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While a wide variety of astrophysical and cosmological phenomena suggest the presence of dark matter,
all evidence remains via its gravitational effect on the known matter. As such, it is conceivable that this
evidence could be explained by a modification to gravitation and/or concepts of inertia. Various
formulations of modified gravity exist, each giving rise to several noncanonical outcomes. This motivates
us to propose an experiment searching for departures from (quantum) Newtonian predictions in a bipartite
setting with gravitational accelerations ≲10−10 m=s2, i.e., where the effective force needs to be stronger
than Newtonian to account for the dark matter effects. Since quantum particles naturally source weak
gravitation, their nonrelativistic dynamics offers opportunities to test this small acceleration regime. We
show that two nearby mesoscopic quantum masses accumulate significantly larger entanglement in
modified gravity models, such as the modified Newtonian dynamics. Our calculations include Casimir-
Polder forces as well as tidal effects next to the surface of the Earth, and confirm that entanglement is
observable within the limits imposed by environmental decoherence. We demonstrate how the temperature
can be fine-tuned such that modified gravity is certified simply by witnessing the entanglement generated
from uncorrelated thermal states, eliminating the need for precise noise characterization. Overall, the
required parameters could be realized in a tabletop experiment.
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Introduction. The Newtonian limit of general relativity is
very successful on the scale of the Solar system. For
example, balancing the centrifugal and the gravitational
forces of objects in approximately circular orbits around the
Sun implies that orbital velocity falls as the square root of
the distance. This is famously known as Keplerian decline
and has been observed to hold for all planets [1]. Spiral
galaxies have a lot in common with the Solar system. Most
of their mass is also concentrated toward the center, but the
stars do not show any asymptotic Keplerian decline [2].
Their orbital speeds generally do not fall, and the rotation
curves saturate [3]. Consequently, the stars in the outer
regions appear to be orbiting so fast that they should not be
gravitationally bound. This is not happening, and hence
there seems to be more gravity than expected based on the
known visible mass at the center of spiral galaxies. This is a
prime example of the dark matter (DM) effect. The name
originates in the proposal of the existence of an invisible
matter distributed throughout the galaxies [4], generating
an extra gravitational pull that balances the centrifugal

force. Despite being the most widely accepted explanation
and with evidence appearing even on the largest cosmo-
logical scales, existence of DM has not been directly
detected or confirmed by any experiment so far [5], and
hence the continued interest in alternative solutions. A
plausible route involves modifications to our present
understanding of gravity. Modified Newtonian dynamics
(MOND) is one such proposal where, without invoking
DM, Newton’s second law and/or the law of universal
gravitation is modified to account for DM effects in
galaxies [6]. While the experiment we propose is indepen-
dent of any concrete formulation of alternative gravity
models, for quantitative statements we follow the param-
eters present in the MOND theory. We therefore begin with
more details about it.

Modified Newtonian dynamics. A general form of MOND,
which encompasses a wide variety of proposed variants of
the model [7–12], generalizes Newton’s second law to
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where F⃗ represents the sum of all nongravitational forces
on an object of mass m, a⃗ is its acceleration, and a0 is the
acceleration scale where the generalization is to take place.
The potential Φ belongs to the set of potentials fϕig, or it
could be their linear combination. Collectively, the poten-
tials obey a system of potentially nonlinear and coupled
Poisson equations:

X
j

∇ ·

�
μij

�∇ϕ1

a0
;
∇ϕ2

a0
;…

�
∇ϕj

�
¼ 4πGiρ; ð2Þ

where ρ is the density of matter, Gi is the generalized
Newton’s constant quantifying the coupling of matter with
the potential ϕi, and ðν; μijÞ are the interpolating functions
that govern the transition from Newtonian dynamics to the
modified regime. Many existing models are special cases
of the above expressions (see Supplemental Material [13]
for various existing formulations). Proposals where dνðxÞ=
dx ≠ 0 are referred to as models of modified inertia. It is
not known whether a viable action principle for these
models exists, and so it is not clear whether the degrees of
freedom describing an object can be canonically quan-
tized. Since we explore the possibility of entanglement
accumulation as the signal revealing noncanonical gravity,
we effectively put to test only the modified gravity
formulations of MOND (νðxÞ ¼ 1), as the existence of
a Hamiltonian allows us to employ standard quantum
mechanical methods. The exact functional forms for μij
are still debated, but consistency with astronomical obser-
vations fixes their asymptotics. For example, in the
Lagrangian-based AQUAL model ν ¼ 1 and there exists
a single potential Φ with interpolating function μ̃ [8].
In the limiting cases μ̃ðx ≪ 1Þ → x to explain galactic
rotation curves, and μ̃ðx ≫ 1Þ → 1 to recover Newtonian
dynamics in regimes of stronger gravity. Note that even a
single massive object may source multiple potentials ϕi.
Notably, although each model is nonrelativistic, some
exist as limits of relativistic completions. A recent
example of such a completion, building on antecedent
work [9], was shown to be consistent with data from the
large-scale cosmic structure and inhomogeneities of the
cosmic microwave background [14]. Although there does
not exist a unique model for the MOND paradigm, we will
see that many of them and potentially other modified
gravity theories predict deviations from Newtonian gravity
that may be observable in bipartite quantum mechanical
experiments.
A wide array of DM phenomenology in galaxies is

associatedwith acceleration due to gravity below a0 ≈ 1.2 ×
10−10 m=s2 [6,15,16]. Such small accelerations are readily
accessible between quantummasses. We show here how the
entanglement dynamics between two microspheres senses
the force gradient between them, and design tests where a

simple act of entanglement witnessing reveals noncanonical
interaction. The calculations include Casimir-Polder forces,
tidal effects next to the surface of the Earth, and estimates for
the effects of environmental decoherence. Themodified gra-
vitymodels have a stronger force gradient thanNewtonian in
the discussed limit, thereby leading to a stronger entangle-
ment that is robust against noisy measurements. Such an
experiment could be done using the masses recently cooled
in Vienna [17] which, when separated by a distance of a few
times their radius, generate an acceleration deep into the
discussed relevant regime. Our calculations at first assume
the particles are in free space devoid of all external
gravitational fields. Although this might seem unrealistic,
there may be places in the Solar system where the net
gravitational acceleration is in the MOND regime [18,19].
Furthermore, it is also instructive to perform this experiment
eitherwith freely fallingmicrospheres in a large orbit around
the Earth, where pressure falls to ∼10−15 Pa and the
decoherence effects are negligible, or in a laboratory on
Earth. In the latter case, the acceleration along the line
between the masses, sourced by the tidal force, is two orders
of magnitude larger than the acceleration due to mutual
gravity. Yet, we show that it has a negligible effect on
generated entanglement and hence opens the way toward a
terrestrial experiment. An observation of noncanonical
effects in agreement with our calculations would indicate
that the modified gravity adheres to the strong equivalence
principle (SEP), i.e., the internal dynamics stays the same in
all uniformly accelerated frames. See also Ref. [20], which
discusses probing MOND with the satellite test of the
equivalence principle. Note that SEP is certainly violated
in the MOND model. Many other proposals have been put
forward to test the predictions of MOND. Torsion pendula
experiments show an agreement with Newton’s second law
down to accelerations ≈a0=2400 [21], and with Newton’s
law of universal gravity down to ≈a0=60 [22]. The accel-
erations mentioned in these experiments are with respect to
the local laboratory, and the net acceleration due to heavenly
sources is well above a0. Therefore, it remains unclear to
what extent departures from Newtonian dynamics are to be
expected.
The driving idea behind modified gravity models is the

following: just like Newtonian gravity is an approximation
of general relativity when the gravitational field is not
too strong, it might also be an approximation of an
underlying theory when the Newtonian accelerations are
not too small. In order to match the stellar rotation curves,
the modification has to involve accelerations smaller
than a0 ≈ 1.2 × 10−10 m=s2, and the simplest solution is
to demand that gravitational force in this regime scales
inversely to the distance. Accordingly, in the deep MOND
regime the modified gravitational potential at a position r⃗2
due to a mass m located at position r⃗1 is given by
Φ ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

