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The Bose-Marletto-Vedral experiment tests a non-relativistic quantum effect due to a gravitational
interaction. It has received attention because it may soon be within observational reach in the lab.
We point out that: (i) in relativistic language the experiment tests an interference effect between
proper-time intervals; (ii) the relevant difference of proper times approaches the Planck time if the
masses of the particles in the experiment approach the Planck mass (∼micrograms). Therefore the
experiment might open a window on the structure of time at the Planck scale. If time differences
are discrete at this scale —as quantum gravity research may suggest— the Planckian discreteness
of time could show up as quantum levels of a measurable entanglement entropy.

I. INTRODUCTION

Bose et. al. [1] and Marletto and Vedral [2, 3] have pro-
posed an ingenious idea to amplify and observe minuscule
non-relativistic quantum gravitational effects in a table-
top experiment. The idea has received considerable at-
tention [4–14]. In the version proposed in [1] the observ-
able signal is given by Bell–like correlations among the
spins of two particles. The correlations are produced by a
gravitational interaction. Taking into account the iden-
tification of gravity with spacetime geometry assumed
by general relativity, the observation of these correla-
tions implies then that spacetime geometry can be in
a quantum superposition (in a non-semiclassical state),
and therefore can be taken as evidence for quantum be-
haviour of the geometry [10].

The Bose-Marletto-Vedral (BMV) effect is predicted
by low energy perturbative quantum gravity, and there-
fore by any approach to quantum gravity consistent with
this low energy expansion, including string theory and
loop quantum gravity. It is therefore plausibly real. If de-
tected, it would provide indirect empirical evidence that
spacetime geometry does obey quantum mechanics.

On the other hand, the BMV effect is insensitive to the
limit c→∞, hence it is non-relativistic. For this reason,
it does not test the full relativistic quantum gravitational
regime. In fact, it can be accounted for purely in terms of
the scalar non-radiative modes of the gravitational field,
hence it does not test the quantum dynamics of gravity.
If we do not fold the relativistic information provided by
classical general relativity in, we can interpret the effect
in terms of action at a distance, and discount its relevance
for the quantum properties of spacetime, as emphasized
for instance in [4].

However, we point out here that a refinement of the
BMV effect could open a true window on a genuine
relativistic quantum gravitational affect: time discrete-
ness. This would definitely not be accounted for by non-
relativistic quantum physics.

The reason this is possible is that (in its relativistic
interpretation) the BMV set up is a delicate interference
apparatus that picks up a tiny difference δτ in proper
time between two quantum branches. If the experiment is

performed with particles of mass m, the phase difference
δφ it measures can be written as (see equation (16) in
reference [10])

δφ =
m

mPl

δτ

tPl
, (1)

where mPl and tPl are the Planck mass and the Planck
time. The Planck mass is an easily accessible scale
(∼micrograms), while tPl is at the so-far deeply inacces-
sible scale tPl ∼ 10−44s. But an interference apparatus
detecting δφ of order unit using particles with masses
getting closer to mPl tests δτ at scales approaching the
Planck time tPl.

Now, it is often pointed out in quantum gravity re-
search that the Planck time tPl could be a minimal ob-
servable time; this follows for instance from relativity
plus the fact that many approaches to quantum gravity
predict a minimal length [15]. The simplest possibility is
to assume that a measurement of a time lapse can only
yield multiples of the Planck time. If this holds for the
time difference δt, namely if δτ = n tPl, with integer n,
then

δφ = n
m

mPl
. (2)

As discussed below, such a discretisation of the phase
could be observable if m approaches the scale of mPl.
The current proposal to measure the BMV effect in the
lab relies on the use of nano-particles, with masses of
order 10−6mPl. With these particles the BMV effect
tests δτ of the order of 106tPl. This is too large to hope
to see time discreteness. But if the experiment can be
pushed to work with larger particles, with masses getting
closer to mPl, then a discontinuity in δτ would reflect in
a discontinuity in δφ. In turn, the interference phase δφ
can be detected by the Bell–like correlations among the
particles’ spins, and these can acquire a characteristic
quantum band structure.

