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We argue that if the Newtonian gravitational field of a body can mediate entanglement with another
body, then it should also be possible for the body producing the Newtonian field to entangle directly
with on-shell gravitons. Our arguments are made by revisiting a gedankenexperiment previously
analyzed by Belenchia et al., which showed that a quantum superposition of a massive body requires
both quantized gravitational radiation and local vacuum fluctuations of the spacetime metric in order to
avoid contradictions with complementarity and causality. We provide a precise and rigorous description
of the entanglement and decoherence effects occurring in this gedankenexperiment, thereby signifi-
cantly improving upon the back-of-the-envelope estimates given by Belenchia et al. and also showing
that their conclusions are valid in much more general circumstances. As a by-product of our analysis, we
show that under the protocols of the gedankenexperiment, there is no clear distinction between
entanglement mediated by the Newtonian gravitational field of a body and entanglement mediated by
on-shell gravitons emitted by the body. This suggests that Newtonian entanglement implies the
existence of graviton entanglement and supports the view that the experimental discovery of Newtonian
entanglement may be viewed as implying the existence of the graviton.
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I. 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 non-
perturbative theory of quantum gravity. While strong argu-
ments can be given that gravity should be quantized [1–6],
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 [7–9], or that the question of quantization is
ill-posed [10]. Of central importance to this debate 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 1950’s [11,12],

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 advances in maintaining coherent spatial

superpositions,1 many actual experiments involving such
superpositions have recently been proposed [19–21].
Given the rapid progress toward proposed “low-energy”
tabletop experiments [22–37], it is of interest to under-
stand what such low-energy phenomena might teach us
about the fundamental nature of quantum gravity.
The analysis by Belenchia et al. [38,39] of a gedanke-

nexperiment originally proposed by [40] provides strong
evidence that low-energy experiments can probe quantum
field theoretic aspects of gravity. In this gedankenexperi-
ment, an experimenter, Alice, puts a massive body (herein-
after 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 deco-
hered. But, if Bob influences the state of Alice’s particle,
then causality would be violated. The analysis by Belenchia
et al. [38,39] showed that, in order to avoid contradictions
with complementarity or causality, quantum gravity must
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1Spatial superpositions of masses on the scale of 105 amu over
distances of order microns have been achieved [13–16] and recent
proposals have suggested up to nanogram scale superpositions
[17,18].
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have fundamental features of a quantum field theory at low
energies, specifically the quantization of gravitational radi-
ation (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 [38,39] made only back-of-

the-envelope estimates for the decoherence effects
associated with Alice’s recombination and Bob’s meas-
urement. Furthermore, it considered only a particular type
of measurement that Bob might make. An important
purpose of this paper is to reanalyze this gedankenexperi-
ment, allowing Bob to make any measurement whatsoever
in the region spacelike separated from Alice’s recombi-
nation region. We give 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 [38,39] from
their back-of-the-envelope estimates.
Our analysis sheds additional light on the issue of

whether tabletop experiments probe only quantum proper-
ties of the Newtonian gravitational field [41]. 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 entan-
glement 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 appa-
ratus 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 gravita-
tional 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 between 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 apparatus. 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.2 Furthermore, our

analysis provides support for the conclusions of [39] that
the Newtonian field itself can store and transmit quantum
information.
In Sec. II, we review the gedankenexperiment of [40] and

its analysis by [38]. In Sec. III, 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. IV, 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. V.
Throughout the paper, we will work in Planck units

where G ¼ c ¼ ℏ ¼ 1.

II. 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. [40] and its resolution given by
Belenchia et al. [38]. There are electromagnetic and gravi-
tational 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. 1. At some

time in the distant past, Alice sent a charged particle with
spin in the positive x direction through a Stern-Gerlach

FIG. 1. The setup for the gedankenexperiment of [40], as
analyzed in [38]. Alice’s particle (in blue) is originally in the
superposition state Eq. (2.1) 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/New-
tonian 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 TB < D and Alice recombines her particle in time
TA < D, so their actions are performed in spacelike separated
regions.

