away to remain spacelike. Therefore, Bob must resolve a very small distinction between the
superposed Newtonian fields, which of course fall off with distance. The precision of Bob’s
field measurement is, however, limited by the local vacuum fluctuations of the metric, which

force Bob to measure the field over a longer and longer time to make a measurement at farther



and farther distances. In flat spacetime this implies that if Alice performs her experiment
adiabatically and radiates an arbitrarily small amount of energy during her recombination
process then Bob will only gain an arbitrarily small amount of which-path information as
he is forced to measure Alice’s Newtonian field at an arbitrarily far distance from its source.
This entire situation changes dramatically in the spacetime of a black hole, which is what we
demonstrate in Chapter 3.

Chapter 3 describes a new gedankenexperiment, in which Alice uses rocket thrusters to
hold her laboratory at a fixed distance from a black hole. There she adiabatically moves a
massive body into a quantum superposition of positions, and later adiabatically recombines
the spatial branches of her superposition and determines its quantum coherence. Another
experimenter, Bob, will again attempt to decohere Alice’s particle by measuring its Newtonian
field, and as before he must perform his measurement entirely at spacelike separations from
the recombination portion of Alice’s experiment. If Bob performs his measurement outside
the black hole, then the conclusion is no different than in flat spacetime: Alice has performed
her experiment adiabatically, so Bob is forced to remain extremely far from Alice and gains
almost no which-path information. Now, however, Bob has another option available to him:
he can “hide” his experiment in the black hole interior. By doing this he can remain spacelike
separated from Alice’s recombination process at a fixed distance, regardless of how slowly
Alice performs her experiment (we assume the black hole is sufficiently massive that it does
not evaporate a significant fraction of its mass in this time, and so that Bob can successfully
measure the Newtonian field before reaching the singularity). Now nothing prevents Bob
from performing a successful which-path measurement while remaining spacelike from Alice’s
recombination process, in spite of the fact that Alice can minimize the energy she radiates
into the black hole to an arbitrarily small amount. Complementarity dictates that if Bob
is able to obtain which-path information, then Alice’s particle must be decohered. On the

other hand, causality dictates that Alice cannot learn about a measurement performed by



Bob inside the black hole. This paradox suggests one resolution: there would be no paradox
if the mere presence of a black hole decoheres all superpositions in its exterior as if Bob were
performing a measurement of the Newtonian field in the interior.

Motivated by this gedankenexperiment, we proceed along the lines of [Danielson et al.,
2022b| to show that if a massive body is put in a quantum superposition of spatially separated
states, the mere presence of a black hole in the vicinity of the body will eventually destroy
the coherence of the superposition. This occurs because, in effect, the gravitational field of
the body radiates soft gravitons into the black hole, allowing the black hole to acquire “which
path” information about the superposition. A similar effect occurs for quantum superpositions
of electrically charged bodies, and we provide estimates of the decoherence time for such
quantum superpositions.

Chapter 4 (based on [Danielson et al., 2023|) generalizes the results of Chapter 3 to
spacetimes with Killing horizons, i.e., spacetimes with a Killing vector field such that there
is a null surface to which the Killing field is normal. The event horizon of a stationary black
hole is a Killing horizon [Hawking and Ellis, 1973, Hawking, 1972, Alexakis et al., 2010, so
spacetimes with Killing horizons encompass the case of stationary spacetimes that contain
black holes. However, there are many cases of interest where Killing horizons are present
without the presence of black holes. One such case is that of Minkowski spacetime, where the
Rindler horizon is a Killing horizon with respect to the Lorentz boost Killing field. Another
such case is de Sitter spacetime, where the cosmological horizon is a Killing horizon. We
will show that in these cases, a spatial superposition that is kept stationary (with respect to
the symmetry generating the Killing horizon) will decohere in a manner similar to the black
hole case. We will also provide an estimate of the maximum amount of time during which
coherence can be maintained.

The main purpose of Chapter 5 (based on [Danielson et al., 2025b)]) is to show that one

can give a purely local description of the decoherence in terms of the behavior of the quantum



field within Alice’s lab. From this viewpoint, the decoherence arises from the behavior of the
unperturbed two-point function of the quantum field in the region where the superposition
was created. In particular, the decoherence in the presence of a black hole can be understood
as resulting from the extremely low frequency Hawking radiation that partially penetrates
into Alice’s lab before being reflected back into the black hole by the effective potential of
the black hole. This local viewpoint will enable us to gain insights into various aspects of the
decoherence process, such as the differences in decoherence that occur in different vacuum
states and in different spacetimes. We will also gain insight into the requirements on a

material body to mimic the decoherence effects of a black hole.



CHAPTER 2
NEWTONIAN FIELD VERSUS GRAVITONS

The analysis of this chapter sheds additional light on the issue of whether tabletop exper-
iments probe only quantum properties of the Newtonian gravitational field [Anastopoulos
and Hu, 2018|. In the gedankenexperiment of Chapter 1, since Bob sees only the Newtonian
gravitational field of Alice’s superposition during the time of his measurement, it is natural
to view this Newtonian field as mediating entanglement between Bob and Alice. Indeed, if
Alice decides to recombine her body at a much later time, the resulting correlations between
the state of Bob’s measuring apparatus and the state of Alice’s particle must be viewed as
having been mediated by the Newtonian field of Alice’s particle. However, we will show
that if Alice follows her protocol and recombines her particle in a region spacelike separated
from Bob’s measurements, then it is much more natural to view Bob as having measured
on-shell gravitons that were emitted by Alice’s particle; i.e., although Bob may believe that
he is measuring a Newtonian gravitational field, he is actually measuring long wavelength
gravitons. This viewpoint makes it clear that if the protocols of the gedankenexperiment are
followed, then Bob is merely a “bystander” and his measurements have no relevance to the
decoherence of Alice’s particle.

Thus, in the circumstances of our gedankenexperiment, there is no clear distinction be-
tween entanglement of Alice’s particle with Bob’s apparatus that is mediated by a Newtonian
field and entanglement of Alice’s particle with gravitons that then interact with Bob’s ap-
paratus. This suggests that, in more general circumstances, entanglement mediated by a
Newtonian field is not fully distinguishable from entanglement with gravitons and, hence,
that the experimental discovery of entanglement by a Newtonian field may be viewed as
evidence for existence of the graviton as a fundamental particle of nature.! Furthermore, our

analysis provides support for the conclusions of [Belenchia et al., 2019] that the Newtonian

1. Additional arguments for this conclusion have been given in [Carney, 2022].
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field itself can store and transmit quantum information.

In Sec. 2.1, we review the gedankenexperiment of [Mari et al., 2016 and its analysis by
[Belenchia et al., 2018|. In Sec. 2.2 we analyze the decoherence effects associated with the
emission of quantized radiation by Alice’s particle and the decoherence effects associated with
measurements made by Bob. In Sec. 2.3 we reanalyze the gedankenexperiment in a more
precise way and provide a proof that no violations of causality or complementarity occur.
Some further remarks and conclusions are given in Sec. 2.4.

Throughout the chapter, we will work in Planck units where G =c=h = 1.

2.1 The Gedankenexperiment of Mari et al. and its Resolution by

Belenchia et al.

In this section we review the gedankenexperiment initially proposed by Mari et al. [Mari
et al., 2016] and its resolution given by Belenchia et al. |[Belenchia et al., 2018]. There
are electromagnetic and gravitational versions of this gedankenexperiment. For simplicity
and definiteness, we shall first focus on the electromagnetic version and then discuss the
modifications to the analysis needed for the gravitational case.

The gedankenexperiment is illustrated in Fig. 2.1. At some time in the distant past, Alice
sent a charged particle with spin in the positive x direction through a Stern-Gerlach apparatus
that is oriented in the z direction. We assume that this process was done sufficiently slowly
so as to produce negligible radiation and that Alice’s particle can be described by ordinary,
nonrelativistic quantum mechanics. After going through the Stern-Gerlach apparatus, her
particle is then in a superposition state of the form

1

\/5( T3 A1) + 45 Ag) ) (2.1.1)

where |A1) and |Ag) describe spatially separated wave packets and [1) and ||) represent
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Figure 2.1: The setup for the gedankenexperiment of [Mari et al., 2016], as analyzed in
[Belenchia et al., 2018|. Alice’s particle (in blue) is originally in the superposition state

Eq. (2.1.1) with the two wave packets separated by distance d. Bob is at a distance D > d
from Alice and, at a prearranged time, he releases a particle (in orange) from a trap and
attempts to gain information about which path Alice’s particle took by determining the
strength of the Coulomb/Newtonian field of Alice’s particle. Meanwhile, at a corresponding
prearranged time, Alice recombines her particle and determines its coherence as described in
the text. Bob does his measurement within time 7’5 < D and Alice recombines her particle
in time Ty < D, so their actions are performed in spacelike separated regions.

eigenstates of z spin. At a prearranged time, Bob attempts to determine which path Alice’s
particle followed by measuring the Coulomb field of Alice’s particle. One way that Bob
could do this is to release a charged particle from a trap at the prearranged time; if Alice’s
particle takes the right path in Fig. 2.1, the Coulomb field near Bob will be stronger and
the motion of Bob’s particle will be influenced more, so by measuring the position of his
particle at a later time, Bob can obtain some “which-path” information about Alice’s particle
At a corresponding, prearranged time, Alice recombines her particle by putting it through

a “reversing Stern-Gerlach apparatus” [Mari et al., 2016, Bose et al., 2017]. Alice then
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determines the coherence of her recombined particle by measuring its spin in the 2 direction.2

If her had particle maintained perfect coherence, it would evolve back to an eigenstate of
spin in the positive x direction. By contrast, if the components of the original superposition
Eq. (2.1.1) had completely decohered, Alice would find that the spin is in the positive z
direction only 50% of the time. By repeating the gedankenexperiment as many times as
necessary, Alice can build up good statistics on the x spin and thereby determine the degree
of decoherence of her particle. By the prearranged protocol, the spacetime region in which
Alice does the recombination and spin measurement is spacelike separated from the region
in which Bob does his measurements, as illustrated in Fig. 2.1.

This gedankenexperiment appears to lead to a contradiction with complementarity or
causality. If Bob acquires any which-path information from his measurement, the state of
Bob’s particle must be correlated with Alice’s to some degree. In that case, by comple-
mentarity, Alice’s particle cannot be in a perfectly coherent superposition and she will find
her particle to have spin in the negative x direction some of the time. On the other hand,
since Bob and Alice perform their actions in spacelike separated regions, by causality, it is
impossible for Bob’s measurements to have any effect on Alice’s results, so the fact that he
obtained some which-path information cannot degrade the coherence of Alice’s particle. So,
if Bob’s measurement does not influence Alice’s spin measurement, we would appear to have
a violation of complementarity, whereas if Bob’s measurement does influence Alice’s spin
measurement, we have a clear violation of causality.

A resolution of this apparent paradox was given in |Belenchia et al., 2018|. This resolution
is based upon Bob’s limitations in acquiring which-path information due to vacuum fluctu-

ations and Alice’s limitations in maintaining coherence due to the emission of entangling

2. In the version of the gedankenexperiment discussed in [Belenchia et al., 2018], Alice determines the
coherence of her particle by performing an interference experiment on the particle wave packets. An alternative
resolution of that version of the gedankenexperiment was proposed in [Rydving et al., 2021], based upon
postulating fundamental limits to the ability to resolve interference fringes as originally proposed by [Baym and
Ozawa, 2009]. This alternative resolution would not be applicable to the version of the gedankenexperiment
being considered here.
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radiation. Bob’s limitations due to vacuum fluctuations can be estimated as follows. In
the electromagnetic case, the difference of the Coulomb electric fields associated with the

different paths of Alice’s particle is given by

Dy

where D is the distance between Alice and Bob and D4 = q4d, where g4 is the charge of
Alice’s particle and d < D is the distance between the two paths of Alice’s particle. If Bob
must perform his measurement in time 7T'g, the difference in the final position of his particle
due to the difference in the Coulomb fields of Alice’s particle is

D
5 ~ q—BD—’ng (2.1.3)
mp

where gp is the charge of Bob’s particle and mpg is its mass. On the other hand, vacuum
fluctuations of the electromagnetic field produce fluctuations in the position of Bob’s particle

of order

Az~ 1B (2.1.4)

Thus, on account of the “noise” due to vacuum fluctuations, Bob can acquire significant

% > <%)2. (2.1.5)

In particular, if Bob abides by his protocol T < D, he can acquire significant which-path

which-path information only if

information only when D4 > D.

Alice’s limitations on maintaining coherence due to radiation can be estimated as follows.
When Alice recombines her particle over a time Ty, she reduces the initial effective dipole
D 4 to zero. By the Larmor formula, this should result in emission of entangling radiation

corresponding to an average energy flux ~ (D 4/ Tfl)Q. Thus the total energy radiated should
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be ~ D?Al / Ti. This radiation should be composed of photons of frequency ~ 1/74. Thus the

total number of entangling photons emitted when Alice recombines her particle should be
~ —£ (2.1.6)

If N > 1, then Alice’s particle will undergo significant decoherence due to entanglement
with radiation, independent of what Bob does. In particular, if Alice abides by her protocol
Ty < D, she can maintain coherence only when D4 < D.

The above estimates allow one to provide the resolution given in [Belenchia et al., 2018].
If D4y > D, then Bob can acquire significant which-path information, so by complementarity,
Alice’s particle must correspondingly be significantly decohered. However, in this case the
radiation emitted when Alice does her recombination will decohere her particle independently
of what Bob does, so there is no reason to believe that Bob’s measurement “caused” the
decoherence, i.e., there is no obvious violation of causality. On the other hand, if Dy <
D, then Alice should be able to largely maintain the coherence of her particle during the
recombination. But in this case, Bob cannot acquire significant which-path information,
so complementarity does not imply decoherence of Alice’s particle and, again, there is no
obvious violation of causality.

The analysis of the gravitational version of the gedankenexperiment within the context
of linearized quantum gravity is very similar, with the main difference being the replacement
of “dipole” by “quadrupole.” Alice’s original separation of the particle into a superposition
of two paths does not produce an effective dipole on account of conservation of center of
mass—her laboratory must produce an equal and opposite compensating mass dipole. Thus,
Eq. (2.1.3) gets replaced by

Sz ~ %T}g (2.1.7)

where Q 4 = m 4d?, where m 4 is the mass of Alice’s particle. The replacement of Eq. (2.1.4)

12



is the Planck length which, in our units, is given by
Ax ~ 1. (2.1.8)

Since Alice now dominantly would emit quadrupole radiation during her recombination, the

replacement of Eq. (2.1.6) is
2

N
1
Ty

(2.1.9)

Suppose that Bob and Alice follow their protocols, so that Tg < D and Ty < D. Then if
Oy > D2, Bob can acquire significant which-path information but Alice decoheres her particle
with gravitational radiation independent of what Bob does. Conversely, if Q4 < D2, then
Alice should be able to largely maintain the coherence of her particle during the recombination,
but Bob cannot acquire significant which-path information. Thus, as in the electromagnetic
case, there is no obvious contradiction with complementarity or causality.

The above analysis of [Belenchia et al., 2018] resolves the apparent paradox posed by the
gedankenexperiment. Interestingly, this analysis shows that both quantized radiation and
vacuum fluctuations are essential for resolving the paradox. Nevertheless, there are some
unsatisfactory aspects of this analysis. In particular, only back-of-the-envelope estimates of
the various effects were made, so only a rough, order of magnitude relation was obtained
between the decoherence due to radiation during Alice’s recombination and the decoherence
associated with Bob’s measurement. Furthermore, one might consider ways in which Bob
might improve his ability to obtain which-path information. For example, suppose that Bob,
together with n — 1 assistants, sets up n separate experiments like the one pictured in Fig. 2.1
to measure the Coulomb/Newtonian field of Alice’s particle. Suppose that each of these
n experiments are done in regions that are spacelike separated from Alice’s recombination
region and spacelike separated from each other. If each of these experiments could be treated

as independent, one would obtain an improvement of 1//n in Bob’s ability to overcome
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the noise due to vacuum fluctuations. Bob would then be able to obtain a corresponding
improvement in his acquisition of which-path information, so if n could be taken to be
sufficiently large, we would again get a contradiction with complementarity or causality. In
fact, vacuum fluctuations over spacelike separated regions are correlated, so it is not obvious
that the n experiments can be treated as independent. But it also is not obvious that a
scheme of this sort would not work. Thus, while the analysis of [Belenchia et al., 2018] is
satisfactory for indicating that there are no obvious contradictions with complementarity or
causality, it is not adequate for conclusively showing that no such contradictions can ever
occur in this type of gedankenexperiment.

As already stated in the Introduction, an important purpose of this chapter is to improve
the analysis of [Belenchia et al., 2018] by giving much more precise versions of the above
estimates. We will thereby show in a much more rigorous way that no contradictions with
complementarity or causality can occur in this type of gedankenexperiment. As a very
important by-product, we will also obtain additional insights into how the state of Alice’s
particle and the state of Bob’s apparatus become correlated. Should this correlation be
viewed as being mediated by the Coulomb/Newtonian field of Alice’s particle or by on-
shell photons/gravitons emitted during the recombination process? We will show that both
viewpoints are correct, i.e., they are equivalent descriptions of the same phenomena. We
begin in the next section by giving precise descriptions of the decoherence due to Alice and

the decoherence due to Bob.

2.2 Decoherence due to Alice and Decoherence due to Bob

In this section, we give a more precise characterization of the decoherence of Alice’s particle
due to radiation emitted when she recombines her particle and the decoherence associated with
Bob’s measurements. These characterizations will be used in the next section to reanalyze

the gedankenexperiment. In this section we will explicitly discuss the electromagnetic version
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of the gedankenexperiment, since the language and concepts are more familiar in this context.
However, exactly the same discussion applies to the gravitational case, with appropriate

substitutions of “graviton” for “photon,” “Newtonian” for “Coulomb,” etc.

2.2.1 Decoherence due to Alice

We first consider the decoherence of Alice’s particle that would occur in the absence of Bob
or any other external influence.

Previously, we stated that after Alice sends her particle through a Stern-Gerlach apparatus
at an early time, the particle is in the superposition state Eq. (2.1.1). However, this expression
ignores the electromagnetic field, which is in a different state depending upon the state of

Alice’s particle. Heuristically, the state of the total system should be of the form

1

\/5( 15 A1) ® [¥1) + 4 A2) @ [¢h2) ) (2.2.1)

where states [11) and |1)9) formally correspond to coherent states of the Coulomb field of
Alice’s particle in states |1; A1) and |]; Ao) respectively. However, this is only a formal
expression because the “Coulomb states” |¢1), |¢2) are not well defined—we would need to
define the state space of the full interacting quantum field theory to define them. Nevertheless,
formally, one could argue that these formal Coulomb states should be orthogonal and that
therefore Alice’s particle is already decohered at the earliest time depicted in Fig. 2.1. However
this decoherence is a “false decoherence” in the sense of [Unruh, 2000]. If Alice recombines
her particle slowly enough and if there are no external influences, she will be able to fully
restore the coherence of her particle.

As Alice recombines her particle and moves its components along noninertial paths,
formally the total state should continue to be of the form Eq. (2.2.1). However, while the

recombination process is occurring, there is no way to meaningfully separate [1)1) or |¢)9)
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into a “Coulomb part” (which is not an independent degree of freedom and should cause only
a false decoherence of Alice’s particle) and a “radiation part” (which is a state of the free
electromagnetic field that should be responsible for a true decoherence). Since we do not
have a well-defined inner product between |¢)1) and [i2), we cannot, in general, meaningfully
say how much true decoherence has occurred at any finite time during this process.
However, the situation improves considerably if we go to asymptotically late times. At
asymptotically late times, the electromagnetic field naturally decomposes into a radiation
field that propagates to null infinity and a Coulomb field that follows Alice’s particle to
timelike infinity. The asymptotic Coulomb field is completely determined by the asymptotic
state of Alice’s particle and does not represent an independent degree of freedom (see e.g.
[Prabhu et al., 2022]). Thus, at asymptotically late times, the state of the total system is of

the form

1
—= (11 A1)+ ® W) gt + |45 A2)i ® [W2) 4t ). (2:2:2)

V2

Here |1; A1)+ and ||; Ag),+ represent the asymptotically late time states of the components of
Alice’s recombined particle and [¥1) ,+ and [¥g) ,+ represent the states of the radiation field
at null infinity that would arise if, over all time, the states of Alice’s particle were |1; A (t))
and |{; Aa(t)), respectively. Note that after recombination, the spatial wave packets describing
the “1” and “2” states coincide, so, in particular, we have |A1),+ = |A2),+, but we keep the
1 and 2 subscripts for notational clarity.

It is very important to recognize that—unlike Eq. (2.2.1)—Eq. (2.2.2) is not merely a
formal expression. The states |¥1) ,+ and |W¥9) ,+ are well-defined Fock space states of the
“out” Hilbert space of the electromagnetic field and have a well-defined description in terms

of photons.? The failure of [¥;) g+ and |¥9) 4 to coincide implies a decoherence of Alice’s

3. In a general scattering process, there will be a nontrivial electromagnetic “memory effect,” resulting
in infrared divergences in the description of the quantum state (see e.g. [Prabhu et al., 2022, Kulish
and Faddeev, 1970, Bloch and Nordsieck, 1937]). In that case, the electromagnetic “out” state cannot be
expressed as a state in the standard Fock space and cannot be given a proper description in terms of photons.
However, such infrared divergences do not occur in cases where the charges are not relatively boosted at
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particle. The degree of decoherence of the asymptotic state of Alice’s particle is given by

DAtice = 1 — [(V1|V2) 4| (2.2.3)

where (U1|U9) ,+ denotes the inner product of the states [U1) s+ and |¥s) ,+ on £ . This
equation is a precise and general version of the decoherence estimate given in Sec. 2.1 based
on the number of “entangling photons” that are emitted. If |¥1) ,4+ and [Vg) ,+ differ by
more than one photon, they should be nearly orthogonal, and the decoherence will be nearly

complete.

Figure 2.2: Alice recombines her particle at event P and subsequently keeps her recombined
particle in inertial motion. Y is an arbitrary Cauchy surface passing through P.

We are interested in the case depicted in Fig. 2.2 where Alice recombines her particle as

in the gedankenexperiment—but without the presence of Bob—and after recombination, she

asymptotically early and late times as we consider here, so such infrared issues play no role in the analysis
of this gedankenexperiment. Similar divergences which arise due to the gravitational memory effect also play
no role in the (linearized) gravitational version of the gedankenexperiment.
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keeps her combined particle in inertial motion at all future times. Then, to the causal future
of the recombination event P, the electromagnetic field will correspond to the Coulomb
field of the recombined particle. Let > be an arbitrary Cauchy surface passing through
P. Extend the Coulomb field of the recombined particle to the entire region to the future,
It (%), of ¥ (i.e., not just the causal future of P). Subtract this Coulomb field from the
electromagnetic field in this region. The electromagnetic field associated with |1; A1) with
the final Coulomb field subtracted will thus correspond to a well-defined state |¥1)y. of the
source-free electromagnetic field on . Similarly, the electromagnetic field associated with
|}; A2) with the final Coulomb field subtracted will correspond to a well-defined state |¥g)y,
on Y. At “time” ¥, the joint state of Alice’s particle and the electromagnetic field is described
by

25 (It An)s @ 91+ i Aol © [92)y:). (2.2.4)
In contrast to Eq. (2.2.1), this is a completely meaningful expression; |¥1)y, and |¥9)y are
well-defined states of the source-free electromagnetic field. Under time evolution, |¥q)y and
|W9)y; evolve to W) »+ and |Wg) s+, respectively. Since time evolution is unitary, we may

express the decoherence Eq. (2.2.3) of Alice’s particle as
DAlice = 1 — [ (¥1[¥2)x |. (2.2.5)

This is our desired expression for the decoherence due to Alice. It is clear that if there are no
time constraints on Alice’s recombination, then by doing the recombination adiabatically—so
that negligible radiation is emitted to infinity—she can make the decoherence arbitrarily

small.
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2.2.2 Decoherence due to Bob

We now consider the decoherence that would occur if Bob makes a measurement that obtains
some which-path information about Alice’s particle. We assume that Alice recombines her
particle adiabatically in the distant future—after Bob has completed his measurements—in
such a way that had Bob not been present, no decoherence would have occurred. Thus,
any decoherence in this situation can be attributed to Bob. This situation corresponds to
experimental proposals such as [Bose et al., 2017].

Since Bob is now part of the system, heuristically, the state of the total system after Alice
has put her particle through the initial Stern-Gerlach apparatus but before Bob has begun

his measurements is now

%( 15 A1) ® 1) + ); As) & [162) ) & | Bo) (2:2.6)

where |By) is the initial state of Bob’s apparatus and again |¢1) and |i)9) are the formal
Coulomb states of Alice’s particle. We wish to consider a situation wherein Bob turns
on his apparatus for a time Tz and makes a measurement of the Coulomb field of Alice’s
particle in order to try to obtain which-path information. We assume that Bob carries out
his measurement in such a way that he emits negligible radiation to infinity. For example
if Bob measures the motion of a charged particle released from a trap as described in the
previous section, the sensitivity of his experiment will depend on gg/mp but the emitted
radiation will vary as q%, so by taking qp and mp sufficiently small, he should be able to
carry out his measurements with negligible emitted radiation.* We allow Bob to make any
field measurement whatsoever, i.e., we do not restrict him to measuring the trajectory of a
particle released from a trap. For the analysis of this subsection, we do not place any limits

on T'g, i.e., we do not require Ty < D.

4. The assumption that Bob emits negligible radiation is being made so as to make our discussion simpler
and cleaner, but it is not essential for the analysis.
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Since no radiation is emitted by Bob or Alice, at asymptotically late times, the state of
the electromagnetic field at null infinity will be |0) ,+ for either state of Alice’s superposition.
Thus, the final state of the electromagnetic field plays no role in entanglement and we need
only be concerned with the Alice-Bob system. The final state of the Alice-Bob system will
be of the form

1

ﬁ( 5 A1)+ @ |B1)i+ + |45 A2)j+ © |Ba);+ ) (2.2.7)

where |Bq);+ and |Bg);+ are the final states of Bob’s apparatus for Alice’s states |1; A1) and
[}; Ag), respectively. The failure of |B1),+ and |Ba);+ to coincide corresponds to Bob having
acquired which-path information about Alice’s particle. The corresponding decoherence of
Alice’s particle is

DBob = 1 — | (B1|Ba)+ |. (2.2.8)

However, since Bob stops interacting at time T, we can equivalently calculate the inner

product at time Tg
DBob =1 — [ (B1|B2)7y |- (2:2.9)

This gives the decoherence associated with Bob’s measurement. In the circumstance consid-
ered here where Alice emits no radiation, it is clear that this decoherence can be viewed as
being caused by Bob. It also is clear that in this circumstance, the decoherence should be
viewed as being mediated by the Coulomb field of Alice’s particle.

