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Three little paradoxes: making sense of semiclassical gravity
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I review the arguments most often raised against a fundamental coupling of classical
spacetime to quantum matter. I show that an experiment by Page and Geilker does
not exclude such a semiclassical theory but mandates an inclusion of an objective
mechanism for wave function collapse. In this regard, I present a classification of
semiclassical models defined by the way in which the wave function collapse is intro-
duced. Two related types of paradoxes that have been discussed in the context of
the necessity to quantize the gravitational field can be shown to not constrain the
possibility of a semiclassical coupling. A third paradox, the possibility to signal faster
than light via semiclassical gravity, is demonstrably avoided if certain conditions are
met by the associated wave function collapse mechanism. In conclusion, all currently
discussed models of semiclassical gravity can be made consistent with observation.

Their internal theoretical consistency remains an open question.
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I. INTRODUCTION

The quantization of the gravitational interaction has crystallized as a considerably more
challenging endeavor than the quantization of matter fields. Paired with the success of
classical general relativity when it comes to the accuracy of predictions, the question has
been raised whether we are on the right track, or whether the question how to quantize
gravity is misguided and a semiclassical theory, in which only matter is quantized and

spacetime remains fundamentally classical, should be sought for instead.

The discussion about whether or not gravity must be quantized reaches back as far as
to the early days of quantum field theory. At the 1957 Chapel Hill Conference! Feynman
famously introduced a thought experiment in which a spin superposition state becomes en-
tangled with the position of a macroscopic mass, allegedly showing the need for a quantized
gravitational field—at least if one is willing to “believe in quantum mechanics up to any
level”™. Similar thought experiments®® have been repeatedly brought into the discussion

SITHLS

since, to prove the necessity of quantization, with a direct refutation often following

on the heels. As recently as last summer, the question has been asked: “Do Gedankenezx-
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periments compel quantization of gravity with the answer still the same as much more

humbly and eloquently'® stated by Rosenfeld'® 59 years ago: No!

I take a closer look at these thought experiments and consistency arguments and assert
that the underlying concepts of semiclassical gravity fall into three categories, ultimately
related to their incorporation of the measurement process. I first analyze the implications of
the sole experiment on semiclassical gravity that has actually been conducted®, concluding
that it only rules out a rather specific sub-category of semiclassical theories: the Everettian
ones which are based on the quantum state without ever collapsing the wave function. I
further discuss the three classes of paradoxes that are brought up as arguments against
semiclassical gravity, and explain why only one of the paradoxes considered in connection
with semiclassical gravity—and only in the third case of the traditional, 1-ontic semiclassical
models—poses a challenge for the coupling of classical gravity to quantum matter. In order
to resolve it, a semiclassical model for gravity must be of a twofold nature: providing both
the coupling of quantum matter to classical spacetime and a dynamical description of wave

function collapse.



II. MODELS OF SEMICLASSICAL GRAVITY

Before we begin, let us clarify the definition of some notions. Talking about the necessity
of quantizing gravity, one faces the obvious question what it means to quantize gravity. For
the purpose of this work, quantized gravity refers to any model in which spacetime is not
classical. By contrast, we refer to a theory with classical spacetime satisfying Einstein’s
equations for some right-hand side, as semiclassical gravity. In semiclassical gravity,
matter is usually though of as being described by quantum fields on said classical curved
spacetime, with some freedom of choice regarding the backreaction through Einstein’s equa-
tions and—as we will see—the characterization of measurement. The semiclassical Einstein
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where the left-hand side is the Einstein tensor, constructed from the scalar and tensor curva-
tures R and R, as well as the metric g,,, and the right-hand side contains the expectation
value of the stress energy operator in the quantum state W, are only one of potentially many
possible realizations of semiclassical gravity.

In order to be as precise as possible, I give a vague sketch of a definition by noting that

a model of semiclassical gravity generally consists of (some of) the following ingredients:
(i) a classical spacetime, i.e. a pseudo-Riemannian 4-manifold (M, g) with metric g,,,

(ii) a set of quantum fields described by the total state | ¥) € H, where the state space H

is constructed in the spirit of quantum fields on curved spacetime*”,

(iii) a set of “hidden variables”, i.e. classical fields A : M — R" (which can be empty),

(iv) the U-process™®, i.e. a dynamical law for the quantum states | ), usually given in the

form of a Lagrangian for the fields (e.g. the standard model of elementary particles),
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(v) the R-process™®, i.e. a dynamical law governing quantum state reduction during

measurement-like situations,

(vi) a classical stress-energy tensor 7),, (¥, A, ) defining the right-hand side in the semiclas-

sical Einstein equations, depending on the quantum state ¥ and the hidden variables.



