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We show that the dynamics of the Diósi-Penrose (DP) model of classical gravity can entangle the
mechanical degrees of freedom of two separate particles. For standard experiments of gravitationally
induced entanglement (GIE), we find that entanglement can be generated if and only if the particles are
separated by a distance smaller than some limiting value dc, proportional to the only free parameter of the
DP model. Greater distances can be achieved through new experimental configurations, where the initial
wave functions of the particles are allowed to spread perpendicularly to the separation axis. Although the
DP dynamics asymptotically drives the system to a separable state, we observe that, for reasonable
experimental parameters, GIE can survive for more than a day. Our results therefore imply that GIE
detection is not enough to validate quantum gravity. Experimental tests of GIE dynamics have nonetheless
the potential to falsify the DP model.
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Introduction. It is widely believed that two interacting
quantum systems cannot become entangled if the interaction
is mediated by a classical system ([1–6] among others).
Recent experimental proposals to test whether gravity is
classical or quantum through tabletop experiments [7–9] rely
on this basic assumption. In such “gravitationally induced
entanglement” (GIE) experiments [4], two massive particles
are prepared each in a superposition of position states. The
two particles are let to evolve, interacting with each other
only through the gravitational field. The presence of entan-
glement after a finite time is then taken as proof that the
gravitational field was not classical [1–3,5,6,8,9].
There have been refinements of the original GIE experi-

ment proposal that study how to best measure the entan-
glement, and how to reduce the Casimir-Polder effect
[10,11]. Other works sought to generalize the original
no-GIE argument to theories beyond quantum physics [12].
More recently, new experiments have been proposed which
do not rely on the measurement of entanglement [13];
instead, they directly test whether the underlying interaction
induces a channel achievable through local operations and
classical communication (LOCC). The LOCC assumption

used in both GIE experiments and the more recent [12,13]
has been criticized before [5,14–17], but it nonetheless stands
as the heart of all arguments in favor of the implication
GIE ⇒ quantum gravity.
In this work, we consider a well-knownmodel of classical

gravity, developed by Diósi [18] and later by Penrose [19] in
1989 and 1996. Originally derived from heuristic arguments,
it was later shown to be equivalent to hybrid classical
(gravity)-quantum (matter) dynamics [20]. We show that,
in the Newtonian regime, the dynamics of the Diósi-Penrose
(DP) model can entangle the mechanical degrees of freedom
of two separate massive particles. Hence, the DP model, the
quintessential theory of classical gravity interacting with
quantum matter, does not comply with the LOCC
assumption found in [8,9,12]. Most importantly, our work
proves that even the experimental observation of GIE is not
enough to invalidate classical gravity.
Nonetheless, we find that, with regards to GIE, the DP

model makes predictions qualitatively different from usual
quantum mechanics. For instance, for the standard
GIE experimental proposal, GIE is only possible if the
particles are separated by a distance smaller than a limit
dc ≈ 0.8501σ, where σ is a free parameter of the DP model.
In addition, whereas in the quantum case the system rapidly
oscillates between zero and maximum entanglement, the
DP dynamics predicts that the system will slowly increase
its entanglement up to a limiting value and then back to
zero, where it shall remain. Under the DP model, GIE is
therefore expected to have a finite lifetime, although, for
reasonable values of the experimental parameters, we find
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that it could last more than a day. Such special features of
DP GIE can be used to either disprove the DP model, or at
least to disprove a new regime of values of σ.
This paper is structured as follows. First, we review the

experimental setup of GIE, including the argument invoked
by the authors of [8,9] to regard GIE as a signature of
nonclassicality.Next,we introduce theDPmodel and explain
why the LOCC assumption of [8,9,12] does not apply. We
then use the DP theory to model the GIE experiment,
characterizing the experimental conditions under which it
is possible to observe GIE. We next run some computations
with concrete experimental parameters to estimate how long
and how strong the GIE effect predicted by the DP model is
expected to be. Finally, we present our conclusions.