Equation (2.2.9) is a precise and general version of the decoherence estimate given in
Sec. 2.1 based upon Bob’s ability to get which-path information. The amount of which-
path information Bob can obtain is determined by the extent to which Bob can design a
measurement so that |By)p, is nearly orthogonal to |Ba)7,. The degree to which |Bi)p,, is

orthogonal to |Ba)p,, determines how much decoherence of Alice’s particle must occur.
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2.3 Reanalysis of the Gedankenexperiment

We now are in a position to reanalyze the gedankenexperiment of Sec. 2.1. We will again
explicitly consider the electromagnetic version of the gedankenexperiment, but the exactly
same discussion applies to the gravitational case with the appropriate word substitutions.
The spacetime diagram of the gedankenexperiment is redrawn in Fig. 2.3 in order to show

three Cauchy surfaces, X1, ¥9, and Y3, that will play an important role in our reanalysis.

Figure 2.3: A spacetime diagram of the gedankenexperiment of Fig. 2.1 showing the three
Cauchy surfaces, 1, X9, and ¥3. The Cauchy surface ¥ passes through Alice’s region after
recombination but is such that the region in which Bob performs his measurements (shaded
in gray) lies to the future of ¥;. (We have depicted Bob as releasing a particle from a trap,
but Bob is allowed to perform any measurement whatsoever in the gray region.) The Cauchy
surface Y9 is such that it passes through Alice’s region before she starts the recombination
process but is such that Bob’s measurement lies to the past of ¥9. The Cauchy surface 35
passes through Alice’s region after recombination and is such that Bob’s measurement lies
to the past of 3.

We reanalyze the decoherence of Alice’s particle using the results of the previous section

as follows. First, consider the portion of the spacetime of Fig. 2.3 that lies to the past of
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Cauchy surface 1. At the time represented by ¥, Alice has completed her recombination
but Bob has not yet begun performing his measurements. The portion of the spacetime lying
to the past of 31 is identical to the portion of the spacetime of Fig. 2.2 lying to the past of
a corresponding Cauchy surface ¥. Thus, we may apply the results of Sec. 2.2.1 to conclude

that the decoherence of Alice’s particle is given by

DAlice = 1 — ‘<‘P1|\I’2>El

: (2.3.1)

where |V7)y. and [Wg)y, are the radiation states on ¥ obtained by subtracting the common
Coulomb field from the states of the electromagnetic field corresponding to Alice’s particle
being in states |1; A1) and ||; A2), respectively. Since Alice’s recombination is complete at
time X1, Eq. (2.3.1) should yield the exact expression for the decoherence of Alice’s particle.

However, we also can analyze the decoherence of Alice’s particle by considering the portion
of the spacetime that lies to the past of the Cauchy surface ¥9. At time 39, Alice has not
yet started her recombination, but Bob has completed his measurements. Thus, the situation
here is identical to the setup considered in Sec. 2.2.2. Hence, we may apply the results of

Sec. 2.2.2 to conclude that a decoherence of Alice’s particle given by

Dok, = 1 — | (B1|Bo) | (2.3.2)

must occur as a result of Bob’s measurements, where |B1) and |Bg) represent the states of
Bob’s apparatus after completion of his measurement. It is possible that more decoherence
of Alice’s particle could occur as Alice performs her recombination. However, since Bob
has completed his measurement and stops interacting after time Yo, it is impossible for the
decoherence of Alice’s particle to be less than this.

It follows that there would be a paradox if it were possible for Bob to do a measurement
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in such a way that

[(B1|B2) | < |(w1[92)s, | (2.3.3)

i.e., such that the decoherence associated with Bob’s measurement is greater than the deco-
herence due to Alice. If Eq. (2.3.3) held, then Bob’s measurement either would result in a
violation of causality [if it induced an additional decoherence of Alice’s particle beyond that
given by Eq. (2.3.1)], or it would result in a violation of complementarity (if it did not induce
such an additional decoherence). Eq. (2.3.3) is a precise statement of the potential paradox
posed by the gedankenexperiment of Sec. 2.1.

However, it is now easy to see that no such paradox can ever arise. At time Y1, the state
of the joint Alice-field-Bob system is described by

1

2(|T; A1) @ |U1)y, + [ A2) ® [U2)y, ) © |Bo) (2.3.4)

S

where [U;)y, and |Ug)y, are the radiation states on X (with the common Coulomb field
subtracted), and |By) is the initial state of Bob’s detector. We now consider the evolution
of this state to the Cauchy surface ¥3. There is no evolution of Alice’s state, since X3 is the
same time as X as far as Alice’s state is concerned. However, the radiation interacts with
Bob’s measuring apparatus. In the case where Alice’s state is |1; A1), Bob’s state evolves to
|B1), whereas if Alice’s state is ||; A2), Bob’s state evolves to |Bg). It follows that the state

Eq. (2.3.4) on 31 must evolve to the state on X3 described by

%( 15 A1) @ [W])s, @ |B1) + 45 Ag) © [ W)y, @ [Ba) ). (2.3.5)

Here |\I/'1)23 and |\I//2>23 are the radiation states that arise from [¥y)y, and [W3)y, , respec-

tively, after interaction with Bob. The states [¥])y. and |¥5)y. depend on the interaction
3 3

with Bob, so they cannot be calculated without knowing exactly what Bob is measuring.

However, no matter what Bob does, the joint evolution from > to 33 must be unitary. It
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follows that the norms of states are preserved and that

(U1]W5)s, (B1|Ba) = (¥1|¥2)y, (Bo|Bo)

= (U1[¥a)y;, - (2.3.6)
It then follows immediately that
[(BilBo) | = |(w1[92)s, | (2:3.7)

so the inequality Eq. (2.3.3) can never be satisfied. This is precisely what we wished to show.

Although the above argument completes our proof that no contradiction with causality
or complementarity can ever arise in this gedankenexperiment—mno matter what Bob chooses
to measure—it remains to give a more intuitive explanation of our new resolution of the
gedankenexperiment and connect it with the discussion of Sec. 2.1.

The main new ingredient that we have added to the analysis is that we may view Bob
as measuring aspects of the radiation emitted by Alice’s particle. It may seem strange to
talk about “emitted radiation” that is present in a region that is spacelike separated from
the region where the emission is taking place. Indeed, this may, by itself, appear to be a
violation of causality! However, this kind of phenomenon is a basic feature of quantum field
theory, with no violation of causality involved. The mode function of a particle in quantum
field theory is a positive frequency solution and cannot be sharply localized. If a photon is
emitted by a source in some localized region O, there always will be some amplitude for the
photon to be present in a region spacelike separated from O. Indeed, as discussed in detail
in [Unruh and Wald, 1984|, there are cases where the emitted photon is mostly localized in a
spacelike separated region. This does not lead to a violation of causality because an observer
in the spacelike separated region will not be able to tell whether she is observing a photon or

a vacuum fluctuation—she can tell the difference between these possibilities only when she
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enters the causal future of O. In the present case, the electromagnetic field in Bob’s region
can be viewed either as corresponding to the superposition of the Coulomb fields of Alice’s
particle with no radiation—as would be natural to do if we view Bob’s region as lying to the
past of time Y9—or as the single Coulomb field of Alice’s combined particle together with
free radiation—as would be natural to do if we view Bob’s region as lying to the future of
time ¥1. These viewpoints are indistinguishable in Bob’s region.

The radiation viewpoint allows us to understand why Bob cannot produce any additional
decoherence beyond what Alice produces during her recombination. Bob can obtain which-
path information only by measuring (i.e., scattering and /or absorbing) the entangling photons
that “previously” were emitted by Alice. Therefore, the state of his apparatus cannot become
more correlated with Alice’s particle than the radiation emitted by Alice, as we have proven
above in Eq. (2.3.7).

Note that, as we have just argued, in the gedankenexperiment, Bob is merely an “innocent
bystander” with regard to the decoherence of Alice’s particle, since he is merely measuring
the entangling radiation emitted by the particle that was the true cause of the decoherence.
However, suppose that Alice does not follow the protocol assigned to her in the gedankenex-
periment and instead recombines her particle very slowly at a later time, so as not to produce
any radiation. Then, despite her attempts to keep perfect coherence, she will find that her
particle has decohered by the amount Eq. (2.3.2). In this case, Bob’s measurement is the true
cause of her particle’s decoherence [Belenchia et al., 2019]. Interestingly, when Bob performs
his measurements, he has no way of knowing whether he will turn out to be an “innocent
bystander” or the cause of decoherence of Alice’s particle.

Finally, we note that the analysis of the gedankenexperiment summarized in Sec. 2.1 was
based upon the limitations on Alice’s ability to maintain coherence due to radiation and
the limitations on Bob’s ability to get which-path information due to vacuum fluctuations.

The reanalysis of the gedankenexperiment given above gave a more precise version of Alice’s
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limitations on maintaining coherence due to radiation. However, we did not mention “vacuum
fluctuations” in the discussion of the decoherence associated with Bob’s measurements, so
it might appear that the reanalysis differs in this respect. However, this is not the case:
The radiation fields |¥1)y, and [Wg)y, have different expected values of the electromagnetic
field. Their failure to be orthogonal can be viewed as a manifestation of the same type of
fluctuations in these states as occurs in the vacuum state; if these states did not have such
fluctuations, they would be fully distinguishable and hence orthogonal. But, as is evident
from 2.3.7, it is the failure of |U;)y, and [Ug)y, to be orthogonal that limits Bob’s ability
to make |Bj) and |Bg) orthogonal. Thus, there is a direct connection between vacuum

fluctuations and the limitations on Bob’s ability to obtain which-path information.

2.4 Summary and Conclusions

In this chapter, we have reanalyzed the gedankenexperiment discussed in [Belenchia et al.,
2018|. Our reanalysis validates the arguments that had been made in [Belenchia et al., 2018]
using only back-of-the-envelope estimates, and it shows in a much more precise way—and
under completely general assumptions about the measurements that Bob makes—that no
violations of causality or complementarity can occur.

Perhaps the most interesting aspect of our reanalysis is the equivalence of two viewpoints
on how the state of Bob’s measuring apparatus becomes correlated with the state of Alice’s
particle. In the gravitational version of the gedankenexperiment, one can say either that (i)
Alice’s particle became entangled with on-shell gravitons emitted during the recombination
process and Bob’s apparatus then interacted with these gravitons—thereby transferring some
of the entanglement present in these gravitons to his apparatus—or that (ii) the Newtonian
gravitational field of Alice’s particle mediated an entanglement of Bob’s apparatus with
Alice’s particle. If Alice follows her protocol but Bob fails to make any measurement, then it

is essential to take viewpoint (i) to understand why Bob’s inaction has no effect whatsoever on
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the decoherence of Alice’s particle. Conversely, if Bob follows his protocol but Alice recombines
her particle adiabatically at a later time, one must take viewpoint (ii) to understand how
Bob’s measuring apparatus becomes correlated with the Alice’s particle [Belenchia et al.,
2019]. But if Alice and Bob each follow the protocols of the gedankenexperiment, then both
(i) and (ii) provide a valid description of the process that occurs.

Indeed, it is essential that both (i) and (ii)—or, alternatively, neither (i) nor (ii)—be
valid descriptions of the process. To see this, suppose that (i) fails, i.e., Alice’s particle does
not emit entangling gravitons, but suppose that (ii) holds, i.e., Bob’s apparatus is able to
entangle with Alice’s particle via its Newtonian gravitational field. Then Alice’s particle
would not decohere in the absence of Bob. It follows that if it decohered in the presence of
Bob we would have a violation of causality, whereas if it did not decohere in the presence
of Bob we would have a violation of complementarity. Thus, it is not consistent for (i) to
fail but (ii) to hold. Conversely, suppose (i) holds, i.e., Alice’s particle emits quantized
entangling gravitational radiation, but suppose that (ii) fails, i.e., Bob’s apparatus is unable
to entangle with Alice’s particle via its Newtonian gravitational field. Then, since, as we have
seen, under the protocol of the gedankenexperiment, the difference of the Newtonian fields of
Alice’s particle can be equivalently viewed as quantized radiation emitted by Alice’s particle,
this would imply that Bob is unable to interact with quantized gravitational radiation in any
way that results in entanglement. This would not make sense in any theory where quantized
gravitational radiation can be produced.?

These considerations show that there is a direct relationship between Newtonian entan-
glement and the existence of gravitons. Our argument for such a relationship is strictly
valid only within the protocol of the gedankenexperiment, where the measurement of the

Newtonian field /gravitons is carried out within a time span no longer than the light travel

5. It has been argued that it may be impossible, in principle, to measure the energy of a single graviton
[Dyson, 2013]. Bob is not required here to resolve an individual graviton but merely to become entangled, at
least to some degree, with gravitons.
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time to the source. Nevertheless, these considerations yield strong support for the view that
any observation of entanglement mediated by a Newtonian field provides evidence for the

existence of the graviton.
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CHAPTER 3
BLACK HOLES DECOHERE QUANTUM SUPERPOSITIONS

The gedankenexperiment of the previous chapter suggests an intimate connection between the
causal structure of a theory, and the amount of entanglement that exists between spacetime
regions. This chapter introduces a variation of the gedankenexperiment that illustrates this
point in dramatic fashion, by asking Alice to perform her coherence experiment in the exterior
of a black hole.

Black holes have long been known to be destroyers of quantum coherence. If one member
of an entangled pair of particles falls into a black hole, all that will remain is the particle
that stayed outside the black hole, which will be in a mixed state. Much more generally, if
matter of any kind falls into a black hole, it will, in effect, eventually emerge as Hawking
radiation and be in a highly mixed state. While it may be debated as to whether the quantum
coherence is lost forever in this process (see, e.g., [Unruh and Wald, 2017, Marolf, 2017]),
there is a general consensus that the state outside the black hole is highly mixed at least up
to the “Page time” in black hole evaporation.

The purpose of this chapter is to show that black holes are even more insidious destroyers
of quantum coherence than has been previously known. If one puts any quantum matter in
a spatial superposition, the mere presence of a black hole in the vicinity of the matter will
eventually destroy the coherence of this superposition. This happens because the long-range
(i.e., electromagnetic and gravitational) fields associated with the quantum matter affect the
quantum state of these fields on the black hole horizon. In effect, the black hole thereby
acquires “which path” information about the quantum superposition. As we shall show, this
inflicts a fundamental rate of decoherence even on stationary superpositions outside its event
horizon. This is sufficient to decohere any quantum superposition over a sufficiently long
period of time.

To understand how this works, it is useful to first consider a quantum superposition
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in flat spacetime and see how decoherence can be avoided, following the analysis given in
Chapter 2. For simplicity and definiteness, we consider an electrically charged body and the
decoherence effects of the electromagnetic field, but an exactly similar analysis will apply
for a massive body in the gravitational case. Below, we will refer to the charged body as
a “particle” although it need not be an elementary particle, e.g. it could be an atom or a
nanoparticle. Suppose an experimenter, Alice, sends a particle of charge ¢ with spin initially
in the positive z-direction through a Stern-Gerlach apparatus oriented in the z-direction, so
that the state of her particle after the process is in a superposition state of the following

form:
1

V2

Here | A1) and | As) are spatially separated wavepackets with separation d, with [1) and |{)

(1A + [ A2) ) - (3.0.1)

being eigenstates of the z-spin. We wish to know whether the coherence of this superposition is
preserved at a later time. In order to make this into a well defined experimental /observational
question, Alice can put the particle through a reversing Stern-Gerlach apparatus at some
later time and measure the z-spin. If the coherence of the superposition Eq. (3.0.1) has been
maintained, the spin will always be found to be in the positive x-direction, whereas if any
coherence has been lost the spin will sometimes be found to be in the negative z-direction.

We assume that there are no external influences whatsoever on Alice’s particle. It might
then seem obvious that coherence must be maintained. However, this is not necessarily the
case because, since the particle is charged, an electromagnetic field is present and it is part
of the system. Heuristically, the state of the total system after passage through the initial
Stern-Gerlach apparatus is actually of the following form:

1

75 (1 AD @ [n) + L A2) @ [02)) (3.0.2)

where |¢1) and |¢9) formally correspond to the states of the electromagnetic field for the
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charge-current sources determined by |.A;) and |.Ag), respectively. Since |i1) and |¢9) clearly
are distinguishable electromagnetic fields, it might seem that Alice’s particle is already
decohered at the outset. However, this decoherence is a “false decoherence” in the sense of
Ref. [Unruh, 2000]. If Alice recombines her particle slowly enough so as to avoid radiating,
she will be able to fully restore the coherence of her particle.

In order to give a precise description of the true decoherence of Alice’s particle associated
with the electromagnetic field, it is necessary to separate the electromagnetic field into a
“Coulomb part” (which is not an independent degree of freedom and should cause only a false
decoherence of Alice’s particle) and a “radiation part” (which corresponds to the true degrees
of freedom of the electromagnetic field that should be responsible for a true decoherence,
observable by Alice). In general, this distinction is not possible to make in a meaningful way
at any finite time. However, the situation improves considerably if we go to asymptotically
late times. At asymptotically late times, the electromagnetic field naturally decomposes into
a radiation field that propagates to null infinity and a Coulomb field that follows Alice’s
particle to timelike infinity. The asymptotic Coulomb field is completely determined by the
asymptotic state of Alice’s particle and does not represent an independent degree of freedom.

Thus, at asymptotically late times, the state of the total system is of the following form:

5 (i) is © 1) g+ i Ashis © (9] ). 303

Here |1; A1)+ and |]; Ag),+ represent the asymptotically late-time states of the components
of Alice’s particle and |¥1) s+ and |¥g) ,+ represent the quantum states of the electromag-
netic radiation at future null infinity # . If Alice has recombined her particle at some finite
time, then | A1) = |A2). Thus, the decoherence of Alice’s superposition will be determined

by the orthogonality of the radiation states

D =1— (1| Ws) ,+]. (3.0.4)
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In the absence of any external influences, Alice can ensure that the coherence of her particle is
maintained (i.e. Z = 0) if she recombines her particle in such a way that negligible entangling
radiation is emitted. As estimated in Ref. [Belenchia et al., 2018] and in the previous chapter,

this will be possible if the recombination is done over a time span 7" such that

qd

\/eoc3h'

In other words, if Eq. (3.0.5) holds, Alice can ensure that |¥y) ;4 ~ |Ug) s+ = [0) 4+,

T > (3.0.5)

so 2 ~ 0. Thus, in Minkowski spacetime, Alice can, in principle, maintain the quantum
coherence of her spatial superposition by recombining the components of the superposition
slowly enough.

The previous chapter also analyzed the complementary point of view of an experimenter,
Bob, who attempts to measure the superposed Newtonian field of Alice’s particle while
remaining in the causal complement of the recombination portion of Alice’s experiment.
We found that the vacuum fluctuations of the electromagnetic field reduced the precision
of Bob’s field measurement, thereby obscuring from him any significant amount of which-
path information so long as he remained spacelike separated from Alice’s recombination
process. Bob might attempt to overcome this vacuum fluctuation noise by averaging his field
measurement over a longer time. This, however does him no good in flat spacetime: to perform
a longer experiment while remaining at spacelike separation from Alice’s recombination
process, Bob must measure the field at a further distance from Alice’s source. Although
Bob can increase his precision in this way, the falloff of Alice’s sourced field with distance
eliminates any benefit Bob might have hoped to obtain, by shrinking the difference between
the two Coulomb fields he is attempting to distinguish.

We now consider how this situation changes if there is a black hole in the vicinity of Alice.
First, Alice must ensure that her lab does not fall into the black hole. One way of doing

this would be for Alice to orbit the black hole. However, this may result in some unwanted
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emission of radiation. Therefore it would be better to equip Alice with a rocket engine that
keeps her lab stationary. She must then also apply some force to her particle (e.g., via a
uniform electric field) to keep it stationary. There also may be other effects in her lab due to
the spacetime curvature associated with the black hole. However, Alice can take the effects
of the gravitational field of the black hole on her lab into account in such a way that they
will not result in the decoherence of her particle. Therefore, we shall ignore these effects.

Again, Bob will attempt to decohere Alice’s particle by measuring its Coulomb field. If he
attempts this from outside the black hole, he will find the analysis of the previous chapter goes
through essentially unchanged. If, however, Bob is willing to perform his measurement in the
region of the black hole interior that is spacelike separated from Alice’s recombination process,
the situation changes dramatically. Of course, Bob will eventually reach the singularity. Given
a sufficiently massive black hole, however, he can sample the Coulomb field for a sufficiently
long time that the effects of vacuum fluctuations will average out. Unlike in flat spacetime,
Bob can do this while remaining at an essentially fixed proper distance from Alice. In fact,
the longer the time T over which Alice recombines her superposition, the more which-path
information Bob can obtain while remaining at spacelike separations. As always, causality
requires that it is impossible for Bob to effect the coherence of Alice’s particle. The fact that
Bob could in principle measure Alice’s Coulomb field from inside the black hole, then, suggests
that the mere presence of a black hole should decohere Alice’s superposition regardless of
the presence of Bob. Furthermore, this gedankenexperiment suggests that the decoherence
inflicted by the black hole should in fact grow with 7', so that if Alice performs her experiment
adiabatically to minimize the energy radiated to null infinity, she should in fact suffer even
more decoherence due to the black hole.

As we shall now explain, the black hole itself does indeed acquire “which path” information
about Alice’s particle, which will result in decoherence. With regard to the decoherence of

Alice’s particle, the key difference arising when a black hole is present is that electromagnetic
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radiation can now propagate through the black hole horizon as well as to null infinity. Thus,
when a black hole is present, the asymptotically late-time state of Alice’s particle and the

electromagnetic field is now

1
E( 115 AL+ @ V1) g+ | P1) ot + [ A2) i+ ® [W2) ot ’q)2>jgﬂ+> (3.0.6)

where V1) s+ and |VUg) s+ are as before and |®1) 40+ and |®9) 5+ are the correspond-
ing states of the electromagnetic field on the event horizon, s# 7, of the black hole. The

decoherence of Alice’s particle in the presence of a black hole is now given by
7 = 1= [(V1|¥2) s+ (D1]P2) s+ - (3.0.7)

As in Minkowski spacetime, if Alice recombines her particle adiabatically, she can ensure
that there is negligible radiation to infinity, so |¥1) s+ ~ |¥9) s+ ~ |0) s+, in which case

any decoherence will be entirely due to radiation propagating into the black hole
I =1 = [(1|P2) y+] - (3.0.8)

It might be thought that, by performing her recombination adiabatically, Alice also can
ensure that no radiation enters the black hole. However, this is not the case.

To see this, we first consider a classical point charge outside of a Schwarzschild black hole.
The explicit solution for a static point charge outside of a Schwarzschild black hole has long
been known [Copson and Whittaker, 1928, Cohen and Wald, 1971, Linet, 1976]. On the
horizon, the electric field of a static point charge is purely radial, i.e. the only nonvanishing
component of the electric field on the horizon is B, = cFl®nP, where n® denotes the
affinely parametrized null normal to the horizon and ¢% is the unique past-directed radial

null vector satisfying £%n, = 1. Electromagnetic radiation on the horizon is described by the
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pullback, E 4, of the electric field E, = cFabnb to the horizon, where capital Latin indices
denote angular components on the horizon. Since F4 = 0 for a static point charge, there is
no radiation through the horizon, as would be expected. However, suppose we now quasi-
statically move the point charge to a new location. After the charge has reached its new
location, the electric field will again be radial, but E) on the horizon will be different from

what it was initially. However, it follows from Maxwell’s equations at the horizon that
DAE, = —0yE, (3.0.9)

where D4 denotes the covariant derivative on the 2-sphere cross-sections of the horizon,
angular indices are raised and lowered with the metric, g4, on the cross-section, and V'
is an affine parameter such that n® = (9/0V)?. Therefore, we must have F4 # 0 on the
horizon as the charge is being moved and, indeed, [ E4dV is constrained by initial and
final values of E), independently of how the charge is moved between its initial and final
positions. Thus, there is necessarily some radiation that crosses the horizon of the black hole
due to the displacement of the charge. We can make the total energy flux of this radiation
through the horizon arbitrarily small by moving the charge very slowly, but, as we will now
show, we cannot make the “total photon flux” of this radiation small by moving the charge
quasi-statically.

In order to analyze quantum aspects of the radiation, we need to give a precise specification
of the quantum state of electromagnetic radiation on the horizon of a black hole. For an
unperturbed Schwarzschild black hole formed by gravitational collapse, the state of the
electromagnetic field on the horizon of the black hole is described by the Unruh vacuum.
However, we will be concerned here only with low frequency phenomena (w < 1), in which
case the Unruh and Hartle-Hawking vacua near the horizon are essentially indistinguishable.
For the electromagnetic field in a gauge where A;n® = 0 on the horizon, the “free data” of

the electromagnetic field on the horizon is the pull-back, A4, of the vector potential. In
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the Fock space associated with the Hartle-Hawking vacuum, a “particle” corresponds to a
solution that is purely positive frequency with respect to affine parameter on the horizon.

The inner product on the one-particle Hilbert space is given by [Kay and Wald, 1991]

(0. ¢]
2¢qc wdw —_— .
(A1 plA2,0) v = == / rd / 5 7CA pw.ah) Ay o (w2 (3.0.10)
S? 0

where 7 is the Schwarzschild radius of the black hole and A 4 is the Fourier transform of
Ay with respect to affine parameter V. Equation (3.0.10) corresponds to a Klein-Gordon
type of inner product on the positive frequency part of A4. Now suppose that the black
hole is perturbed by a classical charge-current source of the quantum electromagnetic field.
The quantum state of the electromagnetic field will then be described by the coherent state
(relative to the unperturbed vacuum) associated with the classical retarded solution. The
expected number of “horizon photons” in this electromagnetic state at the horizon is given
by

(N = [[Aal2+. (3.0.11)

where A 4 is the classical retarded solution and the norm of A 4 is defined by the inner product
Eq. (3.0.10).

Let us apply this result to the electromagnetic field of a point charge that starts at a point
x outside the black hole, is moved to another point 2’ outside of the black hole and remains
at x’ forever. We have already seen in this case that [ E4dV # 0. Since Eq4 = —cOy Ay,
this means that A4 does not return to its initial value at the end of the process. This
is closely analogous to the memory effect that occurs at null infinity |Bieri and Garfinkle,
2013, Satishchandran and Wald, 2019]. The fact that A4 does not return to its initial value
implies that its Fourier transform diverges as 1/w as w — 0. It then follows immediately
from Eq. (3.0.10) that ||AA||<2}iﬂ+ = o0o. Thus, if one moves a point charge from z to 2’ and

leaves the particle at 2’ forever, no matter how quickly or slowly the charge is moved, an
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infinite number of “soft horizon photons” will be radiated into the black hole. This is closely
analogous to the infrared divergences at null infinity that arise in scattering theory in quantum
electrodynamics |[Prabhu et al., 2022|. Note that the infinite number of “soft photons” carry
negligible energy, and by moving the charge quasi-statically, the total electromagnetic energy
radiated into the black hole can be made to be arbitrarily small.

The case of more relevance for us is one in which the point charge is moved from z to a/,
is held at 2’ for a long proper time 7', and then is returned to z. In that case, A4 returns
to its initial value at late times, so there is no infrared divergence in the sense that (V)
is finite. Nevertheless, the following estimates show that (N) is very large when T is very
large. The radial electric field of a point charge located a distance b from the black hole
is roughly E; ~ q/egb? [Copson and Whittaker, 1928, Cohen and Wald, 1971, Linet, 1976].

