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A defining signature of classical systems is “in principle measurability” without disturbance: a feature
manifestly violated by quantum systems. We describe a multi-interferometer experimental setup that can, in
principle, reveal the nonclassicality of a spatial superposition-sourced gravitational field if an irreducible
disturbance is caused by a measurement of gravity. While one interferometer sources the field, the others
are used to measure the gravitational field created by the superposition. This requires neither any specific
form of nonclassical gravity, nor the generation of entanglement between any relevant degrees of freedom
at any stage, thus distinguishing it from the experiments proposed so far. This test, when added to the recent
entanglement-witness based proposals, enlarges the domain of quantum postulates being tested for gravity.
Moreover, the proposed test yields a signature of quantum measurement induced disturbance for any finite
rate of decoherence, and is device independent.
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Introduction—As far as empirical evidence is concerned,
nature is described accurately as a hybrid of quantum
field theories (all matter and three of the forces) and a
classical theory of gravity (general relativity). However,
matter sources gravity, and thereby an unresolved age old
question is whether the gravitational field of a mass in a
spatial quantum superposition is quantum or classical [1–6].
“Ruling out” gravity as a classical field or curvature by
creating large enough masses in such quantum superposi-
tions, although challenging [6–14], is potentially less
demanding than detecting quantum corrections to gravita-
tional interactions [15] or on-shell gravitons [16–19]. In this
respect, a major progress has been made recently, with the
proposal to entangle two masses in quantum superpositions
through their gravitational interaction [20–22]. Although the
gravitational interaction between themasses is, to any degree
of near-term testability, purely Newtonian, it can be argued
that the generation of this entanglement between the masses

necessitates a quantum superposition of geometries [23].
Several persuasive arguments have been put forward linking
this experiment with the nonclassicality of gravity [24–30]
and several variants have been proposed [31–36].
The principal obstacle of the above proposal [20–22] is

decoherence. If the decoherence rate Γ > dΔϕ=dt, where
dΔϕ=dt is the rate of growth of the phase responsible for
gravity induced entanglement, then no entanglement is
produced between the masses [37–39] (verifiable using
the Peres-Horodecki criterion [40,41]). Moreover, witness-
ing entanglement requires trusted measurement devices.
Although one may use device-independent detection of
entanglement through the Bell test [36], that demands an
even lower decoherence rate [42], as well as closing all
loopholes, which is challenging. Thus the key question is
whether some other nonclassical aspect of gravity can be
observed in the Γ > dΔϕ=dt regime, which will be detect-
able much earlier in experiments. Notably, a coherence
∼e−Γt is always present in any spatial superposition of
a mass evolved for a time t. Can that be exploited to observe
some nonclassicality of gravity? Motivated thus, here we
propose to test a different nonclassical aspect of gravity,
which is, at the same time, a device-independent test, and
works for any finite decoherence rate. While entanglement
witnessing [21,22] tests the validity of quantum superposi-
tion principle for gravity, our present proposal can test
whether a measurement of gravity generically causes dis-
turbance (an irreducible feature of quantum measurement).
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As quantum mechanics is not defined by the super-
position principle alone, but also requires the unitarity of
evolution and the measurement postulate [45,46], witness-
ing entanglement in the earlier proposal [21,22] will imply
that gravity is described either by quantum mechanics, or
by a (unknown) nonclassical theory that obeys super-
position principle. To know whether gravity is indeed
quantum, we need to test other quantum mechanical
postulates for gravity. This is a gap in the literature that
we hereby fill by proposing to test a specific aspect of the
quantum measurement postulate, namely, quantum meas-
urement-induced disturbance. Adding this test to the
entanglement-witness based test [21,22] will take us
towards a more complete demonstration of gravity as a
quantum entity.
An ideal measurement on a classical field should not, in

principle, alter the state of any system (other than, obviously,
the state of the probe which registers the field) [47]. In fact,
that should be taken as a crucial part of the definition of any
classical field, followed from our everyday notion of
classicality [48]. This leads to the testable “nondisturbance
condition” (NDC) [49–51]: The act of performing an
intermediatemeasurement should not influence the outcome
statistics of a subsequent measurement. Observing a dis-
crepancy between intermediately measured and intermedi-
ately unmeasured statistics would thus be a signature of
nonclassicality. In practice, a clumsy measurement on a
classical field can cause disturbance (classical disturbance).
Crucially, this disturbance is not an inherent part of classical
physics—one can arbitrarily reduce it by performing the
measurement appropriately. On the other hand, the quantum
measurement-induced disturbance is an intrinsic part of
quantum theory, which cannot be eliminated by any means.
This feature is central to our proposal to show the irreducible
nonclassicality of gravity.
Schematics—We first present the general idea as a