Already the proper definition of the Hilbert space (ii) is nontrivial, as is understanding the
dynamics (iv), not to mention the consistent inclusion of backreaction (vi). Nonetheless,
the biggest question mark is attached to the definition of the R-process (v), of which we
only know its effect, namely that measurements result—at least to good approximation—in
eigenstates with Born rule probabilities. In the case that there are hidden variables, the
R-process must include the dynamical laws for A, e.g. the guiding equation for particle
coordinates in the de Broglie-Bohm theory!®. Of course, U- and R-processes will generally
not be strictly separable but only limiting cases of a joint dynamics for all degrees of freedom
in the model: | W), A, and g,,. For the purpose of this article, I distinguish three classes of
semiclassical models.

a. -ontic semiclassical gravity —refers to all models in which 7}, (¥, z) is a well defined
function of the state | ¥), independent of the hidden variables (regardless whether there are
hidden variables governing the R-process or whether the set of hidden variables is empty).
Nonrelativistically, some functional of the wave function plays the role of a mass density;
e.g. p(t,7) =m |w(t,F)\2 for a single particle in the Mgller-Rosenfeld model based on the
semiclassical Einstein equations .

b. Hidden variable semiclassical gravity refers to models in which 7),, (A, x) is primar-
ily a function of the hidden variables (although it implicitly depends on the quantum state
via the R-process). One might think that this occurrence of hidden variables A is a mere
philosophical peculiarity, and that any such model should reduce to a 1-ontic one by includ-
ing A as an explicit function in the definition of the right-hand side 7),,(¥, ). Nonetheless,
the distinction is useful if it comes to the question of wave function collapse, as the existence
of A allows for a i-epistemic interpretation and only the dynamics of A, not those of the
quantum state, must be compatible with principles of general relativity.

c. Stochastic semiclassical gravity, finally, refers to models where the right-hand side
of Einstein’s equations depends on the density matrix p, or rather on quantities derivable
from p as the outcomes of local measurements. The U- and R-processes then determine p
which allows for the usual stochastic interpretation in terms of Born rule probabilities for
measurement outcomes. With this definition, the stochastic models are clearly set apart from
the 1-ontic ones, in which the gravitational field can depend on properties of the state that
in standard quantum mechanics are not measurable by any local measurement—specifically

in nonlocally entangled states. Again, the difference is not obvious as long as one disregards
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wave function collapse and takes the traditional point of view in which density matrices are
merely a statistical tool to keep track of the dynamics of an ensemble of pure states. When
it comes to the operational perspective, in which the density matrix plays the central role of
describing physical reality whereas the wave function becomes a mere tool of bookkeeping
of an observer’s knowledge, there is, however, a crucial difference. This is also the case in
collapse models?, where the density matrix still obeys a linear and deterministic dynamical
law defined by a Lindblad type master equation, whereas the evolution of the wave function
follows a stochastic differential equation. In this case of a linear master equation, the density
matrix based approach ensures compatibility with quantum mechanical predictions which
avoids most paradoxes; it does however raise difficult questions of interpretation.

Note that the notions of 1-ontic, hidden variable, and stochastic models of semiclassical
gravity refer solely to the way in which quantum matter is coupled to classical spacetime.
The definition of T}, notwithstanding, the quantum mechanical interpretation as such can
be different. For instance, there could be hidden variables within a ¢-ontic model, or an
objective collapse as part of the R-process in a semiclassical model based on hidden variables.

Needless to say, there are other possible definitions of the notions of both semiclassical
and quantized gravity which may not agree with the ones adopted here—at least not for
all models. For instance, it is often presumed that quantized gravity yields perturbative
quantum gravity as its low energy limit; however, for quantized gravity as defined here,

211221 attracted some attention, which

this is not a requirement. Similarly, recent proposals
suggest to detect entanglement generation via gravity. As far as the definitions used here
are concerned, there is no conclusive argument that in the experimental scenarios at hand
all models of quantized gravity would result in a confirmative observation of entanglement,
nor is there a compelling proof for separability of the respective equations of motion—i.e.

no entanglement—in all semiclassical models® 4%,

A. Examples for semiclassical gravity models

The go-to example of a -ontic model is of course to source gravity via the expectation
value of the stress energy operator according to the semiclassical Einstein equations. This
model, independently proposed by Mgller!® and Rosenfeld'®, has been studied extensively,

especially in the nonrelativistic limit where it yields the Schrodinger-Newton equation“®<



and makes distinctive predictions®**®2. In fact, requiring consistency with principles of gen-
eral relativity and the correct classical limit puts tight constraints on the possible choices of
stress-energy tensorst’. Whether any other consistent models of this type can be defined is

unclear.