""is therefore

The change in the radial electric field when the charge is moved from z to x

roughly AE; ~ qd/ 60b3, where d is the distance between x and z’ and we have assumed that

d < b. Taking account of the fact that the 2-spheres on the horizon are of radius 2GM/ 2,

it then follows from Eq. (3.0.9) that the change in the vector potential, A 4, on the horizon

when the particle is moved from z to 2’ is

G2M? qd
A b3

AAy ~ (3.0.12)

Eventually, when the particle is moved back to x, the change in A 4 will be equal and opposite
to Eq. (3.0.12). But if the charge is held at point 2’ for a very long time 7', the contribution of
Ay to the norm defined by Eq. (3.0.10) will be dominated by the low-frequency contribution
arising from the time interval over which Eq. (3.0.12) holds. We obtain

G4M4q2d2

regs Y (3.0.13)

(N) = [ Aall5p+ ~

where V' is the affine time on the horizon corresponding to the proper time 7' along the
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particle trajectory. However, the relation between affine time, V', and Killing time, v, on the
horizon of a black hole is given by V = exp(kuv/c), where k = ¢*/AGM is the surface gravity
of the black hole. Furthermore, the Killing time is related to the proper time of the particle
by the redshift factor. We shall assume that Alice’s lab is not extremely close to the black
hole and neglect the departure of the redshift factor from 1. We then obtain

G3 M3q2 d2

3.0.14
hicBebb ( )

(N) = | A4l ~

Thus, the number of “soft photons” radiated into the black hole in the above process grows
linearly with the time, 7', that the point charge spends at point z’.

We now have all of the ingredients needed to analyze Alice’s coherence experiment, under
the assumption that Alice splits and recombines her particle slowly enough that negligible
radiation is emitted to infinity. Although our results hold much more generally, it is easiest
to consider the case where, after passing through the Stern-Gerlach apparatus, the first
component of Alice’s particle remains at position x and the second component of her particle
moves to position z’. After these components stay at z and 2/, respectively, for a time T,
they are recombined in such a way that the first component continues to remain at  and
the second component moves from z’ to z. In that case, no radiation is emitted by the
first component, so in Eq. (3.0.6), we have |®1) 4+ = |0) 4+. However, our above analysis
applies to the second component, which moves from z to z’, stays at 2’ for a time 7', and
then returns to x. Thus, |®2) 5+ will be a state with expected number of photons given by
Eq. (3.0.14). If (N) 2 1, then |®2) ,,+ will be nearly orthogonal to [®1) -+ = |0) ;-+. This

means that—due entirely to the presence of a black hole—Alice’s particle will decohere in a
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Thus, if our Sun were a black hole and if one separated an electron into two components one

Tp (3.0.15)

meter apart in a laboratory experiment on Earth, it would not be possible to maintain the
coherence of the electron for more than 10%% years. On the other hand, if this experiment
were done at b = 6GM/c?, then Tp ~ 5 minutes.

A closely parallel analysis can be given for the case of a gravitating particle. In the
gravitational case, the electric part of the Weyl tensor E,; = CQC’acbdncnd plays a role closely
analogous to the role played by the electric field F, in the electromagnetic case. For a
static point mass outside a Schwarzschild black hole the only non-vanishing component of
the electric part of the Weyl tensor on the horizon is Ejp = c2C’acbd€anC€bnd. Gravitational
radiation on the horizon is described by the pullback, E4p, of E,;, which vanishes for a static
point mass. However, the process of moving the particle quasi-statically to a new location

will involve a change in Fj.. The (once-contracted) Bianchi identity on the horizon yields
A _ A _
which implies
DADBE, 5 = 02 E,, (3.0.18)

in close analogy with Eq. (3.0.9). Thus, if a point mass is moved quasi-statically, there
necessarily will be radiation through the horizon. To determine the number of gravitons
emitted, we treat the quantum gravitational field at the level of linearized perturbation

theory about the black hole background. For a metric perturbation h,, in a gauge where
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hgpn® = 0 = qABhAB on the horizon, the “free data” on the horizon is hyp. As in the
electromagnetic case, a “particle” in the Fock space associated to the Hartle-Hawking vacuum
is a solution with positive frequency with respect to affine parameter V. The inner product
on the one-particle Hilbert space is given by a direct analog of Eq. (3.0.10) with A4 replaced
by haop. Finally, E4p is given in terms of hyp by Eaop = —%028‘2/@13.

The analysis of the decoherence of a quantum superposition of a body of mass m in the
presence of a black hole now proceeds in exact parallel with the electromagnetic case. The
only significant difference is that, for the same reason as in the analysis of Ref. [Belenchia
et al., 2018], it is now the effective mass quadrupole md? of the superposition that enters,
rather than the effective electrostatic dipole gd that entered the electromagnetic analysis.

We find that a black hole will decohere a quantum superposition of a massive body in a time

hclOblo
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Thus, if the Sun were a black hole and the Earth occupied a quantum state with its center of

TSR (3.0.19)

mass spatially superposed by a separation on the order of its own radius, this superposition
would decohere due to the presence of the black hole in about 10 us. Of course, it would not
be easy to put the Earth into such a quantum superposition.

In summary, we have found that black holes, in effect, gather information about quantum
superpositions of spatially separated components by means of the long range fields sourced
by the matter comprising these components. Eventually, a black hole will decohere any
quantum superposition. Although this may not be of practical importance for any presently
contemplated experiments, it may be of fundamental significance for our understanding of

the nature of black holes in a quantum theory of gravity.
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CHAPTER 4
KILLING HORIZONS DECOHERE QUANTUM
SUPERPOSITIONS

Consider a stationary spacetime in which an experimentalist, Alice, is present. Alice’s lab
is stationary, and she has control of a charged or massive body (hereinafter referred to as a
“particle”). She sends her particle through a Stern-Gerlach apparatus or other device that
puts her particle in a quantum superposition of two spatially separated states.! She keeps
these spatially separated components stationary for a time 7" and then recombines them.
Will Alice be able to maintain the coherence of these components, so that, when recombined,
the final state of her particle will be pure — or will decoherence have occurred, so that the
final state of her particle will be mixed?

Ordinarily, any decoherence effects will be dominated by “environmental influences,” i.e.,
additional degrees of freedom present in Alice’s lab that interact with her particle. We
assume that Alice has perfect control of her laboratory and its environment so that there
is no decoherence from ordinary environmental effects. However, for a charged or massive
particle, Alice cannot perfectly control the electromagnetic or gravitational field, since her
particle acts as a source for these fields and some radiation will be emitted during the
portions of her experiment where she separates and recombines her particle. Nevertheless, in
Minkowski spacetime, if her lab is stationary in the ordinary, inertial sense, she can perform
her experiment in a sufficiently adiabatic manner that negligible decohering radiation is
emitted. In principle, she can keep the particle separated for an arbitrarily long time 7" and

still maintain coherence when the components are recombined.

1. Quantum spatial superpositions of massive bodies have been of recent interest in both theoretical as
well as experimental probes of fundamental properties of quantum gravity, e.g., [Bose et al., 2017, Marletto
and Vedral, 2017, Belenchia et al., 2018, Christodoulou and Rovelli, 2019, Giacomini et al., 2019, Gonzalez-
Ballestero et al., 2021, Danielson et al., 2022a, Carney, 2022, Christodoulou et al., 2023, Carney et al., 2022,
Feng and Vedral, 2022, Zhou et al., 2022, Overstreet et al., 2023].
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In the preceding chapter we showed that the above situation changes dramatically if a
black hole is present in the spacetime — even though the experiment is carried out entirely
in the black hole’s exterior. In effect, a black hole horizon harvests “which path” information
about any quantum superposition in its exterior, via the long-range fields sourced by the
superposed matter. We showed that this results in the unavoidable radiation of entangling
“soft photons or gravitons” through the horizon that carry the “which path” information into
the black hole. Consequently, the mere presence of the black hole implies a fundamental
rate of decoherence on the quantum superposition.? Although the rate of decoherence will
be small if the black hole is far away, the coherence decays exponentially in the time, 7', that
the spatial superposition is maintained. Thus, in any spacetime with a black hole, there will
be essentially complete decoherence within a finite time.?

The purpose of this chapter is to generalize the results of Chapter 3 to spacetimes with
Killing horizons, i.e., spacetimes with a Killing vector field such that there is a null surface to
which the Killing field is normal (see, e.g., [Kay and Wald, 1991] for a discussion of properties
of Killing horizons). The event horizon of a stationary black hole is a Killing horizon [Hawking
and Ellis, 1973, Hawking, 1972, Alexakis et al., 2010], so spacetimes with Killing horizons
encompass the case of stationary spacetimes that contain black holes. However, there are
many cases of interest where Killing horizons are present without the presence of black holes.
One such case is that of Minkowski spacetime, where the Rindler horizon is a Killing horizon
with respect to the Lorentz boost Killing field. Another such case is de Sitter spacetime,
where the cosmological horizon is a Killing horizon. We will show that in these cases, a
spatial superposition that is kept stationary (with respect to the symmetry generating the

Killing horizon) will decohere in a manner similar to the black hole case. We will also provide

2. In QED, this effect applies only to superpositions of charged particles. However, since all matter sources
gravity, the quantum gravitational decoherence applies to all superpositions.

3. This maximal coherence time for superpositions in the exterior can be much smaller than the evaporation
time of the black hole.
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an estimate of the maximum amount of time during which coherence can be maintained.

The case of the Rindler horizon is particularly instructive. The relevant symmetry here
is that of Lorentz boosts, so Alice’s lab will be “stationary” if it is following orbits of Lorentz
boosts, which are uniformly accelerating worldlines. Our analysis based upon radiation
through the Rindler horizon shows that decoherence of a uniformly accelerating spatially
separated superposition occurs because of the emission of “soft” (i.e., very low frequency)
gravitons or photons, where the frequency is defined relative to an affine parameter on the
Rindler horizon. As we shall show, the decoherence effect of this radiation of soft gravitons
or photons is distinct from the (smaller) decoherence effect resulting from the presence of
Unruh radiation. To gain further insight, we also analyze the decohering radiation in the
electromagnetic case from the inertial point of view, using the Liénard-Wiechert solution to
determine the radiation at future null infinity. As we shall show, the decohering photons are
of high frequency at null infinity.

In Sec. 4.1 we provide a general discussion of the decoherence of a quantum superposition
due to radiation in a stationary spacetime. In Sec. 4.2 we consider the decoherence of a
uniformly accelerating superposition, analyzing it from both the Rindler and Minkowski
viewpoints. We also show that this decoherence is distinct from (and larger than) the
decoherence effects due to the presence of Unruh radiation. In Sec. 4.3 we analyze the
decoherence in de Sitter spacetime associated with the cosmological horizon. We will work in
Planck units where G = ¢ = h = kg = 1 and, in electromagnetic formulas, we also put ¢y = 1,
but we will restore these constants in our formulas that give estimates for decoherence times.
Lower case Latin indices represent abstract spacetime indices. Upper case Latin indices from

the early alphabet correspond to spatial indices on horizons or null infinity.
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4.1 Decoherence due to Radiation in a Stationary Spacetime

In this section, we will give a general analysis of the decoherence of a spatial superposition in
a stationary spacetime due to emission of radiation by the body. Our analysis applies both
to the decoherence of a charged body due to emission of electromagnetic radiation and to
the decoherence of a gravitating body due to emission of linearized gravitational radiation.
The analyses of these two cases are very closely parallel. In order to avoid repetition, we
will analyze only the electromagnetic case in detail, but near the end of this section, we will
state the corresponding results in the linearized gravitational case, which can be obtained
straightforwardly by replacing the vector potential A, with the perturbed metric hg,, the
charge-current j, with the stress-energy 7., etc.

Consider a charged particle4 in a stationary spacetime. We assume that the particle is
initially in a stationary state. The particle is then put through a Stern-Gerlach (or other)

apparatus, resulting in it being in a superposition state?

1

V) 7

(I1) + [¥2)) (4.1.1)

where |11) and |i9) are normalized states that are spatially separated after passing through
the apparatus. The particle is then recombined via a reversing Stern-Gerlach (or other)
apparatus and returns to a stationary state. We are particularly interested in the case where,
between separation and recombination, |¢1) and |1)9) are kept stationary for a long period
of time, T', but we do not make any such assumption in this section. We wish to estimate
how much decoherence due to emission of electromagnetic radiation will have occurred by

the time of recombination.®

4. As already indicated above, the “particle” need not be an elementary particle but could be a “nanoparticle”
or any other body whose only relevant degree of freedom for our analysis is its center of mass.

5. For simplicity, we have assumed that we have a 50-50 superposition of |¢)1) and |1)2), but this assumption
is not necessary.

6. The decoherence of Alice’s particle can be experimentally determined as follows. We assume that
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A key assumption that we shall make is that the fluctuations in the charge-current
operator 7% in the states [i1) and |1)9) are negligibly small over the scales of interest so that
we can treat the charge current in each of these states as c-number sources in Maxwell’s
equations, given by j{ = (11]j%[¢1) and j§ = (¢2|j*|2), respectively. In the initial and
final stationary eras, |11) and [i9) are assumed to coincide spatially (though they may differ
in other characteristics, such as spin) so that j{ = j§ at very early and very late times.

In order to proceed further, we must specify the initial state of the electromagnetic field.
Since, prior to going through the Stern-Gerlach apparatus, the charge is assumed to be
stationary, at early times we may subtract the “Coulomb field” C’CiLn of the charge, i.e., at

early times we may consider the electromagnetic field observable
A= A, —CiMp (4.1.2)

where CII" is the (assumed to be unique) stationary classical solution to Maxwell’s equations
with the early-time stationary charged particle source j{ = j§ and A is the vector potential
operator. We need not assume any specific choice of gauge for A%ln. Then A%ln satisfies the
source-free Maxwell’s equations at early times, and we may extend its definition to all times
by requiring it to satisfy the source-free Maxwell equations everywhere.

The initial state of the electromagnetic field may be specified by giving the “radiation
state” of Ailn. The choice of this state depends on the physical situation being considered. If
the spacetime were globally stationary — i.e., if the stationary Killing field were everywhere

timelike, so, in particular, there are no Killing horizons — it would be natural to assume that

Alice’s particle initially has spin in the positive z-direction and thus is in a 50-50 superposition of z-spin
after passing through the initial Stern-Gerlach apparatus. After recombination, Alice measures the x-spin
of her particle. If coherence of the superposition eq. (4.1.1) has been maintained, then (assuming that Alice
has made appropriate corrections if there are any phase differences between the paths) the spin will always
be found to be in the positive z-direction. On the other hand, if any coherence has been lost, the particle
will not be in a state of definite spin, and the spin will sometimes be found to be in the negative x-direction.
By repeating the experiment many times, Alice can, in principle, determine the decoherence to any desired
accuracy.
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the initial state of the radiation is the stationary vacuum state, i.e., the ground state relative
to the time translations. For the case of a black hole spacetime, it would be correspondingly
natural to assume that the initial state of the radiation is that of the Unruh vacuum, since
for a black hole formed by gravitational collapse, the state of a quantum field is expected
to approach the Unruh vacuum after the black hole has “settled down” to a stationary state.
For the case of Minkowski spacetime, we take the initial state of the radiation to be the
ordinary (inertial) Minkowski vacuum. For de Sitter spacetime, we take the initial state of
the radiation to be the de Sitter invariant vacuum’ for the electromagnetic field [Allen and
Jacobson, 1986]. We denote the initial state of the radiation in all of the above cases by |¥().

In each of the above cases, |¥() is a pure, quasi-free (i.e., Gaussian) state. It follows
(see, e.g., [Wald, 1995] or Appendix A of [Kay and Wald, 1991|) that we can construct a
one-particle Hilbert space H;, and corresponding Fock space F(Hjy,) wherein |¥() plays the

role of the vacuum state and the field operator Aian is represented on F(Hi,) by
AL (f%) = ia(Koy) —ial(Koy). (4.1.3)

Here f® is a divergence-free® test function, o # denotes the advanced minus retarded solution
to Maxwell’s equations with source f% and K : S — H;, denotes the map taking the space
S of classical solutions to their representatives in the one-particle Hilbert space H;,. The

commutator of the creation and annihilation operators in Eq. (4.1.3) is given by
[a(Kop),al(Koy)] = (Koy|Kog) 1, (4.1.4)

where (Ko ¢|Koyg) is the inner product on Hyy,, which is given by a natural generalization of

7. A de Sitter invariant vacuum state does not exist for the massless scalar field [Allen, 1985] but such
a state does exist for the electromagnetic field [Allen and Jacobson, 1986] and linearized gravitational field
[Allen, 1986].

8. Restriction of the smearing to divergence-free test functions is necessary and sufficient to eliminate the
gauge dependence of A" (see, e.g., P.101 of [Wald, 1995]).
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the Klein-Gordon inner product to electromagnetic fields.

For the case of a globally stationary spacetime in the stationary vacuum state, Koy
corresponds to taking the positive frequency part of oy with respect to the time translations
generating the stationary symmetry. For the case of a stationary black hole in the Unruh
vacuum state, Koy corresponds to taking the positive frequency part of o with respect to
affine time on the past horizon and with respect to Killing time at past null infinity. For
Minkowski spacetime in the inertial Minkowski vacuum, Koy corresponds to taking the
positive frequency part of o with respect to inertial time translations. Equivalently, Ko,
in this case, corresponds to the solution obtained by taking the positive frequency part of
the restriction of oy to any null hyperplane A (i.e., any Rindler horizon) with respect to an
affine parametrization of the null geodesics generating /. For de Sitter spacetime in the de
Sitter invariant vacuum, Ko # corresponds to the solution obtained by taking the positive
frequency part of the restriction of oy to any cosmological horizon with respect to an affine
parametrization of the null geodesics generating that horizon.

Under the above assumption that the charge-currents of |¢)1) and |¢)9) can be treated as
c-number sources, the electromagnetic field A; , in the presence of the charge in state [1);)

for i = 1,2 is given in terms of the source-free field A by [Yang and Feldman, 1950]
A, = Al £ G50 (4.1.5)

where GEY( ij ) denotes the classical retarded solution for source ij In particular, since the

field A" is in state |Wg), the correlation functions of the electromagnetic field A; g for [1;)
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are given by?

(Ajay (01) - Ai g, (20))
= (Wol | 4B} (1) + G () (01)1)|

AR () + GG (@) D)| [90). (4.1.6)

Equation (4.1.6) is valid at all times. However, at late times — i.e., to the future of any
Cauchy surface ¥ corresponding to the time at which recombination has occurred — we can
again subtract off the common stationary Coulomb field, CO", of J{ = j§ to obtain the

source-free field!? A%t that describes the radiation at late times for the states [1;),
AR = A, — "L, (4.1.7)
By Eq. (4.1.6), at late times, the correlation functions of A" are given by

(A%U (1) ... A%YC (z,))

1,a1 1,0,
= (Wo| [AI% (1) + Ai g, (21)1)]
. [A’g; (¥n) + Aig, (a:n)l)] W) (4.1.8)
where
Aja = GF(5) — oo, (4.1.9)

Note that A; , is a classical solution of the source-free Maxwell equations in the late-time

region.

9. It is understood that each of the zj, variables should be smeared with a divergence-free test vector field
it
10. Note that A™ did not have a subscript “i” whereas A; , and A$% do carry such subscripts. This is a

consequence of the fact that we are working in the “in” representation — i.e., the Heisenberg representation
on the Hilbert space F(Hin) — so A does not depend on the sources, but the other fields do.
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The correlation functions Eq. (4.1.8) on any late-time Cauchy surface are precisely those
of the coherent state

1 12
;) = e 2 KA exp laT(04)) | |90) (4.1.10)

where the norm is that of the one-particle inner product of Eq. (4.1.4). Thus, the coherent
state |Wq) describes the “out” radiation state corresponding to charged particle state )
and the coherent state |¥9) describes the “out” radiation state corresponding to charged

particle state [¢)9). The joint “out” state, |Y), of the particle-radiation system is given by

1

IT) = —= (|¢1) ® [¥1) + [th2) ® [¥g)). (4.1.11)

S

2

Therefore, the decoherence of [¢)1) and |¢)9) due to emission of electromagnetic radiation is
given by
P =1—](V1|¥9) | (4.1.12)

We wish to evaluate 9.

By the general formula for the inner product of coherent states, we have
1
[(01]W2) [ = exp | S [IK (AL =~ Al (4.1.13)

Now, in the late-time era, Ay , — Ao, is just the difference between the classical retarded

solutions with sources j{ and jg,
A1 — Aoy = Gret by Gret by _ Gret b b 41.14
1,a 2,a a (J1) a (J2) a (1= J2)- (4.1.14)

Consider the coherent state associated with GX°! (]i} — jg) in the late-time era. We refer to

photons in this state as entangling photons. By the general properties of coherent states, the
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expected number, (N), of entangling photons is given by

(N) = HK [Gret(jl —jz)} H2 (4.1.15)

Thus, we have
| (U1[Wg) | = exp {—%UW} (4.1.16)
D=1 — | (W W) | = 1 — exp {—%(M} (4.1.17)

and we see that the necessary and sufficient condition for significant decoherence (2 ~ 1) is
(N) 2 1.

We summarize the results that we have obtained above as follows. Under the assumptions
we have made above, in order to calculate the decoherence, &, of the particle due to radiation,

we carry out the following steps:

1. We obtain the expected charge current, j{ and j§, for the particle in states [¢)1) and

|1b9) of the superposition.

2. We calculate the classical retarded solution, GEY( jll’ — jg) for the difference of these
charge currents, which is a source-free solution at late times, since j{ = j§ at late

times.

3. We calculate the one-particle state KG*(j; — jo) corresponding to GEY( jlf — jg) at
late times. In the various cases, this corresponds to the following: (i) For a globally
stationary spacetime initially in the stationary vacuum state, this one-particle state
is the positive frequency part of the solution with respect to the time translations
generating the stationary symmetry. (ii) For the case of a stationary black hole initially
in the Unruh vacuum, the one-particle state is the positive frequency part of the solution

with respect to affine time on the past horizon and with respect to Killing time at past
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null infinity. (iii) For Minkowski spacetime initially in the Minkowski vacuum, the
one-particle state is the positive frequency part of the solution with respect to inertial
time or, equivalently, the positive frequency part with respect to affine time on any
Rindler horizon. (iv) For de Sitter spacetime initially in the de Sitter invariant vacuum,
the one-particle state is the positive frequency part of the solution with respect to affine

time on any cosmological horizon.

4. We compute the squared norm, || K[G " (j; — jo)]||?, of this one-particle state at late
times. This quantity is equal to the expected number of entangling photons, (V). The

decoherence due to radiation is then given by
1
7 =1~ exp |51k [0 - )] IP] (11.15)

As previously stated, the above analysis extends straightforwardly to the linearized grav-
itational case, where the perturbed metric, hp, is treated as a linear quantum field propa-
gating in the background classical stationary spacetime. To compute the decoherence due
to gravitational radiation in this case, we carry out the above steps, replacing A, by hgp
and the charge-current j% by the stress-energy tensor T,;. The retarded solution GE°t(j b) for
Maxwell’s equations is replaced by the retarded solution G*S*(T4) for the linearized Einstein
equation. The map K : S — Hj, is again obtained as in item 3 above and the inner product
on Hi, is again given by a natural generalization of the Klein-Gordon inner product to
linearized gravitational fields. The decoherence due to gravitational radiation is then given
by the analog of Eq. (4.1.18).

The above analysis applies for any motion of the components of Alice’s superposition. We
are primarily interested in the case where, during a time interval 717, Alice puts a particle of
charge ¢ (or mass m) into a spatial superposition, where the distance between the components

of the particle wavefunction is d. She then keeps this superposition stationary in her lab for
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a time 7. Finally, she recombines her particle over a time interval T5.

In Minkowski spacetime in the case where Alice’s lab is inertial, GL( jll’ - jg) will be
nonzero at null infinity only at the retarded times corresponding to the time intervals 77 and
T5. A rough estimate of the number of entangling photons was obtained in [Belenchia et al.,

2018] using the Larmor formula for radiation in these eras, which, in natural units, yields

q2d2

hnﬂﬂ71>jbﬂ2

(N) ~ (Minkowski, EM). (4.1.19)

The corresponding result in the linearized gravitational case is [Belenchia et al., 2018|

m2d*

[min (77, T5)]*

(N) ~ (Minkowski, GR). (4.1.20)

Therefore, if Alice recombines her particle sufficiently slowly that 77,75 > gd in the elec-
tromagnetic case or 17,1y > md? in the gravitational case, then she can maintain the
quantum coherence of her particle. In particular, Alice can keep the components of her
particle separated for as long a time T as she likes without destruction of the coherence.

As shown in Chapter 3, the situation is quite different if a black hole is present. In the
electromagnetic case, even if T7, T > qd so that a negligible number of entangling photons
is emitted to infinity, there will be entangling radiation emitted into the black hole. For large
T, the number of entangling photons increases with T' as!!

A13q2d2

(N) ~ TT (black hole, EM) (4.1.21)

where M is the mass of the black hole, D is the proper distance of Alice’s lab from the horizon

of the black hole, and we assume that D = M. The corresponding result in the linearized

11. In the analysis of Chapter 3, we used the fact that the Unruh vacuum is well approximated by the
Hartle-Hawking vacuum at low frequencies near the horizon of the black hole.
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gravitational case is

M5 2d4
(N ~ %T (black hole, GR). (4.1.22)

Thus, the coherence of Alice’s particle will always be destroyed within a finite time.

In the next two sections, we will apply the above analysis to the cases of Rindler spacetime
and de Sitter spacetime. Although we will explicitly analyze only the Rindler and de Sitter
cases, it will be clear from our analysis of the next two sections — as well as our analysis
in Chapter 3 — that it can be applied to any Killing horizon, provided only that the initial
“vacuum state” |Wg) of the electromagnetic and/or linearized gravitational field corresponds
to one-particle states that are positive frequency with respect to affine time on the future

Killing horizon.

4.2 Rindler Horizons Decohere Quantum Superpositions

We now consider the case of Minkowski spacetime!? with Alice’s lab uniformly accelerating

with acceleration a. Specifically, we take Alice’s lab to follow the orbit

1 1
t = —sinh(ar), z = — cosh(ar) (4.2.1)

a a

of the boost Killing field
o\ o\

bt = — t| =— . 4.2.2
1) (@) 422
Here we have normalized b® such that b*b, = —1 on the worldline of Alice’s laboratory. Thus,

b® is the four-velocity of Alice’s laboratory and 7 is the proper time in her lab. We introduce
the null coordinates

U=t—z, V=t+z (4.2.3)

12. We explicitly treat the case of 4 spacetime dimensions, but our analysis generalizes straightforwardly
to all higher dimensions.
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and the corresponding vector fields
n® = (9/0V)“, = (0/0U), (4.2.4)

which are globally defined, future-directed null vector fields that satisfy ¢*n, = —1. In terms

of these coordinates, the Minkowski spacetime metric is
n=—dUdV + da® + dy? (4.2.5)
and the boost vector field is given by
b =a[ — UL* + Vn"]. (4.2.6)

The boost Killing field is null on the two “Rindler horizons,” i.e., the two null planes U = 0
and V' = 0, which divide Minkowski spacetime into four wedges. The orbits of the boost
Killing field are future-directed and timelike within the “right Rindler wedge” VWi which is the
region U < 0 and V' > 0. Thus, the “right Rindler wedge” WRr — where Alice performs her
experiment — is a static, globally hyperbolic spacetime where the notion of “time translations”
is defined by Lorentz boosts.

