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We discuss the physical interpretation of the gravity mediated entanglement effect. We show how to
read it in terms of quantum reference systems. We pinpoint the single gravitational degree of freedom
mediating the entanglement. We clarify why the distinction between longitudinal and transverse
degrees of freedom is irrelevant for the interpretation of the results. We discuss the relation between
the LOCC theorem and the interpretation of the effect, its different relevance for, respectively, the
quantum gravity and quantum information communities, and the reason for the excitement raised
by the prospect of detection.

I. INTRODUCTION

The suggestion that a detection of Gravity Mediated
Entanglement (GME) might be achieved in the lab [1,
2] has raised much interest and a lively discussion on
the precise significance of this detection (see [3] and full
references there). Suggested interpretations range from
evidence for the quantum nature of geometry [4, 5], to
agnosticism about the quantum or classical nature of the
‘true’ gravitational degrees of freedom [6, 7]. Here we
contribute to the discussion with several observations.

We consider the simplest version of GME: two particles
of mass m and positions X and Y are each set into a
quantum superposition of two positions, say X± and Y±,
and kept in this state for a time t. Then the wave packets
of both are recombined. In one of the four branches the
particles are kept at a short distance d from each other.
The gravitational potential energy δE = −Gm2/d in this
branch, where G is the Newton constant, gives rise to a
difference in the total energy with respect to the other
branches, that causes a relative shift in the phase of the
branch

δφ = −δE
~
t =

Gm2t

~d
=

(
m

mPl

)2
ct

d
, (1)

where c is the speed of light and mPl the Planck mass.
The effect of the phase in one branch is that the state
of the two particles can get entangled. (For complete
quantum field theoretical accounts of the effect, see for
instance [5, 8].) The entanglement can be detected by
measuring degrees of freedom entangled with the posi-
tion (for instance a spin) and checking the violation of
the Bell inequalities. This detection is evidence that the

gravitational field is not classical, since two systems can-
not be entangled by interacting via a third classical sys-
tem. Since we have learned from general relativity that
the spacetime geometry measured by rods and clocks is
determined by the gravitational field, a measurement of
the GME effect is a detection of quantum properties of
the physical geometry. This perspective has raised the
lively interest of the quantum gravity community.

A number of cautionary remarks regarding the inter-
pretation of the effect have been raised:
(a) The experiment is in the non-relativistic regime: it

cannot probe relativistic aspects of quantum gravity.
(b) In this regime the notion of field can be dropped al-

together and interactions can be described as instan-
taneous at a distance. Hence the experiment cannot
probe aspects of the field nature of gravity.

(c) The experiment can be described using the field’s lon-
gitudinal modes only. These are ‘enslaved’ to matter,
they are not part of the radiative modes generally con-
sidered in field quantization. Hence the effect does not
test ‘genuine’ quantum aspects of gravity [6, 9].

(d) The impossibility of entangling degrees of freedom
with a classical mediator can be shown in the context
of the LOCC protocol [10], but the hypotheses of this
protocol are not clearly satisfied in the experiment.

In the following, we offer some considerations on the
GME that shed light on these issues. We discuss in par-
ticular the following questions
i. What exactly is the degree of freedom mediating en-

tanglement, if any?
ii. What is the physical significance of the split between

longitudinal and transverse modes?
iii. What is the exact difference between this and past

experiments involving gravity and quantum matter?
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iv. What does the experiment exactly provide evidence
for, by itself or with additional assumptions?

Some light on these questions is shed by viewing the ex-
periment from the ‘quantum reference frames’ perspec-
tive [11, 12], as we do in the next section.

II. QUANTUM REFERENCE SYSTEMS
ACCOUNT OF GME

A fundamental tenet of general relativity is that the
laws of physics are the same in all reference systems,
where by ‘reference system’ is meant here an arbitrary
(smooth) choice of spacetime coordinates. The relevance
of reference systems for quantum mechanics and quan-
tum gravity has long been noticed and has been recently
exploited in a number of interesting situations [11–19].
Since coordinates are arbitrary labels, nothing forbids
us from using coordinates determined by the particles,
rather than Cartesian coordinates determined by dis-
tances. Let us apply this logic to the GME setting.