Gma0
p

lnðjr⃗2 − r⃗1jÞ. Note that this violates the law
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of equal and opposite action and reaction: the force on a
mass m2 due to m1 is ∼m2

ffiffiffiffiffiffi
m1

p
, whereas the force on mass

m1 due to m2 is ∼m1

ffiffiffiffiffiffi
m2

p
. This issue is rectified if one

solves the full nonlinear Poisson-like equation governing
the bipartite dynamics in MONDian gravity. The resultant
gravitational potential energy of two identical particles of
mass m is given by [23–25]:

VMðr⃗1; r⃗2Þ ¼
4

3
ð
ffiffiffi
2

p
− 1Þm

ffiffiffiffiffiffiffiffiffiffiffiffi
Gma0

p
lnðLþ rÞ; ð3Þ

where r is the relative displacement of the two masses from
their initial separation L. This is very different from the
usual Newtonian potential and underlies the differences in
observable quantities. In particular, we focus on quantum
entanglement between small objects.

Entanglement dynamics. Entanglement dynamics of two
nearby quantum masses in empty space, starting with
uncorrelated thermal states, has been studied in detail in
Refs. [26–28]. The system gets entangled because of the
position dependence of the gravitational force: the parts of
the wave packet closer to each other are attracted more
than the parts further away. Accordingly, different
momenta are generated at different positions, producing
entanglement as time passes. Notably, the methods of
Ref. [28] apply to any central interactions without the need
for an explicit form of the Hamiltonian. The displacement-
to-separation ratio r=L is always small in gravitational
experiments, and hence we expand Eq. (3) in a Maclaurin
series. Note that the cubic term is relevant in entanglement
dynamics only when there is a significant relative motion
between the two particles [28], and hence we truncate at
the quadratic term:

VMðrÞ ≈
4

3
ð
ffiffiffi
2

p
− 1Þm

ffiffiffiffiffiffiffiffiffiffiffiffi
Gma0

p �
lnðLÞ þ r

L
−

r2

2L2

�
: ð4Þ

For quantum particles this interaction is quantized by
replacing variable r with operator r̂. The system admits
Gaussianity at all times, and we quantify entanglement
through the logarithmic negativity of the bipartite covari-
ance matrix [29–32]. The covariance matrix starting from
the uncorrelated ground states of individual harmonic
traps, each with frequency ω0, is derived in exact closed
form for any quadratic and central potential in Ref. [28],
and it reads:

σ00 ¼
ℏ

4mω0

�
2þ ω2

0t
2 þ

�
1þ ω2

0

ω2

�
sinh2ðωtÞ

�
;

σ02 ¼
ℏ

4mω0

�
ω2
0t

2 −
�
1þ ω2

0

ω2

�
sinh2ðωtÞ

�
;

σ11 ¼
mℏω0

4

�
2þ

�
1þ ω2

ω2
0

�
sinh2ðωtÞ

�
;

σ13 ¼ −
mℏω0

4

�
1þ ω2

ω2
0

�
sinh2ðωtÞ;

σ01 ¼
ℏ
8

�
2ω0tþ

�
ω0

ω
þ ω

ω0

�
sinhð2ωtÞ

�
;

σ03 ¼
ℏ
8

�
2ω0t −

�
ω0

ω
þ ω

ω0

�
sinhð2ωtÞ

�
; ð5Þ

where ω encodes the mutual interaction between the two
particles as follows. For an arbitrary central potential
expanded in a series in terms of the displacement-to-
separation ratio, the parameter ω is found by equating the
coefficient of the quadratic term with −mω2=4 [28]. For
more than one central interaction present simultaneously,
the “total” ω is given by a Pythagoras-like sum for the
individual interactions: ω2 ¼Pi ω

