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We review seven models, which consistently couple quantum matter and (Newtonian) gravity in a

non standard way. For each of them we present the underlying motivations, the main equations and,

when available, a comparison with experimental data.

I. INTRODUCTION

Quantum Mechanics (QM) and General Relativity (GR) are the two pillars of modern physics; in their

regime of validity, they work extremely well and their predictions have been confirmed with great accuracy.

One expects that there should be a unified theory that, in the appropriate regimes, reduce to QM and GR: to

find such a theory is one of the biggest open challenges in theoretical physics.

The most explored and in some sense obvious approach for merging the two theories is to quantize

gravity. Essentially, given the classical variables of GR, i.e. the metric gµν and the stress-energy tensor Tµν

satisfying Einstein’s equations

Gµν =
8πG

c4
Tµν , (1)

one notes that matter has been successfully quantized (modulo the interpretation issues of QM) by promot-

ing the stress-energy tensor to the operator level: Tµν → T̂µν ; then for consistency also the metric tensor

needs to be quantized: Gµν → Ĝµν . Several attempts have been explored, but a consistent quantum theory

of gravity is still lacking [1, 2].

Here, we consider seven proposals which aim at combining QM and GR by focusing on the second

logical possibility: instead of directly quantizing space-time, one modifies QM in order to accomodate

GR. In Penrose’s words, the idea of these approaches is to achieve a “gravitization QM” [3], instead of

quantizing GR. A point in favor for this approach is the fact that modifications of quantum mechanics were

also suggested independently from gravity, to resolve the measurement problem in QM [4–8].

In the following we present each proposal, focusing on their motivations and assumptions, their main

equations, point of strength and weaknesses and, when available, comparisons with experimental data.
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Specifically, in section II we review the proposal by Karolyhazy; in section III we introduce Diósi’s model

and in section IV the related proposal by Penrose; in section V we review a model proposed by Adler; in

section VI we present the Schrödinger-Newton equation, while in sections VII and VIII we discuss more

recent proposals based on quantum measurement and feedback approaches.

II. THE PROPOSAL BY KAROLYHAZY

One of the first attempts to combine QM and GR without quantizing the space-time metric is due to

Karolyhazy [9–11]. His main idea is that there is a fundamental uncertainty in the space-time structure,

which can be modelled by considering the metric gµν as a random variable. To characterize this randomness,

Karolyhazy considers the following question: given a quantum probe subject to the uncertainty principle,

and given a length s = cT , what is the minimal uncertainty ∆s with which it can be determined by the

probe? He shows that ∆s can be estimated as [9]:

∆s ∼ 3

√

ℓ2P s, (2)

where ℓP =
√

~G/c3 is the Planck length. This uncertainty is then related to fluctuations of the space-time

metric and consequently a random family of space time metrics gµν is introduced. To each realization of

the metric, a length “s” is associated, with average s̄ = E[s] and standard deviation ∆s =
√

E[(s− s̄)2],

where E[...] denotes the average over the metric fluctuations.

In the non-relativistic limit, the random deviations from flat space time affect only the component g00 of

the metric, hence one assumes g00 = η00 + γ(x, t) and the fluctuations γ(x, t) admit the Fourier expansion

γ(x, t) =
1√
ℓ3

∑

k

(

c(k)ei(k·x−ωt) + c∗(k)e−i(k·x−ωt)
)

(3)

where ℓ is the length of an arbitrarily chosen large box. In order to recover Eq. (2) the correlations among

the coefficients of the expansion must be:

E[c(k)c∗(k′)] =











δk,k′ℓ
4/3
P k−5/3 if |k| ≤ 2π/λc

0 if |k| > 2π/λc

(4)

where λc is a cutoff whose originally suggested value was λc = 10−15 m. The corresponding expression

for the correlation among the perturbations γ(x, t) was computed in [12] for λc = 0; the expression valid

for any λc is:

C(x− x′, t− t′) := E[γ(x, t)γ(x′, t)] =
3

r

(

ℓ4P
32π2λ4c

)

1

3
[

(r + cτ) 1F2

(

2

3
;
3

2
,
5

3
;−π

2(r + cτ)2

λ2c

)

+

+(r − cτ) 1F2

(

2

3
;
3

2
,
5

3
;−π

2(r − cτ)2

λ2c

)]

(5)
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where r = |x− x′|, τ = t− t′ and qFp(a; b; c; z) is the generalized hypergeometric function Gamma.

