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Experiments are beginning to probe the interaction of quantum particles with gravitational fields
beyond the uniform-field regime. In non-relativistic quantum mechanics, the gravitational field
in such experiments can be written as a superposition state. We empirically demonstrate that
semiclassical theories of gravity can avoid gravitational superposition states only by decoupling the
gravitational field energy from the quantum particle’s time evolution. Furthermore, such theories
must specify a preferred quantum reference frame in which the equations of motion are valid. To
the extent that these properties are theoretically implausible, recent experiments provide indirect
evidence that gravity has quantum features. Proposed experiments with superposed gravitational
sources would provide even stronger evidence that gravity is nonclassical.

I. INTRODUCTION

Understanding the fundamental nature of gravity is
a significant open problem in theoretical physics. Un-
like the other interactions, gravity lacks a satisfactory
description as a quantum field, leaving open the possibil-
ity that gravity is fundamentally classical [1] rather than
quantum. On the other hand, several arguments [2–7]
suggest that gravity ought to have quantum features.

For many years, it was believed that experiments could
not contribute meaningfully to this discussion. Owing
to the weakness of the gravitational interaction, it is not
feasible to detect a single graviton in a gravitational-wave
observatory or a particle detector [8–10]. Experimental
evidence of the quantum nature of gravity is expected to
appear at the energy scale corresponding to the Planck
mass (1019 GeV), which is far beyond the reach of collider
experiments.

Although the quantization of gravity cannot be ob-
served directly, it may be possible to probe gravity’s fun-
damental nature in other ways. For example, two pro-
posals [6, 7] (“BMV experiments”) suggest searching for
entanglement generation in a pair of matter-wave inter-
ferometers that interact gravitationally. Such low-energy
tests might open the first observational window on the
quantum description of the gravitational field [11], but
the precise theoretical implication of these experiments
is still an open question [12–29]. The application of one
of the fundamental theorems of quantum information,
stating that local operations and classical communication
cannot generate entanglement [30], to these experiments
leads to the conclusion that the gravitational field cannot
be classical if entanglement is observed [31]. The exper-
iments described in these proposals are challenging to
implement because they require large spatial superposi-
tions of large test masses (∼ 1012 amu). For comparison,
the largest particle for which matter-wave interference

has been demonstrated has a mass of 2.5× 104 amu [32].
Nevertheless, the possibility of learning about the nature
of gravity from such experiments motivates an assess-
ment of what we can infer from experiments accessible
with existing technologies.

Beginning with the COW experiment in 1975 [33],
many matter-wave interferometers have demonstrated
sensitivity to inertial forces. Until recently, these experi-
ments operated in a regime where the gravitational field
is approximately uniform. In any theory respecting the
equivalence principle [34], a uniform gravitational field
does not cause relative acceleration between a test parti-
cle and a measuring device. Therefore, the relative accel-
erations measured in such experiments are caused by the
non-gravitational forces that keep the measuring device
fixed to the surface of the Earth. In order to observe
genuine gravitational effects in a quantum system, it is
necessary to measure a non-uniform gravitational field
across the quantum state: matter-wave interferometers
in the uniform-field regime test the equivalence principle
[35, 36] but do not provide quantum tests of any other
gravitational properties [37]. Throughout this work, we
will assume that the equivalence principle is valid to the
accuracy of the experimental results we describe.

Recent experiments have begun to investigate the non-
uniform regime of the gravitational field. Observations of
phase shifts associated with gravitational tidal forces [38]
and a gravitational Aharonov-Bohm effect [39] indicate
that the trajectory [38] and action [39] of a matter wave
in a nontrivial gravitational field are correctly predicted
by quantum mechanics.

Taken by themselves, these results might appear to
provide little information about gravity’s fundamental
nature. However, given the difficulty of performing a
more conclusive experiment [40], it is useful to assess
what can be inferred by combining state-of-the-art ex-
perimental results with additional principles about the
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behavior of gravity. This work can shed light on the fun-
damental structure of a theory at the interface between
quantum theory and gravity while providing a roadmap
to prioritize experimental efforts [41]. Here we identify
the following three principles:

1. Existence of gravitational fields: Any massive par-
ticle that is well-localized at a position x0 sources a
gravitational field g with functional form g(x−x0).

2. Field energy principle. The phase of an interferom-
eter is a function of the energies of the fields that
interact with the interfering particle.

3. Quantum relativity principle. The laws of physics
take the same form in every reference frame, includ-
ing the reference frames associated with quantum
particles (quantum reference frames [42]).

Principle (1) asserts that the gravitational interaction
is mediated by a field but makes no assertion about the
gravitational field sourced by a particle that is not well-
localized.

The quantum relativity principle (QRP) encodes the
relational nature of physical statements. This means that
all physical quantities are expressed in terms of the re-
lationship between physical systems, without appealing
to an absolute background structure. In the case of two
particles sourcing the gravitational field in the linearized
regime, we show in Appendix 1 that the standard descrip-
tion of the gravitational field allows us to describe the
interaction as sourced by either one of the two particles,
with the other particle moving in this external potential.
The QRP extends the relativity principle to the case in
which the two particles are in a quantum superposition
state relative to one another.

This article analyzes the gravitational Aharonov-Bohm
experiment [39] with the goal of determining whether cur-
rent experimental results, plus the three principles out-
lined above, are compatible with a classical description
of gravity. We argue that they are not [43]. The arti-
cle also presents new experimental data that places con-
straints on certain classes of semiclassical gravitational
theories. First, we show that the quantum-mechanical
description of the gravitational Aharonov-Bohm exper-
iment is compatible with all three of the above princi-
ples. In the quantum-mechanical picture, the gravita-
tional field in the experiment is described as entangled
with the superposed matter degrees of freedom. Next,
we present data demonstrating the insensitivity of the in-
terferometer phase to the probability distribution of the
test particle—as predicted by quantum mechanics, but in
tension with some semiclassical theories. We assess the
theoretical reach of the experiment by comparison to fu-
ture searches for gravitationally mediated entanglement.
Finally, we argue that in order to deny the existence of
a gravitational superposition state in this apparatus, a

theory in which gravity is treated as a physical system
must either reject principle (1) or reject both principles
(2) and (3).
The remainder of the article is organized as follows.