We introduce general coordinates x(X) such that
x(X) = 0 and x(Y ) = 1. In words, we can choose a
coordinate system in which one particle has coordinate
x = 0 at all times and the other has coordinate x = 1
at all times. We can change the spatial coordinates only,
without touching the time coordinate (defined a physical
clock).

This can be done in all four branches where the par-
ticles are at respective Cartesian coordinate positions
(Xi, Yj), where i, j ∈ {+,−}. Since the relation between
the Cartesian and the new coordinates is different in each
branch, the change of coordinates is different in the dif-
ferent branches, and the metric will then be different in

the different branches. Let g
(i,j)
ab (x) be the metric in the

(i, j) branch, in these coordinates.
The distance between the two particles is then given by

the standard general relativistic formula for the distance,
which is the length of the shortest curve γ on a fixed time
surface. This definition is diffeomorphism invariant in
this context. Adapting the coordinates so that the curve
γ is along the x direction, the distance is

d(i,j)(t) =

∫ 1

0

√
g
(i,j)
xx (x, t) dx. (2)

This formulation shows that the relevant degree of free-
dom for the experiment is a specific function of the grav-
itational field gab(x, t): the line integral d, which has a
different (time dependent) value d(i,j)(t) in each branch.
In this coordinate system, the state of the system during
the experiment can be written as

|ψ(t)〉 = |X=0〉 ⊗ |Y =1〉 ⊗
∑
(i,j)

|d(i,j)(t)〉 (3)

where |X = 0〉 and |Y = 1〉 are the states of the parti-
cles and |d〉 is a (non normalised) quantum state of the

variable d of the gravitational field.1

This drastic effect of the choice of reference frame
brings forth the fact that in a gravitational context the
physical degrees of freedom of the particles cannot be dis-
entangled from those of the geometry. The relevant (rel-
ative) variable is the distance between the two masses,
which is a non local function of the gravitational field.
Since the energy in each branch depends on this distance,
the phase difference between the branches follows.

Formally, the Hilbert space of the particles’ positions
plus the gravitational field is restricted by the diffeomor-
phism constraint, which forces the state to be indepen-
dent from changes of coordinates. This allows us to con-
sider only diffeomorphism invariant quantities, and d is
such a quantity: a relational quantity, that depends on
both field and particles.

If the particles have a degree of freedom entangled with
their distance, for instance a spin variable –or any other
path dependent observable– that takes the values ± in
the respective ± branches, then this degree of freedom
gets entangled with d:

|ψ(t)〉 =
∑

i,j∈{+,−}

|X=0, i〉 ⊗ |Y =1, j〉 ⊗ |d(i,j)(t)〉 (4)

Notice that in Cartesian coordinates the information
about the distance is coded into the coordinate positions
of the particle, and the spins get entangled with this posi-
tion. In the reference frame we have chosen here, instead,
the spins are directly entangled with the relevant vari-
able, d(t), whose dependence on the gravitational field is
manifest. The coordinate position of the particles, which
is pure gauge, is not affected by the dynamics and does
not get entangled with anything.

Since d(t) is time dependent during the experiment,
the non-commuting observable that allows the mediating
system to transfer entanglement are d and its conjugate
variable pd.

2 When the particle is split into a superposi-
tion of distances, say with a Stern-Gerlach apparatus, the
variable d changes with time. This can be modelled as an
interaction between the particle’s spin and d, which has
the result of modifying the value of d. (The particles’s po-
sition is gauge fixed in this reference frame.) If the initial
spin of one particle is in the state |so〉 = c+ |+〉+ c− |−〉
and the initial distance is do, the interaction’s evolution
U leads to

U |so, do〉 =
∑
i

ci |i, di〉. (5)

Similarly, the evolution entangles the second particle’s
spin with d. Thus, the spins of the two particles will also
get entangled through d, giving rise to the four branches.