Gravitationally induced entanglement. Past proposals to
detect entanglementmediatedbygravity consider experiments
wherein two separate particles, initially prepared in a separable
state, become entangled after some time. The starting position
of the two particles, of masses m1 and m2, is assumed to be
identical in two of the three spatial axes. As for the remaining
one, say, the x-axis, it is assumed that each particle is in a
superposition of two different locations, see Fig. 1.
Let the initial states ψ1, ψ2 of particles 1,2 be given by

jψ1i ≔
X2
j¼1

αjjaji; jψ2i ≔
X2
j¼1

βjjbji; ð1Þ

where aj;bj ∈R3 are positions and, for any c∈R3, jci
denotes a wave function centered at x ¼ c with very low
spread. The initial joint state of the system is therefore,

ρ0 ¼ jψ1ihψ1j ⊗ jψ2ihψ2j: ð2Þ
This is an instance of a separable state [21], i.e., a quantum
state of the form, X

i

piρ
1
i ⊗ ρ2i ; ð3Þ

where pi ≥ 0, for all i and ρ1i ; ρ
2
i are normalized quantum

states. Separable states are the only quantum states that can
be prepared by two separate parties who can communicate
through only a classical channel. In other words, they are
realizable via LOCC [21].
Now, let Xi, Pi, respectively denote the vectors of

position and momentum operators of particle i∈ f1; 2g.
If we treat the gravitational interaction between the two
particles the same way we model the Coulomb force, we

would conclude that the two particles generate a gravita-
tional field of the form,

Φ̂ðrÞ ¼ −G
Z

dx
ρ̂ðxÞ

kr − xk ; ð4Þ

where ρ̂ðxÞ ¼ P
j mjδðXj − xÞ is the mass density oper-

ator. For each value of r∈R3, Φ̂ðrÞ is a nontrivial operator
(namely, it is not proportional to the identity) and we can
therefore call it a quantum field.
The two particles are thus subject to the potential VG,

V̂G ¼ 1

2

Z
drΦ̂ðrÞρ̂ðrÞ ¼ −

Gm1m2

kX1 −X2k
−∞; ð5Þ

which we can renormalize to eliminate the bothering
(scalar) second term. In the absence of further forces,
the two particles will hence jointly evolve according to the

Hamiltonian HG ¼ P
2
i¼1

P2
i

2mi
þ V̂G.

Call ρGðtÞ ¼ e−
iHGt
ℏ ρð0ÞeiHGt

ℏ the state of the system at
time t. For sufficiently massive particles, we can neglect the
contribution of the kinetic terms of HG, in which case
ρG12ðtÞ ¼ jψðtÞihψðtÞj, with

jψðtÞi ≈
X2
j;k¼1

αjβke
−i Gm1m2t

ℏkaj−bkkjajijbki: ð6Þ

The approximation will improve the narrower the initial
wave packets jaji; jbki are.
For t > 0, the state ρGðtÞ is, in general, entangled. To see

this, we recall the following sufficient criterion for entan-
glement certification.
Given any matrix C∈BðH1 ⊗ H2Þ, we define the linear

map CT1 through the identity ðjiihjj ⊗ jkihljÞT1 ¼
jjihij ⊗ jkihlj. Literally, we have transposed the first
subsystem. The matrix CT1 is called the partial transpose
of C. As noted by Peres [22], any separable state ρ12
satisfies ρT1

12 ≥ 0. Thus, if ρT1

12 ≱ 0, then state ρ12 is
entangled. This method to detect entanglement is known
as the Peres criterion [23].
Applying the Peres criterion to ρG12ðtÞ, the authors of [8]

find that the state becomes entangled if

Gm1m2t
2πℏ

�
1

d
þ 1

dþ 2L
−

2

dþ L

�
∉ Z: ð7Þ

That is, GIE will occur for almost all times t.
In [8] and [9] it is claimed that models of classical gravity

do not predict GIE; any successful GIE experiment would
thus constitute a refutation of all classical gravitational
theories. The intuition is that, in experiments like the one
just described, each massive particle would only interact
with the gravitational field. If the latter happened to be
classical, it could, at most, transfer classical information
between the matter systems. Under the assumption of
classical gravity, the quantum state of the particles is thus