Section II presents a technical overview and simplified
theoretical model of the gravitational Aharonov-Bohm
experiment. Next, we illustrate our principles in the
context of quantum mechanics: Section III describes
how the gravitational phase shift can be computed from
the field energy; Section IV presents new experimental
data that are consistent with quantum-mechanical pre-
dictions; Section V analyzes the experiment in a quantum
reference frame [42] associated with the position of the
interfering particle; and Section VI compares the grav-
itational Aharonov-Bohm experiment to the proposed
BMV experiments. Finally, Section VII discusses how
our principles (1)-(3) lead to a superposition of gravi-
tational fields and explains how these assumptions are
violated in alternative theories of gravity.

II. EXPERIMENTAL OVERVIEW AND
SIMPLIFIED THEORETICAL MODEL

The idea of the gravitational Aharonov-Bohm experi-
ment [39] is to observe the gravitational interaction be-
tween a quantum test particle and a classical source mass
in the regime where the wave packet separation of the
test particle is larger than the distance to the source
mass. In this regime, the phase response of the inter-
fering test particle becomes decoupled from the forces on
the interferometer arms. In particular, one can observe a
gravitational phase shift even in a configuration where
the deflection-induced phase contribution vanishes, as
demonstrated experimentally by independent measure-
ments of the arm deflections [39]. For the purpose of this
work, the significance of the experimental result is that
it is consistent with the predictions of standard quantum
mechanics for the behavior of a quantum particle in a
nontrivial gravitational field.
In the experiment [39] (Fig. 1A), an ultracold cloud of

87Rb is used as the input of a single-source gradiometer
[38] with baseline 24 cm and wave packet separation 25
cm. The upper interferometer in the gradiometer is sen-
sitive to the gravitational interaction with the tungsten
source mass, while the lower interferometer mainly acts
as a phase reference. The matter-wave beam splitters and
mirrors are implemented by applying a sequence of laser
pulses to the atoms, inducing sequential 2ℏk Bragg tran-
sitions. The population of each output port is detected by
fluorescence imaging. Fig. 1B shows the spacetime tra-
jectories of the source mass, interferometers, and detector
in a freely falling reference frame. For a full description of
the experimental apparatus and measurement protocol,
see Ref. [39].
In this section, we give a standard description of
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FIG. 1. (A): Experimental schematic. The phase shift of a
matter-wave gradiometer due to the gravitational interaction
with a source mass is measured by detecting output port pop-
ulation ratios with and without the source mass installed. The
atomic trajectories are horizontally exaggerated for clarity.
(B): Spacetime trajectories of test particles A and A0, source
mass B, and detector D in a freely falling reference frame.
Interferometer A is used to probe the gravitational field of
source mass B. A second interferometer A0 is used to suppress
technical noise sources. (C) Simplified model of experiment,
neglecting the lower interferometer and non-gravitational ac-
celeration of detector. Figures are not to scale.

the gravitational Aharonov-Bohm experiment using a
quantum-mechanical model that implements several sim-
plifying assumptions. First, we ignore the back action of
the test particles on the source mass trajectory, and we
also ignore any perturbations of the source mass induced
by its interaction with the environment. Second, we
neglect the gravitational interaction between the source
mass and the lower interferometer, allowing us to exclude
the lower interferometer and the optical phase reference
from the model. Third, we ignore the non-gravitational
acceleration of the detector, which does not affect the
measurement outcomes.

Fig. 1C shows the spacetime trajectories of the test
mass, source mass, and detector in this model. A test
particle of mass m (“particle A”), initialized in a Gaus-
sian state [46], is used as the input to a Mach-Zehnder
interferometer. The particle is placed in a superposition
of momentum states by a beam splitter at time t = 0,
which are reflected by a mirror at time t = T and inter-
fered by a second beam splitter at time t = 2T . In the
freely falling frame of the atoms, the central trajectories
of the two interferometer arms are given by

x1(t) =

{
x0 +

ℏk
m t, 0 ≤ t ≤ T

x0 − ℏk
m (t− 2T ), T < t ≤ 2T

x2(t) =

{
x0 − ℏk

m t, 0 ≤ t ≤ T

x0 +
ℏk
m (t− 2T ), T < t ≤ 2T

, (1)

where ℏ is the reduced Planck’s constant and k is the
magnitude of the beam splitter wave vector. The de-
tails of the beam splitter and mirror implementation are

unimportant for our analysis.
During the interferometer, a source particle of massM

(“particle B”), initialized in a Gaussian state, is brought
close to one interferometer arm and then removed. For
concreteness, we will assume that the source particle fol-
lows a parabolic trajectory:

xs(t) =
1

2
a(t− T )2 + xs,0. (2)

A third particle (“particle D”) with mass MD defines
the reference frame. We assume that particle D is far
enough away from particles A and B that its gravitational
influence is negligible.
In quantum mechanics, and in accordance with our

principle (1), particles A and B interact gravitationally
with potential energy

U(|x̂A − x̂B |) = − GmM

|x̂A − x̂B |
, (3)

where G is Newton’s gravitational constant and x̂i is the
position operator of particle i. This expression follows
naturally from combining quantum field theory with gen-
eral relativity [47] but is modified in alternative gravita-
tional theories, e.g. in semiclassical gravitational theo-
ries. In the time intervals (0, T ) and (T, 2T ), the system
can be described by the Hamiltonian

Ĥ
(D)
AB =

p̂2A
2m

+
p̂2B
2M

+ U(|x̂A − x̂B |)−Max̂B . (4)

After the final beamsplitter, the two output ports spa-
tially separate due to their momentum difference. When
the measurement occurs, the two ports are displaced by
d1 and d2 from the detector, respectively. The interfer-
ometer phase ϕ is defined by the probabilities that the
test particle will be observed at distance d1 or d2 from
the detector:

ϕ ≡ arccos

(
P (d1)− P (d2)

P (d1) + P (d2)

)
(5)

where P (di) is the probability of observing particle A at
distance di from particle D. Note that the interferome-
ter phase is defined entirely in terms of relative coordi-
nates, as is necessary for an observable quantity. One can
compare the interferometer phase with and without the
source mass present to measure the phase shift ∆ϕ due
to the source mass. For the purpose of calculating ∆ϕ,
we can neglect the trajectory perturbations of particle A
induced by U [48].
The phase shift due to the gravitational interaction

between A and B can be computed [49] as

∆ϕ =
1

ℏ

∫ 2T

t=0

[U(|x1 − xs|)− U(|x2 − xs|)] dt (6)

= −GmM
ℏ

∫ 2T

t=0

[
1

|x1 − xs|
− 1

|x2 − xs|

]
dt. (7)
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In the reference frame of particle D, this phase shift can
be understood to arise from the different paths of particle
A in the background classical gravitational field sourced
by particle B. This means that the phase shift can be
rewritten as

∆ϕ =
m

ℏ
[V(x1)− V(x2)] , (8)

where V(xi) is the classical gravitational potential asso-
ciated with particle B integrated over each trajectory xi
of particle A in the interferometer.