We refer to the null surface U = 0 as the future Rindler horizon and denote it as %g .

On the region V' > 0 of %”g , it is useful to introduce the coordinate v by
V = Ve (4.2.7)
where V{j is an arbitrary constant. Then, for V' > 0 on %”RJF, we have
(&)
%R+ ov

o4

(4.2.8)

b* =aV <i> ’
‘%ﬂR"‘ (9V ij+



Since (0/0V)? on the horizon is tangent to the affinely parametrized null geodesic generators
of %”g, we refer to V' as the “affine time” on L%”R+ , whereas we refer to v as the “boost Killing

time” on jfl{ .

4.2.1 Decoherence due to Radiation of Soft Photons/Gravitons through the

Rindler Horizon

We are now in position to apply the results of Sec. 4.1 to the Rindler case. We will first
analyze the electromagnetic case and then give the corresponding results in the gravitational
case.

We assume that the electromagnetic field is initially in the Minkowski vacuum state. We
assume that Alice possesses a charged particle that is initially stationary (with respect to the
boost Killing field) in her (uniformly accelerating) lab. She then creates a quantum spatial
superposition which is held stationary (with respect to the boost Killing field) for a proper
time T" and is then recombined. We wish to know the degree of decoherence of Alice’s particle
due to emission of radiation. We may directly apply the analysis of Sec. 4.1 to answer this
question.

The future Rindler horizon jfg (U = 0) does not meet the technical requirements of
being a Cauchy surface for Minkowski spacetime, since there are inextendible timelike curves
that remain in the past of %”g as well as inextendible timelike curves that lie in the future
of z%”Pj' . However, as argued in |[Unruh and Wald, 1984], it is effectively a Cauchy surface
for determining evolution of solutions to the wave equation. This is most easily seen in
the conformally completed spacetime, where %”RJF is the past light cone of a point p € #T
except for the single generator that lies on .# T and it also is the future light cone of a point
on p/ € # except for the single generator that lies on .# —. Data on the full past light
cone of p would determine a solution to the past of ,%”F: and data on the full future light

cone of p’ would determine a solution to the future of %”g , thereby determining a solution
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everywhere in Minkowski spacetime. However, for solutions with appropriate decay, the data
on the missing null geodesic generators of .#" and .#~ can be determined by continuity
from the data on ,%”Pj . Consequently, data on %”Pj suffices to uniquely characterize solutions
with appropriate decay. Consequently, the “out” states |¥1) and |¥9) of the radiation are
completely determined by data on %”g . Note that this contrasts sharply with the black hole
case, where one would need data on both the future event horizon and future null infinity to
characterize the “out” state of radiation.

The decoherence of Alice’s particle due to radiation is given by Eq. (4.1.17). In order to
evaluate this, we first consider a classical point charge of charge ¢ in the “right Rindler wedge”
Whr that is stationary with respect to the boost Killing field and lies at proper distance
D from the bifurcation surface of the Rindler horizon. Such a charge will be uniformly

accelerating with acceleration a given by
a=—, (4.2.9)

as depicted in Fig. 4.1.

The explicit solution for such a stationary charge in the Rindler wedge has long been known
[Whittaker, 1927, Bondi and Gold, 1955, Rohrlich, 1961, Boulware, 1980, Padmanabhan and
Padmanabhan, 2010, Eriksen and Grgn, 2004]. The only nonvanishing component of the
electromagnetic field in the region V' > 0 of %”g is

2a2q

E EF ga b:—
U abt M 7T(1—|—a2p2>2

(4.2.10)

where p? = 22 + y2. Electromagnetic radiation through the Rindler horizon is described by

the pullback, E 4, of the electric field!® E, = Fabnb to %”R"", where the capital Latin indices

13. The electric field as measured by an observer with 4-velocity u’ is F,u’. Although n’ is null rather
than timelike, it is natural (and standard) to use the terminology “electric field” for F,,n® on the horizon.
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L.

Figure 4.1: Alice’s laboratory undergoes uniform acceleration a in the z-direction in
Minkowski spacetime and thus follows an orbit of a boost Killing field. The future Rindler
horizon Jfg is a Killing horizon for this boost Killing field. The future-directed null vector

n® = (8/0V)? points along the horizon, while I = (3/8U)? is transverse to it. D is the
proper distance from Alice’s lab to the horizon.

from the early alphabet denote spatial components in the z and y directions. Since £4 = 0 on
the horizon for a uniformly accelerated charge, one may say that a charge held stationary in
Alice’s lab does not produce any radiation as determined on %”g — even though a uniformly
accelerated charge radiates (inertial) energy to future null infinity. 14

Now consider the case where the point charge is initially uniformly accelerating with
acceleration a at a proper distance D = 1/a from the bifurcation surface of the Rindler
horizon. The charge is then moved in the z-direction!® to a different orbit of the same boost
Killing field, so that it has uniform acceleration a’ and lies at proper distance D’ = 1/d/
from the Rindler horizon. After the charge has reached its new location, the electric field on

Jfg is again given by Eq. (4.2.10), but its value, E{J, will be different from its value at early

14. A uniformly accelerating charge has a nonvanishing inertial energy current flux T,,t* through both
%”Pf and .# T, where t* denotes a Minkowski time translation. However, the flux of “boost energy” T,;b"
vanishes at both 7 and #+.

15. We consider a z-displacement for simplicity. Similar results would hold if the charge were displaced in
the = or y directions.
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times. Maxwell’s equations on %ﬂpj' imply that
DAE, =0y Ey (4.2.11)

where D 4 is the derivative operator on the R? cross sections of the horizon and capital Latin
indices from the early alphabet are raised and lowered with the metric, d 45, on the cross
sections. Eq. (4.2.11) implies that E4 # 0 whenever 0y Efy # 0, so there will be radiation

through the horizon as the charge is being moved. Most importantly, it implies that

(0.@]
DA (/ AVE, | = AEy (4.2.12)
o

where AEy = E{] — LBy is the change in the radial electric field between the charge at
positions D’ and D. Now, in a gauge where Agn® = 0 on the horizon, the transverse (i.e.,
x-y) components of the electric field are related to the corresponding components of the
vector potential by

Egq=—0yAy. (4.2.13)

Since the transverse components of the Coulomb field of a static charge vanish, we may
replace the vector potential A 4 by the “Coulomb subtracted” vector potential A 4 defined by
Eq.(4.1.9), so we have

Ejp=—-0yAy. (4.2.14)

It then follows immediately from Eq. (4.2.12) that the difference, AA 4, between the final

and initial values of A 4 is given by
DAAAY) = —AEy (4.2.15)

independently of the manner in which the charge is moved from D to D’. Equation (4.2.15)
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is an exact mathematical analog of the electromagnetic memory effect at null infinity [Bieri

and Garfinkle, 2013|. For the explicit solution Eq. (4.2.10), we have

N —dqda®(1 — a?p?)

AE 4.2.16
v (1 + a2p?)3 ( )
where d = D' — D and we have assumed that
1
d<D=-. (4.2.17)
a
From Eq. (4.2.15), we find that A A4 points in the p-direction and has magnitude
AA,| = AA ada’p (4.2.18)
Al= =% (14 a2p?)?’ o

The key point is that even though F4 = 0 at both late and early times, A 4 does not return
to its original value at late times, and the change, AA 4, in the vector potential between late
and early times is determined only by the initial and final positions of the charge.

We now consider the quantized radiation through the horizon resulting from the displace-
ment of the charge, assuming that, after the displacement, the charge is held at its new
position, D’ forever. For the Fock space associated with the Minkowski vacuum state, the
map K : S — Hi, that associates one-particle states to classical solutions is given by taking
the positive frequency part of the classical solution with respect to inertial time, with the
inner product on H;, given by the Klein-Gordon product. For the electromagnetic field on
%”g in a gauge where A,n® = 0 on j‘fg , the “free data” on %RJF is the pullback, A4, of
the vector potential. For two classical solutions with data Ay 4 and Ay 4 on jfg , the inner

product of their corresponding one-particle states is given by [Kay and Wald, 1991, Dappiaggi

et al., 2017]
T wd
waw = A
<K./41| K.A2>%P;,_ = Q/dl'dy/?(sAB.ALAAQ’B (4219)
R2 0
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where A 4(w, #P) is the Fourier transform of A4 (V,zP) with respect to the affine parameter
V. By the same reasoning as led to Eq. (4.1.15), the expected number of photons on ,%”RJF in

the coherent state associated to any classical solution A 4 is simply
N) = |KA|? 4.2.20
(V) = KA+ (4:2:20

where the norm is defined by the inner product Eq. (4.2.19). However, since AA4 # 0, the
Fourier transform, A Aw, zB ), of Ay diverges as 1/w as w — 0. It follows that the integrand
of the expression for the norm given by the right side of Eq. (4.2.19) also diverges as 1/w
as w — 0, so the integral is logarithmically divergent. Thus, ||K AH?%”I{F = 00. Therefore,
if Alice displaces a charged particle to a different orbit of the boost Killing field and the
particle remains on this new uniformly accelerated trajectory forever, an infinite number

16 regardless of how

of “soft horizon photons” will be radiated through the Rindler horizon
quickly or slowly this process is done.

The above infrared divergence is an exact mathematical analog of the infrared divergences
that occur at null infinity in QED for processes with nonzero memory (see e.g., |Ashtekar,
1987, Satishchandran and Wald, 2019, Carney et al., 2017, 2018, Asorey et al., 2018|). Note
that infrared divergences at null infinity arise only in d = 4 spacetime dimensions. The reason
for this is that in d dimensions, radiation falls off at infinity in null directions as 1/ rd/ 2-1
whereas Coulomb fields and associated memory effects fall off as 1/ rd=3 5o it is onlyind=14
dimensions that memory effects occur at radiative order [Pate et al., 2018, Satishchandran

and Wald, 2019]. By contrast, radial Coulomb fields will penetrate a Killing horizon in all

spacetime dimensions (see |Garfinkle, 2021] for the case of a Schwarzschild black hole) and a

16. These “soft horizon photons” are closely related to the “soft hair” discussed by Hawking, Perry, and
Strominger [Hawking et al., 2016] in the case of black hole horizons (see also [Hotta et al., 2001]). However,
while Hawking, Perry, and Strominger considered effects of matter falling into a black hole, our “soft radiation”
arises from the displacement of matter sourcing a long range field outside of a horizon. Note that in the case
of a black hole, the “soft radiation” of Alice’s experiment increases the entanglement of the black hole with
its exterior.
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displacement of a charge will result in a change in the radial Coulomb field in all dimensions.
As analyzed above, this will result in radiation through the horizon in all dimensions high
enough for the field in question to admit radiation (i.e., d > 3 for electromagnetism and
d > 4 for gravity). Consequently, the logarithmic divergence in Eq. (4.2.20) occurs in all
spacetime dimensions that admit radiation.l”

Now suppose that Alice displaces the particle a z-distance d < D = 1/a from D to
D' = D + d as above, but instead of leaving the particle at D’ forever, she leaves it there
for proper timel® T and then returns it to D. In this case, the transverse components of
the vector potential, A 4, return to their initial values at late times, so there is no “memory
effect” at the horizon. Correspondingly, there are no infrared divergences in the expected
number of photons that propagate through ‘%ﬂR+' Nevertheless, if T" is very large then the
expected number of photons (V) will be correspondingly large. To see this, we note that if,
for convenience, we work in a gauge where A4 = 0 initially, then during the era at which
the particle is at D', A4 will be given by the right side of Eq. (4.2.18). If we keep the
manner in which the particle is moved from D to D’ as well as from D’ to D fixed but take
T to be very large, the asymptotic behavior of the norm Eq. (4.2.19) will be dominated by
the low-frequency contribution from the era of time 7' that the particle is displaced. The
logarithmic divergence at w = 0 that would occur if the particle remained at D’ forever is
now effectively cut off at frequency w ~ 1/V, where V' denotes the affine time duration on
the horizon jfg over which the particle remains at D’. We obtain

1%
NY = |IKA|%, ~ ¢?d%a®In [ ——— 4.2.21
(N) = KA, ~ ¢ d"a”In Vi V] ( )

17. Indeed, there would also be infrared divergences for a particle that sources a massive field, since the
Yukawa field of the particle will also penetrate the horizon.

18. We have normalized the boost Killing field b* so that Killing time equals proper time on the orbit at D
with acceleration a. Since we assume d = D' — D < D, Killing time and proper time are also (nearly) equal
on the orbit at D’. Thus, T is also the elapsed Killing time that Alice keeps the particle at D’.
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where V71, Vo < V are the durations of affine time over which the particle is displaced from
D to D' and from D’ back to D, so that 1/min[V7, V5] provides an effective high-frequency
cutoff. However, the affine time V' on the horizon is related to boost Killing time on the

horizon by

V = Vpyexp(av) (4.2.22)

and the boost Killing time v corresponds to the proper time 7" in Alice’s lab. Thus, we obtain
(N) ~ ¢d?*a3T  (Rindler, EM). (4.2.23)

Therefore, no matter how slowly the particle is displaced, it is forced to radiate a number of
“soft Rindler horizon photons” through the Rindler horizon that is proportional to the time
T that the particle remains on the displaced trajectory.

We are now in a position to fully analyze Alice’s experiment. Alice’s lab is uniformly
accelerating with acceleration a in Minkowski spacetime. She puts her particle of charge ¢
into a superposition of states separated by z-distance d < 1/a and keeps these components
stationary in her lab for a proper time 7". She then recombines the components and determines
their coherence.!? By the analysis of Sec. 4.1, the decoherence is given by Eq. (4.1.18).
However, for large T, the calculation of ||K [G™(j; — jo)] |2 corresponds precisely to the
calculation we have given above of the number of photons radiated through the Rindler

horizon when a charge is displaced for a time T'. Thus, we obtain
IK |61 = o) |IP ~ Pd?a°T. (4.2.24)

In other words, for large T, Alice’s superposition will decohere due to radiation of “soft

19. The coherence can be determined as described in footnote 6.
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Rindler horizon photons,” as

9 =1 — exp(—TpyqT) (4.2.25)

where the “decoherence rate” I', 4, is given by
[oag = ¢2d?a>. (4.2.26)

Thus, restoring the constants ¢, i, and €, Alice’s particle will decohere within a time

€0 hicS
as q2 d2

~ 1033 years (%)3 (2)2- (%)2. (4.2.28)

Thus, if Alice’s lab uniformly accelerates at one g in flat spacetime and she separates an

D (Rindler, EM) (4.2.27)

electron into two components one meter apart, she would not be able to maintain coherence

of the electron for more than 1033

years.

A similar analysis holds in the gravitational case?? where Alice separates a massive body
with mass m across a distance d and maintains this superposition for a time 7. In the
gravitational case, the “electric part” of the perturbed Weyl tensor E,, = C’acbdncnd plays
an analogous role to the electric field E, in the electromagnetic version of the gedankenex-
periment. For a uniformly accelerating point mass, the only nonvanishing component of the
electric part of the Weyl tensor on ‘%ﬂR+ is Errgr = Coepgl®ntond.

Gravitational radiation on the horizon is described by the pullback, E4p, of E,p;, which
vanishes for the static point mass. However, the process of quasistatically moving the static
point mass involves a change in Eyy on %”g . The (once-contracted) Bianchi identity on

the horizon yields
DAEsp = 0yEyp, D Eya=dvEyy (4.2.29)

20. In the gravitational case, additional stress-energy will be needed to keep Alice’s particle in uniform
acceleration. We will ignore the gravitational effects of this additional stress-energy.
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which implies that
DADPE, 5 = 0% Eyy (4.2.30)

which is closely analogous to Eq. (4.2.11). As in the electromagnetic case, if a uniformly
accelerating point mass is quasistatically moved there is necessarily gravitational radiation
through z%”};' .

To determine the number of “Rindler horizon gravitons” emitted we quantize the linearized
gravitational field. For a metric perturbation h, in a gauge where h ;n® = 0 and §4Bp AB =
0, the “free data” on %”}i" is hap. A “particle” in the standard Fock space associated to
the Poincaré invariant vacuum is then a positive frequency solution with respect to affine
parameter V' and the inner product on the one-particle Hilbert space is given by a direct
analog of Eq. (4.2.19) with the vector potential A4 replaced with the metric perturbation

h Ap, namely
(0.¢]
(Khi|Kh) ,, / / PESABSCD ) acha D (4.2.31)
R2 0

Finally, £y p is related to the metric perturbation h 4p by
Lo
Esp = _§8VhAB : (4.2.32)

Equations (4.2.30) and (4.2.32) directly imply that a permanent change, AEy; # 0, in the
U-U component of the electric part of the Weyl tensor on J“i”g implies a permanent change,
Ahgp # 0, in the perturbed metric on ji”};— between early and late times. In the quantum
theory, as in the electromagnetic case, this implies a logarithmic infrared divergence in the
number of gravitons emitted through ‘%ﬂPj_ in the process where a uniformly accelerating
charge is moved to a new orbit of the same boost Killing field and then remains at the new

position forever.
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The analysis of Alice’s experiment proceeds in a similar manner to the electromagnetic
case. Alice does not maintain the relative separation of her wavefunction forever but closes
her superposition after a proper time 7. As before, the number of entangling gravitons
emitted to the Rindler horizon is logarithmically growing in affine time and therefore linearly

growing in the proper time duration 71" of Alice’s experiment. We obtain
(NY ~m?d*®T  (Rindler, GR). (4.2.33)

Thus, restoring constants, we find that the Rindler horizon decoheres the quantum superpo-

sition of a uniformly accelerating massive body in a time

hclo
Gm2d4a®

2 4 5
~ 2 fs (%) : (M) : (E) . (4.2.35)
m d a

Therefore, if the Moon were accelerating at one g and occupied a quantum state with its

TSR (Rindler, GR) (4.2.34)

center of mass superposed by a spatial separation of the order of its own radius then it would
decohere within about 2 femtoseconds. Of course, it would not be easy to put the moon in
such a coherent quantum superposition.

Note the acceleration of a stationary observer outside of a black hole who is reasonably
far?! (D > M) from the event horizon is a ~ M/D?. If we substitute a = M/D? in Egs.
(4.2.27) and (4.2.34), we obtain Eqs. (4.1.21) and (4.1.22), respectively. Therefore, it might
be tempting to believe that what is important in all cases is the acceleration of Alice’s lab.
However, this is not the case. In particular, if we replace the black hole by an ordinary

star (and if there are no dissipative effects in the star), then there will not be any analogous

21. Tt should be emphasized that the estimates made in Chapter 3 that yielded Egs.(4.1.21) and (4.1.22)
assumed that Alice’s lab is reasonably far from the black hole. If Alice’s lab is extremely close to the black
hole (i.e., at a distance D < M from the horizon), then the black hole analysis would reduce to the Rindler
case analyzed here.
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decoherence effect, even though the acceleration of Alice’s lab is the same as in the case of a
black hole. Furthermore, as we shall see in Sec. 4.3, decoherence effects associated with the
cosmological horizon occur in de Sitter spacetime even for nonaccelerating observers. It is
the presence of a Killing horizon that is the essential ingredient for the fundamental rate of
decoherence of quantum superpositions as described in this dissertation.

We now consider another potential cause of decoherence, namely Unruh radiation.

4.2.2  Decoherence due to Scattering of Unruh Radiation

The Minkowski vacuum state restricted to a Rindler wedge is a thermal state at the Unruh

temperature

T=— (4.2.36)

relative to the notion of time translations defined by the Lorentz boost Killing field 5%,
Eq. (4.2.2). Thus, the superposition state of Alice’s particle will be buffeted by this thermal
bath of Unruh radiation. Scattering of this radiation will cause some decoherence of Alice’s
particle. Indeed, since this decoherence should occur at a steady rate while the superposition
is kept stationary (and thus the decoherence will be proportional to 7'), one might even suspect
that scattering of Unruh radiation could be the same effect as found in the previous section
but expressed in a different language. The purpose of this subsection is to show that this is
not the case, i.e., decoherence due to scattering of Unruh radiation and decoherence due to
radiation of “soft” photons/gravitons through the horizon are distinct effects. Furthermore, we
shall show that, for reasonable parameter choices, the decoherence rate due to the scattering
of Unruh radiation is smaller than the decoherence rate due to emitted radiation as obtained
in the previous section. We will consider only the electromagnetic case in this subsection.
The decoherence rate of a spatial superposition due to collisions with particles in an
environment has been analyzed in [Joos and Zeh, 1985, Gallis and Fleming, 1990, Ditsi, 1995,

Hornberger and Sipe, 2003|, and we will adapt this analysis to obtain a rough estimate of
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the decoherence caused by the scattering of Unruh radiation. As in Eq. (4.1.1), Alice has
a particle of charge ¢ in a state 1)) = (|¢1) + [¥9))/V/2, where |[¢1) and |¢)9) are spatially
separated by a distance d. Since we require d < 1/a [see eq. (4.2.17)] and since the typical
wavelength of Unruh photons at temperature Eq. (4.2.36) is A ~ 1/a, we are in the scattering
regime where A > d. In an elastic scattering event between Alice’s particle and a photon in
the Unruh radiation, the final outgoing state of the photon will depend upon which branch of
the superposition the photon scattered off of. Let |x1) denote the outgoing state of the Unruh
photon for scattering off of |1)1) and let |y2) denote the outgoing state for scattering off of
|1b9). Decoherence will occur to the extent to which these outgoing states of the scattered
Unruh photon are distinguishable, i.e., Z =1 — | (x1|x2) |-

In order to obtain a rough estimate of the decoherence resulting from a single scattering
event, we consider the corresponding Minkowski process of the scattering of a photon of
momentum p off of an inertial superposition separated by d, with d < 1/p. Assuming that
the charged particle states |¢)1) and |i)9) are identical except for their location, the scattered
photon states |x1) and |x2) should differ only by the action of the translation operator e_ﬁs"i,
ie.,

- -

o) ~ e P xq) (4.2.37)

where P denotes the photon momentum operator. Expanding the exponential, we obtain the
following rough estimate of the decoherence resulting from a single scattering event involving

a photon of momentum p

1— | (xilxe) | ~ p*d® (4.2.38)

where we have ignored any dependence on the angle between the incoming momentum p
and the separation d. We will take Eq. (4.2.38) as our estimate of the decoherence of Alice’s
particle resulting from the scattering of a single Unruh photon of “Rindler momentum” p

(i.e., of energy € = p with respect to the boost Killing field b%).
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The total decoherence rate due to scattering of Unruh radiation is then given by
(0.9)
Dscatt ~ dz/dp p-o(p)o(p) (4.2.39)
0

where o(p) is the number density of photons at momentum p [so g(p) is also the incoming flux

of photons| and o(p) is the scattering cross section. For a thermal distribution of photons.?2
we have
p2
~o— 4.2.40
olp) ~ — (4.2.40)
We take o to be given by the Thomson cross section
8 4
e (4.2.41)
3 (4mm)

where m is the mass of Alice’s particle. Putting this all together, our estimate of the

decoherence rate due to scattering of Unruh photons is

4d2 5
Cacatt ~ m; (Rindler, EM) . (4.2.42)

Comparing Eq. (4.2.42) to the rate of decoherence, I';,q due to the emission of soft
photons given by Eq. (4.2.26), one can immediately see that the effects are distinct. In
particular, I',,q has no dependence on the mass, m, of Alice’s particle, whereas I'scaty does
depend on m on account of the mass dependence of the scattering cross section. The ratio
of these decoherence rates is given by

s 2 _ (4/mY’ 1o
| m?2 D o

22. The factor of p? in the numerator of Eq. (4.2.40) arises from the density of states in Minkowski spacetime.
We ignore here any differences between the Minkowski and Rindler densities of states

68



Now, g/m is the “charge radius” of Alice’s particle and, as argued in |Belenchia et al., 2018],
it represents a fundamental lower bound to the spread of a charged particle due to vacuum
fluctuations of the electromagnetic field. Therefore, in order that |¢)1) and |¢)9) not overlap,

we must have d > ¢g/m. Since d < D, we conclude that

r
sl «1 (4.2.44)
I'rad

i.e., the contribution to decoherence from the scattering of Unruh radiation is negligible
compared with the decoherence due to emission of soft photons through the Rindler horizon.

A similar analysis holds for a charged particle superposition outside of a black hole. It
is worth noting, that the decoherence effects due to scattering of Hawking radiation will

decrease with distance, D, from the black hole only as 1/ D? for large D, giving

q4 d2

m

I‘scatt ~

On the other hand, by Eq. (4.1.21) the decoherence effects of radiation of soft photons through
the horizon decreases with D as 1/ DS Thus at sufficiently large D, the decoherence effects
due to scattering of Hawking radiation will dominate. However, in this regime, both effects

are extremely small.

4.2.8  Decoherence from the Inertial Perspective

In our analysis of the decoherence of a spatial superposition in the presence of a black hole
[Danielson et al., 2022b] as well as in our analysis of the decoherence of a spatial superposition
in Rindler spacetime given above in Sec. 4.2.1, it may appear that we have introduced a radical
new mechanism for decoherence, namely radiation of soft photons and gravitons through
a horizon. The main purpose of this subsection is to show that, in fact, the decoherence
we derived in the Rindler case can also be obtained by entirely conventional means. In the
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Rindler case, we are simply considering a uniformly accelerating superposition in Minkowski
spacetime. The radiation of entangling photons to infinity from such a superposition can be
calculated in the inertial viewpoint by standard methods, without introducing concepts such
as a Rindler horizon. It is instructive to calculate the decoherence from the inertial viewpoint
both in order to validate the results of Sec. 4.2.1 as well as to gain insight into how the emitted
“soft, photons” would be interpreted by an inertial observer. As we shall see, the entangling
photons as seen by a faraway inertial observer along the forward axis of acceleration will be
“hard” even though, from her point of view, Alice has performed the experiment adiabatically.
We will restrict our analysis in this subsection to the electromagnetic case.

