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Models of spontaneous wavefunction collapse explain the quantum-to-classical transition with-
out invoking the von Neumann measurement postulate. Prominent frameworks, such as the Diósi-
Penrose (DP) and Continuous Spontaneous Localization (CSL) models, propose a continuous, spon-
taneous measurement of the mass density field of quantized matter. We show that this mechanism
could link both models - not just DP - to fundamental uncertainties in Newtonian gravity. Despite
their non-relativistic nature, these models suggest an induced uncertainty in the flow of time due
to fluctuations in the Newtonian potential. We calculate the ultimate limit on time uncertainty
and demonstrate that the resulting clock-time uncertainty remains negligible for all contemporary
time-keeping devices, including atomic clocks.

Introduction−Despite the remarkable experimental
success of quantum mechanics, its standard formula-
tion retains a somewhat ad hoc character. Within
this framework, the quantum-to-classical transition is
explained through quantum measurements that induce
abrupt wavefunction collapses, requiring measurement
devices and, in some interpretations, even a human ob-
server [1–4].

The debate over the correct interpretation of quan-
tum mechanics has persisted throughout the last century
and remains unresolved. Among the various proposals,
Spontaneous Collapse Models (SCMs) - also referred to
as Dynamical or Objective - offer a compelling alterna-
tive [5–12]. These models not only provide a consistent
interpretation of quantum mechanics that aligns with ex-
isting experimental observations, they also predict novel,
testable effects that are currently under intense experi-
mental investigation [13].

Models of spontaneous wavefunction collapse assume
that quantum measurements occur continuously and ev-
erywhere in nature. The associated wavefunction col-
lapses - often referred to as dynamical, spontaneous,
or objective - provide an alternative explanation for
the quantum-to-classical transition without invoking the
standard quantum measurement postulate. The price to
pay is the presence of a certain universal irreversibility
that modifies the unitary dynamics of the wavefunction.

This irreversibility may stem from the intrinsic un-
certainty in the structure of spacetime [14, 15]. Over
the past decades, two non-relativistic proposals of SCMs,
known as Diósi-Penrose (DP) model [7, 8] and Contin-
uous Spontaneous Localization (CSL) model [10], have
attracted growing interest. Although these models share
several key features, it is commonly believed that the

nature of this uncertainty differs, as the DP model ex-
plicitly relies on the hypothesis of spacetime fluctuations,
whereas CSL does not. Here we point out, for the first
time, that CSL too can be related to spacetime uncer-
tainties.

The latency of CSL’s gravity-relatedness is of reason.
The DP model corresponds to the spontaneous measure-
ment of the mass density field, which assumes the uncer-
tainty of the Newtonian field [7, 8] and even generates it
[16, 17]. In contrast, CSL originated from the Ghirardi-
Rimini-Weber (GRW) model [5], which posits that each
particle in the universe undergoes spontaneous localiza-
tion processes, randomly in time and independently of
one another. The original version of CSL involved the
spontaneous measurement of the number density field,
occurring continuously in both space and time, in accor-
dance with the GRW framework. Eventually, the number
density was replaced by the mass density to better align
with experimental constraints [18], making the GRW col-
lapse rate mass-proportional [19]. However, the stochas-
tic field responsible for irreversibility in CSL has never
been connected to gravity.

Both DP and CSL models are non-relativistic, hence by
spacetime uncertainties we mean a stochastic fluctuating
component of the Newtonian potential. While heuristic
extensions of these models towards relativistic regimes
are being explored [20–22], a fully relativistic theory is
still missing. Recently, a general relativistic postquan-
tum theory of gravity has been proposed [23], though its
renormalizability remains an open question [24]. In our
work, we explore a novel relativistic effect. According to
general relativity, an uncertainty in the Newtonian po-
tential leads to an uncertainty in the flow of time. We
study for the first time the impact of such an effect on the

http://arxiv.org/abs/2504.06109v1


2

time measured by clocks, as predicted by both the DP
and the CSL models. Our analysis shows that this con-
tribution is negligible for any currently available clock.
Therefore, SCMs do not place practical limitations on
the present precision of time measurements.
Spontaneous collapse models−Standard quantum me-

chanics incorporates two incompatible dynamical princi-
ples: a linear, deterministic evolution that enables su-
perposition of states and a non-unitary, measurement-
induced process responsible for wavefunction reduction.
SCMs provide a unified evolution by modifying the
standard dynamical equations with an additional non-
unitary term, which becomes significant only for suffi-
ciently macroscopic systems, leading to the quantum–to-
classical transition. A particularly compelling class of
collapse models employs the mass density operator µ̂(x)
as the collapse operator, ensuring that large (macro-
scopic) quantum fluctuations of the mass density are
spontaneously suppressed.
In terms of the density operator ρ̂(t), the dynamics of a

system under spontaneous collapse follows the Lindblad
master equation

dρ̂

dt
=− i

~
[Ĥ, ρ̂]