Hidden variable models, despite being the main subject of inconsistency arguments, as
I will argue below, are not commonly discussed. Nevertheless, at least in the Newtonian
limit one can easily define such a model based on the de Broglie-Bohm theory*. There, one
describes the motion of particles with coordinates ¢ in dependence of the wave function with
a guiding equation ¢ = f[¥](q,t). One can then simply use the particle coordinate ¢ in order
to source a Newtonian gravitational potential which enters the Schrédinger equation for the

wave function 1. Unfortunately, the naive relativistic generalization is inconsistent?.

As far as the stochastic models are concerned, a fully general relativistic version of such

4 not unlike the one introduced by

a model has recently been presented by Oppenheim?
Albers et al! for scalar gravity. Rather than a single spacetime manifold, these models
describe statistical ensembles of spacetimes. Therefore, strictly speaking, they do not qualify
as models of semiclassical gravity as defined here, but could potentially be regarded as a

theory of (semi-)classical statistical mechanics for such models.

On the other hand, one can obtain a genuine semiclassical model, which can also be en-
dowed with a 1-ontic interpretation, starting from collapse models.*® The stochastic collapse
of the wave function renders the evolution of the density matrix linear, allowing to calculate
the “signal” of the mass distribution in analogy to weak measurements. This signal is then
fed back into Einstein’s equations as a source of spacetime curvature. At least that is the
idea; so far only a nonrelativistic version has been constructed as the consistent definition

of relativistic collapse models®® poses serious problems.

The often cited model by Kafri et al*” to describe the Newtonian interaction between
two masses by local operations and classical communication can be considered a prototype
of the Tilloy-Diési collapse based model®®. By itself, it does not qualify as a model for
semiclassical gravity as per the definition here, as it does not provide a meaningful notion

of classical spacetime.



III. REFUTATION OF EVERETTIAN SEMICLASSICAL GRAVITY

When people argue for the necessity to quantize the gravitational field, one of the most
common sources in which they find support is a letter by Page and Geilker®. One of the more
interesting facts about this work is that the results of what is best described as a student lab
experiment got published by no lesser than the Physical Review Letters. This is even more
astonishing, considering that their experiment rules out only a very specific case of stochastic
semiclassical models: the Everettian one in which the wave function never collapses and the
semiclassical Einstein equations are used to source spacetime curvature. As there is no
R-process but an entirely unitary dynamics, the equivalence between the pure state density
matrix p =| ¥) (V| and the global state | ¥) of all matter fields allows to interpret this model
also as a special case of the ¥-ontic models.

The advances that came with the formalism of quantum mechanics as a statistical theory,
based on the density matrix of a system and its evolution via a linear master equation, have
resulted in a popular point of view from which quantum mechanics is fundamentally a
stochastic theory, with the density matrix playing the central role and the wave function
merely being a sometimes helpful tool. Nonetheless, the way the density matrix is introduced
in quantum mechanics courses is mostly still based—at least implicitly—on the -ontic view
of pure Hilbert space states taking the fundamental role of describing physical reality and
the density matrix representing stochastic ensembles of such pure states.

With regard to semiclassical gravity, and specifically the semiclassical Einstein equa-
tions (T]), this raises the question how to deal with different mixtures that represent the

same probability distribution. For example, the density matrix for a superposition
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of a massive particle in two positions x;, x5, represented in the Hilbert subspace basis

{| z1),]| z2)}, will decohere like
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when coupled with some environment for a sufficient time ¢. In the nonrelativistic limit, the

stress energy operator reduces to the mass density operator 7}, & m(z) = m | z)(z|. Taking

the expectation value from the stochastic states then results in the same mass distribution



p(x) = Trpom(z) = Trpyi(x) for the initial and decohered states. Regardless of decoherence,
according to equation the superposition would gravitate like an equal distribution of half
the total mass at both positions. This would be in obvious contradiction to observations in
many everyday situations. In case there were any doubts left, it has also been experimentally
ruled out by Page and Geilker.

However, only this specific version of semiclassical gravity where the uncollapsed global
state, i. e. the density matrix for subsystems excluding the environment, acts as the gravita-
tional mass density, is refuted by experiment. In this no-collapse situation, there is also no
physical difference between the three categories of semiclassical gravity models introduced
in the previous section. Disregarding the R-process, gravitational source terms based on the
wave function or the density matrix can be substituted with each other, and the dependence
on hidden variables becomes trivial.