This analysis is rough and the effect might be ques-
tioned by a more detailed investigation. For instance, it
may turn out that the BMV apparatus does not measure
eigenvalues but rather expectation values, or that the
scale of discreteness for differences in duration is actually
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smaller that Planckian. Still, a prospect of experimental
access to the scale of the Planck time is so interesting to
deserve full attention.

II. THE BMV EXPERIMENT

Let us start by describing the BMV experiment in rel-
ativistic language, as in [10]. Two particles (a and b)
of mass m and spin 1

2 are quantum split (say with a
Stern-Gerlach-like apparatus) and each is set in a super-
position of two distinct states, say with spins + and −
in some basis, with different positions in space. This
gives rise to four different branches, which we denote
|+ +〉, |+−〉, | −+〉 and | − −〉 and a tensor state

|ψ〉 =
|+〉a + |−〉a√

2
⊗
|+〉b + |−〉b√

2

=
|++〉+ |+−〉+ |−+〉+ |−−〉

2
. (3)

After a time t the two components of each particle are
recombined. The relative positions of the particles differ
in the distinct branches during the time t, giving rise to
different gravitational fields, namely different spacetime
geometries. Therefore during the interval t the quan-
tum state of the geometry is in a superposition of four
(semiclassical) spacetimes, each corresponding to a clas-
sical metric. In particular, the proper time τ along the
worldline of one particle is affected by the presence of
the other by relativistic time dilation. This effect is ob-
viously very small, but, as we shall see, it may be picked
up by interference.

For simplicity, consider the case in which the two parti-
cles are kept at a small distance d only in a single branch,
say | −−〉, while in the other three branches the time di-
lation is negligible. According to general relativity, the
gravitational time dilation is

δτ =
Gm

dc2
t. (4)

where G is the Newton constant and c the speed of light.
The phase of the quantum state of a particle of mass m

evolves in time as eiφ = eimc
2τ/~. Therefore after a time

t the | − −〉 branch picks up a phase difference

δφ =
mc2

~
δτ (5)

with respect to the other branches. This equation is
equivalent to equation (1). After the time t the state
of the two particles has become

|ψ〉 =
|++〉+ |+−〉+ |−+〉+ eiδφ |−−〉

2
. (6)

This is an entangled state. The amount of entanglement
is measured by the entanglement entropy

I = Tr[ρ ln ρ] (7)

FIG. 1: The entanglement entropy for δφ ∈ {0, 2π}.

where

ρ = Trb |ψ〉 〈ψ| (8)

the trace being on the spin states of one of the two par-
ticles. A quick calculation gives

ρ =
1

2

(
|+〉 〈+|+ |−〉 〈−|

)
+
e−iδφ + 1

4
|+〉 〈−|+ eiδφ + 1

4
|−〉 〈+| . (9)

This is correctly a hermitian matrix of unit trace. To
compute the entropy we need to diagonalise ρ. A
straightforward calculation gives the eigenvalues

ρ± =
1

2
±
√

1 + cos δφ

2
√

2
(10)

When δφ = 0, ρ+ = 1 and ρ− = 0, thus giving vanishing
entanglement entropy, i.e. there is no interference in the
output. When δφ = π, ρ+ = 1/2 and ρ− = 1/2; the state
is maximally entangled and I = log 2, i.e. we observe the
BMV effect. For a general δφ, the entanglement entropy
is

I = −ρ+ ln ρ+ − ρ− ln ρ− (11)

= −
(

1

2
+

√
1 + cos δφ

2
√

2

)
ln

(
1

2
+

√
1 + cos δφ

2
√

2

)
−
(

1

2
−
√

1 + cos δφ

2
√

2

)
ln

(
1

2
−
√

1 + cos δφ

2
√

2

)
.