During the interferometer, the quantum state (in the
reference frame of particle D) takes the form

|ψ⟩(D)
(t) =

1√
2

(
|x1⟩A |α1⟩G + eiθ(t) |x2⟩A |α2⟩G

)
|xs⟩B

(9)
for some θ(t). Here the subscript A indicates the state of
particle A, and we have written the state of the gravita-
tional field |αi⟩G, where αi represents the field sourced by
point particles of mass m and M at positions xi and xs,
respectively. Although the gravitational field depends on
the source mass positions, the gravitational field still has
a quantum state and an associated Hilbert space. The
necessity of including the gravitational field in the quan-
tum state description is discussed in [12, 13, 25], and the
explicit form of the gravity state is given in [50]. An
analogous earlier study [51] reports the same conclusion
for the electromagnetic field.

In particular, the calculation of the quantum state of
gravity for the gravitational AB experiment is analogous
to the one of Ref. [50], where the quantum state of gravity
was derived for a static source in a quantum superposi-
tion of localized states. There, the Newton potential cor-
responds to the ground state of the free gravitational field
Hamiltonian with a matter source, shifted by a phase
proportional to the solution of the Gauss equation for a
source in the corresponding classical position. For such
states of the source, the quantum states of the gravi-
tational field associated with different positions of the
source are orthogonal. The Newtonian phase is obtained
by evolving the quantum state with this Hamiltonian.

Note that the gravitational field (which is sourced by
both particles A and B) is entangled with the position of
particle A and is in a spatial superposition with length
scale ℏkT/m. In a general-relativistic context, this state
is described by writing a superposition of metrics [14],
but the Newtonian limit is sufficient for our purposes.

III. PHASE SHIFT FROM FIELD ENERGY

In this section, we show that in quantum mechanics,
an interferometer’s phase shift can be computed from
the energies of the fields that interact with the interfer-
ing particle. First, we consider the electromagnetic case.

The electrostatic interaction energy UEM of a particle
with charge q in an electric potential VEM is given by

UEM = qVEM. (10)

From a field-theoretic perspective, it is well known [52,
53] that this quantity is equivalent to the electric field
energy EEM, given by

EEM =
1

2
ϵ0

∫
|E|2dV (11)

where E is the electric field and the integral is taken over
all space, with the divergent self-energy of the particle’s
electric field subtracted from the integrand. Notice that
if the electrostatic interaction were due to a non-local
potential, and not to a field, it would not be possible to
associate the field energy EEM with it.
An analogous relationship holds for the classical grav-

itational field. In the weak-gravity, non-relativistic limit,
the interaction energy U of a particle of mass m in a
gravitational potential V is given by

U = mV. (12)

This interaction energy is equivalent [53] to the gravita-
tional field energy E, which is given by

E = − 1

8πG

∫
|g|2dV (13)

where G is Newton’s constant, g is the gravitational field,
and the integral is taken over all space. As in the elec-
tromagnetic case, the integrand of Eq. (13) contains con-
tributions from the gravitational field of the test mass
as well as the source mass, and the gravitational self-
energies have been subtracted out of the integrand. This
definition of the gravitational field energy can be general-
ized to linearized gravity, provided that one uses a coor-
dinate system that asymptotically approaches Minkowski
coordinates [53].
The usual approach in quantum mechanics is to ac-

count for the gravitational interaction energy by includ-
ing the potential V in the Hamiltonian. Alternatively,
we can take the perspective that the energy resides in the
gravitational field. This amounts to replacing V with E
in the Hamiltonian, where |g|2 is promoted to an opera-
tor that acts on the gravitational field’s quantum state.
As discussed in Section 2, the interferometer phase

shift of a particle of mass m evolving in a perturbing
gravitational potential V is approximately given by

∆ϕ =
m

ℏ

∫
[V (x1)− V (x2)] dt (14)

where x1(t) and x2(t) are the trajectories of the interfer-
ometer arms. Equivalently, the phase shift can be written
as

∆ϕ =
1

ℏ

∫
(E1 − E2) dt (15)
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where Ei(t) is E evaluated on the quantum state of
the gravitational field associated with trajectory xi(t).
Quantum mechanics thus satisfies the field energy prin-
ciple.

Crucially, the gravitational field energy cannot give rise
to the experimentally observed relative phase in this way
unless the gravitational field is in a superposition state
that is entangled with the trajectory of the interfering
particle. (If instead the gravitational field is in a clas-
sical state, then the gravitational field is not entangled
with the interfering particle’s trajectory, so E1 = E2 and
∆ϕ = 0.) Finally, note that the gravitational energy dif-
ference between interferometer arms cannot be observed
when the gravitational field is approximately uniform at
the experimental length scale [33]. In that case, the phase
shift arises from the relative acceleration between the in-
terfering particles and the phase reference [54], which is
induced by non-gravitational forces.

IV. INDEPENDENCE OF PHASE SHIFT FROM
PROBABILITY DISTRIBUTION

We next consider whether the field energy principle can
be satisfied in alternative gravitational theories that lack
gravitational superposition states. In semiclassical grav-
itational theories, the gravitational field is represented
as a classical state [5]. Since the gravitational field in
such theories is not entangled with the interferometer
trajectories, Eq. (15) cannot hold. It is possible that
the interferometer phase shift could still be a function
of the gravitational field energy, but this would require
modifications of the laws of physics, e.g. a dependence
of the phase shift on the probability distribution of the
interfering particle.

