Quantum Superposition of Massive Objects and the Quantization of Gravity
Alessio Belenchia,1, ∗ Robert M. Wald,2, † Flaminia Giacomini,1, 3, ‡ Esteban
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We analyse a gedankenexperiment previously considered by Mari et al. [1] that involves quantum
superpositions of charged and/or massive bodies (“particles”) under the control of the observers,
Alice and Bob. In the electromagnetic case, we show that the quantization of electromagnetic radiation (which causes decoherence of Alice’s particle) and vacuum fluctuations of the electromagnetic
field (which limits Bob’s ability to localize his particle to better than a charge-radius) both are
essential for avoiding apparent paradoxes with causality and complementarity. We then analyze
the gravitational version of this gedankenexperiment. We correct an error in the analysis of Mari
et al. [1] and of Baym and Ozawa [2], who did not properly account for the conservation of center
of mass of an isolated system. We show that the analysis of the gravitational case is in complete
parallel with the electromagnetic case provided that gravitational radiation is quantized and that
vacuum fluctuations limit the localization of a particle to no better than a Planck length. This
provides support for the view that (linearized) gravity should have a quantum field description.

I. INTRODUCTION

An understanding of the fundamental nature of gravity
and spacetime remains one of the most significant open
issues in theoretical physics. The lack of a background
spacetime structure in general relativity—the spacetime
metric itself is the dynamical variable—makes it impossible to formulate a quantum theory of gravity by simply applying standard procedures that work for other
fields. Although one can formulate an entirely satisfactory quantum field theory of linearized gravity—it
is just a massless spin-2 field—severe difficulties arise
when one attempts to go significantly beyond this description. Thus, there have been suggestions that gravity/spacetime could be fundamentally classical, or that
its marriage with quantum mechanics requires a radical
change of perspective on quantization [3, 4], or that quantization of gravity could be an ill-posed question in the
first place [5]—although there also have been many arguments given for the necessity of a quantum description
of gravity [6–11].
In order to gain more insight into the quantum properties of gravity, it is helpful to consider the gravitational
field associated with a quantum source, as already discussed by Feynman [12, 13]. This is the basis of proposals for actual experiments employing macroscopic masses
in superpositions [7, 14–21]. The main aim of these
works is to rule out semi-classical gravity as an exact
theory [22, 23], which would treat the gravitational field
as classical even when the source is in a macroscopic superposition at different locations—in contrast with the
expectations of standard quantum mechanics that a mass
in superposition would generate a quantum superposition
of gravitational fields. More recently, in [24, 25] a novel

way to witness entanglement due to solely the gravitational interaction was proposed. The authors use a gravitationally induced phase shift between two previously
independent masses, both in superposition of different
locations, which acts fully analogous to an entangling
CSIGN gate [26]. They propose to witness the entanglement through correlation measurements between additional spin degrees of freedom. The claim is that, if
entanglement between the spins of the two masses is certified then gravity should be a quantum coherent mediator (see also [11, 27]).
However, as stressed already in [14, 28], all the previous proposals1 can be accounted for by just considering
the (non-local) gravitational potential in the Schrödinger
equation describing the two particles, without any reference to dynamical degrees of freedom of the gravitational field. This has led the authors of [28] to argue
that, even if successful in witnessing entanglement, experiments like [24, 25] would say nothing about the quantum nature of the gravitational field.
In this work we provide a different conclusion by revisiting a gedankenexperiment previously considered by [1],
which is very similar in its essential aspects to one introduced earlier by [2]. We first analyze the electromagnetic
version of this gedankenexperiment and emphasize that
the quantum nature of the electromagnetic field is essential to maintain a fully consistent description. We then
show that the analysis of the gravitational version of this
gedankenexperiment follows in complete parallel to the
electromagnetic case. In the course of our analysis of the
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With the notable exception of [18], in which a dynamical version
of the Page–Geilker scenario is considered.
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gravitational version, we correct an important error appearing in [1] and [2], where the conservation of the center of mass of an isolated system was not properly taken
into account. We find that the quantum nature of the
gravitational field—both with regard to the quantization
of gravitational radiation and the impossibility of localization to better than a Planck length—is essential for
avoiding inconsistencies in the behavior of this system.
This weakens the claim of [28] that it is impossible to
say anything about the necessity of quantized dynamical
degrees of freedom of gravity with table top experiments
like [24, 25].
In Sec.II we describe the gedankenexperiment of [1].
We analyze the electromagnetic version of this experiment in Sec.III and the gravitational version in Sec.IV.
Our results are summarized in section V .
We will work in units with ~ = c = 1.