FIG. 1. Standard gravitationally induced entanglement
experiment.
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expected to undergo an LOCC operation, which cannot
generate entanglement. As shown in [12], this conclusion is
sound even in scenarios where the matter systems are not
described by quantum theory, but by a generalized prob-
abilistic theory [24].
There is, however, a flaw in the reasoning above. The

dynamics of models of classical gravity do not necessarily
decompose into sequences of pairwise interactions between
each massive particle and a classical field. In fact, as we
show next, the most famous theory of classical gravity
violates this fundamental assumption.

The Diósi-Penrose model. The DP model is a theory of
gravity, whereby matter is regarded as quantum and gravity,
as a classical field. Both quantum and classical parts interact
with each other in a nontrivial way. In the Newtonian
approximation, the DP model can be derived as follows.
Let μ̂σðxÞdx denote the Gaussian-smeared mass density at
point x, i.e.,

μ̂σðxÞdx ≔
1

ð2πÞ3=2σ3
Xn
j¼1

mje
−
kx−Xjk2

2σ2 dx; ð8Þ

where the standard deviation σ ∈Rþ is a free parameter of the
DP theory, introduced for renormalization purposes.
Wemeasure the operator μ̂σðxÞ continuously at each point

of space x, call μtðxÞ ¼ hμ̂σðxÞit þ δμσðxÞ the (classical)
outcome at time t. To model this process within the
formalism of continuous measurements [25], we need to
provide the state-independent correlations hδμtðxÞδμτðyÞi,
which take into account prior correlations between the
measurement devices. The DP model takes those equal to
δðt − τÞ 1

8πG∇2δðx − yÞ [26].
These outcomes are used to source a classical field,

ΦcðrÞ ¼ −G
Z

dx
μtðxÞ
kx − rk : ð9Þ

Integrating this field with the operator field 1
2
μσðrÞ [in order to

avoid the divergences appearing in (5) from construction], we
arrive at a potential operator ŴG, whichweuse to backreact on
the quantum particles. After tracing out the classical field, one
arrives at the following master equation [26]:

dρ
dt

¼ −
i
ℏ
½H; ρ� þ G

2ℏ
AðρÞ; ð10Þ

where H is the free Hamiltonian of the system, and

AðρÞ ¼ −
Z

drds
1

kr − sk ½μσðrÞ; ½μσðsÞ; ρ��

þ i
Z

drds
1

kr − sk ½μσðrÞμσðsÞ; ρ�: ð11Þ

Due to the structure of μσðrÞ, the operator ŴG is local,
i.e., it can be expressed as

P
j Ŵ

j, where Ŵj only acts

nontrivially on system j. As such, it cannot generate
entanglement by itself. However, the instruments carrying
the prior weak measurement of μ̂σðxÞ were assumed
correlated. This measurement, together with the out-
come-dependent backreaction of ŴG, could in principle
lead to entangled particle states, even if the particles
participating in the experiment start in a separable state.
That would not contradict the general no-go result of [12],
since the final DP dynamics (10) might not factor into a
sequence of pairwise interactions between the gravitational
field and one of the masses.

Occurrence of GIE in the DP model. In this section, we
study under which circumstances the two particles in Fig. 1
might become entangled by virtue of the Diósi-Penrose
interaction (10).
First, in the Supplemental Material (Sec. A) [27], we

prove that AðρÞ admits a much simpler expression, namely,

hxjAðρÞjyi ¼ gðx; yÞhxjρjyi; ð12Þ

where the function g depends on the number of particles n,
and their masses fmjgj as