To determine whether a gravitating particle’s phase
evolution depends on its probability distribution, we
measured the phase shift of a 87Rb 52ℏk interferometer
with 25 cm wave packet separation. A second interferom-
eter, located 24 cm below the first (as illustrated in Figs.
1A and 1B), was used to suppress technical noise sources
associated with vibrations and laser phase fluctuations.
The upper arm of the upper interferometer was launched
to a height of 4 cm above a tungsten source mass (1.25
kg semicircular ring). The distance of closest approach
to the source mass was 7 cm. For a detailed description
of the apparatus, see Ref. [39].

In this measurement, an asymmetric probability dis-
tribution was created by altering the Rabi frequency of
the initial beam splitter pulse. Systematic effects, e.g.
from ac-Stark shifts, were suppressed by comparing the
gradiometer phase with and without the source mass in-
stalled. Imaging-related systematic errors were further
reduced by reversing the direction of the horizontal de-
tection fringe [35].

Fig. 2 shows the phase shift induced by the tung-

(rad)

P(x₁)

FIG. 2. Red points: phase shift induced by tungsten source
mass in 52ℏk gradiometer with probability distribution biased
toward or away from source mass. The x axis represents the
probability of observing the test particle on the upper inter-
ferometer arm, closer to the source mass. Error bars repre-
sent 1σ statistical uncertainty. Black dashed line: quantum-
mechanical phase shift prediction.

sten source mass as a function of the probability on the
upper interferometer arm. Each point in Fig. 2 repre-
sents the phase shift between these two configurations.
Within the experimental resolution, there is no statis-
tically significant correlation between the test particle’s
center of mass and the interferometer phase shift (slope
−0.07 ± 0.05, p = 0.39). Moreover, the data are consis-
tent with the quantum-mechanical prediction (reduced
χ2 = 1.1). This apparent independence of phase shift
from center-of-mass position demonstrates that semiclas-
sical gravitational theories cannot satisfy the field energy
principle. A specific semiclassical model that is con-
strained by this result is discussed in Appendix 2.

V. THE RELATIVITY OF SUPERPOSITION

In classical mechanics, every particle is associated with
a reference frame – a coordinate system in which that par-
ticle is located at the origin. With appropriate coor-
dinate transformations, any physical interaction can be
described in the reference frame of any particle. This
property also holds in quantum mechanics, where the ref-
erence frame associated with a quantum particle is called
a quantum reference frame (QRF). QRFs are widely ex-
pected to be necessary in a quantum theory of gravity,
where the classical, idealized notion of reference frame
is no longer sufficient. They have been discussed since
1967 in the context of quantum gravity [55–63] and quan-
tum information [64–74]. Here, we take the formulation
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introduced in Ref. [42], which formalizes the transfor-
mation between two QRFs as a quantum superposition
of reference frame transformations Ŝ (see also later re-
lated work [75–101]). Such a transformation allows one
to associate a reference frame with a particle that is in a
quantum superposition of positions from the perspective
of the initial reference frame. QRFs have been shown to
be relevant for quantum systems in a gravitational field
or in a superposition thereof [29, 75–81, 89, 94].

In Section II, our model of the gravitational Aharonov-
Bohm experiment was described in a QRF associated
with the detector particle D, which we may conceptualize
as the “laboratory” QRF. We now use a QRF transfor-
mation to describe the same model in a QRF associated
with the test particle (particle A). Specifically, we trans-
form to the QRF centered on the position of particle A.
The position operators of the other particles correspond,
in this QRF, to the displacements between those parti-
cles and the trajectory of particle A. This transformation
is accomplished by

Ŝ = P̂ADe
i
ℏ x̂Ap̂B . (16)

Here P̂AD is the parity-swap operator, defined as

P̂AD |x⟩A = |−x⟩D , (17)

P̂AD |p⟩A = |−p⟩D . (18)

The position operators ŷB , ŷD and momentum operators
π̂B , π̂D in particle A’s QRF are given by

Ŝx̂AŜ
† = −ŷD, Ŝx̂BŜ

† = ŷB − ŷD,

Ŝp̂AŜ
† = −π̂B − π̂D, Ŝp̂BŜ

† = π̂B .
(19)

The unperturbed trajectories are

yB,i(t) = xs(t)− xi(t), i = 1, 2 (20)

yD,i(t) = −xi(t), (21)

where xi(t) and xs(t) were defined respectively in Eq. (1)
and in Eq. (2). In the time intervals (0, T ) and (T, 2T ),

the Hamiltonian H
(A)
BD that includes the gravitational in-

teraction with particle B is given by

Ĥ
(A)
BD = ŜĤ

(D)
AB Ŝ

† + iℏ
dŜ

dt
Ŝ† (22)

=
(π̂B + π̂D)2

2m
+
π̂2
B

2M
+ U(|ŷB |)−Ma(ŷB − ŷD).

(23)

The definition of the interferometer phase, given in
Eq. (5), is unchanged by the QRF transformation.

Fig. 3 illustrates the experiment in particle A’s ref-
erence frame. When the gravitational interaction is in-
cluded, the quantum state in the reference frame of par-
ticle A takes the form [12, 25, 50]

|ψ⟩(A)
(t) =

1√
2

(
|−x1⟩D |xs − x1⟩B |β1⟩G

+ eiθ(t) |−x2⟩D |xs − x2⟩B |β2⟩G
)

(24)

where the subscripts B and D indicate the states of par-
ticles B and D, and βi represents the gravitational field
sourced by point particles of mass m and M at positions
0 and xs − xi, respectively. For a gravitational source
in the quantum state of Eq. (24), the quantum state of
the gravitational field can be derived as explained be-
low Eq. (9). We expect the QRF transformation to map
Eq. (9) into Eq. (24) because the gravitational quantum
states |β1⟩ and |β2⟩ differ only through the positions of
the sources. Note that in this reference frame, particles
B and D are in an entangled superposition state, and the
gravitational field is also in an entangled superposition
state with length scale ℏkT/m.
We now need to interpret ∆ϕ, the phase shift of par-

ticle A due to the gravitational interaction, in the QRF
associated with particle A:

∆ϕ =
1

ℏ

∫ 2T

t=0

[U(|yB,1|)− U(|yB,2|)] dt (25)

= −GmM
ℏ

∫ 2T

t=0

[
1

|x1 − xs|
− 1

|x2 − xs|

]
dt. (26)

In this case, particle A is located at the origin [102], so
∆ϕ cannot be explained in terms of the different paths
taken by particle A. Instead, particle B is in a quantum
superposition of two semiclassical states, and hence the
phase is due to the gravitational field being in a quantum
superposition at the location of particle A (see Eq. (24)).
From this perspective, the phase can be obtained as

ϕ =
m

ℏ
(V1 − V2) , (27)

where Vi, i = 1, 2 are the two different gravitational po-
tentials associated with the two different positions of par-
ticle B, evaluated at the position of particle A and inte-
grated over the interferometer time. Note the distinc-
tion between the Vi in this expression, which indicate
two different gravitational potentials, and the V(xi) in
Eq. (8), which indicates one gravitational potential eval-
uated along two different trajectories. Quantitatively,
this result agrees with the calculation in particle D’s ref-
erence frame (as expected, since ∆ϕ is an observable).
Comparing these two descriptions of the system allows

us to draw several conclusions. First, since the refer-
ence frames of particles A and D can both be used to
calculate the observable ∆ϕ, the experiment provides no
reason to prefer one reference frame over the other. Sec-
ond, the expression for ∆ϕ takes the same form in both
reference frames. This occurs because the phase shift de-
pends only on the relative configuration of the masses
interacting gravitationally, namely the relative displace-
ment between particles A and B. This is a manifestation
of the relational character of general relativity, which has
been widely confirmed for classical sources [103]. The
invariance of physical laws under coordinate transforma-
tions (general covariance) is familiar from general rela-
tivity, where the laws of physics are valid regardless of
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FIG. 3. (A): Model of the gravitational Aharonov-Bohm experiment in the QRF of particle D. The gravitational interaction
between test particle A and source particle B induces a phase shift. (B): Same experiment in the QRF of unperturbed particle
A. In this QRF, the phase shift of particle A arises because particle A evolves in the gravitational field superposition sourced
by particle B.

the choice of a specific reference frame (relativity princi-
ple). This experiment exhibits a quantum version of the
relativity principle, where the physical laws are valid in
any QRF.

In general, QRF transformations demonstrate that su-
perposition and entanglement are relative properties [42].
For example, the superposition of particle A in the QRF
of particle D is equivalently represented as entanglement
between particles B and D in the QRF of particle A. In
the gravitational Aharonov-Bohm experiment, the rel-
ative superposition between the test particle and the
source mass gives rise to a gravitational field superpo-
sition in every QRF. Note that in previous experiments
[33] where the gravitational field is approximately uni-
form over the length scale of the apparatus, the QRF
transformation in Eq. (16) leaves the gravitational field
of the source mass in a state that is not resolvably en-
tangled with the test mass trajectory. As implied by the
equivalence principle, local experiments cannot detect a
gravitational field, even if the gravitational field is gen-
erated by a superposed source [104] (see Appendix 3).

VI. COMPARISON TO THE PROPOSED BMV
EXPERIMENTS

By assuming that the quantum relativity principle is
valid, the results of future experiments to detect gravita-
tionally mediated entanglement generation [6, 7] can be
inferred from gravitational Aharonov-Bohm-like experi-
ments. This follows from the fact that QRF transfor-
mations can map entangled states into single-particle su-
perposed states and vice versa. Hence, BMV experiments
can be related to measurements of single-particle super-

QRF
transformation

(A)

t

x
(B)

t

x

B

A

B
a

b

A
c

d

bc

bd
ad

ac

FIG. 4. (A): BMV experiment designed to detect gravita-
tionally mediated entanglement generation between massive
particles A and B. (B): Same experiment in the QRF of par-
ticle B. If the QRP is valid, each BMV experiment has the
same measurement outcome as a corresponding single-particle
superposition experiment.

positions by QRF transformations. Fig. 4A illustrates
a generic BMV experiment, where two massive particles
become entangled due to their gravitational interaction.
Fig. 4B shows the same experiment in the QRF of one
of the particles. In this QRF, one of the massive par-
ticles is in a well-localized state, and the other is in a
superposition state. The signature of entanglement gen-
eration (namely, the probabilities of finding the system in
each of its four output states ac, ad, bc, and bd) appears
identically in both QRFs.

According to the QRP, the experiment in Fig. 4A is
equivalent to the experiment in Fig. 4B performed in
the laboratory reference frame. Along with the trivial
detection of particle B’s location, the measurement of
particle A encodes the outcome of the BMV experiment
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Experiment 1, QRF (D)

QRF
transforma�on

(A)

t

x

B

D

A

(B)

t

x

A

B

D

(C)

t

x

D

B

A

Experiment 1, QRF (A) Experiment 2, QRF (D)

QRP

FIG. 5. (A): Simplified model of the gravitational Aharonov-Bohm experiment, represented in the QRF of the detector. Red
lines: trajectory of test particle A. Blue line: trajectory of source mass B, with curvature suppressed for clarity. Gray line:
trajectory of detector D. (B): Gravitational Aharonov-Bohm experiment in the QRF of the test particle. In this QRF, the test
particle is at rest, while the source mass and detector are in an entangled superposition state. (C): Hypothetical experiment
in which the source mass is placed in superposition relative to the test particle and detector. The relative quantum state of
the test particle and source mass is the same in both experiments. By the quantum relativity principle, Experiment 1 has the
same measurement outcome as Experiment 2. Performing an experiment like the one depicted in (C) would test the QRP.

in the probabilities of observing particle A in each of
the four output ports. In other words, if the QRP is
valid, then the result of a measurement like the one in
Ref. [39] (but with the test particle superposed into four
arms, rather than two) determines whether or not a BMV
experiment would detect entanglement.