sible locations of his particle will be denoted δx. If δx
is sufficiently large, the location difference will make the
possible states of Bob’s particle nearly orthogonal, so his
particle will be nearly maximally correlated with Alice’s,
and thus Alice’s particle will be in a highly mixed state.
In other words, Bob has acquired maximal ”which-path”
information about Alice’s particle.
In the meantime, beginning also at t = 0, Alice sends
her particle through a “reversing” Stern-Gerlach apparatus (similar to the experimental proposal in [24]), in such
a way that if her particle had remained unentangled (and
thus in a pure state), she could successfully perform an
interference experiment. She completes this process in
time TA . The arrangement of this gedankenexperiment
is shown in Fig. 1.
t
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II. THE GEDANKENEXPERIMENT OF MARI
ET AL.

Consider two parties Alice and Bob, at a distance
D from each other, each controlling a charged and/or
massive body, with charges qA and qB and masses mA
and mB , respectively. In the electromagnetic version
of this gedankenexperiment, we will ignore all gravitational effects; in the gravitational version, we will put
qA = qB = 0 and consider the gravitational effects.
Since we will be interested only in the center of mass degrees of freedom of the bodies, we will hereafter refer to
these bodies as “particles,” but we emphasize that these
particles need not be elementary particles (or atoms or
molecules) and thus they may have large charge and/or
mass. We assume that Alice’s particle also has spin and
that, in the distant past, she sent her particle through a
Stern-Gerlach apparatus, putting it in an equal superposition, √12 (|LiA | ↓iA +|RiA | ↑iA ), of states |LiA and |RiA
spatially separated by distance d. We assume that Alice did this separation process adiabatically, so negligible
(electromagnetic or gravitational) radiation was emitted.
On the other hand, Bob’s particle is initially held in a
trap with a sufficiently strong confining potential so that
any influences of Alice’s particle on the state of Bob’s
particle are negligible.
At a pre-arranged time, t = 0, Bob makes a choice of
either releasing his particle from the trap or leaving it in
the trap. If he releases his particle, then his particle will
react to the electromagnetic or gravitational influence of
Alice’s particle, which will depend on the two amplitudes
corresponding to the states |LiA , |RiA . Bob’s particle
will thereby become correlated with Alice’s, with location
of the center of mass of Bob’s particle getting correlated
with the location of Alice’s particle. Let TB denote the
time at which Bob completes his experiment, at which
time the center of mass displacement of the different pos-

<latexit sha1_base64="QNuUpaHY3p1vc34UfEKgQ5FheDk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkAbymYzaZduNnF3I5bQP+HFgyJe/Tve/Ddu2xy09cHA470ZZuYFqeDauO63s7K6tr6xWdoqb+/s7u1XDg5bOskUwyZLRKI6AdUouMSm4UZgJ1VI40BgOxjdTP32IyrNE3lvxin6MR1IHnFGjZU6vRCFoeSpX6m6NXcGsky8glShQKNf+eqFCctilIYJqnXXc1Pj51QZzgROyr1MY0rZiA6wa6mkMWo/n907IadWCUmUKFvSkJn6eyKnsdbjOLCdMTVDvehNxf+8bmaiKz/nMs0MSjZfFGWCmIRMnychV8iMGFtCmeL2VsKGVFFmbERlG4K3+PIyaZ3XPLfm3V1U69dFHCU4hhM4Aw8uoQ630IAmMBDwDK/w5jw4L8678zFvXXGKmSP4A+fzB8bFj8g=</latexit>

x

TB

TA
<latexit sha1_base64="f3gjuM1vGEX+IvPSWhjZGMhyILA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8eK/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzfz2EyrNY9kwkwT9iA4lDzmjxkqPjf5Nv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1XOr3sNlpXabx1GEEziFc/DgCmpwD3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH+0JjYw=</latexit>