See Figure 1. In the lab, δφ can be controlled by modu-
lating t, via

δφ =
Gm2

d~
t. (12)

that follows from (4) and (5). The entanglement entropy
can be measured by the violation of the Bell inequali-
ties in repeated spin measurements on the recombined
particles.

Consider now the hypothesis that time is discrete at
the Planck scale. We consider here for simplicity the
simplest possible ansatz: that

δτ ∈ N (13)
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FIG. 2: The entanglement entropy for δφ ∈ {0, 2π}
under the assumption that δt/tPl ∈ N+, for particles

with 1/10 of the Planck mass.

in natural units. That is, δτ = n tP with a non negative
integer n. Writing m = αmP with α a dimensionless
real parameter, we have that the only values of φ that
are actually realized are

δφ = αn, (14)

that is, the phase ends up taking only discrete quantised
value, when t is varied continuously. It follows that the
entropy is not anymore given by a continuous curve as in
Figure 1, but has characteristic quantum steps. As long
as α � 1, as in the realization of the BMV experiment
currently in preparation, the steps are too fine to be re-
solved, but if α approaches unit the steps become visible,
as as in Figure 2, where α = .1.

For particles with masses larger that the Planck mass
interference is likely to disappear altogether, as is com-
mon in interference experiments when the wave frequency
is much higher than the relevant scale of the apparatus.
In this case wave theory goes to the eikonal approxima-
tion. Wave mechanics goes to classical mechanics. The
Compton frequency

νc =
mc2

~
=

m

mPl

νP
2π

(15)

of objects with mass larger than the Planck mass is for-
mally larger than the Planck frequency νPl = 2π

tPl
and

probably meaningless.

Notice that in this case an apparatus capable of detect-
ing δφ ∼ 1 is going to be affected by genuine dynamical
effects since we can also write

δφ =
m2

m2
Pl

ct

d
(16)

and if the left hand side and the first fraction are of
order unit, so must be the second, with the consequence
that the duration t of the interaction must be of the
same order than the light travel time d/c between the
particles (see also [16]). This would take us outside the
static approximation used in the analysis.

III. DISCUSSION

The current hope is to realise the BMV experiment
in the lab with masses m ∼ 10−6mP in the next few
years [1]. Already with masses at this scale, the BMV
experiment is testing time differences of the order of
δτ ∼ 10−38s ∼ 106tPl. This is already an extraordinar-
ily small time. For comparison, the most accurate direct
measurements of time at our disposal make use of the
frequencies corresponding to energy differences in atomic
states, atomic clocks, with an accuracy corresponding at
best to a period of the order ∼ 10−19s [17], namely about
twenty orders of magnitude larger.

A relativistic language is not needed to derive the cor-
relations that the BMV experiment is expected to de-
tect. In the non-relativistic language no small time in-
tervals are in play: instead of δφ = mc2δτ/~, the phase
reads δφ = t δE/~, and the c2 makes all the difference.
But if time discreteness is detected, the non-relativistic
language becomes insufficient to descrive the relevant
physics: time discreteness is a genuine relativistic quan-
tum gravitational effect.

As mentioned in the introduction, the analysis given
here assumes the discreteness of δτ in Planck time mul-
tiples. It is possible, but it is not certain that this is
implied by quantum gravity. Two reasons that could
question this assumption are the following. First, the
spectrum of τ could be less trivial and, as a consequence,
differences of proper time could be much smaller. For in-
stance, if the spacing between eigenvalues decreases when
the eigenvalues are large, their differences may become
small. Second, a more careful analysis might show that
the interference depends on averages, or expectation val-
ues of time durations, and these may be continuous even
if direct duration measurements are quantised.

Even with these caveats, the possibility that quantum
interference effects could depend on time differences of
the order of Planck time, a scale so far considered totally
out of reach, definitely deserves attention.
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