The stochastic perturbation of the metric appears in the Schrödinger equation as a stochastic potential

of the form [12] V (x, t) = 1
2mc

2γ(x, t) (see also the discussion in section VI below). One can then

perturbatively compute the corresponding master equation which is, to the lowest order in G:

dρ̂(t)

dt
= − i

~

[

Ĥ, ρ̂(t)
]

−
(

c2

2~

)2 ˆ

dx

ˆ

dx′
ˆ t

0
dt′C(x− x′, t− t′)×

×
[

̺(x− q̂),
[

e
i
~
H(t′−t)̺(x′ − q̂)e−

i
~
H(t′−t), ρ̂(t)

]]

. (6)

where ̺(x) is the mass density of the particle. In contrast to other models introduced below, this master

equation is non-Markovian.

The uncertainty in the space-time metric implies decoherence in position, as it should be clear from

Eq. (6). Karolyhazy shows that for a uniform sphere of radius R, the randomness in space-time makes a

quantum state decohere in position with a decay time τK corresponding to

τK ≈ ma2K
~

, with aK =











~
2/Gm3 if R≪ ~

2/Gm3

(

~
2R2/Gm3

)1/3
if R≫ ~

2/Gm3

To show some significant examples of the model’s predictions, one finds that for a proton aK = 1023 m,

corresponding to τK = 1053 s, while for a macroscopic sphere with radius R = 1 cm, aK = 10−18 m,

corresponding to τK = 10−4 s.

Stochastic modifications of the Schrödinger equation of the kind considered here are well known to

lead to emission of X-rays from charged particles [13–16], as a consequence of the fluctuations in the

particle’s motion. Diósi and Luckás computed this effect for the Karolyhazy’s model, showing that the

emitted radiation is unreasonably large and hence ruling out the model [17]. In their analysis, Diósi and

Luckás considered a large range of values for the cutoff λc, upon which the emission depends, and showed,

using several arguments, that any value λc ≥ 10−15 m is excluded. On the other hand, smaller values for

the cutoff were considered as meaningless by Karolyhazy himself [9] (likely because taking smaller cutoff

implies that the model resolves distances smaller than the proton radius, which might be not compatible

with the assumption of working in the non-relativistic regime, although a clear statement from the author in

this respect is lacking). Further work is needed to assess whether Karolyhazy’s idea can still survive or is

really incompatible with experimental evidence.
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III. THE DIÓSI MODEL

What is known in the literature under the name of “Diósi-Penrose” model actually consists of two related

but independent proposals. Therefore we introduced them separately, starting from the earlier model by

Diósi.

A master equation describing gravitational decoherence was first given in [18]. The starting point is

similar to that of Karolyhazy and it was presented in a previous paper by Diósi and Luckás [19]. First, it is

pointed out that in any realistic measurement one never measures the gravitational field g(r, t) at the pre-

cise space-time point (r, t) with infinite precision, rather one measures g̃(r, t) = 1
V T

´

T dt
′ ´

V dr
′g(x′, t′)

averaged over a space-time volume V T around that point, where V is a space volume and T a time in-

terval. Then they showed that if the measurement is performed using a quantum probe, the Heisenberg

uncertainty principle implies that the minimum precision for determining g̃ is given by δg̃ ≈ G~/V T .