gðx; yÞ ≔
Xn
j;k¼1

mjmk½ði − 1Þfðxj;xkÞ

þ ð−i − 1Þfðyi; ykÞ þ 2fðxj; ykÞ�: ð13Þ
Here x ¼ ðx1;…;xnÞ, y ¼ ðy1;…; ynÞ denote the position
vectors of the n particles, and fðz; z0Þ ≔ f̃ðkz − z0kÞ, with

f̃ðzÞ ≔
(
erfð z

2σÞ=z if z ≠ 0

1
σ
ffiffi
π

p if z ¼ 0;
ð14Þ

a function which depends on the parameter σ, and which
can also be written as

f̃ðzÞ ¼ 1

σ
ffiffiffi
π

p þ z2

12
ffiffiffi
π

p
σ3

þOðz3=σ4Þ: ð15Þ

The form (12)–(14) is very convenient; if H ¼ 0, it
implies that, for any set of n-particle coordinates S ⊂ R3n,
an initial state ρ0 with support inH ¼ spanfjxi∶x∈ Sgwill
remain in H for all times.
Now, take H ¼ 0 in Eq. (10), and let

ρ0 ¼ jψ̄1ihψ̄1j ⊗ jψ̄2ihψ̄2j, where ψ̄1; ψ̄2 denote the
“uniform” wave functions

jψ̄1i ≔
1ffiffiffi
2

p ðja1i þ ja2iÞ;

jψ̄2i ≔
1ffiffiffi
2

p ðjb1i þ jb2iÞ: ð16Þ

In accordance with Fig. 1, we choose the initial positions
to be a1 ≔ ð0; 0; 0Þ, a2 ≔ ðL; 0; 0Þ, b1 ≔ ðdþ L; 0; 0Þ,
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b2 ≔ ðdþ 2L; 0; 0Þ. We also always assume from now on
the masses of the two particles to be equal m1 ¼ m2 ≕m.
Given such an initial state, forH ¼ 0 each particle can be

regarded as a qubit throughout the duration of the experi-
ment. Thus, we use the standard quantum information
notation,

j0i1 ≔ ja1i; j1i1 ≔ ja2i; j0i2 ≔ jb1i; j1i2 ≔ jb2i:
ð17Þ

We also define the qubit pure states j�i ≔ 1ffiffi
2

p ðj0i � j1iÞ.
Call ρðtÞ the solution of Eq. (10), with H ¼ 0 and

ρð0Þ ¼ ρ0. We next work out a sufficient criterion for the
system to become entangled instantaneously, i.e., to ensure
that ρðtÞ is entangled for t∈ ð0; ϵÞ for some ϵ > 0.
Consider the Hermitian matrix,

ðI − jþihþj⊗2Þρ̇ð0ÞT1ðI − jþihþj⊗2Þ: ð18Þ
Suppose that it has a negative eigenvalue, λ, with jϕi being
a corresponding eigenvector. Then, for small times t, ρðtÞ
must be an entangled state.
Let us see why. Indeed, since jþi⊗2 is also an eigen-

vector of (18) with eigenvalue 0, it must be orthogonal to
jϕi. As jþihþj⊗2 is invariant under partial transpositions,
we have the identities

hϕjρð0ÞT1 jϕi ¼ jhϕjþi⊗2j2 ¼ 0;

d
dt
hϕjρðtÞT1 jϕi

����
t¼0

¼ λ: ð19Þ

It follows that hϕjρðtÞT1 jϕi ¼ λtþOðt2Þ, and so ρðtÞ will
be entangled for small t by the Peres criterion.
Thanks to Eq. (12), the eigenvalues of matrix (18) can be

computed analytically. One of those is

E− ≔
Gm2

2ℏ

�
1ffiffiffi
π

p
σ
− f̃ðLÞ

−
1ffiffiffi
2

p jf̃ðdþ 2LÞ þ f̃ðdÞ − 2f̃ðLþ dÞj
�
: ð20Þ

Thus, if E− < 0, then ρðtÞ will be entangled for small
values of t.
We verify that, indeed, E− can be negative for d > 0.