1 Notice that both superposition and entanglement are frame-
dependent, as nicely illustrated for example in [12].

2 In the Hamiltonian formulation of general relativity, the conju-
gate momentum to the spatial metric, hence also dp, is related
to the extrinsic curvature of spacetime [20].
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The identification of d, namely the distance between
the particles, as the relevant entangling variable, empha-
sizes the fact that the GME effects can be interpreted as
probing quantum properties of the spacetime geometry.
Of course in physics geometry is operationally defined
by measurements performed with material instruments,
and the astounding empirical success of general relativity
supports the fertility of Einstein’s idea that this geome-
try is a manifestation of the gravitational field. Here we
see all this in place. The GME apparatus can be seen as
a devise indirectly measuring a distance, and the effect
of its being in superposition.

III. THE NON-RELATIVISTIC LIMIT AND
THE IMPLICATIONS OF THE EXPERIMENT

In the previous section, we have employed general rel-
ativistic concepts and assumed that these can be used
in this context. In particular, we have assumed that
the gravitational field and its function d are dynami-
cal variables. The experiment, however, is in the non-
relativistic limit. As such, it can be described in non-
relativistic terms. In this language, each particle acts in-
stantaneously on the other with a force. Such action-at-a
distance describes well the world in this approximation.
In this picture, there is no mediator of the interaction
and no degree of freedom associated to a mediator.

This fact has raised a certain confusion in the dis-
cussion about the GME experiments. More precisely,
a positive outcome of the experiment is compatible with
a world where gravity has no special quantum properties
and is an instantaneous interaction at a distance.

Why then these experiments are considered relevant
for quantum gravity in the quantum gravity community?
The answer is that we know—independently from these
specific experiments—that in the real world gravity is
not an instantaneous interaction at a distance, and—
in fact—that there is no instantaneous interaction at a
distance. It is only by folding this additional knowledge
in, that the experiment becomes informative for quantum
gravity.

In other words, while the experiment alone might not
have strong implications, the experiment in conjunction
with the fact that we have good reasons to believe, from a
hundred years of experiments, that gravity is mediated by
a field that propagates information at finite speeds does
have strong implications. If the information between the
two particles is mediated by a field, and if the two parti-
cles get entangled, this does definitely count as evidence
that the field cannot be a classical field. Therefore the
detection of the GME effect leaves us with an alternative:
either there is no such thing as the gravitational field, or
this field cannot be a classical.

IV. LONGITUDINAL AND TRANSVERSE
COMPONENTS OF THE FIELD

The GME experiments are in the linear (weak field)
regime. In this regime, the field can be usefully decom-
posed into a sum of components that can be treated dif-
ferently. There are several ways to implement this de-
composition. To illustrate the fact, its implications, and
also some common misunderstandings it generates, it is
easier to discuss the electromagnetic version of the field-
mediated entanglement effect, which is parallel but sim-
pler [21]. In this case the masses have charges and the
mediator is the electromagnetic field.

A vector field ~A⊥ is called transverse if

~∇ · ~A⊥ = 0, (6)

while a vector field A‖ is called longitudinal if it can be
written as the gradient of a scalar function

~A‖ = ~∇f. (7)

If f is harmonic, namely it satisfies the Poisson equation

∆f = 0, the field ~A = ~∇f is, according to these defini-
tions, both longitudinal and transverse, but it is conven-
tional to call it longitudinal. If boundary conditions are
fixed, the Poisson equation has a unique solution.

In 1930, Enrico Fermi showed that the four dimen-
sional Maxwell potential Aµ can be decomposed into
two parts [22, 23]. The first part, called longitudinal, is
formed by the time component A0 and the longitudinal

part of the vector potential ~A‖; the second part, called
radiative, is formed by the transverse (and non longitudi-
nal) part of the vector potential A⊥. Fermi showed that
the first part can be seen as giving rise to Coulomb inter-
actions between particles, while the second part gives rise
to the electromagnetic radiation from moving charges.
With this separation, one can use a non-relativistic form
of the Hamiltonian for charged particles and fields (with
self explanatory notation)

H =
∑
n

(~pn − en ~A⊥(~xn))2

2mn
+
∑
n>m

enem
|~xn − ~xm|

+Hrad[A⊥].