The QRP thus represents the key assumption that
links the gravitational Aharonov-Bohm experiment and
proposed BMV experiments. The additional value of
performing a BMV experiment is that it would provide
the first evidence for or against the QRP in the gravi-
tational sector. Alternatively, the QRP could be tested
(and semiclassical gravitational theories constrained) by
means of single-particle superposition experiments. Fig.
5 illustrates the type of measurement that needs to be
performed to validate the QRP: a detection of the gravi-
tational influence of a localized lower-mass particle on a
higher-mass particle in a superposition state. Since the
QRP can be tested with measurements on single parti-
cles, the direct observation of gravitationally mediated
entanglement generation may ultimately not be neces-
sary to constrain semiclassical gravity. The key experi-
mental challenge is simply to create a spatial superposi-
tion of a massive particle and measure its gravitational
interactions with sufficient precision. Like the proposed
BMV experiments, such a measurement is not technolog-
ically feasible at present.

VII. RESULTS AND DISCUSSION

In the previous sections, we gave a quantum-
mechanical description of the gravitational Aharonov-

Bohm experiment that is compatible with three general
principles: (1) the existence of gravitational fields, (2)
the field energy principle, and (3) the quantum relativity
principle. Here, we argue that the validity of these prin-
ciples, combined with the current experimental observa-
tions, implies that the gravitational field is in a quan-
tum superposition state. In other words, if we assume
that certain subsets of these principles are valid, then
this experiment demonstrates a gravitational superposi-
tion state even in the context of potential alternatives to
quantum mechanics.

First, assume that (1) and (2) are valid. For a contra-
diction, suppose that a theory describes the gravitational
field in Ref. [39] as a classical state. Then in order to
be consistent with classical mechanics, the gravitational
field energy must be a function of the test particle’s prob-
ability distribution. On the other hand, in order to be
consistent with the experimental results in Section 4 of
this work, the theory must predict that the interferome-
ter’s phase shift is independent of the test particle’s prob-
ability distribution. The phase shift is thus independent
of the gravitational field energy, and the theory violates
(2).

The same conclusion holds if we instead assume that
(1) and (3) are valid. For each of the gravitating objects
(test mass and source mass), there exists a quantum ref-
erence frame in which the object is well-localized at some
position xi. In that reference frame, by (1) and (3), the
object sources a gravitational field gi(x − xi). We can
then write the full gravitational field in a common refer-
ence frame by means of quantum reference frame trans-
formations. Since there is a relative superposition be-
tween the test mass and source mass, there is a relative
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superposition between their gravitational fields as well,
i.e. the full gravitational field is in a superposition state.
Moreover, the gravitational field superposition has an ob-
servable consequence in the experiment because gravity
induces the phase shift in the interferometer, so the ex-
periment demonstrates the existence of the superposition
state.

To deny that the gravitational field is in a superpo-
sition state in the experiment of Ref. [39], theories of
gravity in which (1) is valid must reject both (2) and (3).
As an example, consider the Schrödinger-Newton theory
[5], which treats the gravitational field as a fundamentally
classical entity that is sourced by the probability distri-
bution of matter. The equation of motion for this theory
contains a gravitational self-interaction term that pre-
vents the creation of large spatial superpositions of mas-
sive particles, where the critical length scale depends sen-
sitively on the mass. In the laboratory reference frame,
the Schrödinger-Newton equation predicts that the grav-
itational field during the interferometer is in a classical
state of the form |A1|2 |α1⟩G ⟨α1|G + |A2|2 |α2⟩G ⟨α2|G,
where Ai is the wavefunction amplitude of the test mass
on trajectory i [105]. The energy of the gravitational field
is therefore

ES-N = |A1|2E(α1) + |A2|2E(α2). (28)

The predicted (and observed) independence of the in-
terferometer phase shift from A1 and A2 indicates that
the phase shift is not a function of ES-N, violating (2).
Furthermore, the Schrödinger-Newton theory implicitly
contains a preferred quantum reference frame. Although
the Schrödinger-Newton equation evaluated in the labo-
ratory frame appears to be consistent with the exper-
imental results of Ref. [39], in the quantum reference
frame of the test mass, the Schrödinger-Newton equa-
tion inconsistently predicts the collapse of the source
mass superposition. The theory thus violates (3) [106].
A similar consideration can be also made in the case of
Penrose’s spontaneous state reduction [1, 79], where the
equivalence of all quantum reference frames can be stated
in terms of a generalisation of the Einstein Equivalence
Principle [76].

In conclusion, if one makes certain general assump-
tions about the existence and properties of gravitational
fields, then the existence of a gravitational superposition
state has already been demonstrated experimentally. Fu-
ture experiments will seek to obviate the need for these
assumptions, providing even more stringent tests of grav-
ity’s fundamental nature. Either the observation of grav-
itational entanglement generation in a BMV experiment,
or a sufficiently precise gravitational measurement using
a superposed massive particle, would demonstrate the
existence of a nonclassical state of the gravitational field
even without assuming principle (2) or (3).
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APPENDIX 1: RELATIONAL, RECIPROCAL
CHARACTER OF THE PHASE SHIFT

In this section, we show that the electromagnetic and
the linearized gravitational actions are symmetric under
exchange of two arbitrary interacting particles. We also
show that the actions depend only on the relative position
of the source particles. This argument is not intended to
be a description of the experimental apparatus in the
main text, but rather a more general justification for the
quantum relativity principle.
Let us first review the electromagnetic case. The free

action of the electromagnetic field is

Sfree = −1

4

∫
d4xFµν(x)F

µν(x),

Fµν(x) = ∂µAν(x)− ∂νAµ(x) (29)

and Aµ(x) is the vector potential. In addition to the
free action, in the presence of a source term there is the
matter-field interaction, which can be written as

Sint =

∫
d4xAµ(x)J

µ(x). (30)

Here, Jµ(x) is the current density associated with the
source. In the presence of two sources with total current
Jµ(x) = Jµ

1 (x) + Jµ
2 (x), the principle of linear superpo-

sition holds, hence Aµ(x) = Aµ
1 (x) + Aµ

2 (x), where each
Aµ

i with i = 1, 2 solves the wave equation for the corre-
sponding current Jµ

i (x).
In perturbation theory, the interferometer phase shift

can be calculated from the interaction term Sint, which is
completely symmetric under exchange of the two sources

https://www.templeton.org/grant/the-quantuminformation-structure-ofspacetime-qiss-second-phase
https://www.templeton.org/grant/the-quantuminformation-structure-ofspacetime-qiss-second-phase
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1 and 2. This can be easily seen by making use of path-
integral methods in quantum field theory [108] and ex-
pressing the phase in terms of the Feynman propagator
Gρ