<latexit sha1_base64="Wda7Uz9NtYp9X1lT26qCU2GFco4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48V+wVtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/udJ1Sax7Jppgn6ER1JHnJGjZUem4P6oFxxq+4CZJ14OalAjsag/NUfxiyNUBomqNY9z02Mn1FlOBM4K/VTjQllEzrCnqWSRqj9bHHqjFxYZUjCWNmShizU3xMZjbSeRoHtjKgZ61VvLv7n9VIT3voZl0lqULLlojAVxMRk/jcZcoXMiKkllClubyVsTBVlxqZTsiF4qy+vk/ZV1XOr3sN1pVbP4yjCGZzDJXhwAzW4hwa0gMEInuEV3hzhvDjvzseyteDkM6fwB87nD+6NjY0=</latexit>

d
<latexit sha1_base64="VFuwgu+V5p0BTRBgWq/UWrlORlI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM1m0q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+m/mdJ1SaJ/LBTFL0YzqUPOKMGis1w0Gl6tbcOcgq8QpShQKNQeWrHyYsi1EaJqjWPc9NjZ9TZTgTOC33M40pZWM6xJ6lksao/Xx+6JScWyUkUaJsSUPm6u+JnMZaT+LAdsbUjPSyNxP/83qZiW78nMs0MyjZYlGUCWISMvuahFwhM2JiCWWK21sJG1FFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfH6Yzo</latexit>
<latexit

t=0
<latexit sha1_base64="Pj97/oRjsD1qdD+YdVO+L070Z6A=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxgv2ANpTNdtIu3d2E3Y1QSv+CFw+KePUPefPfmKQ5aOuDgcd7M8zMC2LBjXXdb6e0tr6xuVXeruzs7u0fVA+P2iZKNMMWi0SkuwE1KLjCluVWYDfWSGUgsBNM7jK/84Ta8Eg92mmMvqQjxUPOqM2lG7cyqNbcupuDrBKvIDUo0BxUv/rDiCUSlWWCGtPz3Nj6M6otZwLnlX5iMKZsQkfYS6miEo0/y2+dk7NUGZIw0mkpS3L198SMSmOmMkg7JbVjs+xl4n9eL7HhtT/jKk4sKrZYFCaC2Ihkj5Mh18ismKaEMs3TWwkbU02ZTePJQvCWX14l7Yu659a9h8ta47aIowwncArn4MEVNOAemtACBmN4hld4c6Tz4rw7H4vWklPMHMMfOJ8/BVuNjQ==</latexit>

A

D
<latexit sha1_base64="NsLos3laW3WlkybC0/eUHSYSJS0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS465frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxDHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHl2mMyA==</latexit>
<latexit

B

FIG. 1. Arrangement of the gedankenexperiment. Alice’s
particle is prepared in a spatial superposition with separation
d while Bob’s particle, at distance D  d, is initially localized by a trap. At the start of the protocol Bob can decide
whether or not to release his particle from the trap, while
Alice starts to recombine the paths of her particle. (When
dividing and recombining the paths of her particle, Alice uses
Stern-Gerlach devices, as discussed in [1, 24].) If Bob can
acquire which-path information in a time TB < D and Alice recombines the superposition in a time TA < D without
emitting radiation, then inconsistencies with causality or complementarity arise: Assuming complementarity holds, Alice
could, by testing the coherence of her state (e.g., by measuring the additional spin degree of freedom in an appropriate
basis, looking for the interference pattern, etc.) determine
whether or not Bob opened the trap, in violation of causality.
Alternatively, assuming causality holds, Alice could maintain
the coherence of her state while which-path information has
been acquired by Bob, in violation of complementarity.

The most interesting case to consider is the one where
TB < D and TA < D (as illustrated in Fig. 1), so that
Alice and Bob are spacelike separated from each other
during the entire time when Bob’s particle is (possibly)
untrapped and Alice recombines her particle. This appears to lead to a paradoxical situation: If Bob opens
the trap and can obtain “which-path” information from
the behavior of his particle—which he should be able to
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do to at least to some degree—then, by the principle
complementarity, Alice’s particle must at least partially
decohere, and she will then fail in her attempt to obtain
a pure final state. On the other hand, if Bob left his particle in the trap, Bob’s particle will remain in its (pure)
ground state and cannot entangle with Alice’s particle,
so it might appear that Alice should be able to succeed
in obtaining a pure final state. However, if this were the
case, then the final state of Alice’s particle would depend
upon what Bob did, and Alice and Bob would be able
to perform superluminal communication. We emphasize
that if Bob can in any way influence the purity of Alice’s
final state when TB < D and TA < D, then some degree of superluminal communication would be enabled.
Conversely, if we assume that no superluminal communication is possible, i.e. that causality holds, then Bob’s
acquisition of “which-path” information without affecting the state of Alice’s particle would appear to violate
complementarity. This is analogous to the situation analyzed in [2]2 . Thus it might appear that complementarity
and causality cannot both hold.
We now analyze the electromagnetic version of this
gedankenexperiment and show that a proper treatment
of it leads to fully consistent results. Although our discussion will be different in various respects and we will
emphasize different aspects of some of the issues, our results in the electromagnetic case will be compatible with
the previous analyses of [1] and [2].
III. ANALYSIS OF THE ELECTROMAGNETIC
VERSION