schematic. A source mass described by quantum mechan-
ics, but large enough to produce a detectable gravitational
field at a proximal detector, is made to undergo an
interferometry with equal amplitudes in the arms (labeled
by quantum states jLi and jRi). The outputs at the end of
the interferometry (which could be direct electromagnetic
detection of the source mass) are labeledþ and −, while the
relative phase Δλ between the arms is ensured to be 0. This
setting [Fig. 1(a)] is then compared with another setting
[Fig. 1(b)], where an intermediate gravitational field
detector is placed during the interferometry. In practice,
the most sensitive such detector will be similar mass
(masses) undergoing interferometry (interferometries). It
is crucial to ensure that the detector performs an inter-
mediate measurement (midway during the interferometry)
of the gravitational field of the source mass rather than the
position of the source mass itself by other means (i.e., via
electromagnetic channels, or scattered photons). Without
considering any specificity of the information obtained

through the measurement, we assume that this measure-
ment gives one bit of information about the gravitational
field with outcomes depicted by þ and −. Subsequently, a
detection of the source mass is also made in the þ and −
outputs of the interferometer. If a “hybrid model” is used
with quantum matter, but classical gravity, then, by
definition (of classicality), the measurement of gravity
by the intermediate detector cannot cause any change in
the final probabilities, i.e.,

Pþðno intermediate measÞ−Pþðafter intermediate measÞ¼ 0;

ð1Þ

where Pþðafter intermediate measÞ ¼ Pþ;þ þ P−;þ (here
Pa;b is the joint probability of getting the outcomes a, b in
the intermediate and the final measurements respectively).
Equation (1) is the NDC to be satisfied by gravity as a
classical entity. Any violation of this NDC implies that
gravity is nonclassical. Here, we must ensure thatΔλ ¼ 0 is
still maintained while going from the case of Fig. 1(a) to
Fig. 1(b) even though an extra intermediate detector is
coupled, as otherwise the probability of Pþ can simply
change due to an interferometric phase difference rather
than due to the measurement.
Any NDC violation in our experiment will rule out

hybrid models (classical gravitational field sourced by
quantum matter) for which the gravitational field can, by
definition, be measured without disturbance. Examples of
hybrid models [2,4,52–55] satisfying NDC can be found
in [42]. Here we emphasize the necessity of both parts of
the experiment. Figure 1(a) alone reveals nothing about the
form of gravity sourced by the source mass as no gravi-
tational field is measured at any stage. On the other hand,

FIG. 1. A source mass is prepared in a superposition of states
jLi and jRi by subjecting it through an ideal Mach-Zehnder
interferometer, while ensuring no interferometric phase differ-
ence between the arms (Δλ ¼ 0). (a) Given that no intermediate
measurement is performed, the final detector outcome is certain
to be þ: Pþ ¼ 1. (b) An intermediate measurement of the
gravitational field of the source mass is performed by a suitable
detector (Schematically shown as the large detector measuring
the metric gμν). This measurement has two outcomes (�). If, after
this intermediate detection, the final outcome probability (aver-
aged over outcomes of the intermediate measurement) differs
from unity, it implies that gravity is nonclassical.
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Fig. 1(b) alone does not tell whether the source mass
superposition has already been affected even before the
measurement (e.g., as in a spontaneous collapse model [2]).
Thus any proposal involving Fig. 1(b) alone, without
comparing to Fig. 1(a) (e.g., [56]) is insufficient on its
own to reveal nonclassicality of gravity.
Interferometric setup—We consider a specific arrange-

ment in which the source mass M with an embedded spin
undergoes a spin dependent spatial interferometry (also
called a Stern-Gerlach interferometry [12]). This replaces
the Mach-Zehnder interferometer depicted in Fig. 1. The
unmeasured case [corresponding to Fig. 1(a)] of the
experiment is performed only with this mass. The inter-
mediate detector for measuring the gravitational field of the
source mass [corresponding to Fig. 1(b)] is realized by two
successive probe interferometers, each with mass m and an
embedded spin, arranged in a geometrically parallel con-
figuration with respect to the source interferometer at some
distance d away. The spatial superposition of the source
mass is then closed and a projective measurement is
performed on its embedded spin. The protocol is depicted
in Fig. 2. We finally compare the statistics of the final spin
measurement with and without the intermediate gravita-
tional field measurements to test the NDC.
All masses are prepared, held in spatial superposition