If, on the other hand, p; is understood as a mixture of the pure classical states | z1), | z2)
instead, one would not expect any deviation of the gravitational field from that of a classical
point mass and the outcome of the experiment becomes trivial. This is the reason why Page
and Geilker’s argument applies neither to the hidden variable nor the 1-ontic models (in the
nontrivial case with an R-process): equation ({3) merely describes the ensemble of possible
states but semiclassical gravity is sourced by the concrete representative in said ensemble.
In this case, in order to end up with such a mixture starting with the superposition state ([2)),

the entire state, including the environment, must undergo a nonlinear evolution (“collapse”)
| U)o =|10)® |env.) — |W¥),; =|z;)® |env. for particle at z;) (4)

with probabilities given by the Born rule P, = |(z; | 1)|>. The right-hand side in Einstein’s
equations must be compatible with the collapse dynamics described by equation in the
nonrelativistic limit. At the same time, the continuity equation V,T*, = 0, which follows
from the vanishing of the covariant divergence of the Einstein tensor, must be obeyed.
This condition puts strong constraints on the dynamical laws underlying the wave function
collapse which are usually not satisfied by nonrelativistic collapse models

One could also justify an agnostic view of collapse, as it is accepted in most text book
formulations of quantum mechanics: the state of a system does not obey the Schrodinger
equation during a “measurement”. Instead, one simply postulates the state after measure-

ment, and the Schrodinger evolution law takes on again thereafter. Analogously, postulating



a collapse according to equation and requiring the semiclassical Einstein equations

3240 would circumvent the issue. Such

to hold before and after but not during the collapse
models can certainly be considered as “semiclassical” in some meaning of the word, although
they are not semiclassical according to the definition given before which explicitly required
the validity of Einstein’s equations for some right-hand side.

We conclude that a consistent deterministic theory of semiclassical gravity must achieve
both: provide a description how the right-hand side of Einstein’s equations is determined
for quantum matter and a description how the coupling to a macroscopic system results in a
nonlinear dynamics which produces quasi-classical pure states with Born rule probabilities.
Notably, the inclusion of the wave function collapse also clarifies the outcome in the thought
experiment proposed by Feynman!. Kibble?, who introduced a similar though experiment,
already points out this connection between semiclassical gravity and measurement theory.

Similar thoughts apply to the stochastic models, except for the reasoning being reversed.
Although equation does apply for these models, contradictions with the experiment can
be excluded by modifying the right-hand side in Einstein’s equations. In the case of the
collapse based model by Tilloy and Diési®?, for instance, spacetime curvature is sourced by
the signal (m(x)) 4+ dm(x) with some noise m. The stochastic collapse of the wave function
results in a gravitational field compatible with the actual measurement outcome, despite the

density matrix still having the shape of equation .

IV. PARADOXES OF HIDDEN VARIABLE SEMICLASSICAL GRAVITY

With the conclusion of the previous section, that semiclassical gravity needs to be ac-
companied by a description of measurement, we are left with two consistent possibilities,
depending on the answer to the question whether or not gravity “can be used [...] to ‘col-
lapse the wave function [...]"”"#. With the ability to collapse the wave function comes the
capability to acquire which-path information.

The concept of which-path information must implicitly assume this information to be
about something more than the wave function, which does not contain any information
about which of the possible states a system will collapse into. Hence, it is evident that the
Y-ontic point of view does not allow to acquire which-path information through gravita-

tional observations. Instead, the gravitational field will contain information about the wave



function in t-ontic models. In hidden variable models, on the other hand, the common
degree of freedom A determines both the gravitational interaction and the outcome of wave
function collapse. These models, therefore, clearly allow for the acquisition of which-path
information through the gravitational interaction.

There are two types of paradoxes based on the acquisition of which-path information that
have been discussed. Due to the above considerations, these do not pose any threat to the
1-ontic models, whereas their relevance for the stochastic ones seems to depend somewhat
on the concrete realization. Be that as it may, I will show that even in the case of the hidden
variable models these paradoxes are easily resolved and pose no constraints on the set of
possible models for semiclassical gravity.

Note that for the subsequent discussion I use Planck units with G =c=h = 1.