For instance, take L ¼ 1
8
σ; d ¼ 3

8
σ. Then we find E− ¼

−0.0001915 Gm2

2ℏσ . This proves that the Diósi-Penrose
dynamics can be entangling.
Furthermore, if E− < 0, the joint state will become

entangled even if H ≠ 0, as long as H is a local
Hamiltonian (e.g., a kinetic term). Indeed, call ρHðtÞ the
state evolved through Eq. (10) with localH [with boundary
conditions ρHð0Þ ¼ ρð0Þ], and consider the state in the
interaction picture ρ̃ðtÞ ≔ eiHt=ℏρHðtÞe−iHt=ℏ. Since H is
local, we have that ρ̃ðtÞ is entangled if and only if ρHðtÞ is
entangled. Now,

d
dt
ρ̃ðtÞ ¼ i

ℏ
½H; ρ̃ðtÞ� − i

ℏ
½H; ρ̃ðtÞ� þ G

2ℏ
eiHtAðρHðtÞÞe−iHt

¼ G
2ℏ

eiHtAðρHðtÞÞe−iHt: ð21Þ

Thus, we have that ρ̃ð0Þ ¼ ρð0Þ, ˙̃ρð0Þ ¼ ρ̇ð0Þ. Hence,
ρ̃ðtÞT1 has an eigenvalue of the form E−tþOðt2Þ. For
small times t it will therefore become entangled, and so will
ρHðtÞ by the argument above.
Unfortunately, for fixed L there exists a distance dcðLÞ

beyond which E− > 0. Numerically, we observe that dcðLÞ
increases with decreasing L. Assuming that this is true,
one should not expect to observe GIE for d > dc ≔
limL→0 dcðLÞ.
We next compute dc. We observe that

lim
L→0

E−

L2
¼ Gm2

2ℏ

�
−
1

2
̈f̃ð0Þ − 1ffiffiffi

2
p j ̈f̃ðdÞj

�
≕ γðdÞ: ð22Þ

dc is therefore the solution of the equation γðdcÞ ¼ 0,
which gives dc ≈ 0.850872σ.
One could think that, even if E− ≥ 0, it might still be

the case that the DP dynamics (10) can entangle (perhaps
other) separable quantum states with support in fjajijbkigj;k
(and perhaps not instantaneously). This is actually not the
case; as shown in the Supplemental Material (Sec. B) [27],
for H ¼ 0 the DP dynamics is entangling if and only
if E− < 0.
Is there a way to observe GIE beyond dc? Consider an

alternative spatial configuration in which both initial wave
functions are spread in the ŷ-axis instead of the x̂-axis,
see Fig. 2. Namely, the first particle has support in
fð0; 0; 0Þ; ð0; L; 0Þg, while the second particle has support
in fðd; 0; 0Þ; ðd; L; 0Þg. Thus, any measurement of the
particles’ positions would reveal them to be at a distance
at least d from each other.
In the Supplemental Material (Sec. C) [27], we analyze

this “transversal” scenario. We verify that GIE is observ-
able if and only if

1ffiffiffi
π

p
σ
− f̃ðLÞ −

ffiffiffi
2

p
ðf̃ðdÞ − f̃ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2 þ d2

p
ÞÞ < 0: ð23Þ

This time, we numerically observe that the greatest dis-
tances that allow GIE are achieved for very large L. In the
limit L → ∞, we find that entanglement generation is
possible if d < d̄c ≈ 2.21093σ. The transversal configura-
tion can therefore exhibit GIE at distances almost three
times greater than dc.