(8)
where Hrad is the free field Hamiltonian that only de-
pends on the transverse part of the field. For a deriva-
tion, see for example [24] chapter IB.

This decomposition and similar ones are useful and
widely used in electromagnetism and in gravity, but it
is important not to misinterpret them. The decomposi-
tion into longitudinal and transverse parts (while gauge
invariant) is not Lorentz invariant: it depends on the
frame in which it is done. Hence it cannot correspond to
a physical distinction between different kinds of degrees
of freedom of the theory.

In gravity the decomposition is even less well defined,
because it can be done only in the vicinity of flat space.
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In general, there is no invariant sense in which a field
splits into a radiative and a non radiative part: the split
is always conventional.

To understand why the longitudinal/transverse split
is unphysical, let us consider the following situation. A
charge is kept at the origin until the time t = 0. The
field –say– is the static Coulomb field centered on the
charge. During a finite time interval ∆t the charge is
smoothly displaced from the origin to the new location
~x(t) 6= 0, and then it is brought back to the origin. (That
is x(t) = 0 for all t /∈ [0,∆t] and ~x(t) 6= 0 for some
t ∈ [0,∆t].) Consider the value of the electric field during
the interval ∆t at a location ~y such that |~y| � c∆t. Since
the Maxwell equations are relativistic, the electric field
~E(~y) is obviously still the Coulomb field centered at the
origin

~E(~y) = −~∇ e

|~y|
. (9)

The decomposition of the field into a longitudinal and a
radiative part splits it as

~E(~y) = −~∇ e

|~y − ~x(t)|
+ ~E⊥(~y). (10)

The first term is the Coulomb field of the displaced
source. The second term, namely

~E⊥(~y) ≡ −~∇
(
e

|~y|
− e

|~y − ~x(t)|

)
, (11)

is a non-vanishing radiative part, which has magically
appeared very far away from the charge, even if nothing
is radiating there from the charge! Yet, it is necessary
to account for the fact that the information about the
change of location of the charge has not yet arrived at ~y.

To interpret this decomposition as a decomposition
into physically distinct degrees of freedom is obviously a
physical nonsense: nothing happens at ~y when the charge
at the origin is moved, because no information has had
the time to get from the origin to ~y. It is absurd to imag-
ine that what happens in reality is that a physical part
of the field instantaneously determined by the charges
changes, and a radiative part magically appears to make
this variation undetectable.

This example also shows that setting the transverse
modes to zero means breaking the Maxwell equations
even where there is no radiation actually emitted by the
charges. Also, notice that in the decomposition, not only
the longitudinal part, but also the radiative part of the
field has a badly non local dynamics. On this, and on
analogous confusions permeating the gravitational waves
literature, see also [25, 26].

The same argument applies in the gravity case. Imag-
ine that a fast neutron star arrives at extremely high
speed from the sky and wipes away our sun. For eight
minutes, the Earth will continue to follow its curved or-
bit, being attracted by the sun, even if (in our Lorentz
frame) the sun is not anymore at its place. Since the

Sun is eight light-minutes away, no physical information
about its disappearance can affect the Earth’s motion.
This is natural in field theory: the degrees of freedom
of the field are local and they change at finite speed. If
we artificially separate the Newtonian from the radiative
field, something absurd happens: the Newtonian field
of the sun disappears instantaneously (in our Lorentz
frame) as soon as the sun is wiped away by the neu-
tron star, and a radiative mode appears, equally instan-
taneously, to compensate for its disappearance and make
it undetectable for eight minutes.

The split into radiative and longitudinal modes is a
computational trick that rearranges field components
globally and does not respect the local nature of the phys-
ical degrees of freedom of the field.