The Liénard-Wiechert solution for the potential of a point charge in Minkowski spacetime

following an arbitrary worldline X#(7) is, in Lorenz gauge,

11 q dxH

Al (z) = — tret 4.2.46
)=ttty (1.2.40
where
dX 7 X(t
a=1—n——(tt) andn = f f ret) : (4.2.47)
dt |Z — X (tret)|
For a uniformly accelerated trajectory with acceleration a, we have
1. 1
XH(r) = (— sinh(at),0,0, - cosh(aT)) : (4.2.48)
a a
In Bondi coordinates (u,r, 6, ¢) with
u=t—r (4.2.49)

the future light cone of an event at proper time 7 on the worldline Eq. (4.2.48) reaches null
infinity at

au = sinh(at) — cos 6 cosh(ar). (4.2.50)

Electromagnetic radiation is described by the pullback of the electromagnetic field, Eq. (4.2.46),
70



to null infinity. Taking the limit as r — oo at fixed u, we obtain®3

—q sinh(a7) sin

Au(u,0,8) = (d6) 4 (4.2.51)

47 cosh(at) — cos @ sinh(ar)

where, in this subsection, capital indices from the early alphabet denote angular compo-
nents on the 2-sphere cross-sections of .# . We will be concerned with the difference, at
fixed (u,0,®), between the electromagnetic radiation of a particle following the trajectory
Eq. (4.2.48) and a particle following a similar trajectory that is displaced in the z-direction

by a proper distance d < 1/a and thus has

da = a’d. (4.2.52)
We denote this difference by
A% (u,0,0) = Ag(a+da) — Ag(a) = da <8§A) (4.2.53)
a /.0
From Eq. (4.2.51), we obtain
Ad = _a'qd usin (d6) 4 (4.2.54)

47 (cosh(at) — cos @ sinh(ar))3

where Eq. (4.2.50) was used to compute (07/da), g)-

In her experiment, Alice starts with her particle in a uniformly accelerating state. Over
a proper time 77, she separates it into two uniformly accelerating components separated by
a distance d as above. She keeps these components separated for a proper time T, and she

then recombines them over a proper time T5. The difference between the radiation fields of

23. The vector potential is not smooth at .#7 in Lorenz gauge but one can do an asymptotic gauge
transformation such that A, is smooth at #*. Such a gauge transformation does not affect the angular
components A at £ [Satishchandran and Wald, 2019], so we can calculate A4 using our Lorenz gauge
expression.
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these components is given by
Ag=Apa— Ay a = F(r)AY (4.2.55)

where the smooth function F'is such that F(7) =0 for 7 < =77 and 7 > T + Ty, whereas

F(r) =1 for 0 < 7 < T. The entangling photon content is then given by

o0
(N) = || KA|? = Q/dQ/% Ay Ad (4.2.56)
g 0

where A 4 (w,0,¢) denotes the Fourier transform of A 4(u, 8, ¢) with respect to u, i.e.,
o0
Ay(w,0,0) = / du e A (u, 0, ). (4.2.57)
—0o0

We are interested in estimating (N) for large 7.

In order to evaluate the Fourier transform integral, it is useful to note that, at fixed a,

we have
du :
pri cosh(at) — cos @ sinh(ar) (4.2.58)
.
and
d2u 2

It follows that

d/ 1N 1 df 1
du \du/dr ) — du/dr dr \ du/dT
2
- ey ; (4.2.60)
(cosh(at) — cos@sinh(ar))
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Thus, we have

dsin 0 d [ 1
ad — 1 S (. 42.61
A 47 (de)Adu (du/dT) (4.2.61)
and
dsin T i/ 1
1 gasin WU
- L—). 4.2.62
Ag="0 (d@)A/due F(r)o (du/dT) (4.2.62)
—00

Integrating by parts, we obtain

i Ay _ _ qdsin® ; i iwu F(7) i iwu F/(T)
Ay(w,z?) = — pp (dQ)A{zw/due W+/due W] (4.2.63)

—0o0 —0o0

The second term in this equation contributes only during the time intervals (—77,0) and
(T, T + Ty) when Alice opens and closes the superposition. For large T, its contribution can

be shown to be negligible compared with the first term. Therefore, we have

~ twqd sin 6

Ay (w, ) ~ —(db) 4 y— (4.2.64)
m
where
[ i PO
— WU
I = /due dujdr (4.2.65)

—0o0
To evaluate I, we approximate F' by a step function in the 7-interval [0, 7]. The corre-

sponding interval, [ug, up|, in u is

ug = ——cos
a

up = % [eaT(l —cosf) — e T(1 + cos 9)] . (4.2.66)

Noting that

d
S Va2 +sin2 0 (4.2.67)

dr
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we obtain
up )
wwu

e
du .
Vatu? + sin2 6
U

It can be seen that for large 7', the dominant contribution to I will come from small angles,

I~ (4.2.68)

0 < 1. For aT > 1, the upper limit of the integral may then be approximated as

1 1
up 4—aeaT92 - ae_aT for 0 < 1

Q

0 for 62 /4 < e~T
~ . (4.2.69)

ﬁ@zeaT for 92/4 > ¢—aTl

For aT >> 1, the contribution to I from 62 /4 < e~ can be shown to make a negligible

contribution to (N), Eq. (4.2.56). Therefore, we may approximate I as

exp(aT)0?/(4a) .
e’L(JJU
I~ 00 —4e7T) / du (4.2.70)
a2u? + sin? @
—1/a
where

0 forx<O
O(z) = (4.2.71)

1 forz > 0.

For 0 < w < dae— T / 62, we may bound I by replacing ¢®% by 1. The integral can then
be evaluated explicitly, and it can be shown that for 7" > 1, the contribution to (V)
from this frequency range is negligible. For w > 4ae~ T / 62, the integrand is oscillatory for
u > exp(aT)0?/(4a), and, for aT > 1, we will make negligible error in our estimate of (V)

if we replace the upper limit of Eq. (4.2.70) by co. We will also make a negligible error by
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replacing the lower limit by 0. Thus, for aT > 1, we may approximate [ as

0.} .
wu
[ ~0(6% — 4~ TYO(w — 4aeT /6?) / du c . (4.2.72)
. Va2u? + sin? 6
Evaluating the integral we obtain
1 2 —aT —aTl /n2 1 . .
I~ -0(0°—4e % )O(w — 4ae” ** /6%) 527?]0(5111(%)/@)
a
1
+Ky(sinbw/a) — §i7rL0(sin Qw/a)) (4.2.73)

where I, Ky are Bessel functions and Lg is a Struve function. This expression is highly
suppressed for w > a/0, so we can expand in fw/a and truncate the function above w = a/0

to obtain,

I~ —é@u ~ 0w/a)O(0% — 4e"T)O (w — dac~T /62) In (u/a) (4.2.74)

—aT/2 imply a frequency cutoff at w ~ ae?T/2 /2.

Note that the restrictions w < a/6, and 6§ > 2e
By Eqs.(4.2.74) and (4.2.64), the frequency spectrum of A4 goes as wIn(w/a) up to this
cutoff, i.e.; the spectrum is “hard” and becomes increasingly so for large T'. This contrasts
with the increasingly “soft” spectrum on the Rindler horizon, which goes as 1/w down to
a low frequency cutoff ~ 1/V e~ Thus, the “soft horizon photons” from the Rindler
perspective are “hard” photons from the inertial perspective.

From Eq. (4.2.56) for (N) together with our expression Eq. (4.2.64) for A4 and the

expression Eq. (4.2.74) that we have just derived for I, we obtain

(N) ~ (%l)z / dwdf 63> (m %9)2 (4.2.75)

where the region of w-6 integration is determined by the ©-functions appearing in Eq. (4.2.74)
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as well as the geometrical restriction § < 1. We can break up this region into the portion
with w < a and the portion with w > a. Since the region with w < a and 6 < 1 is bounded
and the integrand of Eq. (4.2.75) is bounded in this region, the contribution to (N) from
w < a is bounded by a constant that is independent of 7. We may therefore discard this
contribution. In the region w > a, the third ©-function in Eq. (4.2.74) is redundant, and the

integration region is

a< w §aeaT/2/2 (4.2.76)

27T/12 < 9 <=, (4.2.77)

€le

For aT > 1, we will make negligible error by replacing the lower limit of 8 by 0. We thereby

obtain
aexp(aT/2)/2  ajw

(N) ~ (%)2 / duw 0/ o 3.3 (m %9)2 (4.2.78)

a

w
=20 4.2.79
p=t (1279
we find that the f-integral becomes
a/w 1
0> 4
/ o 033 (ln w_) = 2a?’/dyc 2(nz)? ~ < (4.2.80)
a w w
0 0
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Thus, we obtain

2 aexp(aT/Q)/Zd
o~ (B[S
a w

~ a’q>d® In[exp(aT/2)]

~ aS?d®T. (4.2.81)

This estimate agrees with Eq. (4.2.23).

Thus, we have succeeded — with considerable effort! — in our goal of deriving the
decoherence of Alice’s superposition by entirely conventional means. It is notable how much
simpler the calculation of Sec. 4.2.1 was compared to the calculation that we have just

completed.

4.3 Cosmological Horizons Decohere Quantum Superpositions

In this section, we apply our analysis to de Sitter spacetime. The de Sitter metric in a static
patch is given by
ds® = —f(r)dt® + f(r)"tdr? + r2qapdz?da® (4.3.1)

A

where, in this section, x** are angular coordinates on the 2-sphere, g4 p is the unit round

metric on the 2-sphere, and

fr)=1-r*/RYy (4.3.2)

where Ry (the “Hubble radius”) is a constant. The coordinate singularity at r = Rpg
corresponds to the “cosmological horizon,” which is a Killing horizon of the static Killing
field (0/0t)®. The relation between “affine time,” V', and “Killing time,” v, on the future
cosmological horizon is

V =t/ BH, (4.3.3)
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The general analysis of Sec. 4.1 applies to the decoherence of a static superposition in
de Sitter spacetime. The estimates of the decoherence due to emission of soft photons and
gravitons through the cosmological horizon when Alice keeps the superposition present for
a time T can be made in exact parallel with the analysis of Sec. 4.2 in the Rindler case
and Chapter 3 in the black hole case. The only noteworthy new ingredient in de Sitter
spacetime is that the worldline » = 0 is an orbit of the static Killing field that is inertial,
i.e., nonaccelerating. We now estimate the decoherence of a spatial superposition created in
Alice’s lab at » = 0 and thereby show that decoherence will occur even though Alice’s lab is
not accelerating.

By Gauss’ law, a point charge placed at r = 0 will give rise to a radial electric field E;
on the future cosmological horizon given by

By~ —L (4.3.4)

2
RH

where Epy = F0®nb on the horizon with n% = (9/0V)% tangent to the affinely parametrized
null generators of the horizon and ¢* = (0/0U)% a radial null vector with n®¢, = —1. The

change in the electric field on the horizon resulting from a displacement of the charge to

r=d< Ry is
qd

T
Ry

AEy ~ (4.3.5)

By paralleling the steps that led to Eq. (4.2.18) above, we find that the change in the

tangential components of the vector potential at the horizon is

1/2 d
IAA| = (Rg,?qABAAAAAB) . ;—. (4.3.6)

2
H

By paralleling the steps that led to Eq. (4.2.23) — assuming that the electromagnetic field
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is initially in the de Sitter invariant vacuum (see footnote 7) — we obtain the estimate

C]2d2
(N) ~ —-T (de Sitter, EM). (4.3.7)
R3
H

Thus, restoring constants, the decoherence time due to the presence of the cosmological

horizon is
3
q2 d2

(de Sitter, EM). (4.3.8)

Since d < Rpy, the decoherence time will be much larger than the Hubble time R /c unless
q is extremely large relative to the Planck charge qp = /eghc. Nevertheless, we see that
decoherence does occur despite the fact that Alice’s lab is inertial.

A similar analysis applies in the gravitational case for a spatial superposition of a massive

particle in Alice’s lab at » = 0. In parallel with the derivation given in Sec. 4.2.1 above, we

find
2 4
d
(NY ~ 27 (de Sitter, GR) (4.3.9)
R5
H
which leads to a decoherence time
hR? ,
TS’R ~ Gm;il‘l (de Sitter, GR). (4.3.10)
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CHAPTER 5
LOCAL DESCRIPTION OF DECOHERENCE DUE TO BLACK
HOLES AND OTHER BODIES

The analysis of Chapters 3 and 4 strongly suggests that global aspects of the structure of the
spacetime—specifically, the presence of a horizon—are essential for the decoherence effect.
The main purpose of the present chapter is to show that one can give an alternative, purely
local description of the decoherence in terms of the behavior of the quantum field within
Alice’s lab. From this viewpoint, the decoherence arises from the behavior of the unperturbed
two-point function of the quantum field in the region where the superposition was created.
In particular, the decoherence in the presence of a black hole can be understood as resulting
from the extremely low frequency Hawking radiation that partially penetrates into Alice’s
lab before being reflected back into the black hole by the effective potential of the black hole.
This local viewpoint will enable us to gain insights into various aspects of the decoherence
process, such as the differences in decoherence that occur in different vacuum states and in
different spacetimes. We will also gain insight into the requirements on a material body to
mimic the decoherence effects of a black hole.

We note that, very recently, Wilson-Gerow, Dugad, and Chen [Wilson-Gerow et al.,
2024] also have given a local formulation of our decoherence results, focusing particularly on
the Rindler case, i.e., an accelerating observer in Minkowski spacetime. The methods and
arguments used in [Wilson-Gerow et al., 2024| are quite different from the ones we shall give
in our analysis below. Nevertheless, there are a number of significant points of overlap in the
results. In particular, our result Eq. (5.3.8) relating the decoherence to the local two-point
function of the electric field corresponds to Eq. (103) of [Wilson-Gerow et al., 2024].

We also note that in a previous chapter we analyzed the decohering effects of the scattering
of Unruh radiation on a charged superposition in an accelerating laboratory in Minkowski

spacetime. We concluded that this decoherence was distinct from (and smaller than) the
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decohering effects of emission of entangling radiation through the Rindler horizon. However,
in Chapter 4 we considered only incoherent scattering effects of individual Unruh photons.
We did not consider the coherent effects of the presence of a large number of Unruh photons
of frequency w ~ 1/T < 1/a, where a denotes the acceleration of the laboratory. As we
shall see in the present chapter, the presence of these very low frequency photons can be
viewed as stimulating the emission of entangling radiation from the superposition. Thus, the
decoherence effect in Rindler spacetime is, in fact, intimately related to the presence of very
low frequency Unruh radiation in the Minkowski vacuum. Similarly, the decoherence effect
in a black hole spacetime is intimately related to the presence of very low frequency Hawking
radiation in the Unruh vacuum.

Our local reformulation of the decoherence makes manifest that one can interpret the
decoherence of Alice’s superposition in terms of the interaction of Alice’s particle with the
local state of the quantum field in her lab. It should be emphasized that the thermal
nature of the state is, by itself, insufficient to account for this effect [Danielson et al., 2023,
Wilson-Gerow et al., 2024]. In particular, for the decoherence in the Unruh vacuum in the
presence of a black hole, it is essential that there is an extremely large reservoir of “soft”
Hawking quanta in the Unruh vacuum as compared with an ordinary inertial thermal bath
in Minkowski spacetime at the same temperature. Furthermore, in the Boulware vacuum
in a black hole spacetime—which is the ground state with respect to the timelike Killing
field and thus has no particles—Alice’s superposition still spontaneously emits entangling
soft photons/gravitons into the black hole, but the number of entangling particles grows only
logarithmically with time. The Unruh vacuum corresponds to a thermal population whose
density of states diverges at low frequencies. The presence of these low-frequency quanta
stimulate the emission of entangling soft radiation into the horizon, so that the number of
entangling soft photons/gravitons grows linearly in time.

Our local reformulation of Alice’s decoherence also allows one to also consider what

81



happens when one replaces the black hole by a body without a horizon. It is instructive
to consider the case where Alice’s lab is in the spacetime outside of a static, spherical star
rather than a black hole but we do not consider any internal degrees of freedom of the matter
composing the star, i.e., we consider only the effect of replacing the spacetime geometry of
a black hole with the spacetime geometry of a star. If the quantum field is in its stationary
ground state in the spacetime of the star, then the two-point function of the quantum field
in Alice’s lab should look very much like the Boulware vacuum in Schwarzschild spacetime
with respect to the incoming modes from infinity. However, the “white hole incoming modes”
of Schwarzschild will be entirely absent for the star. These white hole modes are responsible
for the decoherence effects that grow with T in Schwarzschild, so a similar decoherence will
not occur for the star. Even if the quantum field is in a thermal state in the spacetime of
the static star, there will be no decoherence effects that grow with 7. Thus, the presence of
a horizon is essential for the kind of decoherence obtained for a Schwarzschild black hole.
Nevertheless, one can get decoherence without a horizon if one has a material body with
internal degrees of freedom that interact electromagnetically and/or gravitationally with
the particle in Alice’s lab. In this situation, the interaction is now mediated by the long-
range Couloumbic/Newtonian field of the superposition without any emission of radiation,
analogous to the gedankenexperiment [Belenchia et al., 2018, Danielson et al., 2022a] in flat
spacetime where Alice and Bob both perform their experiments adiabatically and in causal
contact with one another. As we shall show, the material body will mimic the decoherence
effects of the black hole if, at very low frequencies, the thermal fluctuations of its electric
dipole moment and/or mass quadrupole moment agree with black hole case [see Egs. (5.3.48)
and (5.3.49) below|. This issue has recently been investigated by Biggs and Maldacena |Biggs
and Maldacena, 2024]. In order for a body of size comparable to that of a black hole to be
able to absorb and emit low frequency electromagnetic or gravitational waves as efficiently

as the black hole, a conducting or gravitating body must have a very large resistance or
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viscosity. There does not appear to be any difficulty, in principle, in achieving this in the
electromagnetic case |[Biggs and Maldacena, 2024]. However, some extraordinary physical
properties of matter would be required to mimic the quantum gravitational decoherence effect
[Biggs and Maldacena, 2024].

In Sec. 5.1, we review our previous derivation of decoherence in the presence of a horizon.
In Sec. 5.2, we provide a local reformulation of this decoherence in terms of the two-point
function of the quantum field in Alice’s laboratory over the duration of her experiment. In
Sec. 5.3, we compute the decoherence in the Unruh vacuum in Schwarzschild using our local
formulation, which requires the computation of the two-point function of the electric field
along the worldline of Alice’s lab. Finally, in Sec. 5.4, we compute the decoherence for
different vacua in Schwarzschild and in different spacetimes, including a brief discussion of
the decoherence due to entanglement with an ordinary material body.

Unless otherwise stated, we will work in Planck units where G = ¢ = h = kg = 1 and,
in electromagnetic formulas, we also put ¢g = 1. We will generally follow the notational
conventions of [Wald, 1984]. In particular, abstract spacetime indices will be denoted with
lowercase Latin indices from the early alphabet (a, b, c...). Spacetime coordinate components
will be denoted with Greek indices. Spatial coordinates and components will be denoted with

Latin indices from the middle alphabet (4,7, k, ... ).

5.1 Decoherence of a Quantum Superposition due to Radiation

In this section we briefly review the analysis of decoherence due to radiation through a Killing
horizon previously given in Chapters 3 and 4. We will focus on the electromagnetic case and
merely state the corresponding results in the gravitational case.

An experimenter, Alice, in a stationary lab in a stationary spacetime (.#, g,;) controls a

charged particle! which is initially held stationary in her lab. The particle is put through a

1. The “particle” need not be “elementary,” e.g., it could be a nanoparticle. All that is required is that the
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Stern-Gerlach apparatus over a time 77 so that at the end of this process its quantum state

is of the form
1

V2

where |11) and |19) are the spatially separated, normalized states of the particle after passing

|¥) (I¥1) + [¢2)) (5.1.1)

through the Stern-Gerlach apparatus. Alice maintains this stationary superposition for a
(proper) time T, and she subsequently recombines her particle over a time Th where we
assume that T' > T7,T5. The recombined particle is then kept stationary. We now analyze
the decoherence of Alice’s particle due to emission of entangling electromagnetic radiation
sourced by Alice’s superposition.

We assume that |¢)1) and |¢9) are sufficiently spatially separated that (iyq|3%9) = 0
and we further assume that the fluctuations of the charge current 5% in states [¢)1) and [¢9)
are negligible compared with their expected values. We may then treat the charge-current of
each component of the superposition as a c-number source in Maxwell’s equations. Thus, if
Alice’s particle is in state |¢y,) for n = 1,2, then the electromagnetic field operator is given

by [Yang and Feldman, 1950]
Apa= AR 4 G001 (5.1.2)

where A is the unperturbed (“in”) field operator and G(j,) is the retarded solution
associated to the classical charge-current j& = (15, |7%|¢n). The “out” radiative field at late
times is obtained by subtracting the final Coulomb field C, of the recombined particle from

Ana

b

140ut - An7a — Ca ]_

n,0

= AP+ Apal (5.1.3)

degrees of freedom of the particle apart from its center of mass may be neglected.
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where

Ana = Gi (jn) = Ca . (5.1.4)

We assume that the initial state of the quantum electromagnetic field is some “vacuum
state” (i.e., a pure, quasifree state) |(2) that is invariant under the time translation symmetries
of the spacetime. The unperturbed field operator A™ on the Fock space, .# (H4y), associated

with |2) can be expressed in terms of annihilation and creation operators on .#(J%,) as
AR () = ia(KA(f)) - ial (KA(f)) (5.1.5)

where f% is a divergence-free? test vector field and A(f) is the advanced minus retarded

solution to Maxwell’s equation with source f%

APlale) = [ V=958 (o )17 (0" (5.16)
M
where A, (7, 2') is the advanced minus retarded Greens function. Here K is the map that
takes classical solutions into the corresponding one-particle states in the Fock space defined
by |£2).

As can be seen from Eq. (5.1.3), the “out” state corresponding to the “in” vacuum [2)
has field correlation functions at late times that are obtained from the vacuum correlation
functions by shifting the field operator by a multiple of the identity operator. It follows that
if Alice’s particle is in state [i,), then the “out” state of the electromagnetic field will be

given by the coherent state

0,) = e 21 KA exp [af (K A,)] 192) (5.1.7)

2. Restriction of the smearing to divergence-free test functions is necessary and sufficient to eliminate the
gauge dependence of A;, , (see, e.g., p. 101 of [Wald, 1995]).
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where, for notational simplicity, we drop the spacetime index “a” from Ay, 4, Eq. (5.1.4), here
and elsewhere in the remainder of this section. The norm ||KA,|| appearing in Eq. (5.1.7)
is taken in the one-particle Hilbert space of the Fock space of |Q2).

The joint quantum state of Alice’s particle together with the emitted electromagnetic

radiation at late times is given by

1

ﬂ(\¢1>®|‘111>+|1/12)®!‘1’2>)- (5.1.8)

Thus, the decoherence of Alice’s particle due to the emission of electromagnetic radiation is
then given by
Dalice = 1 — [(¥1[¥2) |. (5.1.9)

The magnitude of the inner product of the coherent states |¥1) and |¥9) is computed to be
a1 = exp (= 51501 - A)I?) (5.1.10)

where K (A1 — As) denotes the one-particle state associated with late time classical solution
Ar = Ay = G™'(ji — ja). (5.1.11)

But ||K (A — A2)||? is equal to the expected number of photons, (N), in the coherent state

associated with the late time classical solution A — Ag sourced by ji — jo
(N) = ||K (A1 — A)[|? = IKG™ (j1 — jo) I, (5.1.12)

Thus, we have

@zl—exp(—%<N>). (5.1.13)

We shall refer to (IV) as the expected number of entangling photons. If the expected number of
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entangling photons is significantly bigger than 1, then Alice’s superposition will be completely
decohered.
Thus, we see that to compute the decoherence of a superposition created by Alice under

the assumptions stated above, we proceed as follows:

1. We compute the expected currents j; and j9 of the components of Alice’s superposition.

2. We compute the classical retarded solution G™(j; — jo) sourced by the difference of

these currents.

3. We compute the one-particle state K G '(j; — jo) of this classical solution at late times
and its squared norm || K'G™(j; — jo)||?. This yields the expected number of entangling
photons, (N), and thereby the decoherence, Eq. (5.1.13). Note that the one-particle

map K depends on the choice of vacuum state |(2).

The above analysis extends directly to the linearized quantum gravitational case, where
the linearized metric perturbation h,, is treated as a field propagating on a fixed spacetime
background. In the above formulas, we simply replace A, with h,, and we replace the current
Ja with the linearized stress tensor Ty;. The expected number of entangling gravitons is then
given by the analog of Eq. (5.1.12) and the decoherence is given by Eq. (5.1.13).

In Minkowski spacetime, we may take the notion of stationarity to be given by ordinary,
inertial time translations and we may take |Q2) to be the Poincaré invariant vacuum. If
a particle of charge ¢ is put in a superposition separated by a distance d, then we may
estimate G*®'(j1 — j9) near null infinity using the Larmor formula. The one-particle state
KG*™(j1 — jo) is the positive frequency part of this solution with respect to inertial time
translations. The norm of this one-particle state is given by the Klein-Gordon norm. The

expected number of entangling photons is thereby estimated to be [Belenchia et al., 2018,
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Danielson et al., 2022a|

(N) ~ (Minkowski, EM). (5.1.14)

min[77, T5)?

Thus, the decoherence does not depend upon 7" and can be made arbitrarily small by per-
forming the separation and recombination of the superposition sufficiently slowly, so that
Ty, T > qd.

In the analysis of the corresponding gravitational case we must take into account the fact
that conservation of total stress-energy implies that the center of mass cannot change. Thus
if the component |¢1) of the superposition corresponds to the particle moving to the right,
then Alice’s lab must move a tiny bit to the left to keep the center of mass unchanged. The
upshot is that the leading order contribution to the retarded solution with source Tlab — T2ab
arises from quadrupole radiation rather than dipole radiation. The estimate corresponding
to Eq. (5.1.14) for the number of entangling gravitons is [Belenchia et al., 2018, Danielson

et al., 2022a)

m2d4

~ m (Minkowski, GR). (5.1.15)
Again, the decoherence does not depend upon 7" and can be made arbitrarily small by
performing the separation and recombination of the superposition sufficiently slowly, so that
Ty, Ty > Vmd?.

However, it was shown in Chapter 3 that the situation is drastically different in the
presence of a black hole or, more generally, any Killing horizon [Danielson et al., 2023|.
In the case of a black hole, the relevant vacuum is the “Unruh vacuum” |Qu). If 71,75
are sufficiently large—i.e., if Alice separates and recombines the particle sufficiently slowly—
then the number of entangling photons/gravitons emitted to infinity will again be negligible.

However, if an initially stationary source is moved to a new position and held there forever,

the retarded solution will exhibit a “memory effect” on the horizon [Hawking et al., 2016].
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Consequently, it can be seen that if Alice were to keep her superposition open forever, an
infinite number of soft entangling photons/gravitons would be emitted through the horizon, in
close analogy with the infrared divergences at infinity that arise in scattering theory (see, e.g.,
[Ashtekar, 1987, Ashtekar et al., 2018, Prabhu et al., 2022, Prabhu and Satishchandran, 2024).
If Alice closes her superposition after time 7', then the number of entangling photons radiated
through the horizon will be finite but will grow linearly with 7. In the electromagnetic case
the number of photons grows as [Danielson et al., 2022b)|

M3q2d2

(V) ~ =

T (black hole, EM) (5.1.16)

where M is the mass of the black hole and D is the proper distance of Alice’s lab from the
horizon (and, for simplicity, we have assumed that D 2 M so that, e.g., the redshift factor
at Alice’s lab is of order unity and can be absorbed in the “~”). The analogous computation
in the gravitational case? yields [Danielson et al., 2022b]

MOm?2d*

(N) ~ TT (black hole, GR). (5.1.17)

More generally, it was shown that in the presence of any Killing horizon (e.g., a Rindler or
cosmological horizon) the number of entangling soft photons and gravitons grows linearly in
the time 7" that the superposition is maintained [Danielson et al., 2023].