2
i [28]. Note that the

covariance matrix is entirely determined by frequencies ω0

and ω. For the standard Newtonian gravity one finds
ω2
N ¼ 4Gm=L3, and for the MONDian gravity described

by Eq. (3) we obtain

ω2
M ¼ 8

3
ð
ffiffiffi
2

p
− 1Þ

ffiffiffiffiffiffiffiffiffiffiffiffi
Gma0

p
L2

: ð6Þ

In an actual experiment, the gravitational force is
accompanied by nongravitational interactions, which
also admit an entangling effect. The most important of
these is the Casimir attraction between the two masses.
Following the algorithm described above, we find that
contribution to entanglement is parameterized by [33,34]
(see Supplemental Material [13] for complete derivation)

ω2
C ¼ 2ℏcR6

0

mπL9

X9
n¼0

Cnðnþ 7Þðnþ 8ÞR
n
0

Ln ; ð7Þ

where the constants fCng were determined in Ref. [33] and
R0 stands for the radius of each metallic sphere. Placing the
two objects in close proximity increases gravitational
coupling, but such a setup would also encounter an
overwhelmingly large Casimir attraction, practically sup-
pressing all gravitational effects. On the other hand,
increasing the separation to an extent that the Casimir
forces are negligible also diminishes the gravitational
coupling drastically, leading to a large amount of time
required to accumulate a detectable entanglement. We
therefore propose a configuration where the two masses
are separated by a moderate distance such that the force
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gradients of gravitational and Casimir interactions are
comparable.
In Fig. 1 we show the entanglement gain between two

Platinum spheres1 of radius R0 ¼ 10 μm separated by
L ¼ 10R0. The configuration admits an internal relative
acceleration of ≈a0=100, readily in the regime of
our interest and beyond the limits tested with torsion
pendulums experiments [22]. The entanglement accumu-
lation due to the MOND, Newtonian gravity, and the
Casimir interaction are independently characterized by
ðωM;ωN;ωCÞ ¼ ð3.06; 1.55; 3.53Þ × 10−4. The density of
Platinum is 21.45 g=cm3, which implies the considered
objects have a massm ≈ 90 ng. We propose to prepare their
initial (Gaussian) states by cooling the masses in harmonic
traps of frequency 10 MHz, which results in an initial
ground state localization of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ=2mω0

p
≈ 0.1 fm, achiev-

able with currently available optical tweezers. The left
panel of Fig. 1 shows the ideal case of n̄ ¼ 0, where the
masses are cooled to the ground state. The middle panel
shows a realistic scenario where the initial state is a mixed
Gaussian with a nonzero phonon number n̄ ¼ 0.0015. The
covariance matrix for initially uncorrelated thermal states,
characterized by the average phonon number n̄, is given by
ð2n̄þ 1Þ times the one obtained for the initial ground
states. The solid lines represent the entanglement generated
by the simultaneous action of gravitational and Casimir

forces, while dashed lines serve as a reference, illustrating
the partial contributions of individual interactions. The
MONDian entanglement is much higher than what is
accumulated by Newtonian gravity. Note that the shaded
region within the two curves corresponds to other possible
approaches to modified gravity predicting a force gradient
between Newtonian and MONDian. Hence, the experi-
menter is not required to quantify entanglement, and
a mere entanglement witnessing within the time window
110–125 milliseconds will certify departures from canoni-
cal gravity. The right panel of Fig. 1 shows this exper-
imental time window for initial states with different phonon
numbers.