2Additional arguments for this conclusion have been given
in [42].
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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
ffiffiffi

2
p ðj↑;A1i þ j↓;A2iÞ ð2:1Þ

where jA1i and jA2i describe spatially separated wave
packets and j↑i and j↓i represent 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. 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” [22,40]. Alice then determines the coherence
of her recombined particle by measuring its spin in the x
direction.3 If her particle had maintained perfect coher-
ence, 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) had completely deco-
hered, Alice would find that the spin is in the positive x
direction only 50% of the time. By repeating the gedan-
kenexperiment 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. 1.
This gedankenexperiment appears to lead to a contra-

diction 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 complementarity, 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 measure-
ments 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 measure-
ment, we have a clear violation of causality.
A resolution of this apparent paradox was given in [38].

This resolution is based upon Bob’s limitations in acquir-
ing which-path information due to vacuum fluctuations
and Alice’s limitations in maintaining coherence due to
the emission of entangling 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

E ∼
DA

D3
ð2:2Þ

where D is the distance between Alice and Bob and
DA ¼ qAd, where qA 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 TB,
the difference in the final position of his particle due to the
difference in the Coulomb fields of Alice’s particle is

δx ∼
qB
mB

DA

D3
T2
B ð2:3Þ

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

Δx ∼
qB
mB

: ð2:4Þ

Thus, on account of the “noise” due to vacuum fluctua-
tions, Bob can acquire significant which-path information
only if

DA

D
>

�

D
TB

�

2

: ð2:5Þ

In particular, if Bob abides by his protocol TB < D, he
can acquire significant which-path information only
when DA > D.
Alice’s limitations on maintaining coherence due to

radiation can be estimated as follows. When Alice recom-
bines her particle over a time TA, she reduces the initial
effective dipole DA to zero. By the Larmor formula, this
should result in emission of entangling radiation corre-
sponding to an average energy flux ∼ðDA=T2

AÞ2. Thus the
total energy radiated should be ∼D2

A=T
3
A. This radiation

3In the version of the gedankenexperiment discussed in [38],
Alice determines the coherence of her particle by performing an
interference experiment on the particle wave packets. An alter-
native resolution of that version of the gedankenexperiment was
proposed in [43], based upon postulating fundamental limits to
the ability to resolve interference fringes as originally proposed
by [44]. This alternative resolution would not be applicable to the
version of the gedankenexperiment being considered here.
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should be composed of photons of frequency ∼1=TA. Thus
the total number of entangling photons emitted when Alice
recombines her particle should be

N ∼
D2

A

T2
A
: ð2:6Þ

If N > 1, then Alice’s particle will undergo significant
decoherence due to entanglement with radiation, inde-
pendent of what Bob does. In particular, if Alice abides
by her protocol TA < D, she can maintain coherence only
when DA < D.
The above estimates allow one to provide the resolution

given in [38]. If DA > 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 inde-
pendent 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 DA < D, then Alice should be able to largely
maintain the coherence of her particle during the recom-
bination. 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 gedan-

kenexperiment 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. (2.3) gets replaced by

δx ∼
QA

D4
T2
B ð2:7Þ

where QA ¼ mAd2, where mA is the mass of Alice’s
particle. The replacement of Eq. (2.4) is the Planck length
which, in our units, is given by

Δx ∼ 1: ð2:8Þ

Since Alice now dominantly would emit quadrupole
radiation during her recombination, the replacement of
Eq. (2.6) is

N ∼
Q2

A

T4
A
: ð2:9Þ

Suppose that Bob and Alice follow their protocols, so that
TB < D and TA < D. Then if QA > D2, Bob can acquire

significant which-path information but Alice decoheres her
particle with gravitational radiation independent of what Bob
does. Conversely, if QA < 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 [38] resolves the apparent paradox

posed by the gedankenexperiment. Interestingly, this analy-
sis shows that both quantized radiation and vacuum fluctua-
tions 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 vari-
ous 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. 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=

ffiffiffi

n
p

in Bob’s ability to over-
come 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 contra-
diction 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 [38] is
satisfactory for indicating that there are no obvious contra-
dictions 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 paper is to improve the analysis of [38]
by giving much more precise versions of the above esti-
mates. 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
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giving precise descriptions of the decoherence due to Alice
and the decoherence due to Bob.

III. 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 characteriza-
tions will be used in the next section to reanalyze the
gedankenexperiment. In this section we will explicitly
discuss the electromagnetic version of the gedankenexperi-
ment, 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.