The above results were obtained by calculating the quantum state of the electromagnetic
and linearized gravitational fields on the horizon associated with the retarded solution sourced
by the components of Alice’s superposition. The decoherence of Alice’s particle was attributed
to the emission of entangling photons/gravitons through the horizon. Thus, it might appear

that the global properties of the spacetime—specifically, the presence of a horizon—are

3. In the gravitational case, it will be necessary to have some additional stress-energy present to hold
Alice’s lab stationary and keep her particle components stationary. We neglect any effects of such additional
stress-energy.
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essential for the description of the decoherence phenomenon we have just given. However,
we will now show that the decoherence can alternatively be described purely in terms of the
local properties of the unperturbed quantum field within Alice’s laboratory. This alternative
viewpoint will enable us to compare decoherence phenomena in the presence of a black hole

with decoherence phenomena occurring when no horizon is present.

5.2 Local Reformulation of the Decoherence

As in the previous section, we first consider the electromagnetic case and then state the
corresponding results in the gravitational case.

A local reformulation of the electromagnetic decoherence results of the previous section
is obtained from the following simple observations: First, since j; = jo at late times, the
retarded solution G™*(j; — ja) is equal to —A(j1 — j2) at late times, where A = Gadv _ qgret
Thus, we may replace G™" by —A in Egs. (5.1.11) and (5.1.12), and we no longer have to
evaluate these quantities at late times. Second, we note that it follows immediately from

Eq. (5.1.5) that for any (divergence-free) test vector field %, we have
in/ ra 2 2
@l (A 10 = KA (5:2.)

where A™ denotes the unperturbed electromagnetic field. Combining Eq. (5.2.1) with

Eq. (5.1.12) (with G replaced by —A), we obtain
in/:a . 2
(N) = (0] ARG - 5)] 1) (5.22)

Thus, we see that the prescription for computing the decoherence of Alice’s superposition
outlined in the bullet points given in the previous section can be equivalently reformulated

as follows:
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e We compute the expected currents j{ and j§ of the components of Alice’s superposition.

e We compute the two-point function (2| Aian(a:)Ag}(x’ )| [€2) of the unperturbed field in

the vacuum state |Q2).

e We smear this two-point function in both variables with the test vector field f¢ =
J{ — j§. This yields the expected number of entangling photons, (V), and thereby the
decoherence, Eq. (5.1.13).

The remarkable feature of this reformulation is that it requires only knowledge of the
expected currents and the unperturbed two-point function of the quantum field in Alice’s lab,
i.e., unlike the previous prescription, we do not need to calculate anything about the particle
content of the perturbed field at late times. In particular, this explicitly demonstrates that
the decoherence can be viewed as a purely local phenomenon occurring entirely in Alice’s

lab.

The corresponding result in the linearized gravitational case is
in (ab ab 2
(N) = (@] [l - 50| j0) (5.23)

where be — Tf‘b is the difference in the stress-energy of the components of Alice’s particle
(also taking into account the tiny correlated motion of Alice’s lab that keeps the center of
mass fixed). Again, the calculation of decoherence is seen to require only a knowledge of
the expected stress-energy of the components of Alice’s particle as well as the unperturbed
two-point function of the quantum field in Alice’s lab, so the decoherence can be viewed as
a purely local phenomenon occurring entirely in Alice’s lab.

Note that Egs. (5.2.2) and (5.2.3) show that the quantity (N)—and hence the correspond-
ing decoherence, 2, given by Eq. (5.1.13)—are determined by the vacuum fluctuations of
the quantum field smeared into the difference of the sources in Alice’s lab.

In the next section, we recompute the black hole decoherence Eq. (5.1.16) using our local
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reformulation. This will enable us to gain further insights into the nature of the decoherence

in the presence of a black hole and to compare it with cases where no horizon is present.

5.3 Local Calculation of the Decoherence in the Unruh Vacuum

around a Schwarzschild Black Hole

We now compute the decoherence of Alice’s particle in the presence of a Schwarzschild black

hole by the methods of the previous section. We will focus upon the electromagnetic case

and merely comment briefly on the linearized gravitational case near the end of this section.
If we neglect the spatial extent of the particle components, then we have

. . . d
Gt ')~ ——s ) — X (1)]ug S

— 3.1
= up— (5.3.1)

and similarly for j§. Here ¢ is the Killing time coordinate, 2! are spatial coordinates on the
hypersurfaces ¥ orthogonal to the timelike Killing field t%, X i (t) is the path taken by the
center of mass of the first component of the particle, u{ is the 4-velocity of that path, 7 is
the proper time along the path, and 503 is the “coordinate delta function” defined so that
[d Gz — X ! (t)]d3z = 1. For nonrelativistic motion relative to the rest frame of t%, we have

dry/dt =~ /=gy and

j(t,21) ~ \/L__ga@) [ — XL()) (" + %) (5.3.2)

where v® is the coordinate velocity of the component, i.e., v’i = de /dt and v’i = 0. We
represent the displacement of the two components of Alice’s particle at time ¢ by the tangent
vector S%(t) to the geodesic segment in ¥y of unit affine parameter that connects the centers
of mass of the two components. We write S%(t) = d(t)s*(t), where s is a unit vector. Then
d(t) represents the proper distance between the components. We assume that s is Lie

transported along t% (i.e., the direction of separation does not change with time) and that
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d(t) is smoothly varying and is such that

d for [t| < T/2
d(t) = (5.3.3)

Ofort<—=T/2—Tyandt>T/2+T5.

The difference between the current densities of the two components is given by

U1 —J3) = Mt%bvbé@)(:ﬂ—X")— 53 (2 — XDsU%4PVd(t)  (5.3.4)

V=9

Ny

where X? is the position of Alice’s lab. Here, the first term arises from the difference in
charge densities and the second term arises from the difference in spatial currents. We may

rewrite this as

(¢ — j§) ~ ;—f_gt[“sb]vb [d(t)5<3) (2t — XZ')] . (5.3.5)

We define the electric field E, on the static slices by*
Eq = Fyt? = (VoA — VyAg)td . (5.3.6)

It follows immediately from Eq. (5.3.5) and the definition of E that the unperturbed field
A smeared in with 71 — 74 (with the volume element \/—_gd4x understood in the smearing)
is given by

ARGE - 39) ~ —q [ did(0)s ER (e, X, (5.3.7)

Thus, from Eq. (5.2.2), we have

(N) = ¢2 / dede' d()d() (" ED (¢, XT)s? BB (X7, . (5.3.8)

4. Note that this differs from the notion of the “electric field on the horizon” used in Chapters 3 and 4,
which was defined as Fypk®, where k® is the null normal to the horizon.
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Thus, to calculate (N) and thereby the decoherence Eq. (5.1.13) of Alice’s particle, we simply
evaluate the two-point function of the component, saEciln of the electric field in the direction
of the separation, s?, of the components of Alice’s particle evaluated at Alice’s lab, z! = X,
and smeared in time via the separation d(t).

Thus, the remaining task is to obtain the two-point function of the unperturbed electric
field, which we will do via a mode expansion. We shall simplify this task by restricting
consideration to the case of radial separation of the components of Alice’s particle, so that
we need only calculate the two-point function of the radial component of E(iln. The magnetic
parity modes do not contribute to the radial component of the electric field so we need
only consider the electric parity modes [Wald, 2022|. The two-point function of the radial
coordinate component E}n has been calculated for the Boulware, Unruh and Hartle-Hawking

vacuum states by Zhou and Yu [Zhou and Yu, 2012] and Menezes [Menezes, 2016|, who

obtained?
YR ) [ dw
(Er(2)Er(2'))q = Z 2,7 / ?eﬂw(t*t)x
=1 s
x [éwﬁwm B 07) + @<w>7%wg<r>?%ze<r'>] . (5.3.9)
Here,
1
Cp= — (0 +1)(20+ 1) (5.3.10)
167

and Py is the /th Legendre polynomial (so Py(# - #') = 1 for the case of interest below where
b = o Z) The mode functions R,(r) and R, (r) satisfy the differential equation
d’R
dr*2

+ [wz - V(r)] R, =0 (5.3.11)

5. These results are given in Egs. (51)-(53) of [Zhou and Yu, 2012] and Egs. (A13)-(A16) of [Menezes,
2016]. We have used the addition theorem for spherical harmonics to rewrite their sum of spherical harmonics
over azimuthal number m in terms of Py (7 - 7).
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where

2MN (L +1)
and 7* is the radial “tortoise coordinate”
*— 4 oM (L _ 1) 5.3.13
r r+ n i , ( )

which satisfies dr* /dr = (1—2M /7)™ and ranges from * — —o0 at the horizon to r* — 400
at infinity. The modes éwg correspond to waves that are incoming from the white hole and

are defined by the asymptotic conditions

Wt 4+ A e ag r — 2M
Roo(r) = (5.3.14)

—

.k
B ™" asr — oo

whereas the modes RM correspond to waves that are incoming from infinity and are defined

by the asymptotic conditions

- Be @ asr — 2M
R y(r) — (5.3.15)

. = sk
e W A e as r — oo.

Finally, the coefficients G(w) and G(w) appearing in Eq. (5.3.9) depend on the choice of

vacuum state |Q2). For the Boulware vacuum [Boulware, 1975], |2g), we have

Gp(w) = Gp(w) = O(w) (5.3.16)

corresponding to the fact that Boulware vacuum is positive frequency with respect to Killing

time at both the white hole horizon and past infinity. For the Unruh vacuum [Unruh, 1976],
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|Qu), we have

= 1

Gu(w) = and  Gy(w) = O(w) (5.3.17)

1 — e—2mw/kK

where « is the surface gravity of the black hole, corresponding to the fact that the Unruh
vacuum is positive frequency with respect to Killing time at past null infinity but is positive
frequency with respect to affine time (and thus is thermally populated with respect to Killing
time at temperature x/27m) on the white hole horizon. Finally, for the Hartle-Hawking vacuum

[Hartle and Hawking, 1976], |Qyp), we have

1
1 — e—2mw/k

Guu(w) = Guu(w) = (5.3.18)

corresponding to the fact that the Hartle-Hawking vacuum is a thermal state at both the
white hole horizon and past null infinity.

We now plug our expression Eq. (5.3.9) for the two-point function into our formula

Eq. (5.3.8) for (V). We obtain

) =2 30 S [ B |Gl o) + B P 6319

.
=1 e

Here r is the radial coordinate of Alice’s lab and d(w) is the Fourier transform of d(t)
o0
d(w) = / dt e“d(t) (5.3.20)
—00

The factor of (1—2M /r) arises from converting the proper distance component s® £, appearing
in Eq. (5.3.8) to the coordinate component FE, appearing in Eq. (5.3.9), and we used the fact
that Py(1) = 1.

For d(t) of the form Eq. (5.3.3) with T" large, the magnitude of the Fourier transform

|d(w)| behaves like d/|w| as w — 0 until this divergent behavior levels off below |w| ~ 1/T.
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There will also be a high frequency cutoff at |w| ~ 1/min[T7, T>]. Thus, we may approximate

the contribution of |d(w)| to the integral in Eq. (5.3.19) using

d 1 1
. 5 7 < |w| < =7
)~ F min{T, T2 (5.3.21)
1 1

Thus, the behavior of (V) at large T" will be determined by the behavior of the integrand of
Eq. (5.3.19) near the low frequency end, |w| ~ 1/T, of the range of integration. In order to
determine this behavior, we need to obtain expressions for the mode functions ﬁwg(r) and
R,,¢(r) at very low frequencies.

In order to determine these mode functions at low frequencies, we divide the exterior into

three regions (see Fig. 5.1):

Region 1 2M <r<mr (5.3.22)
Region 1I rp<r L ry (5.3.23)
Region III  3M <r < o0 (5.3.24)
where [Fabbri, 1975
8w M3
=2M 5.3.2
T + (Y (5.3.25)
0+ 1))1/2
o = % (5.3.26)

Note that for wM < 1, there will be a large overlap of regions II and III. In region I, we
may neglect the potential, V (r), in Eq. (5.3.12) compared with w? and the solutions take the
form

RLy(r) = ap(w)e™” + Bp(w)e ™" (5.3.27)
In region II, the potential, V' (r), dominates over w? and the solutions are well approximated
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Figure 5.1: The potential V(r*) plotted as a function of r* for £ = 1. The horizontal, grey
dashed line corresponds to square of the frequency w = 0.01/M. The vertical blue and orange
dashed lines correspond to the turning points v} and r3 respectively. The vertical, red dashed
line is the peak of the potential at » = 3M. The radial mode solutions in regions IT and III
are matched in the regions where they overlap. The solutions in regions I and II are both
good approximations in a neighborhood of r* = r] and so can be matched there.

by the static (zero frequency) solutions [Cohen and Wald, 1971, Fabbri, 1975

RIIE(T) za?(w) [?ipg(y 1) - Ppiy(y—1)—Ppq1(y— 1)]
N 2

2020+ 1)
+6; () [%Qe(y - Yenl _22 [ﬁg)l(y - 1)} (5.3.28)

where y =r/M.
Finally, in region III, we may approximate the potential as V(r) ~ ¢(£ + 1) /r*? and we

may then approximate the solutions by the flat spacetime solutions with r* replacing r
RIL(r) = ol (w)rjp(wr*) + B (w)r*ng(wr) (5.3.29)

where jy and ny denote the spherical Bessel and Neumann functions. Note that in the overlap
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between regions IT and III, we may neglect® the difference between r and r* and the solutions

take the form

TLI1T Bo(w)
R, (r)~ ap(w)r™ + — (5.3.30)

In order to determine B,_;(r), we start with the solution B, e ™" in region III [sce
Eq. (5.3.14)], with initially unknown coefficient B,,y. We match this solution to the general
solution Eq. (5.3.28) in region II and then match the resulting solution to the general solution
Eq. (5.3.27) in region I. Finally, we adjust ng so as to give a coefficient of 1 to the term
e as r — 2M in Eq. (5.3.14). Similarly, to obtain R,(r), we start with the solution
B e ™" in region I [see Eq. (5.3.15)], with initially unknown coefficient B,,p. We match
this solution to the general solution Eq. (5.3.28) in region II, match the resulting solution to
the general solution Eq. (5.3.29) in region III, and adjust Ewg so as to give a coefficient of 1
to the term e " as r — oo in Eq. (5.3.15).

For simplicity, we shall assume that Alice’s lab is located in the region M < r < 1/w for
the relevant range of frequencies w ~ 1/T, so that it lies in the overlap of regions II and III.
This is the regime in which the estimates of Chapters 3 and 4 reviewed in Sec. 5.1 apply, so
we will be able to make a direct comparison of our results with the results of the previous
calculation. The mode functions ng(r) were previously obtained by Fabbri [Fabbri, 1975],
since they are needed to analyze scattering of classical waves by a black hole. In region

III, we find that ﬁ?l = O([wM]?*2) and thus the Neumann term in Eq. (5.3.29) may be

neglected. The solution with the correct normalization in region III is

Ro(r) ~ =23 Lor* g (wr®). (5.3.31)

6. Replacement of r* by r in Eq. (5.3.29) would give rise to an arbitrarily large phase error in the solutions
as 1 — 00, so the difference between r and r* cannot be neglected throughout region III. However, the
difference between r and r* makes only a small correction, which we neglect, in the overlap of regions IT and
111
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If, in addition, we have wr < 1, then

7;35—1—1 2f—|—1€!

+1 -1
1) (M<r<w ). (5.3.32)

=31

we(r) ~ —

(wr)

Thus, as might be expected, if we assume that Alice’s lab is not close to the black hole
(r > M), the modes in Alice’s lab corresponding to low frequency incoming waves from
infinity are essentially unaffected by the black hole. As in flat spacetime, they are suppressed
by the factor (wr)E"H due to the angular momentum barrier. Since wr < 1, the dominant
contribution to the two-point function in Alice’s lab from modes that are incoming from
infinity arises from the ¢ = 1 mode.

Performing the similar analysis for R (1), we obtain

L
R (r) =~ ay (M> (Mw) (M <r<wl), (5.3.33)

r

where
I —i2 20— 1)1(0 +1)!
T e+ 1) (200

(5.3.34)

Note that, although at low frequencies the white hole modes are essentially entirely reflected
back into the black hole by the potential barrier V(r), these modes fall off in r only as
the power law 1/ rt and, thus, they penetrate far beyond the peak of the potential barrier
at r = 3M and can have a nontrivial effect in Alice’s lab. Note also that, as opposed to
the incoming modes from infinity, the frequency dependence of the white hole modes is ¢
independent. Since r > M, the dominant contribution to the two-point function in Alice’s
lab from the modes emerging from the white hole arises from the ¢ = 1 modes.

We now estimate <N>U, Eq. (5.3.19), for the case of the Unruh vacuum, Q). (The

cases of the Boulware and Hartle-Hawking vacua will be treated in the next section.) We

U

., of the incoming modes from infinity. We keep only the

first consider the contribution, (V)

¢ =1 contribution and use Eq. (5.3.32) to evaluate R,1. We use Eq. (5.3.21) to evaluate d
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and we also use Gy(w) = O(w). Ignoring all subleading terms and all factors of order unity,
we obtain the following expression for the contribution of the incoming modes from infinity

in the Unruh vacuum

5 1/min[T17T2]d 2 2,2
/ )t L (5.3.35)

1/T

(=

(N ~

|
=~

This agrees with the estimate Eq. (5.1.14) for Minkowski spacetime obtained by considering
radiation of entangling photons to infinity. Note that the contribution from the incoming
modes from infinity does not grow with 7'.

Next, we estimate the contribution, (N >[_]> of the incoming modes from the white hole to
(NYYU. We keep only the ¢ = 1 contribution and use Eq. (5.3.33). In the Unruh vacuum, we
have

= 1 K

Gu(w) = ~ (5.3.36)

e 2mw/E T 27w

Ignoring all subleading terms and all factors of order unity and setting » = D, we obtain the
following expression for the contribution of the incoming modes from the white hole in the

Unruh vacuum

saart T s 2
U q K W q
1T

For large T', this contribution dominates over Eq. (5.3.35), so we have

U U U u M
(N)" =(N)_ +(N)I, = (N)Z, ~ ——T. (5.3.38)
This agrees with the estimate Eq. (5.1.16) for the decoherence resulting from the emission of
entangling photons through the black hole horizon. Thus, our purely local analysis reproduces
the results previously obtained in Chapters 3 and 4.

We now briefly comment on the analogous computation in the linearized quantum grav-
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itational case. If we approximate the stress-energy tensor of the first component of Alice’s

particle as being essentially a point particle, then its stress-energy tensor would take the form

M%ﬁ—xﬂnlﬂi1 (5.3.39)
in analogy with Eq. (5.3.1). If this component was not interacting with any other matter,
then conservation of stress-energy would imply that it must move on a geodesic. However,
since we want the component to follow a nongeodesic trajectory, Alice must apply some
“external force” to it. The external forces on the different components act oppositely on
the different components during separation and recombination and will have a backreaction
effect on Alice’s lab. In Minkowski spacetime, conservation of total stress-energy implies
that Alice’s lab would have to move oppositely to the particle components so as to keep the
center of mass of the total system fixed. In the case of a black hole spacetime, the situation
is more complicated, since a further external system would be needed to keep Alice’s lab
stationary. Nevertheless, the analog of the dipole contribution Eq. (5.3.5) to the difference
in stress-energy of the components should be canceled by the stress-energy effects of Alice’s

lab, and the leading order contribution should be given by

2m dt

V—gdr

(T — by o =L Dplagelybgdly v, [d2( £)53) (2t — Xi)] . (5.3.40)

The analog of Eq. (5.3.7) is then

in (b —m/ﬁm2 E™ (1, XY). (5.3.41)

1n

where is the quantum field observable corresponding to the electric part of the Weyl
tensor Eab = Cyepgtt®. Thus, the computation of (N), Eq. (5.2.3), reduces to obtaining the

two-point function of the Weyl tensor. Again, we can simplify calculations by restricting to
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the case of radial separation. The upshot is that the order of magnitude estimates that we
obtained above for the electromagnetic case apply with the substitutions ¢ — m, d — d?
and the mode sum now running over ¢ > 2, so that the dominant contribution arises from

= 2. For the Unruh vacuum, this yields the estimate

2d4
nMUGR T 5.3.42
in agreement with Eq. (5.1.15), and the estimate
5,,2 74
U.GR M°m=d

in agreement with Eq. (5.1.17).

Finally, we note that Eq. (5.3.8) shows that in the electromagnetic case, we have

(N) = ¢2 < ( / dtd(t)saE;n)2> ~ 2d®T? [A(saE};l)} ? (5.3.44)
Q

where A(s*EM) is defined by

A B2 = <(% / dt?saEfﬁ)2>Q (5.3.45)

and thus can be interpreted as the root mean square of the time average of the s component
of the electric field fluctuations in state |2) on Alice’s worldline during the duration of her
experiment.

The fluctuations of the electric field are most usefully characterized by its power spectrum.

The power spectrum of the radial component of the electric S,U (w) is given by

(5.3.46)

U

Sy (w) = / dt e (B, (1, X E (1, X))
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The modes that dominantly contribute to this power spectrum in Alice’s lab are the white
hole modes R,y with ¢ =1 and w ~ 1/T. By Eqs. (5.3.9) and (5.3.33), in the Unruh vacuum

these modes contribute’

1 1 — —
Sr (@) ~ 5 G (w)|Ban ()]
K M2w 2
rw? T
M3

This corresponds to the black hole in the Unruh vacuum acting as though it were an ordinary

body with a randomly fluctuating electric dipole moment, ﬁU with constant power spectrum

(5.3.48)

~ \/eth3/2M3/2 e-m M \3/?
A|Pyl(w) ~ 3 ~ 10 — ,
C VHZ M@

where we have restored fundamental constants to emphasize that this is an O(v/h) effect.
Similarly, in the gravitational case, the black hole acts as though it were an ordinary body

with a fluctuating mass quadrupole moment of magnitude

VRG22 Lem? (M 5/2

More generally, the power spectra of the higher electric multipole fluctuations and mass

multipole fluctuations of the black hole go as

A|0@£EM|((,U) -~ M€+1/2, A|Q§}R|(w) -~ M€+1/2, (5350)

7. In Rindler spacetime, the analogous horizon modes similarly make a contribution to the power spectrum
of the electric field that is nonvanishing as w — 0 [Wilson-Gerow et al., 2024]. This fact is undoubtedly
intimately related to the phenomena analyzed in [Higuchi et al., 1992b,a, Matsas et al., 1996, Higuchi et al.,
1997].

104



There also are similar fluctuations of the magnetic parity multipole moments. The
dominant contribution to the decoherence in Alice’s experiment, however, comes from the
lowest electric parity multipole moment.

In conclusion, we have successfully reproduced the main results of Chapters 3 and 4 using
our purely local reformulation. In the next section, we will use our local reformulation to
compare the results for the decoherence in the Unruh vacuum around a black hole to other

cases.

5.4 Comparison with Decoherence Arising in Other Cases

The results we have obtained in the previous section will now enable us to analyze the decoher-
ence arising in other situations. Specifically, we will analyze the cases of (i) a Schwarzschild
black hole in the Boulware or Hartle-Hawking vacuum, (ii) Minkowski spacetime in the
Minkowski vacuum or filled with a thermal bath of radiation, (iii) a spacetime corresponding
to the gravitational field of a star with no internal degrees of freedom assigned to the star,

and (iv) a material body with internal degrees of freedom in a thermal state.

5.4.1 Decoherence in the Boulware and Hartle-Hawking Vacua

The Boulware vacuum, |2g), is the ground state for the exterior region (r > 2M) of
Schwarzschild with respect to the timelike Killing field. The Boulware vacuum is singu-
lar on the past and future event horizons of Schwarzschild. Since it is singular on the future
horizon, it does not correspond to a physically reasonable state for a black hole formed by
gravitational collapse. Nevertheless, the Boulware vacuum is a well-defined state in Alice’s
lab, and it is instructive to compute the decoherence of her particle in the Boulware vacuum
using the results of the previous section.

The Boulware vacuum differs from the Unruh vacuum only in that G and G are now

given by Eq. (5.3.16) rather than Eq. (5.3.17). Since Gp = Gy, it follows immediately that
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(N)E is again given by Eq. (5.3.35), i.e.,

B _ /AU ¢*d?
(N)Z =(N)_ ~ [Ty T2 (5.4.1)

On the other hand, in the Boulware vacuum, we have éB = O(w) rather than being given
by Eq. (5.3.36). Consequently, the integrand of the formula for (N >]i will differ from the

integrand appearing on the right side of Eq. (5.3.37) by a factor of ~ w/k. We obtain

1/min[T1,T2]
B G2d2 M dw
1/T
2 12174
qed“M T
= 1 ) 4.2
ps (miﬂ[Tl,Tﬂ) (542)

Additionally, we note that the Boulware vacuum at Mw < 1 has a randomly fluctuating

electric dipole A|Pg| and mass quadrupole A|Qp| of magnitude
A|Pg|(w) ~ M*Vw,  AlQp|(w) ~ M?/w (5.4.3)

which are much smaller than the corresponding fluctuations in the Unruh vacuum given by
Egs. (5.3.48) and (5.3.49).

Equation (5.4.2) could also be derived by the methods used in Chapters 3 and 4. Indeed,
the only change that needs to be made to the calculations done in those chapters is that when
we compute the one-particle norm corresponding to the retarded solution with source j{ — j§
on the horizon, we now have to take the positive frequency part with respect to Killing time
rather than affine time. The same calculation as led to Eq. (13) of Chapter 3—which yielded
(N) varying as In V| where V' denotes the affine time duration of the separation—now yields

the InT dependence® given in Eq. (5.4.2).

8. Affine time V is related to Killing time T by V o exp(kT), so, for the Unruh vacuum, the logarithmic
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Next, we consider decoherence in the Hartle-Hawking vacuum, |[Qp). In the exterior
region (r > 2M) of Schwarzschild, the Hartle-Hawking vacuum is a thermal (KMS) state with
respect to all modes at temperature .7 = k/27. Since éHH = éU, it follows immediately
that <N>IiH is again given by Eq. (5.3.37), i.e.,

2 2M3
(VYEHE — U M (5.4.4)

On the other hand, in the Hartle-Hawking vacuum we have

. 1

with .7 = k/21 = 1/87M rather than G = O(w) as for the Boulware and Unruh vacua. At
low frequencies, we have Gy (w) &~ 7 /w. Consequently, the integrand (of the formula for
(N )EH will differ from the integrand appearing on the right side of Eq. (5.3.35) by a factor

of 7 Jw at low frequencies. We obtain

29 2 2
(N)HE qd*T q°d

~ 5.4.6
< min[Ty,T5]  Mmin[Ty, Ty’ ( )

which differs from Eq. (5.3.35) in that a factor of M has replaced a factor of min[T7, 73] in
the denominator. Nevertheless, the thermal population of incoming modes from infinity does
not lead to a decoherence that grows with 1. The key point is that although the radiation
incoming from infinity is thermal, it does not have the necessary population of “soft modes”
to provide a decoherence effect similar to the white hole modes [Wilson-Gerow et al., 2024].

For sufficiently large T" the contribution of the incoming modes from infinity will be negligible

dependence on V is converted to the linear dependence on T' obtained above. However, for an extremal black
hole (k = 0), the relation between V and T is linear, so one would expect only logarithmic growth of (N)
with T in the extremal case. In fact, in the electromagnetic case, the coefficient of this logarithmic term
also vanishes in extremal Kerr [Gralla and Wei, 2024] (the “black hole Meisner effect”) but a In T' dependence
occurs for a scalar field [Gralla and Wei, 2024].
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compared with the contribution from the white hole modes, Eq. (5.4.4), and the decoherence
in the Hartle-Hawking vacuum will be the same as in the Unruh vacuum.