Discussion. In order to experimentally estimate the amount
of entanglement one needs to measure elements of the
covariance matrix, which in principle requires finding
position and momentum correlations [37]. The question
emerges as to whether a simpler method could exist to
detect the stronger-than-Newtonian force, e.g., by mea-
surements of position only. This is of course possible, but it
turns out that the average displacements of the masses are
about three orders of magnitude smaller than their standard
deviations, at least for the parameters considered here.
While the alternative models give rise to larger than
Newtonian variances, from a practical perspective one
needs to ensure that the predicted increment is not
mimicked by the noise in the system. The added value
of entanglement witnessing is its independence from noise
characterization, whereas the added complexities are
not high since the measurements of different mechanical

FIG. 1. Gravitational and Casimir entanglement between two identical Platinum spheres of radius 10 μm. The two masses are initially
separated by a distance of 100 μm, and their initial quantum states are prepared by cooling in harmonic traps of frequency 10 MHz.
Entanglement is measured by logarithmic negativity (note also logarithmic vertical scale), n̄ is the average phonon number
(temperature), and the gray shaded region (logarithmic negativity < 10−4) signifies entanglement sensitivity beyond the limits
achievable with near-future technology [35,36]. The dashed lines present calculations with only Newtonian potential, only gravity due to
modified Newtonian dynamics (MOND) and taking into account only Casimir attraction. The solid lines describe the simultaneous
presence of (modified) gravity and Casimir. The regions marked as “Experiment” correspond to entanglement values indicating
modified gravity. Detecting any entanglement before the time when the red curve comes out of the gray region provides the simplest
check of noncanonical interaction.

1Although Osmium is the densest naturally occurring material,
it is hard and brittle, making it difficult to shape as a sphere.
Platinum is almost as dense and malleable, and it can be forged
into a spherical shape of a predetermined size.
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quadratures can be accomplished, e.g., by choice of local
phase in homodyne detection [37].

Environmental decoherence: We now estimate the effects of
decoherence. The interaction of the considered masses with
ambient thermal photons and air molecules suppresses
coherences over long distances. For the gravitational
entanglement proposals, such decoherence mechanisms
have been studied in Refs. [26,38–41]. In the regime where
the superposition is much smaller than the wavelength of
the scattering particles, the coherence time for a quantum
superposition across a distance Δx is given by τ ¼ 1

ΛðΔx2Þ,
where Λ depends on the characteristics of environment.
The interactions with ambient thermal photons is quantified
by Λph ≈ 1036R6

0T
9
env [42]. In the discussed setup, we take

the final width of the wave packet at time 125 ms (upper
limit of time window at n̄ ¼ 0.0015), i.e., Δx ≈ 0.76 nm.
An ambient temperature of 2 mK (achievable with 3He=4He
dilution refrigerator [43]) implies that the coherence time is
τph ∼ 1036 s. This is not surprising as the intensity of the
thermal background peaks at ≈1.45 m, which is nine orders
of magnitude larger than the position spread. Interactions
with ambient air molecules is still an issue. At 2 mK
ambient temperature the thermal de Broglie wavelength of
air molecules is an order of magnitude larger than Δx, and
hence the decoherence is quantified by [42]

Λair ¼
8nair
3ℏ2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2πmair

p
ðkBTenvÞ3=2R2

0; ð8Þ

where mair ≈ 0.5 × 10−25 kg is the average mass of an air
molecule, and nair is the air density in the vacuum chamber.
In an ultrahigh vacuum with a particle density ≈3 ×
104 cm−3 [44], we get a coherence time ≈0.94 s, well
above the requirements of this proposal. Note the short
experimental time requires a free fall inside a vacuum
chamber of height ≲10 cm, adding to the ease of creating
and maintaining low pressures and temperatures. All this
suggests a plausible, though demanding, terrestrial experi-
ment. Accordingly, in the following section we further
address the effects of Earth’s proximity.