This result can be modelled by assuming that g(r, t) = gc(r, t) + gs(r, t), where gc is the classical

field and gs a stochastic vector fluctuation where the components gjs have zero average and correlation

E[gis(r, t)g
j
s(r′, t)] = δijG~δ(t− t′)δ(r − r′). Since g = −∇φ, one gets:

E[φ(r, t)φ(r′, t)] = δ(t− t′)
G

~|r − r′| . (7)

It is interesting to compare this expression with that of Karolyazy in Eq. (5). By introducing φ as a

stochastic potential in the Schrödinger equation, similarly to what suggested by Karolyhazy, Diósi finds

that the corresponding master equation is

dρ̂(t)

dt
= − i

~

[

Ĥ, ρ̂(t)
]

− G

2~

ˆ

dr

ˆ

dr′
1

|r − r′|
[

ˆ̺(r),
[

ˆ̺(r′), ρ̂t
]]

(8)

where ˆ̺(y) =
∑N

j=1 ̺j(y − x̂j) with ̺j(y) the mass density of the j-th nucleon of the system1.

Given this master equation, later Diósi built a non-linear equation which describes the collapse of the

wave function [20]:

d|ψ(t)〉 =
[

− i

~
Ĥdt+

ˆ

dx (ˆ̺(r)− 〈 ˆ̺(r)〉t) dWt(r)+ (9)

− G

2~

ˆ

dr

ˆ

dr′
(ˆ̺(r)− 〈 ˆ̺(r)〉t) (ˆ̺(r′)− 〈 ˆ̺(r′)〉t)

|r − r′|

]

|ψ(t)〉.

The master equation (8) implies decoherence in the position basis. The decoherence time can be esti-

mated by neglecting the free evolution and solving Eq. (8) in the position basis; the result is:

〈x|ρ̂(t)|y〉 = 〈x|ρ̂(0)|y〉e−t/τD , (10)

1 Due to their smaller mass, the contribution from the electrons can be neglect, compared to that of the atomic nuclei. Here

nucleons are taken as fundamental constituent because the model is formulated in the non relativistic regime, therefore the

energies are not high enough to resolve their structure.
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where:

τ−1
D =

G

2~

ˆ

dr

ˆ

dr′
[̺(r − x)− ̺(r − y)][̺(r′ − x)− ̺(r′ − y)]

|r − r′| . (11)

If one takes a point-like mass density, the term on the RHS diverges, due to the functional form of the

Newtonian potential. For this reason, one should consider mass distributions which are finite, extended

over a region of radius R0. For nucleons, a natural choice would be R0 = 10−15 m, as originally suggested

in [18]. However, Eq. (8) predicts that the kinetic energy of a system increases linearly in time, due to the

noise, and it was shown that such a small value for R0 leads to an unacceptable energy increase [21].

A possible solution to this problem is to introduce dissipative terms, which bound the energy; this was

considered in [22] and the resulting model depends on two parameters: R0 and the temperature T at which

systems thermalize; the standard DP model is recovered in the limit of infinite temperature. However, for

R0 = 10−15 m and taking a temperature T ≈ 1 K for the noise (comparable to that of the cosmic microwave

background radiation), the model is not consistent for systems with mass smaller thanm = 1011 amu, since

it predicts too strong dissipative effects, which are experimentally excluded. To summarize, contrary to

other collapse models [23], the dissipative generalization of Diósi’s model is not straightforward. For this

reason, to date, the model still depends only on the parameter R0, which is taken as a free parameter larger

than 10−15 m.

Several bounds on R0 have been computed, by considering different experimental data. In all of them,

the key element is that the noise underlying the model generates a diffusion of the (center of mass of) the

system, which can be detected, or bounded, by experiments. The model dictates that the smaller R0 the

larger the effect [21], therefore experimental data place a lower bound on the parameter. Gravitational wave

detectors giveR0 ≥ 4×10−14 m [24], the analysis of the power radiated by neutron stars givesR0 & 10−13

m [25] and searches for spontaneous photon emission from Germanium detectors give R0 ≥ 0.54× 10−10

m [26]. Moreover, the recent analysis performed in [27] shows that from the power radiated by Neptune one

can derive R0 & 3.7× 10−12 m, while data about the residual heat leak experiments performed in ultralow

temperature cryostats give R0 & 4.6× 10−12 m.