A. 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). 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
ffiffiffi

2
p ðj ↑;A1i ⊗ jψ1i þ j↓;A2i ⊗ jψ2iÞ ð3:1Þ

where states jψ1i and jψ2i formally correspond to coher-
ent states of the Coulomb field of Alice’s particle in states
j↑;A1i and j↓;A2i, respectively. However, this is only a
formal expression because the “Coulomb states” jψ1i,
jψ2i 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. 1. However, this decoherence
is a “false decoherence” in the sense of [45]. 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 compo-

nents along noninertial paths, formally the total state should
continue to be of the form Eq. (3.1). However, while the
recombination process is occurring, there is no way to
meaningfully separate jψ1i or jψ2i 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
jψ1i and jψ2i, 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.,
[46]). Thus, at asymptotically late times, the state of the
total system is of the form

1
ffiffiffi

2
p ðj↑;A1iiþ ⊗ jΨ1iIþ þ j↓;A2iiþ ⊗ jΨ2iIþÞ: ð3:2Þ

Here j↑;A1iiþ and j↓;A2iiþ represent the asymptotically
late time states of the components of Alice’s recombined
particle and jΨ1iIþ and jΨ2iIþ represent the states of the
radiation field at null infinity that would arise if, over all
time, the states of Alice’s particle were j↑;A1ðtÞi and
j↓;A2ðtÞi, respectively. Note that, after recombination, the
spatial wave packets describing the “1” and “2” states
coincide, so, in particular, we have jA1iiþ ¼ jA2iiþ , but we
keep the 1 and 2 subscripts for notational clarity.
It is very important to recognize that—unlike Eq. (3.1)—

Eq. (3.2) is not merely a formal expression. The states
jΨ1iIþ and jΨ2iIþ 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.4 The failure of
jΨ1iIþ and jΨ2iIþ to coincide implies a decoherence of
Alice’s particle. The degree of decoherence of the asymptotic
state of Alice’s particle is given by

DAlice ¼ 1 − jhΨ1jΨ2iIþj ð3:3Þ

where hΨ1jΨ2iIþ denotes the inner product of the states
jΨ1iIþ and jΨ2iIþ on Iþ. This equation is a precise and
general version of the decoherence estimate given
in Sec. II based on the number of “entangling photons”
that are emitted. If jΨ1iIþ and jΨ2iIþ differ by more than

4In a general scattering process, there will be a nontrivial
electromagnetic “memory effect,” resulting in infrared divergen-
ces in the description of the quantum state (see e.g., [46–48]). 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 diver-
gences do not occur in cases where the charges are not relatively
boosted at 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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one photon, they should be nearly orthogonal, and the
decoherence will be nearly complete.
We are interested in the case depicted in Fig. 2 where

Alice recombines her particle as in the gedankenexperiment
—but without the presence of Bob—and after recombina-
tion, she 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 Σ be an
arbitrary Cauchy surface passing through P. Extend the
Coulomb field of the recombined particle to the entire region
to the future, IþðΣÞ, of Σ (i.e., not just the causal future ofP).
Subtract this Coulomb field from the electromagnetic field
in this region. The electromagnetic field associated with
j↑;A1i with the final Coulomb field subtracted will thus
correspond to a well-defined state jΨ1iΣ of the source-free
electromagnetic field on Σ. Similarly, the electromagnetic
field associated with j↓;A2i with the final Coulomb field
subtracted will correspond to a well-defined state jΨ2iΣ on
Σ. At “time” Σ, the joint state of Alice’s particle and the
electromagnetic field is described by

1
ffiffiffi

2
p ðj↑;A1iΣ ⊗ jΨ1iΣ þ j↓;A2iΣ ⊗ jΨ2iΣÞ: ð3:4Þ

In contrast to Eq. (3.1), this is a completely meaningful
expression; jΨ1iΣ and jΨ2iΣ are well-defined states of the
source-free electromagnetic field. Under time evolution,
jΨ1iΣ and jΨ2iΣ evolve to jΨ1iIþ and jΨ2iIþ , respectively.
Since time evolution is unitary, we may express the
decoherence Eq. (3.3) of Alice’s particle as

DAlice ¼ 1 − jhΨ1jΨ2iΣj: ð3:5Þ

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.