(mechanism to create such superposition can be found
in [6–14]), and recombined for completing interferometry
through specific means, such as spin motion coupling.
In what follows, let Mi and Si denote the mass and
embedded spin degrees of freedom of a given mass indexed
by i according to whether one of the two probe systems
(i ¼ A, B in sequence) or the source system (i ¼ C) is
referenced.
The initial state of the source mass with its embedded

spin at t ¼ 0 is given by

jψðt ¼ 0Þi ¼ jζiMC
⊗

1ffiffiffi
2

p ðj↑iSC þ j↓iSCÞ;

where jζiMC
is the initial localized state of the source mass

at the center of the axis of the source interferometer. Over a
time T, the source mass is prepared in spatial superposition
via the unitary evolution:

jζiMC
⊗ j↑iSC → jL↑iC; jζiMC

⊗ j↓iSC → jR↓iC: ð2Þ

In the above, the states jL↑iC and jR↓iC are separated by a
distance ΔxðtÞ, which grows from 0 at t ¼ 0 to the
maximum at t ¼ T with ΔxðTÞ ¼ Δx. The first probe mass
MA (of mass m) with embedded spin SA is then introduced
and subjected to the evolution (2) with the subscript “C”
being replaced by “A” over another time interval T.
With both superpositions fully prepared, the source and

the probe now interact exclusively through gravity in a
static geometrical arrangement for a time τ before the
spatial superposition of the probe is closed over a time

T [12,21]. Thus the total interaction time interval is
2T þ τ. At this stage, the joint state of the source and
probe is given by

jψiC;A ¼ 1ffiffiffi
2

p
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ cosΔϕ
p

jΨþiCjþiSA

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − cosΔϕ

p
jΨ−iCj−iSA

�
jζiMA

; ð3Þ

with

jΨ�iC ¼ ð1� eiΔϕÞjL↑iC þ ðeiΔϕ � 1ÞjR↓iC
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cosΔϕ

p

j�iSA ¼
j↑iSA � j↓iSAffiffiffi

2
p ; ð4Þ

where Δϕ ¼ Δϕτ þ 2ΔϕT is a function of the relative
phases accumulated between the different arms of the
source and each of the probe interferometers over their
total interaction time duration 2T þ τ. Of its constituent
parts, ΔϕT is the relative phase accumulated during the
opening or the closing of the spatial superposition of each
probe, with its expression being somewhat elaborate (given
in [42]), while Δϕτ is associated with the relative phase
development for the duration τ when the spatial super-
positions of source and each probe are held in a static
geometrical arrangement and is given by

Δϕτ ¼
GMmτ

ℏ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ ðΔxÞ2

p −
GMmτ

ℏd
: ð5Þ

FIG. 2. The gravitational field generated by the interferometric
source mass (red) is measured sequentially by a pair of massive
interferometric probes (blue), where the gravitational interactions
are indicated by wavy lines. Finally, the source mass super-
position is closed and a measurement is performed on the
embedded spin of the source mass.
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Note that the probe mass is not affected by contact (or
otherwise electromagnetically) with the source mass, but
only being affected at a distance by the source’s gravity
(i.e., through the metric g00, which is completely deter-
mined by the source mass). After closure of the interfer-
ometry of the probe, its spin state is decoupled from its
spatial state which enables accessing the information
about the relative phases accumulated between jL↑iA
and jR↓iA due to gravitational interaction between the
source and the probe. Accordingly, a projective measure-
ment of the probe spin is now performed in the j�iSA basis.
This projection results in a POVM on the source system
(mass and its associated field). Since only the gravitational
field of the source is in contact with the probe, we can say
that this POVM is essentially a measurement of gravity.
The first probe is then discarded, and a new probe is