A. Violation of position-momentum uncertainty relation

Assume we could scatter a classical gravitational wave off a quantum particle. As classical
waves are not required to obey the de Broglie relation between wave length and momen-
tum, we can choose a wave with A < 1/p. If the deflection angle of this wave can be
detected with sufficient precision, one can conclude the position of the particle with negli-
gible change of its momentum, thereby violating the uncertainty relation Az Ap > 1. This
has been presented by Eppley and Hannah? as an argument for the necessity of quantiz-
ing the gravitational field—and has been refuted many times. Huggett and Callender” as
well as Kiefer! discuss the implications of Eppley and Hannah’s thought experiment and
the necessity to quantize the gravitational field in great detail, whereas Albers et al ! give
an explicit counter-example for a consistent hybrid quantum-classical theory (scalar gravity
with a quantized scalar field) and argue that even in a hybrid theory uncertainty of the
quantum observables induces uncertainty on the classical ones. Kent'?, on the other hand,
presents a simple refutation of the second aspect of Eppley and Hannah’s argument, namely
that scattering of a gravitational wave off the wave function would result in the problems
with causality to be addressed in section [V] For the discussion here, I focus on the objections
raised by Mattingly®, who points out that, at least with the parameters given by Eppley
and Hannah, there are some experimental obstacles hard to overcome even in principle—not

least that for the given values their detector would lie within a black hole—and in any case,

10



“it may be that the uncertainty relations can be violated [because] they haven’t really been
tested in this way.”® In combining those two lines of thoughts, one can repeat Mattingly’s
analysis in a slightly more general way, not only applying to the specific parameters chosen
by Eppley and Hannah.

Digging into the details of the detection procedure outlined by Eppley and Hannah, they
first describe the generation of a gravitational wave pulse by the collision of two massive
objects of size A with a kinetic energy E. The wave being scattered by the particle of
mass m at distance r from the generation event carries the energy Ey. ~ E*m?A~'r=2. By
comparing the energy density from the scattered gravitational wave in a distance R from
the particle with the local gravitational energy density one finds that the amplitude of the

gravitational wave at the detector can be expressed as A ~ EmR'r—1.

Between the two
ends of an oscillator of size 2L S A, mass M, and frequency wy < w, this induces the
differential force* F(t) = mw? LA sinwt, where we denote by w = 27/ the frequency of the
wave. The result is a driven oscillation with frequency w, amplitude LA, and an oscillation
energy Eoo. ~ Mw?L?A? ~ Mm2L*E*X\"2R~2r=2. The transition probability for such an
oscillator is of the order of Fu/wp, implying that for detection one needs N ~ wy/FEosc
detectors with a total mass

Muw, WoA2R?r? S woR*r? S woR?
Eos m2L2E?2 © m2E?2 T m?2

Mtot ~ (5>

where we require £ < r in the final step, as otherwise our particle would vanish in the
singularity created during the generation of the gravitational wave.

Eppley and Hannah argue that despite the proposed low value of wy, the time of measure-
ment can be made short because it suffices to detect whether the energy of one of the oscilla-
tors increased by wy. However, as Mattingly” notices, this can only be achieved if the oscil-
lators are at a temperature T' S wy; otherwise the increase would not be resolvable against
thermal fluctuations. On the other hand, due to the Hawking-Unruh effect*?3 equipotential
surfaces emit black body radiation** at a temperature proportional to the surface gravity.
Hence, the oscillator cannot be at a temperature much lower than T ~ (m + M,.)/R? and

we have
TR? 1 Mot

~ —

Mtot 2

. (6)

Considering the cases M, > m and M, < m separately, one finds that in both cases this

m2 m m2

implies m 2 1. As a minimum requirement to violate the uncertainty relation with this type
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of experiment, even in principle, we need a particle mass of at least mp ~ 2 x 1078 kg. The
uncertainty relation has not been confirmed experimentally for masses that large. There is
also no theoretical reason to believe that the uncertainty relation must hold for all param-
eter regimes, especially if one attempts to fundamentally modify the principles of quantum
mechanics as in most approaches for semiclassical gravity.

The deeper reason why many find in this a convincing argument against semiclassical
gravity, or any classical-quantum coupling, is that it allows for a way to access quantum
information, i. e. properties of a quantum state which are not measurable by any experiment
in orthodox quantum mechanics. This tremendous deviation from established principles can
indeed result in difficult to resolve paradoxes; retrieving quantum information, however, is
not sufficient. As I will discuss in section [V] one needs to make use of nonlocal entangle-
ment and attempt signalling with the retrievable quantum information in order to bring
semiclassical gravity to bay.

Although Eppley and Hannah were the first to present a complete idea for a thought
experiment, the argument is often attributed to the work of Bohr and Rosenfeld®?, allegedly
demonstrating a consistency argument that would necessitate the quantization of the elec-
tromagnetic field. The objection that their argument may not apply to gravity” misses the
point. As Rosenfeld himself points out!?, the argument does not even mandate quantization
in the electromagnetic case. What Bohr and Rosenfeld actually show is that inconsisten-
cies that arise in a rather naive—and already in its definition inconsistent—treatment, that
mixes classical and quantum concepts, is resolved if one treats the electromagnetic field as

properly quantized. Notably, this is not an if and only if.