− 1

2~2

∫

d3xd3yD(x− y)[µ̂(x), [µ̂(y), ρ̂]],
(1)

where Ĥ is the standard quantum Hamiltonian of the
system and D is the spatial correlation function of spon-
taneous µ̂-measurements at different locations. This
correlation function necessarily includes a characteristic
smearing (or cut-off) length σ, which defines the finite
spatial resolution of the µ̂-measurements.
It is sometimes convenient to express Eq. (1) in an

equivalent form using the smeared mass density opera-
tor µ̂σ(x) =

∫

d3ygσ(x − y)µ̂(y) := (gσ ∗ µ̂)(x) and a
new correlation function D which does not include the
smearing, related to D through D(x) = (gσ ∗D ∗ gσ)(x).
Here, ∗ is the convolution operator and gσ is a Gaussian
function centered at zero with width σ.
Remarkably, the master equation (1) admits an inter-

esting interpretation in terms of spacetime fluctuations.
Using Itô calculus, it can be derived from the following
stochastic Schrödinger equation

d

dt
|ψt〉 = − i

~

[

Ĥ +

∫

d3xµ̂(x)φ(x, t)

]

|ψt〉 , (2)

where φ is a classical Gaussian white noise field with zero
average and correlation

E[φ(x, t), φ(y, t′)] = D(x− y)δ(t − t′). (3)

Eq. (2) corresponds to the ordinary Schrödinger equation
in the presence of a classical stochastic gravitational field,
where φ plays the role of the Newtonian potential and D
in Eq. (1) is its spatial correlation function.

Among all the possible SCMs, CSL and DP are by far
the most extensively studied. In CSL, the noise is defined
by the following unsmeared correlation function

DCSL(x− y) =
~
2γ

m2
0

δ(x− y), (4)

where m0 is a reference mass, typically chosen to be the
nucleon mass. Thus, CSL is characterized by two param-
eters: γ, which sets the strength of the collapse process,
and the smearing length, usually denoted by rC . It is also
customary to use the parameter α = r−2

C as an alternative
to the smearing length. Together, these parameters de-
termine the collapse rate for a microscopic system, given
by λ = γ/(4πσ2)3/2. The commonly adopted values for
the collapse rate and spatial resolution are λ = 10−16 s−1

and σ = 10−7 m, as proposed by Ghirardi, Rimini and
Weber [5]. These values are consistent with most phe-
nomenological analyses of the mass-proportional formu-
lation of the CSL [25, 26], with the exception of [27] which
excludes σ values smaller than 2× 10−7 m.
Unlike the CSL, the DP noise strength is set by the

Newton gravitational constant G and involves no new
parameter. In fact, it is characterized by the following
unsmeared correlation function

DDP(x− y) =
~G

|x− y| . (5)

A commonly used reference value for the smearing
length, sometimes denoted by R0, is σ = 10−9 m. This is
approximately five times larger than the strongest lower
bound available to date [26, 28–30].
Time uncertainty−Building on the previous discus-

sion, we assume a gravitational origin for SCMs at-
tributed to a fluctuating component of the Newtonian
potential and explore a relativistic effect associated with
such models. We emphasize that the following analysis
holds even if we are dealing with non-relativistic SCMs.
In the presence of a classical fluctuating Newtonian

field, general relativity requires that time, as well, must
exhibit a certain degree of uncertainty. For simplicity, let
us assume a flat background spacetime. The fluctuation
δt measured by a clock at location x is given by the
relation [31]

δt(x, t) =
1

c2

∫ t

0

φ(x, τ)dτ, (6)

which is valid in the perturbative regime, where the
00-metric component is expressed as g00(x, t) = 1 +
2φ(x, t)/c2. Again, φ is characterized by zero average
and a correlation function as given in Eq. (3). It follows
that