introduced. As before, the new probe now interacts with the
source system via the gravitational field for a further time
2T þ τ in an identical fashion before a projective meas-
urement in the j�iSB ¼ ðj↑iSB � j↓iSBÞ=

ffiffiffi
2

p
basis is per-

formed on the spin degree of freedom of the second probe
at t ¼ t1 ¼ 5T þ 2τ. As argued earlier, this is also a
measurement of the source’s gravity. The second probe
is then also discarded. Over a time T, the spatial super-
position of the source interferometer is now closed via the
reversal of the unitary evolution (2).
A final projective measurement of the source spin is then

performed in the j�iSC ¼ðj↑iSC �j↓iSCÞ=
ffiffiffi
2

p
basis at t ¼ t2

where t2 − t1 ¼ T. This measurement yields the following
unnormalized states of the source conditioned on the out-
comes of the three measurements (for details, see [42]):

jψa;b;ci ¼
1

8

�ð1þ aeiΔϕÞð1þ beiΔϕÞ
þ ce2iΔϕð1þ ae−iΔϕÞð1þ be−iΔϕÞ�jζiMC

jciSC;

where a; b; c∈ fþ;−g denote the outcomes of the first and
second probe measurements followed by the final measure-
ment on the source spin respectively. From the norms of
these states, the joint probabilities Pa;b;c are obtained.
Let us now consider the same scenario as described

above, except that the probes are not introduced, and thus
no intermediate measurement takes place prior to the final
measurement on the source spin at t ¼ t2. In this case, the
probabilities of the final measurement outcomes are
Pþ ¼ 1, P− ¼ 0.
Thus the violation of the NDC is given by [42],

Vð�Þ¼P�−
X

a;b∈f�g
Pa;b;� ¼�1

2
sin2Δϕ: ð6Þ

This NDC violation implies that measurement of gravity
causes disturbance. Notably, NDC violation persists
(although suppressed) for any finite rate of decoherence [42].

This is a device-independent test of nonclassicality in the
sense that the intermediate and the final measurements need
not to be trusted. We only need to ensure that the
intermediate measurements are on the source’s gravita-
tional field.
While the calculations [42] are carried out under

the application of an instantaneous, manifestly nonlocal
Newtonian field, this is merely a calculational tool
that yields outcomes consistent with a relativistic
description [24,25,30].
Is entanglement between the source and the probe

necessary?—Equation (3) implies that entanglement is
created between the source and the first probe (similarly
for the second probe). This is obtained following the
usual quantum formalism and is the core of the earlier
proposal [21,22]. Now, let us consider another hypotheti-
cal nonclassical theory of gravity (different from quantum
theory), where the gravitational interaction between the
source and the probe produces the following separable
joint state (following some unknown mechanism),

ρC;A ¼ 1

2

�ð1þ cosΔϕÞjΨþiChΨþjC ⊗ jþiSAhþjSA
þ ð1 − cosΔϕÞjΨ−iChΨ−jC ⊗ j−iSAh−jSA

�

⊗ jζiMA
hζjMA

:

In this case, classical correlation created between the
source and the probe is sufficient to perform measurement
of the source’s gravity. Following similar gravitational
interaction between the source and the second probe, the
same NDC violation (6) is obtained. If gravity obeys such
a nonclassical theory, then the previous proposal [21,22]
fails as no gravity-induced entanglement is generated.
However, the present proposal can witness nonclassicality
of gravity in such a case. This establishes the independ-
ence of the present proposal with respect to the previous
one [21,22].
Why two probes—Quantum measurements, accompa-

nied by an averaging over the outcomes, essentially cause a
dephasing of the source mass. This is mathematically
equivalent to a probabilistic phase flip, with the probability
of phase flip growing from 0 initially to 1=2 at infinite time
(complete dephasing). This is indeed at the core of violating
NDC. However, we should prevent any additional deter-
ministic phase (equivalent to Δλ ≠ 0) caused by the
presence of the probe as it can be interpreted as a classical
disturbance due to a common gravitational acceleration
experienced by both jLiMC

and jRiMC
of the source mass

[57]. In our proposal, two separate probe measurements are
employed to eliminate this classical disturbance [42].
Parameter regimes—To exemplify, let us consider the