B. Causality violating acquisition of which-path information

Assume Alice wants to make use of the gravitational interaction to send a message to
Bob. Alice has at her disposal a sufficiently large mass M which she can move from an
initial position ag into different positions, say a; and as. Bob is in possession of a test mass
m. By monitoring the position of m for some time 7, Bob will be able to tell from the final
position by or by the position of Alice’s mass, opening a channel for communication.

Let a1 < as < by < by all be on the x-axis with 2Aa = as — a1 and d > Aa the average

distance between Alice and Bob. A multipole expansion of the Newtonian gravitational
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potential ®(7) = — [ d3p(7) |7 — |" at Bob’s position around the average position of
Alice’s mass yields

Qo=——+— -+ —+ ..., (7)
where D, = MAa, Q, = MAad?, O, = MAa® are the virtual gravitational dipole,
quadrupole, and octopole moments*® associated with Alice’s possible position choices (note
that there is no real multipole in the classical case). Then we find 2Ab = by — by ~ 72D, /d>.
If Bob can measure Ab with a resolution ¢, then he can determine the state of Alice’s mass
in a time shorter than the travel time of a light signal from Alice to Bob, as long as D, > dd.
Obviously, in classical physics there is no way to actually send a signal faster than light. In
order to send a signal, Alice’s state must change and the consequences of this change will
be transmitted to Bob in the form of gravitational waves which only travel at the speed
of light. Note that Bob’s role is entirely passive; he is the recipient of the signal and his
actions have no influence on Alice’s system in return.

In quantum mechanics, we are facing a slightly different situation®”, as it is possible to find
Alice’s settings a; and ay in superposition. Bob measuring Ab, on the other hand, is gaining
information about the position of Alice’s particle which, according to the complementarity
principle in quantum mechanics, should decohere Alice’s state. Contrary to the classical
situation, Bob’s action now does have a backwards influence on Alice’s system. This opens
the possibility for Alice to determine whether or not Bob has performed his measurement
and thereby allowing some message to be sent from Bob to Alice. In order to detect if her
state has decohered, Alice must perform some type of interference experiment which will
take some time 7'. Faster-than-light signalling is possible as long as T'+ 7 < d.

Considering the finite speed at which changes in the gravitational potential propagate
does not help the situation; Alice can have her state readily prepared long before Bob even
starts thinking about performing his measurement. The signalling from Bob to Alice is
due to the nonlocal entanglement of their respective quantum states, together with the
quantum mechanical description of collapse as an instantaneous effect on the wave function
everywhere. One may, of course, ask whether an instantaneous collapse is not immediately
inconsistent with any relativistic theory, and in fact, a Lorentz invariant description in which
the collapse happens (at least) instantaneously in every frame should have the rather odd
property that the collapse propagates along the backwards light cone of a measurement

event. Nonetheless, the (for all practical purposes) instantaneity of the collapse has been
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confirmed in experiments*®. For lack of a better alternative, we assume the usual quantum
mechanical description to apply: that Bob’s acquisition of which-path information decoheres
Alice’s state even for spacelike separations. Replacing the dynamical equations (i.e. the
Schrodinger equation) with corresponding relativistic dynamics (e. g. quantum field theory)
does not avoid the possibility of faster-than-light signalling. Taking the dynamical character
of the gravitational interaction into consideration, nevertheless, resolves the paradox. This
has been detailed by Belenchia et al® for the case of quantized gravity and I will reiterate
their arguments in a more general fashion.

Let us first look at the constraints on Bob’s resolution 4. In order to observe the position
of his test mass, Bob must in some way interact with it through the exchange of some particle
with energy F and wave length A, for instance, a photon being scattered off the test mass
and reaching Bob’s eye. The resolution is limited by the wave length, 6 > A. On the other
hand, the resolution is limited by the scattering cross section which must be larger than
the Schwarzschild radius rg = 2F of the particle. We have § 2 2FE > 2p = 4n/\ > 4n/)
which implies § > 24/ > 1. The test mass position can only be determined up to Planck
length precision, and with the considerations from above we find D, > d as the condition
for faster-than-light signalling.

In order to perform her interference experiment, Alice must bring the two states in
spatial superposition back to one location, eliminating her dipole moment in time 7' by
an acceleration D, ~ D,/T?. With the Larmor formula for gravitoelectromagnetism? one
finds that this amounts to a total gravitational energy E ~ D2T ~ D?/T? being radiated
away in form of gravitational waves. We can in principle gain which-path information from
the emitted waves, resulting in a loss of coherence before Alice has the chance to finish her
experiment. However, if some quantum system is used for the detection, this is only possible
if the energy exceeds the threshold given by the time-energy uncertainty relation, £T" > 1.
Hence, Alice will be able to successfully perform her experiment as long as D, < T'. In order
to send a signal faster than light, one then requires D, < T < d, in contradiction to the
requirement D, > d from the previous paragraph. We conclude that there is no possibility
for faster-than-light signalling.