B. Decoherence Due to Bob

We now consider the decoherence that would occur if Bob
makes a measurement that obtains some which-path infor-
mation about Alice’s particle. We assume that Alice recom-
bines 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 [22].
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

1
ffiffiffi

2
p ðj↑;A1i ⊗ jψ1i þ j↓;A2i ⊗ jψ2iÞ ⊗ jB0i ð3:6Þ

where jB0i is the initial state of Bob’s apparatus and again
jψ1i and jψ2i are the formal Coulomb states of Alice’s
particle. We wish to consider a situation wherein Bob turns
on his apparatus for a time TB 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 qB=mB but the emitted radiation will vary as
q2B, so by taking qB and mB sufficiently small, he should be
able to carry out his measurements with negligible emitted
radiation.5 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 TB, i.e., we
do not require TB < D.
Since no radiation is emitted by Bob or Alice, at

asymptotically late times, the state of the electromagnetic
field at null infinity will be j0iIþ 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

FIG. 2. Alice recombines her particle at event P and sub-
sequently keeps her recombined particle in inertial motion. Σ is
an arbitrary Cauchy surface passing through P.

5The 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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1
ffiffiffi

2
p ðj↑;A1iiþ ⊗ jB1iiþ þ j↓;A2iiþ ⊗ jB2iiþÞ ð3:7Þ

where jB1iiþ and jB2iiþ are the final states of Bob’s
apparatus for Alice’s states j↑;A1i and j↓;A2i, respectively.
The failure of jB1iiþ and jB2iiþ to coincide corresponds to
Bob having acquired which-path information about Alice’s
particle. The corresponding decoherence of Alice’s particle is

DBob ¼ 1 − jhB1jB2iiþj: ð3:8Þ

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

DBob ¼ 1 − jhB1jB2iTB
j: ð3:9Þ

This gives the decoherence associated with Bob’s measure-
ment. In the circumstance considered 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 (3.9) is a precise and general version of the

decoherence estimate given in Sec. II 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 jB1iTB

is
nearly orthogonal to jB2iTB

. The degree to which jB1iTB
is

orthogonal to jB2iTB
determines how much decoherence of

Alice’s particle must occur.

IV. REANALYSIS OF THE
GEDANKENEXPERIMENT

We now are in a position to reanalyze the gedanke-
nexperiment of Sec. II. 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 space-
time diagram of the gedankenexperiment is redrawn in
Fig. 3 in order to show three Cauchy surfaces, Σ1, Σ2, and
Σ3, that will play an important role in our reanalysis.
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. 3 that lies to the past of
Cauchy surface Σ1. At the time represented by Σ1, Alice has
completed her recombination but Bob has not yet begun
performing his measurements. The portion of the spacetime
lying to the past of Σ1 is identical to the portion of the
spacetime of Fig. 2 lying to the past of a corresponding
Cauchy surface Σ. Thus, we may apply the results of
Sec. III A to conclude that the decoherence of Alice’s
particle is given by

DAlice ¼ 1 − jhΨ1jΨ2iΣ1
j; ð4:1Þ

where jΨ1iΣ1
and jΨ2iΣ1

are the radiation states on Σ1

obtained by subtracting the common Coulomb field from
the states of the electromagnetic field corresponding to
Alice’s particle being in states j↑;A1i and j↓;A2i, respec-
tively. Since Alice’s recombination is complete at time Σ1,
Eq. (4.1) 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 Σ2. At time Σ2, 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. III B. Hence, we may apply the
results of Sec. III B to conclude that a decoherence of Alice’s
particle given by

DBob ¼ 1 − jhB1jB2ij ð4:2Þ

must occur as a result of Bob’s measurements, where jB1i
and jB2i 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

FIG. 3. A spacetime diagram of the gedankenexperiment of
Fig. 1 showing the three Cauchy surfaces, Σ1, Σ2, and Σ3. The
Cauchy surface Σ1 passes through Alice’s region after recombi-
nation but is such that the region in which Bob performs his
measurements (shaded in gray) lies to the future of Σ1. (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 Σ2 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 Σ2. The Cauchy
surface Σ3 passes through Alice’s region after recombination and
is such that Bob’s measurement lies to the past of Σ3.
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performs her recombination. However, since Bob has
completed his measurement and stops interacting after time
Σ2, 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 in such a way that

jhB1jB2ij < jhΨ1jΨ2iΣ1
j; ð4:3Þ

i.e., such that the decoherence associated with Bob’s
measurement is greater than the decoherence due to
Alice. If Eq. (4.3) 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. (4.1)], or it would result in a violation of
complementarity (if it did not induce such an additional
decoherence). Equation (4.3) is a precise statement of the
potential paradox posed by the gedankenexperiment
of Sec. II.
However, it is now easy to see that no such paradox can

ever arise. At time Σ1, the state of the joint Alice-field-Bob
system is described by