ν(x−y) solving the differential equation Kµ
ρG

ρ
ν(x−y) =

δµν δ
(4)(x − y). Here, Kµ

ρ is a differential operator corre-
sponding to the wave equation, which is obtained via
the equations of motion of the free theory. A particu-
lar solution of the wave equation is obtained as Aµ(x) =∫
d4yGµ

ν (x− y)Jν(y). The Feynman propagator defined
in path-integral methods for quantum field theory can be
expressed by considering a sum of the retarded and ad-
vanced solutions of the Green function (see again [108] for
details of the calculation). Removing the self-interaction,
we can rewrite

Sint =

∫
d4xd4yJµ

1 (x)Gµν(x− y)Jν
2 (y). (31)

Notice that this expression is valid in general, regardless
of the relative magnitude of the charges sourcing the field.
This shows that the phase can be equivalently calculated
by considering the field sourced by system 1 coupled to
the source term of system 2, or vice versa.

The same reasoning applies to the weak gravitational
field. From the weak gravity action (see, e.g. Ref. [109])

SG =
1

4κ

∫
d4x

(
− ∂µhαβ∂

µhαβ + ∂µh∂
µh

− 2∂µh
µν∂νh+ 2∂αhµν∂

µhαν
)

+
1

2

∫
d4xhµνT

µν , (32)

where Tµν is the stress-energy tensor, it is possible to
cast the equations of motion in the form

Kµν
αβh

αβ(x) = Tµν(x). (33)

Explicitly, one finds

Kµν
αβ =δµ{αδ

ν
β}□− ηµνηαβ□+ ηµν∂α∂β

+ ηαβ∂
µ∂ν − δ

{µ
{α∂

ν}
∂β}, (34)

where □ = ∂ρ∂
ρ and the curly brackets indicate the

symmetrization of the indices. A particular solution of
Eq. (33) is

hαβ(x) =

∫
d4yGαβ

µν (x− y)Tµν(y), (35)

where Kµν
αβG

αβ
ρσ (x − y) = δµ{ρδ

ν
σ}δ

(4)(x − y). In the lin-

earized regime of gravity, the principle of linear super-
position holds, so that in the presence of two sources of
the gravitational field Tµν(x) = Tµν

1 (x)+Tµν
2 (x) the full

metric is the sum of the two independent solutions hµν1 (x)
and hµν2 (x) corresponding respectively to the stress en-
ergy tensors Tµν

1 (x) and Tµν
2 (x). We then remove the

self-interaction analogously to the electromagnetic case,
and we obtain

SG,int =
1

2

∫
d4xd4y T 1

αβ(x)G
αβ
µν (x− y)Tµν

2 (y). (36)

From the symmetry of the action, it is now clear that
it is equivalent to consider the gravitational field sourced
by system 1, namely hµν1 (x) =

∫
d4y Gµν

αβ(x − y)Tαβ
1 (y),

coupled to system 2 via its stress-energy tensor Tµν
2 (x)

or, vice versa, the gravitational field sourced by system
2, namely hµν2 (x) =

∫
d4y Gµν

αβ(x− y)Tαβ
2 (y), coupled to

system 1 via Tµν
1 (x). Notice that the propagatorGµν

αβ(x−
y) is symmetric in its indices and is the same in both
cases, as it is determined by the free theory. Furthermore,
the propagator depends only on the position difference
between systems 1 and 2.

For two localized particles, we can choose a coordinate
system that is centered on one of the particles, say in an
initial position x0. It is easy to see that this choice of
coordinates leaves the action invariant by changing the
coordinates to x′ = x+x0, y

′ = y+x0 in Eq. (36). Then,
when one of the particles is in a quantum superposition
of two states that are well-localized in the position basis,
it can be shown [50] that the gravitational field can be
obtained (in the linearized regime) as the quantum su-
perposition of the ground state configurations of the field
associated with each state. Thanks to the fact that the
action of Eq. (36) is invariant for the single transforma-
tion, we conclude that the difference of the action along
the two paths is also invariant under a change of QRF.
In the case of the gravitational Aharonov-Bohm experi-
ment [39], which can be described in the Newtonian limit,
this means that it is equivalent to use the laboratory de-
scription in which particle B is localized while particle
A is in a quantum superposition of trajectories, or the
QRF associated with the position of particle A, in which
particle B is in a quantum superposition of trajectories
[110].

APPENDIX 2: EXAMPLE SEMICLASSICAL
GRAVITATIONAL MODEL

As discussed in Section VII, the results presented in
this work do not constrain the Schrödinger-Newton the-
ory or other semiclassical models in which each quan-
tum trajectory is coupled locally to the gravitational
field. However, our measurements do constrain models
in which a quantum particle is coupled to the gravita-
tional field in some other way, e.g. through the expec-
tation value of its position. For example, we consider a
semiclassical gravitational model with the following prop-
erties:

(i) Gravity is sourced by the expectation value of each
quantum particle’s position, and
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(ii) Quantum particles couple to gravity through the
expectation value of position only. That is, the expecta-
tion value of a quantum particle’s position is influenced
by the gravitational field, but the higher moments of its
wave function are not affected.

Specifically, we consider the gravitational interaction
between two particles A and B of mass m and M , re-
spectively, in the limit where m ≪ M . We assume that
particle B is well-localized on trajectory xs(t), and we
neglect the gravitational deflection of particle B due to
particle A.

The gravitational field in this model is given by

g(x, t) = − GM

|x− xs(t)|2
r̂s −

Gm

|x− xCM (t)|2
r̂CM , (37)

where xCM is the expectation value of particle A’s posi-
tion, r̂s is a unit vector parallel to x− xs, and r̂CM is a
unit vector parallel to x − xCM . For an interferometer
configuration in which particle A is in a quantum super-
position of two orthogonal states corresponding to two
trajectories x1(t) and x2(t) with probability densities P1

and P2, respectively, we have xCM = P1x1 +P2x2. Note
that the gravitational field remains classical even though
particle A is in a superposition state.