The moral is that Fermi’s distinction between the
Coulomb or Newton field components, and the radia-
tive components of the field is a convenient mathematical
trick that one can use in a frame and not a separation
between physically distinct degrees of freedom. This con-
clusion is important because it has been argued that the
component of the field involved in the Coulomb inter-
action is not a genuine field degree of freedom. This is
incorrect. In the limit c→∞, the notion of field may be
discarded altogether, but when c is kept finite the appro-
priate account of the phenomena involves a propagating
field and there is no physical distinction between genuine
and not genuine parts of the field.

V. CAN THE RADIATIVE MODES BE
QUANTUM AND THE LONGITUDINAL MODES

BE CLASSICAL?

Let us disregard the conclusion of the previous section
and ignore the fact that the distinction between longi-
tudinal and radiative modes of the field is not Lorentz
invariant and not physically meaningful. Can we never-
theless say that the radiative parts of the field are affected
by quantum theory, while the longitudinal parts are not?
A moment of reflection shows that this would lead to
contradictions. See also [27, 28].

In the GME experiments, the effect of the radiative
part of the field is negligible and the field is always well
approximated by its longitudinal part. If this remains
classical, the field would be entirely classical in the ex-
periment. But if it is classical, it cannot be in a state
which is a quantum superposition of classical configura-
tions. It must be in a single classical configuration, the
same in all branches. Which one? Any such configura-
tion would violate the Gauss law in at least one branch.
That is, for the effect to happen, it must be possible to
have quantum superpositions of classical field configura-
tions for its longitudinal parts as well. In this sense the
longitudinal part is equally quantum, and this is precisely
what the GME experiments test.

Let us see this in detail. In the Coulomb gauge, the

longitudinal component ~A‖ of the vector potential ~A is
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set to 0. The longitudinal part of the electric field is

~E‖ = −~∇A0 (12)

and the transverse part is

~E⊥ = −∂t ~A. (13)

Thanks to the Gauss law, A0 can be expressed completely
in terms of variables of the matter sources. For a set of
particles, for instance

A0(x, t) =
∑
n

qn
|~xn(t)− ~x|

. (14)

In the quantum theory in this gauge, the ~A(x) are op-
erators on a Fock space, but also the A0(x) are opera-
tors: they act on the Hilbert space of the matter sources.

From (12) and (13) it then follows that ~̂E‖ acts on the

Hilbert space of matter while ~̂E⊥ acts on the Fock space
of the field. In this gauge (and in a fixed frame), we
can say that the longitudinal field is ‘enslaved to mat-
ter’. Nevertheless, this does not mean that it is classical:

mathematically, ~̂E‖ is very much a quantum field : a fam-
ily of operators (more precisely, operator distributions)
labeled by points in spacetime. Physically, precisely be-
cause matter is quantum, so is the longitudinal field: as
matter can be in quantum superposition, so can the lon-
gitudinal field. Concretely, the split between parallel and
longitudinal fields is unobservable: the electric field’s ob-
servables are local quantities, sum of the two:

~̂E = ~̂E⊥ + ~̂E‖. (15)

Therefore even disregarding the transverse modes, we can
still conclude that the field is in a quantum superposition
during the experiment.

In gravity, as we have seen by changing reference frame,
even the distinction between the positions of the particles
and the degrees of freedom of the field looses meaning,
because general coordinate invariance (or, equivalently,
because of presence of the diffeomorphism constraint)
implies that the physical quantity relevant in the exper-
iment mixes the two.

VI. THE QUANTUM INFORMATION
PERSPECTIVE

A different source of confusion in the discussion on the
physical relevance of the GME is rooted in the different
interests and the different perspectives of the two main
research communities concerned by this phenomenon. In
this regard, the history of the GME is peculiar. Although
motivated by quantum gravity, the idea of GME is rooted
in the field of quantum information theory. The idea of
the experiment is in fact a beautiful case of cross fertil-
ization between distant fields. But the two communities

work on the basis of different assumptions and different
scientific objectives.

For the quantum gravity community, the momentous
relevance of the GME experiments is, as mentioned, that
that they can detect an effect of quantum superposition
of geometry [4]. The connection between GME detection
and geometry superposition gives for granted two basic
facts: (a) the gravitational interaction is mediated by
a local field, namely, a field that does not allow action
at a distance, and (b) this field determines the spacetime
geometry. These two ideas played a pivotal role in the de-
velopment of our current theory of gravity (and modern
physics in general) and are generally taken for granted
by the majority of quantum gravity researchers.