In our analysis of the electromagnetic gedankenexperiment, we will treat the particles of Alice and Bob via nonrelativistic quantum mechanics—which should be a good
description if they are sufficiently massive and slow—and
treat the electromagnetic field as a (relativistic) quantum
field. After Alice sends her particle through the SternGerlach apparatus, her particle will be entangled with its
own electromagnetic field, but we assume that it is not
entangled with anything else. Hence, the state of the system at time t = 0—i.e., just before Bob opens the trap
and just before Alice starts to recombine her particle—is
described by


1
√
|LiA | ↓iA |αL iF + |RiA | ↑iA |αR iF ⊗ |ψ0 iB .
|Ψi =
2
(1)
Here |LiA is the component of Alice’s particle that “went
to the left” under the Stern-Gerlach splitting, whereas
|RiA is the component of Alice’s particle that “went to

the right”. The states |αL iF and |αR iF are the corresponding states of the electromagnetic field. More
precisely, |αL iF is assumed to be the coherent state of
the electromagnetic field associated with the retarded
solution with charge density ρL = qA |ψL |2 and cur~ L ), where ψL is the
rent density ~jL = qA /mA Im(ψ̄L ∇ψ
Schrödinger wavefunction of the state |LiA [30–34]. Finally, |ψ0 iB denotes the ground state of Bob’s particle
when it is in the trap.
We note that it will typically be the case that
|hαL |αR iF |  1, so in this sense, Alice’s particle will
have decohered at t = 0, before Bob releases his particle and before she attempts to recombine her particle.
However, as discussed by Unruh [30], this is a “false decoherence.” If Bob keeps his particle in the trap and
Alice recombines her particle adiabatically, she will have
no difficulty, in principle, in restoring the coherence, as
the field “follows” the particle and recombines itself when
the particle is recombined.
We are interested in determining the effects of Bob
opening the trap on the decoherence of Alice’s particle. Our aim is to obtain a qualitative understanding
of what phenomena play key roles as well as to obtain
a semi-quantitative understanding of the magnitude of
these phenomena. Thus, we will be content with making only rough, order of magnitude estimates and we will
routinely discard numerical factors of order unity when
making these estimates. As previously stated, we will
work in units with ~ = c = 1.
First, we note that Alice’s and Bob’s particles do not
interact with each other directly. Rather they each interact with the local electromagnetic field. Consequently,
since the quantum electromagnetic field propagates in an
entirely causal manner, it is clear that when TA < D and
TB < D, it is impossible3 for anything that Bob does to
influence the outcome of Alice’s experiment. Thus, there
can be no violation of causality. Second, since we analyze
the gedankenexperiment using quantum theory, we can
assign a quantum state to the system at all times. Since
complementarity is a feature of all quantum states, there
can be no violation of complementarity. Nevertheless, it
is of interest to understand clearly how the paradoxes
of Section II are being resolved, i.e. why Bob’s actions
do not influence the decoherence of Alice’s particle when
TA < D and how they can influence this decoherence
when TA > D.
There are two properties of the quantum electromagnetic field that play a crucial role in our analysis. The
first is the presence of vacuum fluctuations. (Similar fluctuations occur in all physically reasonable states.) When

3
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See also Hardy’s discussion of a similar gedankenexperiment,
which he traces back to Y. Aharonov, in [29].

Here we neglect/ignore any effects of superluminal “wavepacket
spreading,” which can occur in our nonrelativistic treatment of
the particles via nonrelativistic quantum mechanics.
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averaged over a spacetime region of (space and time) dimension R—recall that we have set c = 1—the magnitude of the vacuum fluctuations of the electric field will
be of order4 [35]
∆E ∼ 1/R2 .