1
ffiffiffi

2
p ðj↑;A1i ⊗ jΨ1iΣ1

þ j↓;A2i ⊗ jΨ2iΣ1
Þ ⊗ jB0i ð4:4Þ

where jΨ1iΣ1
and jΨ2iΣ1

are the radiation states on Σ1 (with
the common Coulomb field subtracted), and jB0i is the
initial state of Bob’s detector. We now consider the
evolution of this state to the Cauchy surface Σ3. There is
no evolution of Alice’s state, since Σ3 is the same time as Σ1

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 j↑;A1i, Bob’s state evolves to jB1i, whereas
if Alice’s state is j↓;A2i, Bob’s state evolves to jB2i. It
follows that the state Eq. (4.4) on Σ1 must evolve to the
state on Σ3 described by

1
ffiffiffi

2
p ðj↑;A1i ⊗ jΨ0

1iΣ3
⊗ jB1i þ j↓;A2i ⊗ jΨ0

2iΣ3
⊗ jB2iÞ:

ð4:5Þ

Here jΨ0
1iΣ3

and jΨ0
2iΣ3

are the radiation states that arise
from jΨ1iΣ1

and jΨ2iΣ1
, respectively, after interaction with

Bob. The states jΨ0
1iΣ3

and jΨ0
2iΣ3

depend on the interaction
with Bob, so they cannot be calculated without knowing
exactly what Bob is measuring. However, no matter what
Bob does, the joint evolution from Σ1 to Σ3 must be unitary.
It follows that the norms of states are preserved and that

hΨ0
1jΨ0

2iΣ3
hB1jB2i ¼ hΨ1jΨ2iΣ1

hB0jB0i
¼ hΨ1jΨ2iΣ1

: ð4:6Þ

It then follows immediately that

jhB1jB2ij ≥ jhΨ1jΨ2iΣ1
j ð4:7Þ

so the inequality Eq. (4.3) 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—no matter what Bob
chooses to measure—it remains to give a more intuitive
explanation of our new resolution of the gedankenexperi-
ment and connect it with the discussion of Sec. II.
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 regionO, there always will be some
amplitude for the photon to be present in a region spacelike
separated fromO. Indeed, as discussed in detail in [49], 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 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 Σ2—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 Σ1. 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. (4.7).
Note that, as we have just argued, in the gedankenexperi-

ment, 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
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that was the true cause of the decoherence. However,
suppose that Alice does not follow the protocol assigned
to her in the gedankenexperiment 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. (4.2). In this case, Bob’s measurement is the
true cause of her particle’s decoherence [39]. 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 gedankenexperi-

ment summarized in Sec. II 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 informa-
tion due to vacuum fluctuations. The reanalysis of the
gedankenexperiment given above gave a more precise
version of Alice’s 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 jΨ1iΣ1

and jΨ2iΣ1
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 Eq. (4.7), it is the failure of jΨ1iΣ1

and jΨ2iΣ1

to be orthogonal that limits Bob’s ability to make jB1i and
jB2i orthogonal. Thus, there is a direct connection between
vacuum fluctuations and the limitations on Bob’s ability to
obtain which-path information.

V. SUMMARY AND CONCLUSIONS

In this paper, we have reanalyzed the gedankenexperiment
discussed in [38]. Our reanalysis validates the arguments that
had been made in [38] using only back-of-the-envelope
estimates, and it shows in a much more precise way—and
under completely general assumptions about the measure-
ments 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 gedanke-
nexperiment, 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 what-
soever on 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 corre-
lated with the Alice’s particle [39]. 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, alter-

natively, 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 gravita-
tional 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.6

These considerations show that there is a direct relation-
ship between Newtonian entanglement 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
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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6It has been argued that it may be impossible, in principle, to
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