The quantum information and quantum foundations
community, on the other hand, is rooted in non-
relativistic physics and is interested in particular in
theory-independent results: results that one can derive
directly from the measurement, with minimal additional
theoretical inputs. In this logic, a number of assump-
tions considered obvious in the high energy community
are not taken for granted. In this perspective, a relevant
question is what does the detection of GME imply by
itself, without additional knowledge about the nature of
the gravitational interaction.

For the vast majority of the important physical ex-
periments, the result is meaningful in the context of ad-
ditional information and acquired knowledge about the
world. This is also a general point of philosophy of sci-
ence of the last decades: there are no pure observations.
An observation makes sense only within a rich context of
assumptions, and is interpreted as supporting, or ques-
tioning this context, as a whole. Without additional as-
sumptions, it is rare to be able to extract useful informa-
tion from a single observation.

This fact has been explicit since the first proposal of
GME. The seminal paper [1] states:

Our proposal relies on a simple assumption:
the gravitational interaction between two
masses is mediated by a gravitational field (in
other words, it is not a direct interaction-at-
a-distance).

On the other hand, however, the same paper continues:

Once we make this assumption, we use a cen-
tral principle of quantum information theory:
entanglement between two systems cannot be
created by Local Operations and Classical
Communication (LOCC).

Let us see in more detail if this statement can be made
precise. In the LOCC setup [10], one imagines two ex-
perimenters, each with full quantum control on a quan-
tum system in their laboratory, that can coordinate their
behaviour only by exchange of classical bits. Alice per-
forms a generic operation on one system, communicates
the classical outcome to Bob, who can use that informa-
tion to pick what operation to perform on his system,
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send the outcome to Alice and so on. The relevant the-
orem states that entanglement is not generated, in this
way.

Let us state the theorem more precisely. Call a lo-
cal operation on a bipartite system a separable quantum
channel, that is, a channel that takes the form TA ⊗ TB
for some quantum channels TA and TB . Here TA are Al-
ice operations on one particle in her lab and TB are Bob
operations on the other particle in his lab. A forward
round of local operations and classical communication is
represented by a map of the form

ρ 7−→
∑
i

(I⊗ T i)
[
Mi(ρ)⊗ I

]
, (16)

where each T i is a quantum channel and the {Mi} form
an instrument. Each Mi is a completely positive map and
tr
∑
iMi[ρ] = tr ρ. Here the label i includes any signal

or information transmitted by the field. Bob’s quantum
channel depends on the field, and this in turn is affected
by Alice’s operation. We can define a backward round
of local operations and classical communication in total
analogy. Two rounds will look like

ρ 7−→
∑
ij

(T j ⊗ I)
[
(I⊗ M̃ i

j)
[
Mi(ρ)⊗ I

]]
, (17)

where each of the T j are channels, {Mi} is an instrument,

and for each i, {M̃ i
j} is an instrument. We can keep

defining n rounds this way [29]. The LOCC theorems
show that the class of maps representing such exchanges
is a subset of the separable operations, those that can be
represented with separable Kraus operators

ρ 7−→
∑
i

(Ai ⊗Bi)ρ(Ai ⊗Bi)†, (18)

where
∑
iA
†
iAi ⊗ B

†
iBi = I. These cannot entangle the

quantum systems if they were originally in a tensor state.
Notice that the notion of locality employed in this the-

orem is only loosely connected with relativistic locality.
It refers simply to the split between the two subsystems
and the fact Alice and Bob can each act only on one
of the two. To apply the theorem to the GME effect,
we have to identify the field with the classical commu-
nication channel, namely with any classical information
exchanged between Alice and Bob’s labs. We can thus
model the experiments as two quantum systems, namely
the two particles, on which Alice and Bob intervene and
that they can measure.