E[δt] = 0, E[δt(x, t)δt(y, t)] =
1

c4
D(x− y) t. (7)

In the following, we characterize the resulting uncertainty
associated with any measurement of time. What is the
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time measured by a clock along its world-tube in the
presence of the stochastic noise? If the clock occupies
a volume V in space, the fluctuations will be given by
averaging over the volume of the clock the local expres-
sion provided in Eq. (6). The spatial average of the time
correlation function writes as 〈δt2〉V = τt, where τ sets
the strength of the fluctuation. This quantity has the
dimension of time and is defined in terms of the smeared
correlation function as

τ =
1

V2

∫

V

d3x

∫

V

d3y
1

c4
D(x− y). (8)

The explicit expression of the smeared correlation func-
tion D for CSL and DP models is obtained from the
relation D(x) = (gσ ∗ D ∗ gσ)(x), using Eqs. (4) and
(5), respectively. In the case of CSL, the calculation is
straightforward and yields

DCSL(x) =
~
2λ

m2
0

e
−x

2

4σ2 , (9)

where x = |x|. For DP, it is convenient to perform the
calculation in Fourier space, where the convolution is eas-
ier to compute. One immediately gets the Fourier trans-
form

D̃(k) =
4π~G

k2
e−σ2k2

, (10)

from which the smeared spatial correlation function of
the gravitational potential is derived as

DDP(x) =
~G

x
erf

( x

2σ

)

. (11)

Then, the evaluation of τ can be carried out analyt-
ically by choosing, for instance, a spherical shape for
the clock. The exact results are shown in Fig. 1 for
a specific range of the clock radius R and a choice of pa-
rameters corresponding to the standard reference values.
For both CSL and DP, the fluctuation in time measure-
ment is maximal for clock sizes comparable to or smaller
than the smearing length σ. In contrast, larger clocks
become less sensitive to the uncertainty of spacetime as
R increases, leading to more precise measurements of the
mean time. This is because the clock measures the mean
time within the section V of its world-tube. The optimal
spatial resolution corresponds to the smallest size of V ,
when time-keeping has the worst precision. Conversely,
as V increases, time-keeping precision improves at the
expense of spatial resolution. The asymptotic behavior
of the fluctuation strength is as follows

τCSL ∼ ~
2λ

m2
0c

4
=: τmax

CSL , (12)

τDP ∼ ~G√
πc4σ

=: τmax
DP , (13)

for R . σ and

τCSL ∼ 6
√
πτmax

CSL

(R/σ)3
, (14)

τDP ∼ 6
√
πτmax

DP

5(R/σ)
, (15)

for R ≫ σ.

In conclusion, the relativistic relation (6) combined
with the presence of a stochastic component in the grav-
itational field implies an unavoidable uncertainty in any
time measurement. Regardless of how small τ may be,
if it is nonzero, this uncertainty inevitably increases over
time. Therefore, it is essential to consider whether this
uncertainty could lead to measurable effects, potentially
imposing a fundamental limit on clock precision.

After a period of time t, the random component of
the gravitational field induces a fluctuation in the mea-
sured time given by ∆t :=

√

〈δt2〉V =
√
τt. We focus

on optimal clocks with respect to spatial resolution, de-
fined as those with dimensions comparable to the smear-
ing length, for which the fluctuation strength reaches its
maximum value τmax (Eqs. (12) and (13)). To provide
insight into the relevant orders of magnitude, we set the
collapse parameters to their reference values and find, at
t = 1 year, the values

∆t ≃







10−28 s in 1 year for CSL

10−31 s in 1 year for DP
(16)
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FIG. 1: Time fluctuation strength as a function of the ra-
tio between the clock’s radius and the smearing length.
The DP case (blue) is plotted on the left axis, and the
CSL case (orange) is plotted on the right axis. The
smearing length and the collapse rate parameters are set
to the standard values λ = 10−16 s−1, σCSL = 10−7 m
and σDP = 10−9 m.
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For the CSL case, the fluctuation strength is proportional
to the microscopic collapse rate. Current experimental
constraints on this parameter, reported in [26], are ap-
proximately given by 10−20 s−1 < λ < 10−11 s−1. Cor-
respondingly, for these values, the time fluctuation ∆t

at t = 1 year ranges from 10−31 s to 10−26 s. On the
other hand, for what regards the DP model, τmax is in-
versely proportional to the smearing length. Experimen-
tal bounds place a lower limit on the latter at 4.94×10−10

m [26]. Fig. 2 shows the uncertainty affecting optimal
clocks corresponding to all the experimentally allowed
values of the CSL and DP parameters, from which one
can see the maximum uncertainties predicted by the CSL
and DP models.