IV. PENROSE’S PROPOSAL

The proposal by Penrose is based on the general idea that, instead of working on quantizing gravity, we

should try to “gravitaze” QM [3, 28]. This means that QM needs to be modified when gravitational effects

are large enough. Penrose proposed a way to compute what is meant by “large”: he did so by providing two

different arguments, one based on an uncertainty in the definition of the time-translation operator [28] and
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the other based on possible violations of the equivalence principle [3].

In both cases, the idea (expressed in a non-relativistic language) is that a mass in a spatial superposition

around two different locations a and b of space (at some fixed time), generates a superposition of space-

time metrics, such that a test mass used to probe the gravitational field at a point r would experience a

superposition of two different accelerations, ga(r) and gb(r), corresponding to the two different branches

of superposition. The square of the difference between these two accelerations divided by G is taken

as a measure of the energy uncertainty due to the space-time superpositions at the point r and then this

uncertainty is integrated over space. This implies:

∆E =
1

G

ˆ

dr (ga(r)− gb(r))
2 = 4πG

ˆ

dr

ˆ

dr′
(̺a(r

′)− ̺b(r
′)) (̺a(r)− ̺b(r))

|r − r′| , (12)

where to find the final expression one uses the standard relations g(r) = −∇φ(r) together with the Poisson

equation ∇2φ(r) = 4πG̺(r) and its solution.

Given ∆E, Penrose suggests that, similarly to what happens in nuclear decay, one can apply the Heisen-

berg time-energy uncertainty principle to derive the decay time of the superposition: τ = ~/∆E. One can

immediately see by comparing Eq. (12) with Eq. (11) that, apart for an unimportant factor 8π, this decay

time is the same as that predicted by Diósi; this is the reason why the two proposal are referred together as

“Diósi-Penrose”.

Contrary to the approaches of Karolyhazy and Dı́osi, Penrose does not provide a dynamical equation for

the state vector. The beauty and strength of his argument is to rely solely on basic and general principles

of QM and GR and from this to show how they lead to a conflict. Remarkably, contrary to what one might

have originally expected, Penrose’s argument shows that the friction between QM and GR might be seen

at scales much less extreme than the Planck scale (the Planck time is ∼ 10−44 s and the Planck length

∼ 10−35 m). For example, if one consider an homogeneous sphere with mass m = 10−12 Kg and radius

R = 5 µm placed in a spatial superposition at a distance d ≫ R, one gets τ = 10−6 s. A more precise

calculation accounts for the fact that matter is not uniformly distributed but it is concentrated around atomic

nuclei [3]. Then for the same mass m = 10−12 Kg the gravity induced collapse results to be stronger,

leading to τ ≃ 10−2 − 10−3 s.

As direct approaches to test Penrose’s idea, it has been proposed to study the motion of a crystal with a

mass ∼ 10−12 Kg inside an optical cavity [29] or to perform interference experiments with a Bose-Einstein

condensate made of 109 atoms [30]. Other indirect (non-interferometric) approaches were discussed at the

end of the previous section.
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V. ADLER’S PROPOSAL

The model of Karolyhazy, as well as the first model proposed by Dı́osi, are both based on the idea

that the spacetime metric has random fluctuations. These fluctuations, in Karolyhazy’s model [9], as well

as in the first version of the model proposed by Dı́osi [18], are supposed to be real. Real fluctuations

keep the dynamics linear though random and induce decoherence, not the collapse of the wave function;

an anti-Hermitian coupling leading to a non-linear (and stochastic) dynamics, by imposing state-vector

normalization, is necessary to achieve objective collapse [31].