(2)

When averaged over a worldline for a timescale R, the
electric field will randomly fluctuate by this magnitude.
The classical motion of a free, nonrelativistic particle of
charge q and mass m will be influenced by this electric
field according to Newton’s second law, mẍ = qE. Integrating this equation, we find that the vacuum fluctuations of the electromagnetic field will displace the position of a classical free particle over the timescale R by
the amount
∆x ∼ q/m

(3)

independently of R. Thus, as a consequence of vacuum
fluctuations, a classical free particle cannot be localized
to better than its charge-radius5 q/m. We assume that
the same must be true for a quantum free particle. Note
that the charge-radius localization limit is more stringent
than the localization limit given by the Compton wavelength, 1/m, only when6 q > 1. However, it should be
possible to evade the Compton wavelength localization
limit by using relativistic bodies, whereas the charge radius localization limit is a fundamental limit arising from
the quantum nature of the electromagnetic field.
The inability to localize a particle to better than its
charge radius has the consequence of limiting Bob’s ability to entangle his particle with Alice’s. In order for significant entanglement to be achieved after Bob releases
his particle from the trap, it is necessary that the difference in the electromagnetic fields resulting from the
different components of the wavefunction of Alice’s particle be large enough to produce a displacement
δx > qB /mB

(4)

in the motion of Bob’s particle.
The second key property of the quantum electromagnetic field is the existence of quantized electromagnetic
radiation. When Alice recombines her particle with her

4

5
6

p
Here, ∆E = h[E(f )]2 i, where E(f ) is the electric field smeared
with a smooth function f with support in a region of sizeR R that
is nearly constant in this region and normalized so that f = 1.
Eq. (2) follows from the fact that the two-point correlation function of the vector potential behaves as 1/σ —where σ denotes the
squared geodesic distance between the points—and the electric
field is constructed from one derivative of the vector potential.
Re-inserting √
~ and c the charge radius is given by ~q/(mcqP ),
where qP = ~c is the Planck√charge. In the text qP = 1.
For an electron, we have q = α ∼ 10−1 , so we must use composite bodies to achieve q > 1.

“reverse Stern-Gerlach” apparatus, the effective dipole
moment DA = qA d resulting from the difference in the
retarded fields of the different components of her particle’s wavefunction will be reduced to zero. If Alice is able
to do the recombination sufficiently adiabatically, no radiation will be emitted, and |αL iF and |αR iF in (1) will
both adiabatically return to the vacuum state |0iF . If
there are no influences from Bob’s particle (or any environmental degrees of freedom), Alice then will be able
to succeed in her coherence experiment; the final state
of her particle will be pure. However, if Alice has to
complete her experiment within time TA , she may not
be able to perform the recombination adiabatically and
|αL iF and |αR iF will not return to the vacuum. If the
resulting final states of the electromagnetic field differ by
& 1 photon, then they will be (nearly) orthogonal. This
will cause her attempt at recoherence to fail.
Let us now estimate the size of the above two effects.
First, when Bob opens his trap for time TB < D, he
experiences only the static electric fields associated with
the different components of Alice’s particle. His ability
to obtain “which-path” information will rest entirely on
his ability to detect the effective dipole moment DA resulting from the difference in the retarded fields of the
different components of Alice’s particle’s wavefunction.
The electric field difference associated with this effective
dipole moment is E ∼ DA /D3 . If Bob’s particle is released for a time TB , the separation δx between Bob’s
particle’s center of mass positions will be given by
δx ∼

qB DA 2
qB E 2
T .
T =
mB B
mB D3 B

(5)

Comparing with (4), we see that Bob will be able to
obtain significant “which-path” information concerning
Alice’s particle if and only if
DA 2
T > 1.
D3 B

(6)

On the other hand, the amount of entangling radiation
that is emitted by Alice’s particle during the recombination can be estimated as follows. Each component of
Alice’s particle’s superposition corresponds to a chargeµ
current source jL(R)
, which is assumed to generate the
corresponding coherent states |αR(L) i. In general, the
overlap can be written as hαR |αL i = h0|αL − αR i, where
|αL − αR i is the coherent state generated by the difference jL − jR (see [31, 32]). The latter corresponds to the
effective dipole DA (t). Classically, the energy flux radiated by a time dependent dipole is ∼ (D̈A )2 , so the total
energy, E, radiated when Alice “closes her dipole” will be
given by

2
DA
TA
(7)
E∼
TA2
In quantum theory, this energy will appear in the form
of photons of frequency ∼ 1/TA . Therefore, the number
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of photons in the state |αL − αR i will be of order