Note that we did not require explicitly that the gravitational field be quantized. We
only need it to be capable of carrying which-path information. If, in a semiclassical theory,

gravity carries no such information, Alice’s state will not decohere, neither from the emission
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of radiation nor from Bob’s measurement. In this case, there is no problem of signalling in
the first place.

Belenchia et al® present the above argument only for the concrete example of pertuba-
tively quantized gravity in analogy to quantum electrodynamics. The Planck length limit
for Bob’s resolution is then understood as a limit from vacuum fluctuations of the curvature
tensor. The condition D, < T, on the other hand, can be phrased as an emission of not
even a single graviton of wave length 7', which is not an essentially different criterion from
the one given above based on the emission of classical gravitational waves. A different point
of view is the requirement that interference fringes should be at least a Planck length apart
in order to be detectable®®, which results in similar restrictions.

The definiteness of the above analysis with regard to the impossibility of faster-than-light
signalling can be doubted based on the assessment that many of the relations were only
approximate. Hence, one may ask if in settings where they are close to being satisfied there
could be possibilities to send a signal just above the speed of light, which would suffice for a
claim of inconsistency. There are also ideas®” which would allow to detect the mass center of
a solid body with a precision § < 1, at least in principle, invalidating the arguments above
which assume that Bob’s test mass is a point like particle®t. The essence of the argument,
however, remains that it does not matter whether one quantizes the gravitational field or
not; the limitations from vacuum fluctuations of curvature® are approximate and rely on
the point particle property just as much as the classical arguments presented here. To the
degree to which the former is evidence for consistency of quantized gravity, the latter should
be regarded as evidence for the consistency of semiclassical gravity.

The thought experiment did require both an instantaneous collapse of Alice’s state upon
Bob’s measurement and the validity of the complementarity principle. Had we found some
violation of causality, we could have attempted to amend it by allowing for deviations of
either or both principles. The outcome of the analysis shows, however, that the thought

experiment is perfectly causal without the need of any such fundamental changes.

V. CAUSALITY PARADOX IN PSI-ONTIC SEMICLASSICAL GRAVITY

In the previous section, we learned that two of the commonly discussed paradoxes re-

garding semiclassical gravity are not paradoxical after all. First of all, they do not apply
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to the orthodox, ¥-ontic models, and second of all, even in the cases where they do apply,
specifically for the hidden variable models, they are easily resolved. We now address a more
serious issue which arises (at least) for the ¢-ontic models.

Assume we have a pair of entangled Spin—% particles, with Alice and Bob each in possession

of one of these particles, hence having access to half of the entangled state

| ¥) = a 1)a® L) + 6 [1)a® [Ms - (8)

If Alice performs a spin measurement, this state collapses with probabilities |a|* and |37,

respectively, into one of the two summands, resulting in an ensemble with density matrix

pe = laf® PLAL + 1817 WA, (9)

where we write [1]) =[1).® ||}y etc. If Alice does not perform the measurement, on the

other hand, we find the density matrix of the pure state to be

pp = pe+ af” TL) UM +a" B LT (10)

Bob, only being able to perform a measurement on his part of the state, must trace out
Alice’s degrees of freedom. The interference terms in the pure density matrix then

vanish and one ends up with the same reduced density matrix

oy = lal* Mot + 1817 1oLl (11)

regardless of Alice’s decision to (not) perform a measurement.

Introducing the basis labeling {| i) }ic1.a = {1, 1), W), 1)}, we can express any

unitary time evolution by a unitary matrix such that |é) — 3. Uj;(¢) | j), which induces an

evolution law for the density matrices @ and :

pe— > (laf UnUs; + |8 UsiUs;) i) (i (12)
1,]
pp — Z (alUsi + BUs) (" Us; + 8°U3;) [4)(j | - (13)

i?j

The difference between the reduced density matrices becomes

Us Uy + UssUsy UsyUsy + UosgUs
0po(t) = Tra (py — po) = e | 207 TEUE R TIEIS Lad (14)
UsoUsy 4 UgyUsy UxoUs, + UssUs,
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This expression is generally nonzero. However, if the evolution affects only Bob’s state and
leaves Alice’s unaltered, the matrix U becomes block diagonal and we find 0p,(¢) = 0. Hence,
Bob is unable to distinguish between the collapsed ensemble p, and the pure state p, by any
local experiment.