Tabletop experiment: Next to the surface of the Earth each
particle experiences a strong pull toward the center of the
planet, which contributes nonzero components along the
line connecting the centers of the masses. These tidal forces
arising due to the nonuniform gravity of the Earth are
illustrated in Fig. 2. Since that the acceleration due to
gravity is ∼1011a0, we treat the tidal forces as horizontal
components of the Newtonian forcemg, which add linearly
to the mutual gravity. As seen in the figure, the magnitude

of the tidal forces is mg sin θ, and they drift the masses
toward each other. Replacing sin θ using geometry in Fig. 2
we find:

F⃗ðTidalÞ
A ¼ −m

g
RE

�
−
L
2
þ xA

�
êx;

F⃗ðTidalÞ
B ¼ −m

g
RE

�
L
2
þ xB

�
êx; ð9Þ

where êx is the unit vector along x axis (origin at the center
between the masses), and xAðxBÞ is the displacement of
mass AðBÞ from its initial position. The tidal potential is
therefore

VðTidalÞ ¼ 1

2
m

g
RE

��
−
L
2
þ xA

�
2

þ
�
L
2
þ xB

�
2
�
; ð10Þ

which appears to confine each mass in a harmonic trap of
frequency ωE ¼ ffiffiffiffiffiffiffiffiffiffiffi

g=RE

p
≈ 0.00124. Even though ωE is an

order of magnitude larger than the characteristic frequen-
cies of mutual gravity (and the tidal acceleration about
hundred times that of mutual attraction), it is a local
interaction and as such it cannot generate any entangle-
ment. Yet, it does influences the wave function locally,
which in turn can speed up / slow down the entanglement
accumulation due to mutual interactions. To check if this
effect is relevant we solve the time evolution of covariance
matrix with mutual interactions truncated at the quadratic
term and with the tidal potential. The solution reads:

FIG. 2. Origin of tidal forces in a bipartite system of two
identical masses m separated by a distance L, next to the surface
of the Earth (extremely not to scale). Here g ¼ jg⃗j ¼ 9.81 m=s2 is
the terrestrial acceleration, and RE ¼ 6371 km denotes the radius
of the Earth. The distances are overexaggerated as in fact
L ∼ 10−11RE. Yet, the tidal components along the line joining
the masses are two orders of magnitude larger than mutual
gravity.
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σ00ðσ02Þ ¼
ℏ

4mω0

��
cos2ðωEtÞ þ

ω2
0

ω2
E
sin2ðωEtÞ

�
þ ð−Þ

�
cos2

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2
E − ω2

q
t
	
þ ω2

0

ω2
E − ω2

sin2
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ω2
E − ω2

q
t
	�


;

σ11ðσ13Þ ¼
1

4
mℏω0

��
cos2ðωEtÞ þ

ω2
E

ω2
0

sin2ðωEtÞ
�
þ ð−Þ

�
cos2

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2
E − ω2

q
t
	
þ ω2

E − ω2

ω2
0

sin2
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ω2
E − ω2

q
t
	�


;

σ01ðσ03Þ ¼
ℏ
8

��
ω0

ωE
−
ωE

ω0

�
sinð2ωEtÞ þ ð−Þ

 
ω0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ω2
E − ω2

p −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2
E − ω2

p
ω0

!
sin
�
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2
E − ω2

q
t
	�

; ð11Þ

where again ω0 is the frequency of harmonic trap used for
preparing initial Gaussian states, and ω encodes all mutual
interactions between the two masses. While this solution
looks distinct from that in Eq. (5), the entanglement
negativity in Fig. 1 decreases relatively by a negligible
amount ∼10−9, many orders of magnitude smaller than the
achievable laboratory precision. In short, for the parameters
considered in this work, tidal forces are insignificant in
entanglement dynamics.

Summary. We proposed an entanglement experiment with
the potential outcome revealing non-Newtonian gravity at
small accelerations. It was motivated by modified gravity
models, and the concrete calculations were performed
using MOND parameters. Quantum particles naturally
source weak gravity and small accelerations and provide
an alternative route for testing modified gravity. The
entanglement measurement brings independence from
detailed noise characterization while adding only moderate
complexity. Calculations including Casimir forces, tidal
effects, and environmental decoherence reveal the possibil-
ity of a tabletop experiment.
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