N∼

DA
TA

2
(8)

Therefore, Alice can avoid emitting entangling radiation
if and only if
DA < TA

(9)

This result has been previously obtained in [31–34] with
varying degrees of detail and different techniques.
We are now in a position to analyze the outcomes of the
gedankenexperiment of section II in the various possible
cases. First, consider the main case of interest, namely
TA < D and TB < D, so that Alice closes her superposition and Bob opens the trap in spacelike separated
regions. This case divides into two subcases according to
whether DA < TA or DA > TA . If DA < TA , then according to (9), Alice can close her superposition without
emitting entangling radiation. But, since DA < TA < D,
it follows from (6) that Bob is unable to acquire “whichpath” information in time TB < D. Thus, Alice can
successfully recohere her particle, and Bob can do nothing to stop her. On the other hand, if DA > TA , then
Alice’s particle will necessarily emit entangling radiation,
and her recoherence experiment will fail for this reason.
Bob’s particle can also obtain “which-path” information.
The state of his particle will thereby be correlated with
the state of Alice’s particle. But Bob is entirely an “innocent bystander” in the decoherence of Alice’s particle.
When he opens the trap, his particle is merely entangling
with the electromagnetic field that was already entangled
with Alice’s particle. He does not contribute in any way
to Alice’s particle’s decoherence.
By contrast, it is interesting to consider the case where
we drop the limitation TA < D. In particular, suppose
that7 DA > D, so that, according to (6), Bob would acquire “which-path” information during the time TB < D
if he releases his particle from the trap. However, suppose that Alice takes time TA > DA to close her superposition, so that she does not emit any entangling radiation. In that case, if Bob did not release his particle
from the trap, Alice can successfully recohere her particle. However, if Bob did release his particle, it will get
entangled with Alice’s and her recoherence experiment
will fail. There is no causality issue with this because
we have TA > DA > D. But it is interesting that what
would have been a “false decoherence” of Alice’s particle
resulting from its entanglement with its own electromagnetic field becomes a true decoherence if Bob gets into
the act. No matter how slowly she recombines her particle, Alice will be unable to undo her initial entanglement

with electromagnetic states |αL iF and |αR iF , which will
be transferred to entanglement with Bob’s particle. In
this case, Bob is no longer an “innocent bystander”; he
is responsible for the failure of Alice’s recoherence experiment. Interestingly, while Bob is carrying out his
experiment, he has no idea whether he will be an innocent bystander or the culprit responsible for destroying
the coherence of Alice’s particle.
Finally, we consider what would happen if Alice tries
to collect the radiation emitted by the particle and then
combine the radiation with her particle in a recoherence
experiment. The case of main interest is D < DA , since
otherwise Bob would not be able to gain “which-path”
information in the allotted time in any case. In order for
Alice to collect the radiation, she will need the equivalent
of a spherical mirror surrounding her apparatus. She can
either (I) have this mirror be present during the entire
experiment or (II) erect this mirror over a time TM < D
beginning near t = 0. She also has the choice of placing the mirror at distance (a) RM < D or (b) RM > D
from her. In case (Ia), Alice will be able to successfully
perform the recoherence experiment, but the mirror will
shield the effective dipole from Bob, who will not be able
to gain any “which-path” information. In cases (Ib) and
(IIb), Bob will be able to gain “which-path” information
and will be responsible for the decoherence of Alice’s particle, just as in the case TA > D discussed in the previous paragraph. Finally, in the case (IIa), the erection of
the mirror in time TM < D < DA will produce a time
changing dipole moment, which will result in the emission of entangling photons to infinity just as in the case
TA < D < DA discussed above. Again, no difficulties
with causality or complementarity arise.
In summary, our analysis of this gedankenexperiment
yields entirely consistent results that are compatible with
causality and complementarity8 . We emphasize that
both vacuum fluctuations of the electromagnetic field and
the quantization of electromagnetic radiation were essential for obtaining this consistency. Without vacuum fluctuations, in the case DA < D, Bob should be able to
obtain “which-path” information in time TB < D, resulting in a violation of causality if he influences Alice’s
state and a violation of complementarity if he doesn’t.
Similarly, without quantized radiation, in the case where
DA > D, Alice would be able to recohere her particle
in time TA < D (if not influenced by Bob), but Bob
can obtain significant “which-path” information in time
TB < D. Again, this would lead to a violation of causality or complementarity.