It should be noted that there can be additional decoherence effects resulting from thermal
populations of modes emerging from the white hole and/or infinity that have not been taken
into account in our analysis above. In particular, we have implicitly assumed in our analysis
that the components of Alice’s particle move on fixed trajectories that are not affected by
the incoming radiation. This would be the case if, e.g., the components of Alice’s particle
are rigidly held in traps.? However, if these components are free to move in response to the
incoming electromagnetic radiation, there will be Thompson scattering of the radiation. Since
the Thompson scattering will be slightly different for the different components, this will result
in decoherence that will grow with time for a steady influx of radiation. The decoherence
arising from Thompson scattering of low frequency thermal radiation was estimated in
Chapter 4, based upon previous analyses of collisional decoherence given in [Diosi, 1995,
Gallis and Fleming, 1990, Hornberger and Sipe, 2003, Joos and Zeh, 1985]. It was shown in
Chapter 4 that in the Rindler case, this collisional decoherence can be neglected compared
with the decoherence due to emission of soft radiation. For the case of a black hole in the
Unruh or Hartle-Hawking states, the same would be true if Alice’s lab is sufficiently near the
black hole. However, the decoherence rate due to emission of soft radiation falls off rapidly
with distance, D, from the black hole, whereas the collisional decoherence rate falls off more
slowly in the Unruh vacuum and does not fall off at all in the Hartle-Hawking vacuum. Thus,
if the particle components are free to respond to the incoming radiation, the collisional
decoherence effects will dominate at sufficiently large distances from the black hole.

Finally, we briefly mention the corresponding results for the gravitational case. In the

9. It would be best to use nonelectromagnetic traps, so that the traps do not produce any shielding or
other electromagnetic effects that could interfere with Alice’s experiment.
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gravitational case, a calculation analogous to that which led to Eq. (5.4.2) now yields

2 4776
d*M T
N)BGR T 1 4.
N3 pwo ™ min|77, 7| (5:4.7)

whereas (IV )%GR is the same as for the Unruh vacuum, Eq. (5.3.42). A calculation analogous

to that which led to Eq. (5.4.6) now yields

m2d* T m2d*

<N>HH,GR ~ ~
< min[Ty, T3 Mmin[Ty, Ty]3

(5.4.8)

whereas <N>}_I>H’GR is the same as for the Unruh vacuum, Eq. (5.3.43).

5.4.2  Decoherence in Minkowski Spacetime

In Minkowski spacetime, there are no “white hole modes,” ng(r), of the quantum field. The

—

incoming modes from infinity, R /(r), are given by
Ro(r) = =23 wrjp(wr) (5.4.9)

corresponding to taking the limit as M — 0 of the Schwarzschild modes. The two point
function of the radial component of the electric field can be obtained from Eq. (5.3.9) by
deleting the white hole modes and using Eq. (5.4.9) for the incoming modes from infinity.
The Minkowski vacuum, |23;), corresponds to G(w) = O(w). It follows immediately that the
decoherence of Alice’s particle in the Minkowski vacuum will be given by the same estimate
as we previously obtained for the decoherence effects of the incoming modes from infinity in
Schwarzschild for the Boulware or Unruh vacua [see Egs. (5.3.35) and (5.4.1)], namely

q2 d2

N M _—
N (T, TP

(5.4.10)
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This agrees with the estimate originally given in [Belenchia et al., 2018]. In particular, the
decoherence effects do not grow with 7.

If we thermally populate the modes j%wg(r) in Minkowski spacetime at temperature
7, then the decoherence will be given by the same estimate as we previously obtained in
Eq. (5.4.6) for the decoherence effects of the incoming modes from infinity in Schwarzschild
for the Hartle-Hawking vacuum, namely

<N>M q2d29

~N—_— 5.4.11
e min[Ty, Ty ( )

In particular, the decoherence effects do not grow with 7', despite the presence of the thermal
bath.

In a similar manner, in the gravitational case, for the Minkowski vacuum, we obtain

m2d*

AYMCR
W min[7Ty, To]4

(5.4.12)
in agreement with the original estimate of |Belenchia et al., 2018|. If Minkowski spacetime
is populated with a thermal bath of gravitons at temperature .7, then we obtain the same
estimate as in Eq. (5.4.8), namely

M,GR m2d* T

M~ T (5.4.13)

Again, the decoherence effects do not grow with 7', despite the presence of a thermal bath of
gravitons.

Finally, we point out that for a scalar field it is possible, in principle, to get decoherence
in an inertial laboratory in Minkowski spacetime from “soft radiation” despite the absence
of a horizon. In Minkowski spacetime, a memory effect and associated infrared divergences

occur at null infinity for a massless field as a result of a permanent change in the field at order
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1/r. Since charge is conserved in electromagnetism, such O(1/r) changes can occur in the
electromagnetic case only via Lorentz boosting of the Coulomb fields of the charged particles.
This generically occurs in scattering, since the outgoing charged particles generically have
different momenta from the incoming particles. However, the protocol of Alice’s experiment
requires her to keep the components of her particle confined to her lab, which precludes
changes in particle momenta lasting a long enough time 7" to produce significant decoherence
via “soft radiation.” This is in accord with what we have found above. Similarly, since mass
is conserved in linearized gravity, there also are no significant “soft radiation” decoherence
effects. However, for a scalar field, scalar charge need not be conserved, and a change in
the scalar field at order 1/r can be achieved by simply changing the monopole moment of
the source. Consequently, a source with a permanent change of scalar charge will radiate an
infinite number of “soft” massless scalar particles in £ = 0 modes. We can use this fact to
obtain decoherence via soft radiation to null infinity in Minkowski spacetime in a manner
previously suggested in [Gralla and Wei, 2024]| as follows.

Suppose that a massless scalar field ¢ exists in nature and Alice performs her experiment
in an inertial laboratory in Minkowski spacetime with a particle with scalar charge. Suppose,
further, that her protocol includes changing the charge of one of the components during
separation and then restoring the charge during the recombination.!? The scalar analog of
Egs. (5.2.2) and (5.2.3) is

() = @l [~ )] 19). (5.4.14)

The mode expansion of the two-point function of a scalar field in Schwarzschild is given
in [Candelas, 1980]. It takes a form very similar to Eq. (5.3.9) except that (i) the factor
of 1/r2y! 2 is replaced by 1/rr’ for the definition of scalar mode functions analogous to our

definition of electromagnetic mode functions used in Eq. (5.3.9) and (ii) the mode sum

10. If the experiment is performed in the presence of a black hole or other gravitating body, such a change
in scalar charge as determined at infinity automatically occurs from redshift effects if the components are
separated in the radial direction [Gralla and Wei, 2024].
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begins at ¢ = 0 rather than ¢ = 1. Only the incoming modes from infinity are relevant for
Minkowski spacetime, and they again take the form Eq. (5.4.9). The ¢ = 0 modes contribute
to Eq. (5.4.14) an extra factor of 1/w? relative to the £ = 1 modes. For the case where the
scalar field initially is in the Minkowski vacuum state |Qyr), a calculation in direct parallel

to Eq. (5.3.35) yields

(NYMS ~ (Agg)? In (ﬁ) (5.4.15)

where Agg denotes the scalar charge difference of the two components during their separation.
This behavior is analogous to the decoherence occurring in the presence of a black hole for
the Boulware vacuum [see Egs. (5.4.2) and (5.4.8)]. If Minkowski spacetime is initially filled

with a thermal bath of scalar particles at temperature .7, we obtain

(NS ~ (Ags)?TT (5.4.16)

t

which is analogous to the decoherence in the presence of a black hole in the Unruh or Hartle-
Hawking vacua.!l In both cases, the decoherence grows with T due to the emission of soft
radiation to infinity, and we thus see that such decoherence is possible, in principle, without

the presence of a horizon.

5.4.83 Decoherence in the Spacetime of a Static Star

We now consider the decoherence effects arising in Alice’s lab when we place it outside of a
star rather than a black hole. In this subsection, we do not consider the decoherence effects

that may arise from interactions with degrees of freedom of the matter composing the star,

11. For a scalar field the similarity of the decoherence rate in a global thermal state in Minkowski spacetime,
as compared to the decoherence due to a Killing horizon is related to the fact that the restriction of the two-
point function of the Minkowski vacuum to a uniformly accelerating world line is identical to the restriction
of the two-point function of the global Minkowski thermal state at the Unruh temperature to an inertial
world line. However, for the electromagnetic and gravitational fields, no such equivalence holds [Boyer, 1980],
and as we have seen, these fields do not exhibit the analogous decoherence in a global thermal state.
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i.e., we are concerned only with the effects of replacing the black hole spacetime with a
spacetime without a horizon. Decoherence effects due to interactions with matter will be
considered in the next subsection.

The metric outside of a static, spherical star is identical to the metric of a Schwarzschild
black hole. If the electromagnetic field in the spacetime of a static star is initially in its
ground state, then one might expect that if Alice performs her experiment outside of the
star, she would get essentially the same results as she would have obtained by performing
her experiment at the same radius in Schwarzschild spacetime with the electromagnetic
field initially in the Boulware vacuum state.!? Similarly, if the electromagnetic field in the
spacetime of the star is initially in a thermal state at temperature .7 = 1/87 M, one might
expect that Alice would get essentially the same results as for a Schwarzschild black hole
with the electromagnetic field initially in the Hartle-Hawking vacuum state. The purpose of
this subsection is to explain why these expectations are not correct.

The key point is that the behavior of a quantum field in the spacetime of a star differs
significantly from that of a quantum field around a black hole in that the white hole modes,
Ewg(r), are absent. The complete absence of the white hole modes in the case of a star
is very different from the modes being present but in their ground state, as occurs for
the Boulware vacuum in Schwarzschild. The white hole modes in Schwarzschild represent
additional degrees of freedom of the quantum field that are not present in the case of the star.
It is these additional degrees of freedom—associated with the presence of a horizon—that
are responsible for the decoherence effects that grow with 7" in Alice’s experiment.

To see this explicitly, we note that in the spacetime of the star, the two-point function of
the radial component of the electric field is modified from Eq. (5.3.9) in that (i) the white hole
modes, R(r), are absent and (i) the incoming modes from infinity, R,,¢(r), are modified

by the presence of the star. However, at very low frequencies, wR < 1, where R denotes the

12. In contrast to a static star, a body that collapses to a black hole produces the Unruh vacuum in its
exterior, so that (N) grows linearly in time, as we have shown.
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radius of the star, the corrections to ng(r) are negligibly small. The ground state of the
star satisfies G(w) = O(w). It follows immediately that the decoherence in the spacetime of a
star with the electromagnetic field initially in its ground state is the same as the decoherence
in Schwarzschild due to the incoming modes from infinity in the Boulware or Unruh vacua
[see Eq. (5.4.1)], which, in turn, is the same as the decoherence in Minkowski spacetime in
the Minkowski vacuum [see Eq. (5.4.10)]. Thus, we obtain

2 d2

<N>star ~ q

_— 5.4.17
min[T7, To)? ( )

Similarly, if the electromagnetic field around the star is in a thermal state at temperature
7, we obtain the same result as in Eq. (5.4.8), namely

PdPT

N star _ )
< >th. min[Tl,TQ]

(5.4.18)
In the gravitational case, we obtain results in agreement with Egs. (5.4.12) and (5.4.13),
respectively.

In summary, the presence of a horizon is essential for the black hole decoherence effects.

Similar effects do not occur in the spacetime of a static star.

5.4.4  Decoherence due to the Presence of a Body with Internal Degrees of

Freedom

As we have just seen, in the electromagnetic and gravitational cases, decoherence due to
emission of “soft radiation” does not occur in a static asymptotically flat spacetime without
a horizon.13 This can be understood as resulting from the absence of any “white hole mode”

degrees of freedom associated with the horizon. However, if an actual material body is

13. However, as discussed at the end of Sec. 5.4.2, in the scalar case one can get decoherence due to emission
of soft radiation to null infinity.
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present, there will be additional degrees of freedom associated with the material body. These
degrees of freedom can couple to the components of Alice’s particle via ordinary Coulombic
(or, in the gravitational case, Newtonian) interactions. If there is suitable dissipation in the
material body system, this can result in the decoherence of Alice’s particle. Indeed, ordinary
environmental decoherence is exactly of this nature. In this subsection, we will consider
whether the decoherence of Alice’s particle resulting from Coulombic/Newtonian interactions
with a material body can mimic the decoherence obtained for the case of a black hole.

As we have seen in Sec. 5.3 above, in the electromagnetic case the dominant contribution
to decoherence of Alice’s particle near a Schwarzschild black hole in the Unruh vacuum comes
from the ¢ = 1 white hole modes at very low frequencies. Very near the horizon of the black
hole, these modes correspond to radiation and they represent genuine additional degrees of
freedom of the electromagnetic field. Nevertheless, we saw at the end of Sec. 5.3 that in Alice’s
lab, these modes look just like the exterior dipole field of an ordinary body, with a fluctuating
electric dipole moment given by Eq. (5.3.48). Thus, if we have a material body with the
property that its ordinary thermal fluctuations cause its electric dipole moment at very low
frequencies w to fluctuate in accord with Eq. (5.3.48), then that material body should mimic
the decoherence effects of a black hole. Similarly, in the gravitational case, a material body
will mimic the decoherence effects of a black hole if ordinary thermal fluctuations cause its
mass quadrupole moment at very low frequencies w to fluctuate in accord with Eq. (5.3.49).

The issue of whether an ordinary material body can mimic a black hole of the same
temperature in this manner has very recently been investigated by Biggs and Maldacena
[Biggs and Maldacena, 2024]. They have shown that in the electromagnetic case, there
are no difficulties in constructing a physically reasonable matter model that mimics the
“soft radiation” decoherence effects of a black hole. However, in the gravitational case, the
mimicking of black hole decoherence effects by an ordinary body of the same physical size

and temperature as the black hole appears to require extraordinary properties of the matter.
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The underlying difficulty is the weakness of the coupling of matter to gravity. In order to
produce a fluctuating quadrupole moment of the required size Eq. (5.3.49), it seems possible
that the body would need to have a mass comparable to that of a black hole as well as

extremely large dissipation. This issue appears worthy of further investigation.

116



REFERENCES

Spyros Alexakis, Alexandru D. Ionescu, and Sergiu Klainerman. Hawking’s local rigidity
theorem without analyticity. Geometric and Functional Analysis, 20(4):845-869, 2010.
d0i:10.1007/s00039-010-0082-7. URL https://doi.org/10.1007/s00039-010-0082-7.

B. Allen. Vacuum States in de Sitter Space. Phys.  Rev. D, 32:3136, 1985.
do0i:10.1103 /PhysRevD.32.3136.

B. Allen. The Graviton Propagator in De Sitter Space. Phys. Rev. D, 34:3670, 1986.
d0i:10.1103 /PhysRevD.34.3670.

B. Allen and T. Jacobson. Vector Two Point Functions in Maximally Symmetric Spaces.
Commun. Math. Phys., 103:669, 1986. doi:10.1007/BF01211169.

C. Anastopoulos and Bei-Lok Hu. Comment on "a spin entanglement witness for quantum
gravity" and on "gravitationally induced entanglement between two massive particles is
sufficient evidence of quantum effects in gravity", 2018. URL https://arxiv.org/abs/
1804.11315.

A. Ashtekar. Asymptotic Quantization: Based On 1984 Naples Lectures. Monographs and
Textbooks in Physical Science. Bibliopolis, Naples, Italy, 1987.

Abhay Ashtekar, Miguel Campiglia, and Alok Laddha. Null infinity, the BMS group and
infrared issues. Gen. Rel. Grav., 50(11):140-163, 2018. doi:10.1007/s10714-018-2464-3.

M. Asorey, A. P. Balachandran, F. Lizzi, and G. Marmo. FEntangled Scent of a Charge.
JHEP, 05:130, 2018. doi:10.1007/JHEP05(2018)130.

M. Bahrami, A. Bassi, S. McMillen, M. Paternostro, and H. Ulbricht. Is gravity quantum?
2015. URL https://arxiv.org/abs/1507.05733.

Gordon Baym and Tomoki Ozawa. Two-slit diffraction with highly charged particles: Niels
bohr’s consistency argument that the electromagnetic field must be quantized. Proc. Nat.
Acad. Sci., 106:3035-3040, 2009. doi:10.1073/pnas.0813239106.

Alessio Belenchia, Robert M. Wald, Flaminia Giacomini, FKEsteban Castro-Ruiz,
Caslav Brukner, and Markus Aspelmeyer. Quantum Superposition of Massive Ob-
jects and the Quantization of Gravity. Phys.  Rev. D, 98(12):126009, 2018.
do0i:10.1103/PhysRevD.98.126009.

Alessio Belenchia, Robert M. Wald, Flaminia Giacomini, Esteban Castro-Ruiz, Caslav
Brukner, and Markus Aspelmeyer. Information Content of the Gravitational Field
of a Quantum Superposition. Int. J. Mod. Phys. D, 28(14):1943001, 2019.
doi:10.1142/S0218271819430016.

Lydia Bieri and David Garfinkle. An electromagnetic analogue of gravitational wave memory.
Class. Quant. Grav., 30:195009, 2013. doi:10.1088,/0264-9381,/30/19/1950009.

117


https://doi.org/10.1007/s00039-010-0082-7
https://doi.org/10.1007/s00039-010-0082-7
https://doi.org/10.1103/PhysRevD.32.3136
https://doi.org/10.1103/PhysRevD.34.3670
https://doi.org/10.1007/BF01211169
https://arxiv.org/abs/1804.11315
https://arxiv.org/abs/1804.11315
https://doi.org/10.1007/s10714-018-2464-3
https://doi.org/10.1007/JHEP05(2018)130
https://arxiv.org/abs/1507.05733
https://doi.org/10.1073/pnas.0813239106
https://doi.org/10.1103/PhysRevD.98.126009
https://doi.org/10.1142/S0218271819430016
https://doi.org/10.1088/0264-9381/30/19/195009

Anna Biggs and Juan Maldacena. Comparing the decoherence effects due to black holes
versus ordinary matter, 2024. URL https://arxiv.org/abs/2405.02227.

F. Bloch and A. Nordsieck. Note on the radiation field of the electron. Phys. Rev., 52:54-59,
Jul 1937. doi:10.1103/PhysRev.52.54. URL https://link.aps.org/doi/10.1103/Phy
sRev.b52.54.

H. Bondi and T. Gold. The field of a uniformly accelerated charge, with special reference to
the problem of gravitational acceleration. Proc. Roy. Soc. Lond. A, 229:416-424, 1955.
doi:10.1098 /rspa.1955.0098.

Sougato Bose, Anupam Mazumdar, Gavin W. Morley, Hendrik Ulbricht, Marko Toros,
Mauro Paternostro, Andrew A. Geraci, Peter F. Barker, M. S. Kim, and Gerard Milburn.
Spin entanglement witness for quantum gravity. Phys. Rev. Lett., 119:240401, Dec 2017.
doi:10.1103/PhysRevLett.119.240401. URL https://link.aps.org/doi/10.1103/Phy
sRevLett.119.240401.

Sougato Bose, Anupam Mazumdar, Martine Schut, and Marko Toros. Mechanism for the
quantum natured gravitons to entangle masses. Phys. Rev. D, 105(10):106028, 2022.
doi:10.1103 /PhysRevD.105.106028.

D. G. Boulware. Radiation from a uniformly accelerated charge. Annals of Physics, 124
(1):169-188, 1980. ISSN 0003-4916. doi:10.1016/0003-4916(80)90360-7. URL https:
//www.sciencedirect.com/science/article/pii/0003491680903607.

David G. Boulware. Quantum Field Theory in Schwarzschild and Rindler Spaces. Phys.
Rev. D, 11:1404, 1975. doi:10.1103 /PhysRevD.11.1404.

Timothy H. Boyer. Thermal effects of acceleration through random classical radiation.
Phys. Rev. D, 21:2137-2148, Apr 1980. doi:10.1103/PhysRevD.21.2137. URL https:
//link.aps.org/doi/10.1103/PhysRevD.21.2137.

Christian Brand, Sandra Eibenberger, Ugur Sezer, and Markus Arndt. Matter-wave physics
with nanoparticles and biomolecules. 2017. URL https://arxiv.org/abs/1703.02129.

Matvei Bronstein. Republication of: Quantum theory of weak gravitational fields. General
Relativity and Gravitation, 44(1):267-283, 2012. doi:10.1007/s10714-011-1285-4. URL
https://doi.org/10.1007/s10714-011-1285-4.

P. Candelas. Vacuum polarization in schwarzschild spacetime. Phys. Rev. D, 21:2185-2202,
Apr 1980. doi:10.1103/PhysRevD.21.2185. URL https://link.aps.org/doi/10.1103
/PhysRevD.21.2185.

Matteo Carlesso, Angelo Bassi, Mauro Paternostro, and Hendrik Ulbricht. Testing the
gravitational field generated by a quantum superposition. New J. Phys., 21(9):093052,
2019. doi:10.1088/1367-2630/ab41cl.

118


https://arxiv.org/abs/2405.02227
https://doi.org/10.1103/PhysRev.52.54
https://link.aps.org/doi/10.1103/PhysRev.52.54
https://link.aps.org/doi/10.1103/PhysRev.52.54
https://doi.org/10.1098/rspa.1955.0098
https://doi.org/10.1103/PhysRevLett.119.240401
https://link.aps.org/doi/10.1103/PhysRevLett.119.240401
https://link.aps.org/doi/10.1103/PhysRevLett.119.240401
https://doi.org/10.1103/PhysRevD.105.106028
https://doi.org/10.1016/0003-4916(80)90360-7
https://www.sciencedirect.com/science/article/pii/0003491680903607
https://www.sciencedirect.com/science/article/pii/0003491680903607
https://doi.org/10.1103/PhysRevD.11.1404
https://doi.org/10.1103/PhysRevD.21.2137
https://link.aps.org/doi/10.1103/PhysRevD.21.2137
https://link.aps.org/doi/10.1103/PhysRevD.21.2137
https://arxiv.org/abs/1703.02129
https://doi.org/10.1007/s10714-011-1285-4
https://doi.org/10.1007/s10714-011-1285-4
https://doi.org/10.1103/PhysRevD.21.2185
https://link.aps.org/doi/10.1103/PhysRevD.21.2185
https://link.aps.org/doi/10.1103/PhysRevD.21.2185
https://doi.org/10.1088/1367-2630/ab41c1

Steven Carlip. Is quantum gravity necessary? Class. Quant. Grav., 25:154010, 2008.
doi:10.1088,/0264-9381/25/15/154010.

Daniel Carney. Newton, entanglement, and the graviton. Phys. Rev. D, 105:024029, Jan
2022. doi:10.1103/PhysRevD.105.024029. URL https://link.aps.org/doi/10.1103/P
hysRevD.105.024029.

Daniel Carney, Laurent Chaurette, Dominik Neuenfeld, and Gordon Walter Semenoff.
Infrared quantum information. Phys. Rew. Lett., 119(18):180502, 2017.
doi:10.1103 /PhysRevLett.119.180502.

Daniel Carney, Laurent Chaurette, Dominik Neuenfeld, and Gordon Walter Semenoff.
Dressed infrared quantum information. Phys.  Rev. D, 97(2):025007, 2018.
do0i:10.1103 /PhysRevD.97.025007.

Daniel Carney, Philip C. E. Stamp, and Jacob M. Taylor. Tabletop experiments for quantum
gravity: a user’s manual. Class. Quant. Grav., 36(3):034001, 2019. doi:10.1088/1361-
6382/aafca.

Daniel Carney, Yanbei Chen, Andrew Geraci, Holger Miiller, Cristian D. Panda, Philip C. E.
Stamp, and Jacob M. Taylor. Snowmass 2021 White Paper: Tabletop experiments for

infrared quantum gravity. In Snowmass 2021. APS Division of Particles and Fields, 3
2022.

Marios Christodoulou and Carlo Rovelli.  On the possibility of laboratory evidence for
quantum superposition of geometries. Physics Letters B, 792:64-68, 2019. ISSN 0370-
2693. doi:10.1016/j.physletb.2019.03.015. URL https://www.sciencedirect.com/scie
nce/article/pii/S0370269319301698.

Marios Christodoulou, Andrea Di Biagio, Markus Aspelmeyer, Caslav Brukner, Carlo Rovelli,
and Richard Howl. Locally Mediated Entanglement in Linearized Quantum Gravity. Phys.
Rev. Lett., 130(10):100202, 2023. doi:10.1103/PhysRevLett.130.100202.

Jeffrey M. Cohen and Robert M. Wald. Point charge in the vicinity of a schwarzschild black
hole. Journal of Mathematical Physics, 12(9):1845-1849, 1971. doi:10.1063/1.1665812.
URL https://doi.org/10.1063/1.1665812.

E. T. Copson and Edmund Taylor Whittaker. = On electrostatics in a gravitational
field.  Proceedings of the Royal Society of London. Series A, 118(779):184-194, 1928.
doi:10.1098 /rspa.1928.0044. URL https://royalsocietypublishing.org/doi/abs/10.
1098/rspa.1928.0044.

Daine L. Danielson, Gautam Satishchandran, and Robert M. Wald. Gravitationally
mediated entanglement: Newtonian field versus gravitons. Phys. Rev. D, 105(8):086001,
2022a. doi:10.1103/PhysRevD.105.086001.

119


https://doi.org/10.1088/0264-9381/25/15/154010
https://doi.org/10.1103/PhysRevD.105.024029
https://link.aps.org/doi/10.1103/PhysRevD.105.024029
https://link.aps.org/doi/10.1103/PhysRevD.105.024029
https://doi.org/10.1103/PhysRevLett.119.180502
https://doi.org/10.1103/PhysRevD.97.025007
https://doi.org/10.1088/1361-6382/aaf9ca
https://doi.org/10.1088/1361-6382/aaf9ca
https://doi.org/10.1016/j.physletb.2019.03.015
https://www.sciencedirect.com/science/article/pii/S0370269319301698
https://www.sciencedirect.com/science/article/pii/S0370269319301698
https://doi.org/10.1103/PhysRevLett.130.100202
https://doi.org/10.1063/1.1665812
https://doi.org/10.1063/1.1665812
https://doi.org/10.1098/rspa.1928.0044
https://royalsocietypublishing.org/doi/abs/10.1098/rspa.1928.0044
https://royalsocietypublishing.org/doi/abs/10.1098/rspa.1928.0044
https://doi.org/10.1103/PhysRevD.105.086001

Daine L. Danielson, Gautam Satishchandran, and Robert M. Wald. Black holes de-
cohere quantum superpositions.  Int. J. Mod. Phys. D, 31(14):2241003, 2022b.
doi:10.1142/S0218271822410036.

Daine L. Danielson, Gautam Satishchandran, and Robert M. Wald. Killing hori-
zons decohere quantum superpositions. Phys.  Rev. D, 108(2):025007, 2023.
do0i:10.1103 /PhysRevD.108.025007.

Daine L. Danielson, Jonah Kudler-Flam, Gautam Satishchandran, and Robert M. Wald.
How to minimize the decoherence caused by black holes. Phys. Rev. D, 112(2):025012,
2025a. doi:10.1103/67vv-km43.