Starting from these premises, Adler [32] provides specific arguments as to why it is reasonable to assume

the existence of a small fluctuating complex part in the classical metric (for example, complex-valued

effective metrics appear in theories of modified gravity [33]). These fluctuations are coupled to the quantum

mass density operator and, in the weak field and non-relativistic limit, one obtains the following approximate

Hamiltonian:

Ĥ = Ĥ0 + ξc2
ˆ

dx ˆ̺(x)w(x, t); (13)

here w is a complex valued noise with zero average and correlation E[w(x, t), w(y, t′)] = D(x−y, t− t′),
whereD is a generic complex function of order 1 and the only assumption, which is made, is the correlation

to be space and time translational invariant. The positive parameter ξ controls the strength of the noise. ˆ̺(x)

is the non-relativistic mass density operator.

Since the fluctuations are complex, the Hamiltonian is not Hermitian, the norm of the vector is not con-

served, and by forcing norm conservation appropriate non-linear terms have to added. The corresponding

master equation was computed in [34] to the lowest perturbation order in ξ:

dρt
dt

= − i

~

[

Ĥ0, ρt

]

− ξ2c4

~2

ˆ

dx

ˆ

dy

ˆ t

0
dτDR(x− y, t− τ) [ ˆ̺(x), [ ˆ̺(y, τ − t), ρt]]

− iξ2c4

~2

ˆ

dx

ˆ

dy

ˆ t

0
dτDI(x− y, t− τ) [ ˆ̺(x), { ˆ̺(y, τ − t), ρt}] , (14)

where DR and DI are, respectively, the real and imaginary parts of the correlation function D, ˆ̺(y, τ − t)

is the mass density operator evolved in the interaction picture to the time τ − t. Since the noise correla-

tor is arbitrary, apart from the symmetries specified before, Eq. (14) represents a general class of models

which includes and generalizes also those of Karolyhazy and Dı́osi; moreover, it is suitable for describing

dissipative as well as non-Markovian effects.

It was shown [34] that Eq. (14) fulfills the two most important properties required for a consistent col-

lapse models: the non-unitary terms induce the collapse of the wave function in space and, when composite

systems are considered, their centre of mass collapses with an amplified rate, roughly proportional to the
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8

total mass of the system. If one restricts the model to a noise correlator which is purely real, Gaussian

in space and delta-correlated in time, Eq. (14) formally reduces to the master equation of the Continuous

Spontaneous Localization (CSL) model [35], and hence all the bounds set for CSL can be mapped to this

model [34, 36] (see [37] for a recent review on the subject).

VI. THE SCHRÖDINGER-NEWTON EQUATION

The Schrödinger-Newton (SN) equation was first introduced in [38] and it is strongly related to semiclas-

sical gravity. In semiclassical gravity [39, 40], the Einstein equations (1) of GR are modified by quantizing

matter, therefore promoting the energy-momentum tensor to an operator, and then by taking its expectation

value:

Gµν =
8πG

c4
〈ψ|T̂µν |ψ〉 (15)

where |ψ〉 describes the state of the quantum matter. Gravity remains classical.

In the weak field limit, one can expand the metric around flat spacetime: gµν = ηµν +hµν with |hµν | ≪
|ηµν |; in the non-relativistic limit, the only relevant component of the metric is g00. Then Eq. (15) becomes

[41]:

∇2h00 = −8πG

c4
〈ψ|T̂00|ψ〉. (16)

In linearized gravity, the interaction between gravity and matter is described by the Hamiltonian ĤI =

−1
2

´

dxhµν T̂
µν ; considering only the relevant “00” component, and given that T̂ 00 = ˆ̺c2 with ˆ̺ =

∑

j mjψ̂
†
j ψ̂j (the sum runs over the different kinds of particles composing the system, and ψ̂†

j ψ̂j is the

number density operator for the particles of type j) and for the solution of the Poisson equation (16) one

gets:

ĤI = −G
ˆ

dx

ˆ

dx′ 〈ψ| ˆ̺(x′)|ψ〉
|x− x′| ˆ̺(x). (17)

When this potential is added into the Schrödinger equation, one obtains the SN equation, which for one

particle is:

i~
d

dt
ψt(x, t) =

(

− ~
2

2m
∇2 −Gm2

ˆ

dy
|ψt(y, t)|2
|x− y|

)