The gravitational coupling of particle A in this model
is motivated by the field energy principle. From Eq. (37),
the gravitational interaction energy E is given by

E = − GMm

|xCM − xs|
, (38)

which suggests that there should be a gravitational force
influencing the time evolution of xCM . In our model,
this force is exerted uniformly across the wave function
of particle A. Thus, the trajectories x1, x2, and xCM are
solutions of the equation of motion

ẍi = −GM
r2

r̂. (39)

for i ∈ {1, 2, CM}, where r ≡ xCM − xs and r̂ is a unit
vector parallel to r.

In the classical limit where the wave packet separa-
tion |x1 − x2| goes to zero, we have x1 = x2 = xCM ,
and Eq. (39) reduces to the classical equation of motion.
Thus, classical gravitational experiments are consistent
with this model. Furthermore, Eq. (39) correctly pre-
dicts the result of the COW experiment [33], where the
gravitational field is approximately uniform at the length
scale of the wave packet separation.

However, this model is inconsistent with the results of
Ref. [39] and the data in Fig. 2 of this work. Specifically,
Eq. (39) implies that the midpoint deflection (and hence
the phase shift) of the 52ℏk interferometer is rescaled by
changing the probability distribution between the two
arms. For the experimental configuration shown in Fig.

2, a numerical simulation of this semiclassical model pre-
dicts a phase shift of {-0.198, -0.374, -0.394} for probabil-
ity density {0.25, 0.5, 0.75} on the upper interferometer
arm. These predictions are inconsistent with the phase
shift data {-0.23, -0.24, -0.27} shown in Fig. 2.

APPENDIX 3: THE EQUIVALENCE PRINCIPLE
FOR QUANTUM SOURCES

According to the equivalence principle, gravity can-
not be observed locally [111]. As applied to classical
gravitational sources, the equivalence principle has been
tested to high precision with classical [112] and quan-
tum [35] test masses. The QRP motivates an extension
of the equivalence principle to the case where a gravita-
tional source is in a quantum superposition state [76, 78]
(see also [113]). We may state the equivalence principle
for quantum sources as follows: no local experiment can
detect the gravitational field produced by a superposed
gravitational source.

t

x

D

A

B

FIG. 6. Accelerometer (test particle A and reference D) in the
gravitational field of a quantum source (B). The distance d
between A and D is small enough that the accelerometer can
be considered a local system. According to the equivalence
principle, even though the trajectories of A and D become
entangled with the trajectories of B, the distance between A
and D is unaffected. Thus, the accelerometer cannot detect
the gravitational field from B.

Fig. 6 depicts a thought experiment that attempts to
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observe the gravitational field from a quantum source by
using an accelerometer. The accelerometer consists of a
test particle (which may be classical or quantum) and a
reference; the accelerometer measures the relative accel-
eration between the test particle and the reference. As
the system evolves in time, the gravitational field entan-
gles the trajectories of the test particle and the reference
with the trajectory of the gravitational source. However,
as long as the distance between the test particle and ref-
erence is sufficiently small that gravitational tidal effects
can be ignored, there is no relative acceleration between
the test particle and the reference on either branch of
the accelerometer’s wave function. This follows from the
equivalence principle, which states that the test parti-
cle and reference fall identically in a gravitational field,
regardless of their masses or compositions.

As long as the accelerometer’s time evolution is linear,
no information can be transmitted from one branch of its
wave function to the other, and therefore the accelerom-
eter cannot detect the gravitational field from the quan-
tum source. If particles A and D are replaced by clocks,
an analogous argument shows that there is no observable
redshift due to particle B (see Ref. [78] for an explicit
derivation of this result in quantum reference frames).
The equivalence principle for quantum sources is thus
satisfied in standard quantum mechanics. Furthermore,
any theory of gravity that incorporates the (classical)
equivalence principle as well as linear time evolution also
includes the equivalence principle for quantum sources.

APPENDIX 4: ENTANGLEMENT IN THE
GRAVITATIONAL AHARONOV-BOHM

EXPERIMENT

Since BMV experiments are usually discussed in terms
of gravitationally mediated entanglement generation, one
might wonder how the BMV result can be inferred from
the gravitational Aharonov-Bohm experiment without
mentioning entanglement. In fact, if the QRP is valid,
there is gravitational back action and entanglement gen-
eration in the experiment of Ref. [39] (see Fig. 7). Specif-
ically, the gravitational interaction between the source
mass and the upper interferometer arm entangles their
trajectories, causing phase shifts and deflections of the
source mass trajectories during the interferometer. As
pointed out by Vaidman in the context of the electro-
magnetic Aharonov-Bohm effect, the phase shift of the
test particle due to the interaction is equivalent to the
phase shift of the source [114]. At a particular launch
height, the net deflections of the source mass and test
mass vanish at the time of each beamsplitter pulse.

It is not possible to directly observe the back action on
the source mass during the interferometer, even in princi-
ple, because the trajectory perturbation due to the back
action is much smaller than the quantum uncertainty in

t

x

A

B

D

FIG. 7. Simplified model of the gravitational Aharonov-Bohm
experiment with effects on source mass included. Solid curves:
unperturbed trajectories. Dotted and dashed curves: trajec-
tories including gravitational back action. The dashed (dot-
ted) trajectory of particle A is entangled with the dashed
(dotted) trajectory of particle B. Diagram is not to scale. In
Ref. [39], the gravitational deflection of particle A is inde-
pendently measured. Owing to the quantum uncertainty in
particle B’s position, the back action on particle B’s trajec-
tory cannot be observed.

the source mass position. For instance, even if the quan-
tum uncertainty in the velocity of the source mass in Ref.
[39] was as large as 1 mm/s, the quantum uncertainty in
its position would still be at least 10−32 m, which is larger
than the maximum gravitational deflection of the source
mass. Nevertheless, assuming that the QRP is valid, a
self-consistent description of the experiment requires the
entanglement generation and associated back action to
be included.
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Č. Brukner, and M. Aspelmeyer, Quantum superposi-
tion of massive objects and the quantization of gravity,
Phys. Rev. D 98, 126009 (2018).

[13] A. Belenchia, R.M. Wald, F. Giacomini, E. Castro-Ruiz,
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