Daine L. Danielson, Gautam Satishchandran, and Robert M. Wald. Local description of

decoherence of quantum superpositions by black holes and other bodies. Phys. Rev. D,
111(2):025014, 2025b. doi:10.1103/PhysRevD.111.025014.

C. Dappiaggi, V. Moretti, and N. Pinamonti. Hadamard States From Light-like Hypersurfaces.
Springer, Cham, 6 2017. ISBN 978-3-319-64342-7, 978-3-319-64343-4. do0i:10.1007,/978-3-
319-64343-4.

Animesh Datta and Haixing Miao. Signatures of the quantum nature of gravity in the differ-
ential motion of two masses. Quantum Sci. Technol., 6(4):045014, 2021. doi:10.1088/2058-
9565 /acladf.

C.M. DeWitt-Morette and D. Rickles. The role of gravitation in physics: report from the 1957
chapel hill conference. Berlin, 2011. Max Planck Institute for the History of Science. ISBN
9783869319636 3869319631. URL http://www.edition-open-access.de/sources/5/.

L. Di6si. A universal master equation for the gravitational violation of quantum mechan-
ics.  Physics Letters A, 120(8):377-381, 1987. ISSN 0375-9601. doi:10.1016/0375-
9601(87)90681-5. URL https://www.sciencedirect.com/science/article/pii/0375
960187906815.

L. Di6si. Quantum master equation of a particle in a gas environment. FEurophysics Letters,
30(2):63, apr 1995. doi:10.1209/0295-5075/30/2/001. URL https://dx.doi.org/10.12
09/0295-5075/30/2/001.

Freeman Dyson. Is a graviton detectable? International Journal of Modern Physics A, 28
(25):1330041, 2013. doi:10.1142/S0217751X1330041X. URL https://doi.org/10.1142/
S0217751X1330041X.

Sandra Eibenberger, Stefan Gerlich, Markus Arndt, Marcel Mayor, and Jens Tiixen. Matter—

wave interference of particles selected from a molecular library with masses exceeding 10
000 amu. Phys. Chem. Chem. Phys., 15:14696-14700, 2013. doi:10.1039/C3CP51500A.
URL http://dx.doi.org/10.1039/C3CP51500A.

120


https://doi.org/10.1142/S0218271822410036
https://doi.org/10.1103/PhysRevD.108.025007
https://doi.org/10.1103/67vv-km43
https://doi.org/10.1103/PhysRevD.111.025014
https://doi.org/10.1007/978-3-319-64343-4
https://doi.org/10.1007/978-3-319-64343-4
https://doi.org/10.1088/2058-9565/ac1adf
https://doi.org/10.1088/2058-9565/ac1adf
http://www.edition-open-access.de/sources/5/
https://doi.org/10.1016/0375-9601(87)90681-5
https://doi.org/10.1016/0375-9601(87)90681-5
https://www.sciencedirect.com/science/article/pii/0375960187906815
https://www.sciencedirect.com/science/article/pii/0375960187906815
https://doi.org/10.1209/0295-5075/30/2/001
https://dx.doi.org/10.1209/0295-5075/30/2/001
https://dx.doi.org/10.1209/0295-5075/30/2/001
https://doi.org/10.1142/S0217751X1330041X
https://doi.org/10.1142/S0217751X1330041X
https://doi.org/10.1142/S0217751X1330041X
https://doi.org/10.1039/C3CP51500A
http://dx.doi.org/10.1039/C3CP51500A

Kenneth Eppley and Eric Hannah. The necessity of quantizing the gravitational field.
Foundations of Physics, 7(1):51-68, 1977. doi:10.1007/BF00715241. URL https://doi.

org/10.1007/BF00715241.

E. Eriksen and (. Grgn. Electrodynamics of hyperbolically accelerated charges v. the field
of a charge in the rindler space and the milne space. Annals of Physics, 313(1):147-196,
2004. ISSN 0003-4916. doi:10.1016/j.a0p.2004.04.009. URL https://www.sciencedirec
t.com/science/article/pii/S0003491604000831.

R. Fabbri. Scattering and absorption of electromagnetic waves by a schwarzschild black
hole.  Phys. Rev. D, 12:933-942, Aug 1975. doi:10.1103/PhysRevD.12.933. URL
https://link.aps.org/doi/10.1103/PhysRevD.12.933.

Yaakov Y. Fein, Philipp Geyer, Patrick Zwick, Filip Kiatka, Sebastian Pedalino, Marcel
Mayor, Stefan Gerlich, and Markus Arndt. Quantum superposition of molecules beyond
25 kda. Nature Physics, 15(12):1242-1245, 2019. doi:10.1038/s41567-019-0663-9. URL
https://doi.org/10.1038/s41567-019-0663-9.

Tianfeng Feng and Vlatko Vedral. Amplification of gravitationally induced entanglement.
Phys. Rev. D, 106(6):066013, 2022. doi:10.1103/PhysRevD.106.066013.

L H Ford. Gravitational radiation by quantum systems. Ann. Phys. (N.Y.); (United States),
144:2, 12 1982. doi:10.1016,/0003-4916(82)90115-4. URL https://www.osti.gov/bibli
0/6234476.

M. R. Gallis and G. N. Fleming. Environmental and spontaneous localization. Phys. Rewv.
A, 42:38-48, Jul 1990. doi:10.1103/PhysRevA.42.38. URL https://link.aps.org/doi
/10.1103/PhysRevA.42.38.

David Garfinkle. Electric field of a charge in the vicinity of a higher dimensional black hole.
Phys. Rev. D, 103(2):024056, 2021. doi:10.1103/PhysRevD.103.024056.

Stefan Gerlich, Sandra Eibenberger, Mathias Tomandl, Stefan Nimmrichter, Klaus Horn-
berger, Paul J. Fagan, Jens Tiixen, Marcel Mayor, and Markus Arndt. Quan-
tum interference of large organic molecules. Nature Communications, 2(1):263, 2011.
doi:10.1038 /ncomms1263. URL https://doi.org/10.1038/ncomms1263.

Flaminia Giacomini, Esteban Castro-Ruiz, and Caslav Brukner. Quantum mechanics and
the covariance of physical laws in quantum reference frames. Nature Commun., 10(1):494,
2019. doi:10.1038/s41467-018-08155-0.

Salvatore M. Giampaolo and Tommaso Macri. Entanglement, holonomic constraints, and the
quantization of fundamental interactions. Sci. Rep., 9(1):11362, 2019. doi:10.1038/s41598-
019-47844-8.

C. Gonzalez-Ballestero, M. Aspelmeyer, L. Novotny, R. Quidant, and O. Romero-Isart.
Levitodynamics: Levitation and control of microscopic objects in vacuum. Science, 374

121


https://doi.org/10.1007/BF00715241
https://doi.org/10.1007/BF00715241
https://doi.org/10.1007/BF00715241
https://doi.org/10.1016/j.aop.2004.04.009
https://www.sciencedirect.com/science/article/pii/S0003491604000831
https://www.sciencedirect.com/science/article/pii/S0003491604000831
https://doi.org/10.1103/PhysRevD.12.933
https://link.aps.org/doi/10.1103/PhysRevD.12.933
https://doi.org/10.1038/s41567-019-0663-9
https://doi.org/10.1038/s41567-019-0663-9
https://doi.org/10.1103/PhysRevD.106.066013
https://doi.org/10.1016/0003-4916(82)90115-4
https://www.osti.gov/biblio/6234476
https://www.osti.gov/biblio/6234476
https://doi.org/10.1103/PhysRevA.42.38
https://link.aps.org/doi/10.1103/PhysRevA.42.38
https://link.aps.org/doi/10.1103/PhysRevA.42.38
https://doi.org/10.1103/PhysRevD.103.024056
https://doi.org/10.1038/ncomms1263
https://doi.org/10.1038/ncomms1263
https://doi.org/10.1038/s41467-018-08155-0
https://doi.org/10.1038/s41598-019-47844-8
https://doi.org/10.1038/s41598-019-47844-8

(6564):3027, 2021. doi:10.1126 /science.abg3027. URL https://www.science.org/doi/
abs/10.1126/science.abg3027.

Samuel E. Gralla and Hongji Wei. Decoherence from horizons: General formulation and rotat-
ing black holes. Phys. Rev. D, 109(6):065031, 2024. doi:10.1103 /PhysRevD.109.065031.

Simon A. Haine. Searching for signatures of quantum gravity in quantum gases. New J.
Phys., 23(3):033020, 2021. doi:10.1088/1367-2630/abd97d.

J. B. Hartle and S. W. Hawking. Path Integral Derivation of Black Hole Radiance. Phys.
Rev. D, 13:2188-2203, 1976. doi:10.1103/PhysRevD.13.2188.

S. W. Hawking. Black holes in general relativity. Commun. Math. Phys., 25:152-166, 1972.
doi:10.1007/BF01877517.

S. W. Hawking and G. F. R. Ellis. The Large Scale Structure of Space-Time.
Cambridge Monographs on Mathematical Physics. Cambridge University Press, 1973.
do0i:10.1017/CBO9780511524646.

Stephen W. Hawking, Malcolm J. Perry, and Andrew Strominger. Soft Hair on Black Holes.
Phys. Rev. Lett., 116(23):231301, 2016. doi:10.1103/PhysRevLett.116.231301.

A. Higuchi, G. E. A. Matsas, and D. Sudarsky. Bremsstrahlung and Fulling-Davies-Unruh
thermal bath. Phys. Rev. D, 46:3450-3457, 1992a. doi:10.1103/PhysRevD.46.3450.

A. Higuchi, G. E. A. Matsas, and D. Sudarsky. Bremsstrahlung and zero energy Rindler
photons. Phys. Rev. D, 45:R3308-R3311, 1992b. doi:10.1103/PhysRevD.45.R3308.

Atsushi Higuchi, George E. A. Matsas, and Daniel Sudarsky. Do static sources
outside a Schwarzschild black hole radiate? Phys. Rev. D, 56:6071-6075, 1997.
doi:10.1103/PhysRevD.56.R6071.

K. Hornberger and J. E. Sipe. Collisional decoherence reexamined. Phys. Rev. A, 68:
012105, Jul 2003. doi:10.1103/PhysRevA.68.012105. URL https://link.aps.org/doi
/10.1103/PhysRevA.68.012105.

Sabine Hossenfelder. Fxperimental Search for Quantum Gravity. Nova Science Publishers,
Hauppauge, NY, 10 2010.

M. Hotta, K. Sasaki, and T. Sasaki. Diffeomorphism on horizon as an asymptotic isometry
of Schwarzschild black hole. Class. Quant. Grav., 18:1823-1834, 2001. doi:10.1088/0264-
9381/18/10/301.

Richard Howl, Vlatko Vedral, Devang Naik, Marios Christodoulou, Carlo Rovelli, and Aditya
Iyer. Non-gaussianity as a signature of a quantum theory of gravity. P.R.X. Quantum.,
2:010325, 2021. doi:10.1103/PRXQuantum.2.010325.

122


https://doi.org/10.1126/science.abg3027
https://www.science.org/doi/abs/10.1126/science.abg3027
https://www.science.org/doi/abs/10.1126/science.abg3027
https://doi.org/10.1103/PhysRevD.109.065031
https://doi.org/10.1088/1367-2630/abd97d
https://doi.org/10.1103/PhysRevD.13.2188
https://doi.org/10.1007/BF01877517
https://doi.org/10.1017/CBO9780511524646
https://doi.org/10.1103/PhysRevLett.116.231301
https://doi.org/10.1103/PhysRevD.46.3450
https://doi.org/10.1103/PhysRevD.45.R3308
https://doi.org/10.1103/PhysRevD.56.R6071
https://doi.org/10.1103/PhysRevA.68.012105
https://link.aps.org/doi/10.1103/PhysRevA.68.012105
https://link.aps.org/doi/10.1103/PhysRevA.68.012105
https://doi.org/10.1088/0264-9381/18/10/301
https://doi.org/10.1088/0264-9381/18/10/301
https://doi.org/10.1103/PRXQuantum.2.010325

E. Joos and H. D. Zeh. The emergence of classical properties through interaction with
the environment.  Zeitschrift fir Physik B Condensed Matter, 59(2):223-243, 1985.
doi:10.1007/BF01725541. URL https://doi.org/10.1007/BF01725541.

Bernard S. Kay and Robert M. Wald. Theorems on the Uniqueness and Thermal Properties
of Stationary, Nonsingular, Quasifree States on Space-Times with a Bifurcate Killing
Horizon. Phys. Rept., 207:49-136, 1991. doi:10.1016/0370-1573(91)90015-E.

Tanjung Krisnanda, Guo Yao Tham, Mauro Paternostro, and Tomasz Paterek. Observ-
able quantum entanglement due to gravity. npj Quantum Information, 6(1):12, 2020.
doi:10.1038 /s41534-020-0243-y. URL https://doi.org/10.1038/s41534-020-0243-y.

P. P. Kulish and L. D. Faddeev. Asymptotic conditions and infrared divergences in quantum
electrodynamics. Theor. Math. Phys., 4:745, 1970. doi:10.1007/BF01066485.

B. Linet. Electrostatics and magnetostatics in the schwarzschild metric. Journal of Physics
A, General Physics, 9(7):1081-1087, 1976.

Yulong Liu, Jay Mummery, Jingwei Zhou, and Mika A. Sillanpaéd. Gravitational forces
between nonclassical mechanical oscillators. Phys. Rev. Applied, 15:034004, Mar 2021.
doi:10.1103/PhysRevApplied.15.034004. URL https://link.aps.org/doi/10.1103/P
hysRevApplied.15.034004.

Yair Margalit, Or Dobkowski, Zhifan Zhou, Omer Amit, Yonathan Japha, Samuel Moukouri,
Daniel Rohrlich, Anupam Mazumdar, Sougato Bose, Carsten Henkel, and Ron Folman.
Realization of a complete stern-gerlach interferometer: Toward a test of quantum gravity.
Science Advances, 7(22):eabg2879, 2021.  doi:10.1126/sciadv.abg2879. URL https:
//www.science.org/doi/abs/10.1126/sciadv.abg2879.

Andrea Mari, Giacomo De Palma, and Vittorio Giovannetti. Experiments testing macro-
scopic quantum superpositions must be slow.  Scientific Reports, 6(1):22777, 2016.
doi:10.1038 /srep22777. URL https://doi.org/10.1038/srep22777.

Chiara Marletto and Vlatko Vedral. Gravitationally-induced entanglement between two
massive particles is sufficient evidence of quantum effects in gravity. Phys. Rev. Lett., 119
(24):240402, 2017. doi:10.1103/PhysRevLett.119.240402.

Donald Marolf. The Black Hole information problem: past, present, and future. Rept. Prog.
Phys., 80(9):092001, 2017. doi:10.1088,/1361-6633 /aa77cc.

G. E. Matsas, D. Sudarsky, and A. Higuchi. Bremsstrahlung by static charges outside a
static black hole 7, 1996. URL https://arxiv.org/abs/gr-qc/9605030.

Akira Matsumura and Kazuhiro Yamamoto. Gravity-induced entanglement in optomechani-
cal systems. Phys. Rev. D, 102(10):106021, 2020. doi:10.1103/PhysRevD.102.106021.

James Mattingly. Why Eppley and Hannah’s thought experiment fails. Phys. Rev. D, 73:
064025, 2006. doi:10.1103/PhysRevD.73.064025.

123


https://doi.org/10.1007/BF01725541
https://doi.org/10.1007/BF01725541
https://doi.org/10.1016/0370-1573(91)90015-E
https://doi.org/10.1038/s41534-020-0243-y
https://doi.org/10.1038/s41534-020-0243-y
https://doi.org/10.1007/BF01066485
https://doi.org/10.1103/PhysRevApplied.15.034004
https://link.aps.org/doi/10.1103/PhysRevApplied.15.034004
https://link.aps.org/doi/10.1103/PhysRevApplied.15.034004
https://doi.org/10.1126/sciadv.abg2879
https://www.science.org/doi/abs/10.1126/sciadv.abg2879
https://www.science.org/doi/abs/10.1126/sciadv.abg2879
https://doi.org/10.1038/srep22777
https://doi.org/10.1038/srep22777
https://doi.org/10.1103/PhysRevLett.119.240402
https://doi.org/10.1088/1361-6633/aa77cc
https://arxiv.org/abs/gr-qc/9605030
https://doi.org/10.1103/PhysRevD.102.106021
https://doi.org/10.1103/PhysRevD.73.064025

G. Menezes. Radiative processes of two entangled atoms outside a Schwarzschild black hole.
Phys. Rev. D, 94(10):105008, 2016. doi:10.1103/PhysRevD.94.105008.

Chris Overstreet, Joseph Curti, Minjeong Kim, Peter Asenbaum, Mark A. Kasevich, and
Flaminia Giacomini. Inference of gravitational field superposition from quantum measure-
ments. Phys. Rev. D, 108(8):084038, 2023. doi:10.1103/PhysRevD.108.084038.

H. Padmanabhan and T. Padmanabhan. Aspects of electrostatics in a weak gravitational
field. Gen. Rel. Grav., 42:1153-1181, 2010. doi:10.1007/s10714-009-0909-4.

Don N. Page and C. D. Geilker. Indirect evidence for quantum gravity. Phys. Rev. Lelt.,
47:979-982, Oct 1981. doi:10.1103/PhysRevLett.47.979. URL https://link.aps.org/d
0i/10.1103/PhysRevLett.47.979.

Monica Pate, Ana-Maria Raclariu, and Andrew Strominger. Gravitational Memory in Higher
Dimensions. JHEP, 06:138, 2018. doi:10.1007/JHEP06(2018)138.

Julen S. Pedernales, Kirill Streltsov, and Martin B. Plenio. Enhancing Gravitational
Interaction between Quantum Systems by a Massive Mediator. Phys. Rev. Lett., 128(11):
110401, 2022. doi:10.1103/PhysRevLett.128.110401.

Roger Penrose. On the gravitization of quantum mechanics 1: Quantum state reduction.
Foundations of Physics, 44(5):557-575, 2014.  doi:10.1007/s10701-013-9770-0. ~ URL
https://doi.org/10.1007/s10701-013-9770-0.

H Pino, J Prat-Camps, K Sinha, B Prasanna Venkatesh, and O Romero-Isart. On-chip
quantum interference of a superconducting microsphere. Quantum Science and Technology,
3(2):025001, Jan 2018. ISSN 2058-9565. doi:10.1088/2058-9565/aa9d15. URL http:
//dx.doi.org/10.1088/2058-9565/aa9d15.

Kartik Prabhu and Gautam Satishchandran. Infrared finite scattering the-
ory: Amplitudes and soft theorems. Phys.  Rev. D, 110(8):085022, 2024.
do0i:10.1103 /PhysRevD.110.085022.

Kartik Prabhu, Gautam Satishchandran, and Robert M. Wald. Infrared finite scattering
theory in quantum field theory and quantum gravity. Phys. Rev. D, 106(6):066005, 2022.
do0i:10.1103 /PhysRevD.106.066005.

Sofia Qvarfort, Sougato Bose, and Alessio Serafini.  Mesoscopic entanglement through
central-potential interactions. J. Phys. B, 53(23):235501, 2020. doi:10.1088/1361-
6455 /abbe8d.

F. Rohrlich. The equations of motion of classical charges. Annals of Physics, 13(1):93-1009,
1961. ISSN 0003-4916. doi:10.1016,/0003-4916(61)90028-8. URL https://www.scienced
irect.com/science/article/pii/0003491661900288.

124


https://doi.org/10.1103/PhysRevD.94.105008
https://doi.org/10.1103/PhysRevD.108.084038
https://doi.org/10.1007/s10714-009-0909-4
https://doi.org/10.1103/PhysRevLett.47.979
https://link.aps.org/doi/10.1103/PhysRevLett.47.979
https://link.aps.org/doi/10.1103/PhysRevLett.47.979
https://doi.org/10.1007/JHEP06(2018)138
https://doi.org/10.1103/PhysRevLett.128.110401
https://doi.org/10.1007/s10701-013-9770-0
https://doi.org/10.1007/s10701-013-9770-0
https://doi.org/10.1088/2058-9565/aa9d15
http://dx.doi.org/10.1088/2058-9565/aa9d15
http://dx.doi.org/10.1088/2058-9565/aa9d15
https://doi.org/10.1103/PhysRevD.110.085022
https://doi.org/10.1103/PhysRevD.106.066005
https://doi.org/10.1088/1361-6455/abbe8d
https://doi.org/10.1088/1361-6455/abbe8d
https://doi.org/10.1016/0003-4916(61)90028-8
https://www.sciencedirect.com/science/article/pii/0003491661900288
https://www.sciencedirect.com/science/article/pii/0003491661900288

Oriol Romero-Isart.  Coherent inflation for large quantum superpositions of levitated
microspheres.  New Journal of Physics, 19(12):123029, Dec 2017. ISSN 1367-2630.
doi:10.1088/1367-2630/2a99bf. URL http://dx.doi.org/10.1088/1367-2630/aa99bf.

Erik Rydving, Erik Aurell, and Igor Pikovski. Do Gedankenexperiments compel quantization
of gravity? Phys. Rev. D, 104(8):086024, 2021. doi:10.1103/PhysRevD.104.086024.

Gautam Satishchandran and Robert M. Wald. Asymptotic behavior of massless fields and
the memory effect. Phys. Rev. D, 99(8):084007, 2019. doi:10.1103/PhysRevD.99.084007.

W. G. Unruh. Notes on black-hole evaporation. Phys. Rev. D, 14:870-892, Aug 1976.
doi:10.1103/PhysRevD.14.870. URL https://link.aps.org/doi/10.1103/PhysRevD.
14.870.

William G. Unruh. False loss of coherence. In Heinz-Peter Breuer and Francesco Petruc-

cione, editors, Relativistic Quantum Measurement and Decoherence, pages 125-140, Berlin,
Heidelberg, 2000. Springer Berlin Heidelberg. ISBN 978-3-540-45369-7.

William G. Unruh and Robert M. Wald. What happens when an accelerat-
ing observer detects a rindler particle. Phys.  Rev. D, 29:1047-1056, Mar 1984.
doi:10.1103/PhysRevD.29.1047. URL https://link.aps.org/doi/10.1103/PhysR
evD.29.1047.

William G. Unruh and Robert M. Wald. Information Loss. Rept. Prog. Phys., 80(9):
092002, 2017. doi:10.1088/1361-6633/aa778e.

Robert M. Wald. General Relativity. University of Chicago Press, Chicago, USA, 1984.
doi:10.7208 /chicago /9780226870373.001.0001.

Robert M. Wald. Quantum Field Theory in Curved Space-Time and Black Hole Thermo-
dynamics. Chicago Lectures in Physics. University of Chicago Press, Chicago, 1L, 1995.
ISBN 978-0-226-87027-4.

Robert M. Wald. Advanced Classical Electromagnetism. Princeton University Press, 2022.
ISBN 9780691230252.

E. T. Whittaker. On electric phenomena in gravitational fields. Proc. Roy. Soc. Lond. A,,
116(775):720-735, 1927. doi:10.1098 /rspa.1927.0160. URL https://royalsocietypubl
ishing.org/doi/abs/10.1098/rspa.1927.0160.

Jordan Wilson-Gerow, Annika Dugad, and Yanbei Chen. Decoherence by warm horizons.
Phys. Rev. D, 110(4):045002, 2024. doi:10.1103/PhysRevD.110.045002.

C. Yang and D. Feldman. The S Matrix in the Heisenberg Representation. Phys. Rev., 79:
972-978, 1950. doi:10.1103/PhysRev.79.972.

H. D. Zeh. Feynman’s interpretation of quantum theory. Fur. Phys. J. H, 36:63-74, 2011.
doi:10.1140/epjh/e2011-10035-2.

125


https://doi.org/10.1088/1367-2630/aa99bf
http://dx.doi.org/10.1088/1367-2630/aa99bf
https://doi.org/10.1103/PhysRevD.104.086024
https://doi.org/10.1103/PhysRevD.99.084007
https://doi.org/10.1103/PhysRevD.14.870
https://link.aps.org/doi/10.1103/PhysRevD.14.870
https://link.aps.org/doi/10.1103/PhysRevD.14.870
https://doi.org/10.1103/PhysRevD.29.1047
https://link.aps.org/doi/10.1103/PhysRevD.29.1047
https://link.aps.org/doi/10.1103/PhysRevD.29.1047
https://doi.org/10.1088/1361-6633/aa778e
https://doi.org/10.7208/chicago/9780226870373.001.0001
https://doi.org/10.1098/rspa.1927.0160
https://royalsocietypublishing.org/doi/abs/10.1098/rspa.1927.0160
https://royalsocietypublishing.org/doi/abs/10.1098/rspa.1927.0160
https://doi.org/10.1103/PhysRevD.110.045002
https://doi.org/10.1103/PhysRev.79.972
https://doi.org/10.1140/epjh/e2011-10035-2

Run Zhou, Ryan J. Marshman, Sougato Bose, and Anupam Mazumdar. Catapulting towards
massive and large spatial quantum superposition. Phys. Rev. Res., 4(4):043157, 2022.
doi:10.1103 /PhysRevResearch.4.043157.

Wenting Zhou and Hongwei Yu. Spontaneous excitation of a static multilevel atom coupled
with electromagnetic vacuum fluctuations in Schwarzschild spacetime. Class. Quant.
Grav., 29:085003, 2012. doi:10.1088,/0264-9381/29/8/085003.

126


https://doi.org/10.1103/PhysRevResearch.4.043157
https://doi.org/10.1088/0264-9381/29/8/085003

	List of Figures
	Acknowledgments
	1 Introduction
	2 Newtonian Field versus Gravitons
	2.1 The Gedankenexperiment of Mari et al. and its Resolution by Belenchia et al.
	2.2 Decoherence due to Alice and Decoherence due to Bob
	2.2.1 Decoherence due to Alice
	2.2.2 Decoherence due to Bob

	2.3 Reanalysis of the Gedankenexperiment
	2.4 Summary and Conclusions

	3 Black Holes Decohere Quantum Superpositions
	4 Killing Horizons Decohere Quantum Superpositions
	4.1 Decoherence due to Radiation in a Stationary Spacetime
	4.2 Rindler Horizons Decohere Quantum Superpositions
	4.2.1 Decoherence due to Radiation of Soft Photons/Gravitons through the Rindler Horizon
	4.2.2 Decoherence due to Scattering of Unruh Radiation
	4.2.3 Decoherence from the Inertial Perspective

	4.3 Cosmological Horizons Decohere Quantum Superpositions

	5 Local Description of Decoherence due to Black Holes and Other Bodies
	5.1 Decoherence of a Quantum Superposition due to Radiation
	5.2 Local Reformulation of the Decoherence
	5.3 Local Calculation of the Decoherence in the Unruh Vacuum around a Schwarzschild Black Hole
	5.4 Comparison with Decoherence Arising in Other Cases
	5.4.1 Decoherence in the Boulware and Hartle-Hawking Vacua
	5.4.2 Decoherence in Minkowski Spacetime
	5.4.3 Decoherence in the Spacetime of a Static Star
	5.4.4 Decoherence due to the Presence of a Body with Internal Degrees of Freedom


	References