ψt(x, t). (18)

The second term on the right hand side describes a Newtonian gravitational self-attraction among the dif-

ferent parts of the wave function; for a free particle, this term prevents the spread of the wave packet to

increase indefinitely, as the kinetic term dictates; eventually the two effects compensate and the wave func-

tion reaches asymptotically a final width. The effect is negligible for microscopic systems over typical
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9

timescales, and becomes more relevant for large masses. For a Gaussian wave packet a simple way to esti-

mate the size of the equilibrium width σ is given by σ ∼ ~
2

Gm3 [42], which for a proton is ∼ 1022 m while

for a particle with mass of 1 mg is ∼ 10−40 m.

The SN equation is non-linear and deterministic. This poses a serious problem because it was shown

that this kind of dynamics allows for faster than light signalling [43]. In the case of the SN equation, this

has been explicitly shown in [41] and the argument is the following: one considers the typical EPR setup

involving an entangled state of pairs of massive spin 1/2 particles, one sent to Alice and the other one to Bob,

who are arbitrarily far away from each other. Depending on which measurement Alice decides to perform,

Bob will either have 50% times | ↑〉 and 50% times | ↓〉 along a given z direction, or 50% times
|↑〉+|↓〉√

2
and

50% times
|↑〉−|↓〉√

2
. Bob then sends his particles through a Stern-Gerlach device, with the inhomogeneous

component of the magnetic filed aligned along the z direction. When exiting the device, in the first case

particles’ trajectories will simply be deviated upwards or downwards by the magnetic field. In the second

case their trajectories will turn in a superposition of moving upward and downwards; then, assuming that

the masses are large enough so that the self attraction of the SN equation is not negligible, the two parts of

the wave function will attract each other. When hitting the screen producing two spots, in the first case the

distance between the spots will be larger than in the second case. In this way, Bob can understand which

type of measurement Alice performed, thus establishing a protocol for superluminal communication.

This poses serious issues in considering Schrödinger-Newton equation as a fundamental dynamics.

Since the equation is a special case of semiclassical gravity, this implies also Eq. (15) cannot be taken

as fundamental dynamics. A possible approach to solve this problem is discussed in section VIII.

Compared to the effects in the DP model, those of the SN equation are typically weaker, which is why

the model has not yet been tested. However, possibilities for future tests has been analysed, in particular

considering optomechanical devices, and it was shown that by using the best current technologies in the

fields of cavity enhanced optical position readout, levitation of ions in Paul traps, and superconducting

materials, one should be able to measure the shift in the energy levels of an harmonic oscillator due to the

presence of the SN self-interaction [44]. Another proposal, based on the study of the effects of SN equation

on the motion of the centre of mass of a Si crystal cooled down to 10 K, was considered in [45], where it

was also found that the SN effects are small but in principle detectable with current technology.

VII. THE KTM MODEL

The model proposed by Kafri, Taylor and Milburn (KTM) [46] is based on the idea of implementing

Newtonian gravity through a hybrid classical-quantum dynamics based on a continuous measurement and
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10

feedback protocol.

The model considers two masses m1 and m2, each trapped by harmonic potentials with respectively

frequencies ω1 and ω2, and interacting through the Newtonian potential. The distance d between the masses

is supposed to be much larger than the position spread of each particle, so that the Newtonian potential can

be approximated by a linear potential, leading to the effective one dimensional Hamiltonian:

Ĥ = Ĥ0 +Kx̂1x̂2, Ĥ0 =
2

∑

j=1

p̂j
2mj

+
1

2
mjΩ

2
j x̂

2
j (19)

where Ω2
j = ω2

j −K/mj and K = 2Gm1m2/d
3.