8
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Note that DA > D requires qA  1, since we assume that d  D.

Our argument also encompasses the set-up described in [2] which
slightly differs from Fig.1.
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IV. ANALYSIS OF THE GRAVITATIONAL
VERSION

We now consider the gravitational version of the
gedankenexperiment of Sec. II. We set qA = qB = 0 but
now take into account the gravitational interaction. We
continue to treat the particles via nonrelativistic quantum mechanics and we treat the (linearized) gravitational
field as a quantum field. Our main aim is to show that, as
in the electromagnetic version, the vacuum fluctuations
of the gravitational field and the quantization of gravitational radiation are essential for the consistency of the
analysis.
The quantization of (linearized) gravitational radiation
does not require any further discussion from us. However,
we shall now briefly discuss the implications of vacuum
fluctuations for the “localization” of a particle. On account of the absence of background structure in general
relativity, the “location” of a particle is not a well defined
concept. The best one can do is consider the relative location of two bodies. Consider two bodies separated by
a distance R. When averaged over a spacetime region
of (space and time) dimension R, the magnitude of the
vacuum fluctuations of the Riemann curvature tensor R
should be of order9
∆R ∼ lP /R3

(10)

√
where lP = G is the Planck length. (Re-inserting ~ and
c, we have lP = (G~/c3 )1/2 ∼ 10−35 m.) Integration of
the geodesic deviation equation over time R then yields
the result that the two bodies should fluctuate in their
relative position by an amount
∆x ∼ lP

(11)

independently of R (and independently of the mass or
other properties of the body). This leads to the conclusion that localization of any body cannot be achieved to
better than a Planck length—a conclusion that has been
previously reached by many authors; see [36], [37, 38] and
references therein. Thus, in our gedankenexperiment, in
order for significant entanglement to be achieved after
Bob releases his particle from the trap, it is necessary
that the difference in the gravitational fields resulting
from the different components of the wavefunction of Alice’s particle be large enough to produce a displacement
δx > lP

(12)

in the motion of Bob’s particle. In the following, we will
work in Planck units by setting G = 1 (in addition to
~ = c = 1), so lP = 1.
We now estimate more quantitatively Bob’s ability to
obtain “which-path” information as well as the entanglement of Alice’s particle with gravitons. Here, there is
one very significant difference with the electromagnetic
case: One might expect that, as in the electromagnetic
case, the separation of Alice’s particle into a superposition of different paths would produce an effective mass
dipole moment, which would provide the leading order
effect that Bob could use to entangle his particle with
Alice’s. However, this is not the case. Although Alice’s
particle, considered by itself, would lead to an effective
mass dipole, the fact that she used a laboratory to do
the separation cannot be neglected. Alice’s total system
consists of her particle and her laboratory (plus whatever
her laboratory is attached to, such as the Earth). The
stress-energy tensor of her total system is conserved. But
conservation of stress-energy in a (nearly) flat spacetime
implies that the center of mass of the total system moves
on an inertial trajectory that cannot be altered no matter what internal changes take place in the system. In
our case, this means that if Alice’s particle “moves to the
left” under the Stern-Gerlach splitting, then her laboratory must “move to the right” by just the right amount
to keep the center of mass unchanged. Thus, Alice’s particle must become entangled with her laboratory, in such
a way that the state of her total system (ignoring the
spin factors) is of the form
|Li|βL i|αL i + |Ri|βR i|αR i

where |βL i and |βR i are the corresponding laboratory
states and |αL (R)i the gravitational field states (similarly
to (1)). This entanglement with the laboratory need not
produce a significant decoherence—and this decoherence
should be a “false decoherence” [30] in any case. The
importance of including Alice’s laboratory in the analysis
is that the states |Li|βL i and |Ri|βR i have exactly the
same center of mass. Thus, the effective mass dipole
resulting from the separation of Alice’s particle vanishes.
This point was overlooked in the analyses of [1, 2].
The vanishing of the effective mass dipole means that
the dominant gravitational effect that Bob can use to
obtain “which-path” information is the effective mass
quadrupole10 , QA . The separation of Bob’s components
during time TB will now be given by
δx ∼

9

This follows from the fact that the correlation function of the
2 /σ, where σ denotes the squared
linearized metric diverges as lP
geodesic distance between the points. Since the linearized Riemann tensor is constructed from two derivatives of the metric,
the correlation function of the linearized Riemann tensor diverges
2 /σ 3 , yielding the estimate (10).
as lP