Notice the subtle shift with respect to the usual quan-
tum information setting. What is meant here by (clas-
sical) information is any gravitational influence between
the two labs. This information affects any operation or
measurement Alice and Bob perform. In other words,
the configuration of the gravitational field is in the index
i in the above formulas. Then the result follows: if any
reciprocal gravitational influence of Alice’s and Bob’s op-
erations is via the effect of gravity and this is a classical

communication channel, then the GME effect does not
happen.

Of course by relaxing the definition of terms such as
local, classical, and communication, entanglement can
be generated in special situations. In exotic quantum-
classical hybrid models for instance [30], it might in prin-
ciple be possible for an evidently classical field to medi-
ate entanglement between two quantum systems. Even
in standard quantum theory one can turn a separable
state into an entangled state3 by the exchange of a clas-
sical bit, if the bit is correlated with the preparation of
the quantum systems [31]. Theory-independent claims
about the experiment have to be understood in their own
terms. The GME cannot be explained by a local classi-
cal mediator, under specific definitions of these terms and
given extra assumptions (about the interactions, about
superdeterminism etc). This is nothing new. The viola-
tion of the Bell inequalities show that the world is non-
local, by a specific definition of non-local and assuming
no-superdeterminism, the existence of a single world etc.
Theory-independent results about experimental observa-
tions limit the space of possible theories. They can only
“prove something” given extra assumptions.

From the quantum gravity perspective, the full force
of the GME experiments, as they have been conceived so
far, is not in ‘proving’ something: it is in confirming a
general prediction that in quantum gravity comes about
as a consequence of the fact that spacetime can be in
superposition. In spite of its roots in quantum informa-
tion, the main interest of the experiment for quantum
gravity research is not so much in the context of a theory
independent framework. The experiment is important
because, given the current theoretical knowledge that we
have about the world, GME is a direct consequence of
quantum superposition of geometries.

VII. DIFFERENCE FROM PREVIOUS
EXPERIMENTS

A number of past experiments have involved quantum
matter and geometry. For instance the COW experiment
[32], neutron bouncing [33] and atomic fountain experi-
ments can be interpreted relativistically as the measure-
ment of the interference due to the different time dilation
at different altitudes [34, 35]. None of these experiments,
however, involve actual quantum properties of geometry
itself. They are all compatible with a world where quan-
tum matter moves in a classical geometry described by
classical general relativity; for instance with the semi-
classical theory defined by the Einstein equations cou-

3 Prepare the quantum systems in either of two entangled states,
and store the information of which state was prepared in a clas-
sical system. Then the state or the quantum systems alone is
a separable state, but it is entangled when conditioning on the
classical system.
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pled with the expectation value of the matter’s energy
momentum tensor G = 8π〈T 〉 [36].

Not so the GME. In a world described by quantum
matter on a classical geometry obeying general relativ-
ity, GME would not happen. In this sense, detecting
this effect can be the first direct evidence of a quantum
gravity phenomenon.

The fact that there is a regime in nature that is out-
side semiclassical gravity and yet gives an effect that sur-
vives in the c→∞ limit is perhaps obvious a posteriori,
but it is surprising and interesting. The GME effect is
accounted for by a non-relativistic theory of the world
where there is action at a distance and no quantum ge-
ometry, but this theory of the world is falsified by a wide
variety of other experiments. Hence, among the known
viable theoretical alternatives, the GME effect can only
be interpreted as a manifestation of quantum geometry.

The true reason for the extreme interest raised by the
prospect of GME detection is therefore subtle. The GME
effect is not predicted by semiclassical gravity, nor by
most gravity induced collapse theories. Hence it counts

as evidence against these exotic alternatives. But this is
not the main reason of interest of the experiment. After
all, most scientists expect the effect to be real. The rea-
son of the interest is that as far as we can see today, the
GME effect has only two possible explanations: (i) the
world is genuinely non-relativistic or governed by some-
thing totally unknown, and this would be astonishing,
or (ii) the effect is a direct consequence of quantum ge-
ometry: seeing it could be our first direct glimpse into
quantum gravity.
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