The first input of the KTM model is that each particle is subject to a continuous measurement of their

position [47]; the measurement records rj(t) are random variables with average 〈x̂j(t)〉 and fluctuations

proportional to white noises wj(t):

rj(t) = 〈x̂j(t)〉+
~

√
γj
wj(t), (20)

where the parameters γj , which at this stage are arbitrary, control the information associated to the outcome

of the continuous measurement. Next, the measurement records are used as a feedback to generate an hybrid

classical-quantum (linearized) Newtonian interaction in place of the standard quantum interaction:

Kx̂1x̂2 −→ K(r1(t)x̂2 + r2(t)x̂1); (21)

this is why one speaks of a continuous measurement and feedback protocol.

The continuous measurement introduces a disturbance on the evolution of the two particles, which even-

tually leads to decoherence. KTM show that in order to minimise the decoherence effects, one needs to set

γj = 2~K, thus linking these constants to gravity.

The evolution for the state vector is given by [48]:

d|ψ(t)〉=















− i

~
Ĥ0dt−

2
∑

j,k=1
j 6=k

[

i

~
Kx̂jrk(t) +

Kx̂2j
4~

]

dt+ (22)

+
2

∑

j=1

[

−K

4~
(x̂j − 〈x̂j(t)〉)2dt+

√

K

2~
(x̂j − 〈x̂j(t)〉)dWj(t)

]

−
2

∑

j,k=1
j 6=k

i

2~
Kx̂j(x̂k − 〈x̂k(t)〉)dt















|ψ(t)〉,

where the first term on the right-hand-side is the standard Hamiltonian term Ĥ0 of Eq. (19) (without the

gravitational part), the second term corresponds to the feedback contribution, the third and fourth term to
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11

the continuous measurement, while the last term is the Itô term arising from their combined effect. As one

can see, this is a stochastic and highly non-linear equation, where the gravitational interaction can be barely

recognized. Yet, the corresponding master equation (when an average over the noise is taken) is

dρ̂(t)

dt
= − i

~

[

Ĥ0 +Kx̂1x̂2, ρ̂(t)
]

− K

2~

2
∑

j=1

[x̂j [x̂j , ρ̂(t)]] . (23)

This is a Lindblad equation, where now (linearized) gravity reappears in the unitary part of the dynamics

as a standard quantum interaction. Therefore, while at the wave function level the system evolves through

a hybrid classical-quantum dynamics, at the level of the master equation the dynamics is fully quantum, as

the classical and nonlinear terms are averaged out. The price to pay is the appearance of a Lindblad term,

describing decoherence in position.

The KTM model can be generalized to more than two particles in different ways, and a priori it is not

obvious which one is more appropriate. One generalization, introduced in [49], assumes a pairwise inter-

action: given a system of N particles interacting gravitationally, the position of each particle is measured

by all the others separately; therefore, the KTM protocol previously outlined is repeated for each pair. In

the same paper, however, it is shown that such a generalization is ruled out by interferometric experiments

with atomic fountains. Another natural generalization, introduced in [48], assumes that the position of each

particle is measured only once, and then the recorded information is shared to all the other particles of the

system through the KTM feedback Hamiltonian. However, in the same paper, this generalization is proved

to be inconsistent because, given two composite systems and assuming the internal degrees of freedom of

each system are negligible, by integrating them out one does not recover the KTM model for the centre of

mass of the two subsystems.

As a last remark, the KTM model was recently generalized by introducing dissipative terms [50].

VIII. THE TILLOY-DIÓSI MODEL

The Tilloy-Diósi (TD) model [51] has several connections to the models introduced in the previous

sections: it was proposed as a solution of the faster-than-light signalling problem in semi-classical gravity

discussed in section VI; it introduces a feedback mechanism similar to the one used in the KTM model

presented in section VII; in an appropriate limit, its master equation reduces to that of the DP model of

section III.