(13)

10

QA 2
T .
D4 B

(14)

Assuming that the mass of Alice’s laboratory is much greater
than the mass of her particle, the contributions of her laboratory
to the effective mass quadrupole may be safely neglected.
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Thus, Bob will be able to obtain “which-path” information only when (recalling that we have set lP = 1)
QA 2
T > 1.
D4 B

(15)

As in the electromagnetic case, Alice’s particle will radiate when she performs the recombination, which will
lead to some degree of decoherence. However, now the
dominant entangling radiation will be quadrupole rather
than dipole in nature. (The absence of dipole gravitational radiation is, of course, directly related to the conservation of center of mass.) The energy radiated while
she “closes her quadrupole” will be given by

E∼

QA
TA3

2
TA .

(16)

The corresponding number of gravitons is

N∼

QA
TA2

2
(17)

Thus, Alice can avoid emitting entangling radiation only
when11
QA < TA2 .

(18)

We now are in a position to analyze the various outcomes of the gravitational gedankenexperiment. As before, the main case of interest is TA < D and TB < D.
This case divides into two subcases, according to whether
QA < TA2 or QA > TA2 . In the first case, according to
(18), Alice can avoid emitting significant entangling radiation, but according to (15), Bob will be unable to obtain
significant “which-path” information in the allotted time.
Thus, we find that Alice can recohere her particle within
the allotted time, and this leads to no inconsistency with
Bob’s experiment. On the other hand, if QA > TA2 , Alice will necessarily emit entangling gravitational radiation, and her particle will decohere no matter what Bob
does. Bob can obtain “which-path” information in time
TB < D if he opens his trap—and the state of his particle will become correlated with Alice’s—but he is merely
transferring the entanglement with Alice’s particle that
was already present in the gravitational field to his particle. He is entirely an “innocent bystander” with regards
to the reason why Alice’s particle decohered.
The analysis of the other cases also follows in exact
parallel with the electromagnetic version. We conclude

11

This discussion can be generalized to higher multipoles, as would
be needed if, e.g., the effective quadrupole happened to vanish for
a particular configuration. In this case equation (14) is replaced
(n)
2 , where Q(n) is the mass 2n th-multipole
by δx ∼ (QA /Dn+2 )TB
(n)

n.
(n ≥ 2). Similarly, eq. (18) will be replaced by QA < TA

that by treating the (linearized) gravitational field as a
quantum field, we obtain an entirely consistent analysis
of the gravitational version of this gedankenexperiment,
which is fully compatible with causality and complementarity.

V. SUMMARY AND CONCLUSIONS

We have carefully re-analyzed the gedankenexperiment
of Mari et al. [1] in both its electromagnetic and gravitational versions.
In the electromagnetic case, we found that consistent
results compatible with causality and complementarity
are obtained, but that it was essential to take into account the quantum nature of the electromagnetic field
both with regard to vacuum fluctuations (which limit
Bob’s ability to obtain “which-path” information) and
the quantum properties of radiation (which cause Alice’s particle to become entangled with photons if she
performs the recombination too quickly). We then analyzed the gravitational case and found that exactly analogous results hold, with the substitution “dipole” →
“quadrupole.” Again, the quantum nature of the (linearized) gravitational field played a crucial role in our
analysis, both with regard to vacuum fluctuations and
the quantum properties of radiation.
The main significance of our results is that it can be
seen that the quantum properties of the gravitational
field are essential for obtaining a consistent description
of a system that otherwise should be well described by
nonrelativistic quantum mechanics. We conclude that
if Alice’s and Bob’s particles are well described by nonrelativistic quantum mechanics, then (linearized) gravity
must possess the properties of a quantum field with regard to vacuum fluctuations and the quantum properties
of radiation. Conversely, if one wishes to deny either
of these quantum field properties of gravity, one must
be prepared to make drastic modifications to the nonrelativistic quantum mechanics of massive particles (see
e.g. [39] and references therein).
We hope that our result helps to settle the current
controversy whether the quantum nature of gravity is required in understanding the occurrence of gravitationally
induced entanglement. However, we do not believe that
our analysis offers any insights into the nature of a complete quantum theory of nonlinear gravity, except that its
properties should be like those of an ordinary quantum
field theory in the linearized limit.
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