FIG. 2. Entanglement experiment, transversal configuration.
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Quality of GIE in the DP model. In the previous section, we
proved that the Diósi-Penrose dynamics is entangling and
characterized under which circumstances we shall expect to
observe GIE. In this section, we study how much entan-
glement can be generated and for how long. For the sake of
comparison with the standard proposals, we restrict our-
selves to the configuration of Fig. 1. A similar analysis can
be made in the transversal scenario without much difficulty.
We will assume that H ¼ 0, since in that case the

equations of motion are easily integrated. This a usual
approximation done in the analysis of the GIE experiments,
and so the regime of validity is similar. Everything will
work the same if H ∝ P, but studying the case H ∝ P2

would require very involved numerical integration.
Under this assumption, the equations of motion (10) and

(12)–(14) are easily integrated to be

hxjρðtÞjyi ≔ e
G
2ℏgðx;yÞthxjρð0Þjyi: ð24Þ

That is, in general the state decoheres exponentially to a
mixture of position eigenvectors. This, however, can lead to
entanglement generation during some time. Indeed, by
choosing ρð0Þ as in the previous section, we may suppose
thatwe are in aHilbert space of dimension two [Eqs. (16) and
(17)] by approximating all other matrix elements as 0, as is
usually done in the analysis in GIE experiments. As in the
previous section, to certify entanglement we verify the
existence of a negative eigenvalue in the partial transpose
ofρðtÞ (the “negativity” [28]),which is easily computed from
all the equations.
Figure 3 shows a plot of the smallest eigenvalue of ρðtÞT1

in SI units. Of note is the long sustained entanglement that
appears, which is related to the poor ability of the DP model
to decohere fast enough, as discussed in [29]. Of course,
eventually all the generated entanglement will be destroyed
as the state becomes maximally decohered. The parameters
(except σ) were chosen from the proposal [11], which shows
that indeedwith the proper choice of the free parameter in the
DP model, we can get entanglement generation in proposed
GIE experiments. Nevertheless, the kind of entanglement
obtained has a very different signature. DPGIE looks like an
overdamped version of the entanglement predicted by
linearized gravity. When measured with a witness, we find
that the preferred witness for the usual GIE proposals [30]
does not actually detect the DPGIE, at least in the horizontal
configuration and this parameter range.
We also observe that, with these length and mass

parameters, noticeable entanglement is generated only
for a small, but previously untested range of values of σ.
A GIE experiment is, therefore, useful for ruling out (or
validating) the DP model. By changing the length and mass
scales, and spatial configuration in the experiment, it is
possible to explore a variety of regimes for σ.

Discussion. We have proven that the dynamics of the DP
model of classical gravity can generate entanglement
between two separate massive systems, provided that the

parameters of the experimental setup and the free constant
σ of the DP model are chosen appropriately. Therefore,
experimental proposals to test the quantumness of gravity
through GIE need to be analyzed with care. Until now,
the DP model was only seen as a possible source of
decoherence and noise that would make it harder to detect
entanglement [31], but it turns out that it can be a source of
entanglement as well. So, it could very well be that if
entanglement is detected in a GIE experiment, the con-
tribution comes from spontaneous collapse due to a
classical gravitational field, rather than from a quantum
aspect of gravity. As we observed, the magnitude and the
dynamics of GIE predicted by the DP model and the usual
Schrödinger equation differ considerably. This means that,
if the world is better approximated by the latter, then future
experiments of GIE might falsify the DP model.
If that were the case, could we then conclude that gravity

is a quantum field? Not necessarily. Even if the DP model
cannot fit GIE experimental data, there is a large set of
classical-quantum candidate models that could [32,33].
Future research aiming to disprove classical gravity should
tackle them all.

Acknowledgments. M. N. acknowledges useful discussions
with Antoine Tilloy and Esteban Castro-Ruiz.

Data availability. All the computer codes used in this
manuscript can be found in [34].

FIG. 3. Smallest eigenvalue of the transpose of the state
(negativity) vs time elapsed, for four different choices of the
DP parameter [σGreen ¼ 50 μm; σRed ¼ 75 μm; σBlue ¼ 100 μm;
σMagenta ¼ 250 μm], with L¼ 23 μm;d¼ 24 μm;m1 ¼m2 ¼
10−15 kg, time in seconds (length and mass parameters chosen
from the experimental proposal [11]). With these parameters, the
negativity predicted by linearized gravity, with the same initial
conditions would have oscillated between 0 and −0.5
around 200 times.
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