The problem with the nonlinear SN equation (18) is that it is deterministic. To solve this problem, in a

clever way Tilloy and Diósi introduce random terms in the dynamics, by assuming that the source of gravity

〈ψ| ˆ̺(r)|ψ〉 is replaced by 〈ψ| ˆ̺(r)|ψ〉 + ~
´

dsγ−1(r − s)δ̺t(s), where γ−1 in the inverse kernel of γ in
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the sense that it satisfies
´

dsγ(r−s)γ−1(s−r) = δ(r−r′) and δ̺t(s) is a stochastic fluctuation resulting

from the continuous measurement of the mass density at the spacetime point (t, s), having zero average and

correlation E[δ̺t(s)δ̺t′(s
′)] = γ(s− s′)δ(t− t′).

By resorting to the same continuous measurement and feedback mechanism employed in the KTM

model, now generalzied to continuous measurements at each spacetime point, they arrive at a non-trivial

stochastic non-linear evolution for the state vector |ψt〉 that generalizes that in Eq. (22) to the full Newtonian

potential [48]. The average over the noise gives the Lindblad-type master equation:

dρ̂(t)

dt
= − i

~

[

Ĥ + V̂NEW, ρ̂(t)
]

−
ˆ

ds

ˆ

drD(r − s) [ ˆ̺(s) [ ˆ̺(r), ρ̂(t)]] , (24)

where V̂NEW is the standard Newtonian potential and

D(r − s) =
γ(r − s)

8~2
+
G2

2

ˆ

dr′
ˆ

ds′
γ−1(r′ − s′)

|r − r′||s− s′| (25)

is the decoherence kernel. Similarly to what done by KTM, one can ask for this kernel to be minimal, which

fixes γ(r − s) = 2~G
|r−s| . With this choice, the Lindblad term in Eq. (24) reduces to that of Eq. (8) of the

DP model. In spite of having the same decoherence term as that of the DP model, the TD model has the

important merit of naturally accounting for the Newtonian interaction, which is not accounted for in the DP

model (it is introduced by hand in the Hamiltonian).

Another approach that modifies the SN equation by adding stochastic elements was put forward in [52].

As for the TD model, the stochastic terms are built in such a way to guarantee no faster-than-light signalling;

One difference with respect to the TD model is that using this approach one does not recover the Newtonian

potential.

As a final note, it is important to point out that, contrary to what one would expect, the TD model

does not reduce to the KTM in the limit where gravity is linearized, as it was shown in [48]. This is a

consequence of the fact that the noises responsible for the measurements are structurally different in the

two models: while in the KTM model the noises are attached to the particles, in the TD there is a noise at

each point of space-time, independently from where the particles are located. This change of perspective is

necessary in order to deal with the full gravitational potential, as discussed in [48].

IX. CONCLUSIONS

We reviewed some of the most relevant proposals, which attempt to combine quantum mechanics and

gravity, by keeping gravity classical to some extent, and modifying quantum mechanics where necessary. In

most of these approaches the idea is that the gravitational interaction coupling quantum matter is modified
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by adding a stochastic perturbation. Clearly these models share the limitation of being valid only in the

non-relativistic Netwonian regime.

Here we did not review gravitational decoherence [53–58], i.e. standard quantum mechanical models

describing how gravitational perturbations can spoil the properties of quantum systems, since the discussion

covered only those proposals which modify the quantum-gravitational interaction at the fundamental level.

For a recent review of this field, we refer the reader to [59]; a general master equation comprising most of

these models has been recently presented [60].

As a final note, the question whether gravity is fundamentally quantum or classical has recently re-

ceived a boost by a proposal, which show how to use optomechanical platforms to perform future dedicated

experiments assessing the nature of gravity [61, 62].
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[58] I. Pikovski, M. Zych, F. Costa, and Č. Brukner, Nature Physics 11, 668 (2015).

[59] A. Bassi, A. Großardt, and H. Ulbricht, Classical and Quantum Gravity 34, 193002 (2017).

[60] L. Asprea, G. Gasbarri, and A. Bassi, Physical Review D 103, 104041 (2021).

[61] S. Bose, A. Mazumdar, G. W. Morley, H. Ulbricht, M. Toroš, M. Paternostro, A. A. Geraci, P. F. Barker, M. Kim,
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