We now compare these results with the highest preci-
sion achieved by modern clocks. All time-keeping devices
operate referencing a stable oscillatory phenomenon,
whether it is the swing of a pendulum, the periodic mo-
tion of celestial bodies or the vibration of a quartz crys-
tal. Fluctuations in time measurements due to noise pro-
cesses are then quantified by the fractional stability σy(t),
which characterizes the frequency stability of the clock
over a given period t. The corresponding fluctuation in
the measured time is given by ∆t = σy(t)t/

√
3.

Atomic clocks - and potentially future nuclear clocks
[32] - are the most precise devices, relying on the ex-
ceptional frequency stability of the electromagnetic radi-
ation emitted during atomic transitions. Among these,

10−3 101 105 109 1013 1017

t (s)

10−34

10−31

10−28

10−25

10−22

∆
t
(s
)

1
y
ea
r

DP

CSL

FIG. 2: Time uncertainty for optimal clocks as a function
of time, extending up to the age of the universe. The
colored areas correspond to the experimentally allowed
regions. The blue region encompasses all allowed val-
ues constrained by the lower bound on the DP smearing
length, σDP = 4.94× 10−10 m. The orange region corre-
sponds to the range permitted by experimental bounds
on the CSL collapse rate, 10−20 s−1 < λ < 10−11 s−1.
The upper edges of both regions represent the maximum
time uncertainty predicted by the DP and CSL models.

optically trapped neutral-atom clocks currently set the
benchmark for frequency stability, leveraging large en-
sembles of atoms to reduce statistical noise beyond the
limits of single-ion clocks [33]. State-of-the-art optical
lattice clocks based on strontium or ytterbium atoms
achieve short-term fractional frequency stabilities on the
order of 10−17/

√

t/1s [34–36], corresponding to time fluc-

tuations of approximately 10−17 s ·
√

t/1s over periods of
hours or days.
Over longer time intervals (years or decades), clocks

based on millisecond pulsars can approach frequency sta-
bilities comparable to those of atomic clocks [37–39].
However, pulsar clocks are expected to be insensitive to
noise induced by SCMs, as this would be suppressed by
the extremely small ratio σ/R. Consequently, they could
serve as a tool for measuring this type of uncertainty in
atomic clocks.
Nevertheless, given these capabilities, it is evident that

the uncertainty associated with SCMs is entirely negligi-
ble compared to the performance of current time-keeping
technology.
Concluding remarks−In this letter, we addressed the

implications of spacetime uncertainty within the context
of spontaneous collapse models, focusing on their mass-
proportional versions. In this class of models, which
includes the leading CSL and DP proposals, the wave
function collapse dynamics can be attributed to the con-
tinuous and spontaneous monitoring of the mass density
operator.
We highlighted that the stochastic field defining these

models can be interpreted as the Newtonian gravitational
potential, possibly relating this class of models to grav-
ity. As a direct consequence, fluctuations in the gravita-
tional field induce an intrinsic uncertainty in the flow of
time. We emphasize that while our analyses rely on non-
relativistic collapse models, this effect is fundamentally
relativistic in nature. For the first time, we investigated
the impact of this time uncertainty on clock measure-
ments. Our results reveal that the effect is maximized
for clocks with sizes comparable to the spatial resolu-
tion of the collapse (the smearing length σ), while for
larger clocks the fluctuations average out, enabling them
to measure mean time with higher precision - at the price
of lower spatial resolution. Moreover, irrespective of the
fluctuation strength, the uncertainty grows unavoidably
over time.
We conclude that while spontaneous collapse models

introduce a fundamental source of time uncertainty,
they do not impose any practical limitation on precision
time-keeping. Our findings offer a new perspective
on the interplay between quantum collapse models
and gravitational effects, paving the way for further
exploration of their possible observational signatures.
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