parameter regime with M;m ∼ 10−14 kg, and closest
approach of the masses d ∼ 157 μm to ensure that gra-
vity is significantly stronger than the electromagnetic
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interactions between neutral masses [38] such that the
intermediate measurements are indeed on the gravitational
field. As the superposed trajectories in each interferometer
are fixed through magnetic gradients [8–14], which is much
stronger than the gravitational force between the masses, we
can safely assume that the gravitational pull on the source
due to the probe (a classical disturbance) is negligible.
In practice, wemust further ensure the following [49]: acting
as a control experiment, a classical mixture of the two
localized states jLiMC

and jRiMC
of the source mass should

be prepared instead of a superposition, which is expected to
give rise to a classical-like gravitational field. Then the
detected NDC violation (which arises solely due to classical
disturbance and would give zero in the ideal case) should be
ensured to be at least 1 order of magnitude less than the
detected NDC violation obtained by preparing the spatial
superposition of the source mass under the same exper-
imental conditions. For negligible decoherence, NDC vio-
lation ≳0.4 can be obtained with τ; T ∼ 1.9–3.2 s, and
Δx ∼ 215–479 μm (see [42] for details, including effects
of decoherence). One can reduce M, m, d, and/or Δx by a
few orders of magnitude [58] keeping the same violations. It
may be easier for experiments to reduceM,m, andΔx at the
price of increasing the number of runs. As NDC violation
effectively amounts to measuring probabilities, we can
measure a lower violation of 0.01 by averaging the results
of> 104 experimental runs. The requirements on pressures,
temperatures, and inertial noises to keep the decoherence
negligible in the context of the earlier proposal [21,38,59]
are not strictly necessary for the present proposal, as NDC
violation persists for any finite decoherence rate. For
example, for the typical parameter choice of the earlier
proposal [21,22], generation of entanglement requires
Γt < 10−2 (with t being the total interaction time)
[38,58], which is equivalent to keeping the vacuum pressure
P < 5 × 10−16 Pa.On the other hand, in our proposalΓt ∼ 1

(equivalently, P ∼ 5 × 10−14 Pa) can give substantial vio-
lation of the NDC.
One drawback of the present proposal (and also of the

previous proposal [20–22]) is that the mass of the exper-
imental apparatus (e.g., the magnets in the Stern-Gerlach
interferometers, etc.) is ignored. However, the mass of the
apparatus can cause backaction on the interference of the
masses due to the equivalence principle [60,61], which may
have an adverse effect on our proposal. Hence, considering
this effect [61] in the context of the present proposal merits
further investigation.
Conclusions—There is an existing proposal for testing the

validity of the quantum superposition principle for gravity
via witnessing gravity-induced entanglement [21,22]. Here,
we have suggested a schemewhichwill complement that test
by showing that when gravity is measured, there is an
irreducible disturbance (a nonclassical feature). As we are
summing over the measurement-outcomes for testing NDC,
the measurement is equivalent to decoherence, but a

decoherence which is controllably triggered only by the
act of measurement [62]. We should point out that our
present work is different from [63] where the violation of
Leggett-Garg inequalities (a class of inequalities violated
by nonclassical theories) is used to infer gravity-induced
entanglement. The quantum disturbance due to measure-
ment of gravity is not sought to be tested there.
The earlier proposal [21,22] tests only the final entan-

glement between the spins of the two masses and does not
fully specify the dynamics needed to reach the state. Hence,
this earlier proposal cannot verify that the probe can
measure the gravitational field of the source causing an
irreducible disturbance. This new physical insight will be
obtained by realizing the present proposal. If the
decoherence rate is too high such that no entanglement
is generated between the two masses, then the earlier
proposal [21,22] fails in the sense that gravity cannot be
concluded as a nonclassical communication channel acting
between the two masses. In such extreme cases also, the
correlation (weaker than entanglement) generated between
the source and the probe enables us to perform a meas-
urement of gravity, which inevitably causes disturbance
leading to observable violation of NDC. Further, our test
enables us to capture nonclassicality of gravity in a land-
scape of theories which are neither classical (violating
NDC), nor fully quantum (fundamentally unable to gen-
erate entanglement between two masses). Thus the other
test [21,22] should complement the present one to proceed
towards capturing the full quantumness of gravity.
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