Let us be more concrete and assume that Bob determines the spin by performing a Stern-
Gerlach experiment, i.e. he subjects his particle to a magnetic field gradient for some short
time T, With a sign change after half that time, such that the spin state becomes entangled
with the particles position, | z;) for the spin state [), and | z3) for the spin state ||),. A

local experiment at Bob’s position then results in a time evolution

raz) = [ dras(o) 1) (152)
o) = [drao) | (15b)
W)=t + 6 z) = [ do (aa(o) [t o) + B () W) (15¢)
Bob’s reduced density matrix in position space ends up to be
peal,y) = ol ax@)az(y) + 18 ar()ai (y) (16)
poo(x,y) = |af* Gx(x)az(y) + |8 @ (x)a; (y) (17)

for the case of a collapsed wave function and the pure state | W), respectively. In standard

quantum mechanics, the linearity of the time evolution law requires a; 2 = a1 2 and, hence,
ensures that the density matrices and are identical.
In the orthodox semiclassical approach , a generic state

[x) = /dfr (axr(x) [t ) + Bxy(2) | 2)) (18)

results in the mass density distribution

(x| (z) | x) = m{x| 2){z] x) = mlal’ (@) +m B xy(2)]” . (19)

For the situation of interest, we find |x1(z)|* ~ 6(z — x5) and |x,(z)|* ~ 6(z —z1) and hence

Newtonian potentials
2

Vo(z) = — = — 7] (20a)
V() = —"’f—| (20b)
Vi(z) = of* Va(x) + |8 Va(z) (20c)
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for the states | 2) =[1]) =T z2), | 3) =[1) =l z1), and | ¥) = o | 2) + 5 | 3), respectively.
Ignoring the free spreading of the wave function as well as the self-gravitational effects of
these potentials on the wave function, the states | 2) and | 3) are unaffected, whereas the

superposition state experiences a shift
[¥) = |V =altD)+ B 7) (21)
with

mt?
2Ax2’

o=z — a0z, Ty=xo+ |80z, Oz~ (22)

for Ax = x1 — x5 > 0, without loss of generality, and assuming dz < Az. Hence, we have
a;(x) = §(x — x;) # a;(z) = é(x — Z;) and the density matrices and become dis-
tinguishable. They predict different outcomes for position measurements at Bob’s particle:
Iy O Ty versus T, or Ty (in both cases with probabilities [o|” and |3[°). Although we focus
on the result of the semiclassical Einstein equations here, other -ontic models face the
same issue. The gravitational potential is determined by the wave function, rendering the
Schrodinger evolution nonlinear in the wave function.

It has been argued®*®3 that this distinguishability can be exploited to violate causality,
because the reduction from ({16 to happens instantaneously upon measurement in stan-
dard quantum mechanics. In fact, this argument that causality requires a linear evolution
of the density matrix, is the very basis upon which the theoretical formalism of collapse
models is founded. There are good reasons to question the conclusiveness of this claim. For
instance, Kent®*® has shown that a description of measurement based on the “local state”
of a particle, i.e. its reduced density matrix conditioned on all the measurement outcomes
in the past light cone, allows for nonlinear evolution without the possibility to signal faster
than light.

On the other hand, even if one does believe that distinguishability between and
poses a problem one may ask if the difference can ever be observed, even in principle, in any
sort of experiment that would allow for faster-than-light signalling. Note that the possibility
to signal is not (at least not entirely) due to the nonlinear gravitational interaction, it is due
to the projective spin measurement and the induced instantaneous, nonlocal collapse of the
wave function. Hence, the details of the collapse mechanism are likely to matter.

In order to actually resolve the position shift dx, it must be larger than the free spreading
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of the wave function due to position-momentum uncertainty:

t? Sz Ax? N 3~ Az? S 1
P m° 2 — > —.
m2 m3 ox3 ox

This criterion can of course be satisfied simply by choosing a sufficiently large mass. However,

(23)

if we account for a dynamical collapse of the wave function, a larger mass usually implies a
faster collapse and we must take care that the superposition is maintained throughout the
entire time ¢ of the experiment.

Instead of a precise dynamical law, we consider some prototype of a collapse dynamics
which resembles the ideas of Di6si®® and Penrosel®: whenever the wave function becomes
wider than some collapse radius r., it collapses towards a position eigenstate at a rate
determined by the time-energy uncertainty, 7E ~ 1, where E ~ m?/r. is the gravitational
self-energy of the superposition state of size r.. The radius r. is to be considered a free
parameter—in Didsi’s model it is a cut-off required to avoid divergences from localized
mass densities, although we can also simply take it as a proportionality constant between
the collapse rate and the squared mass, or even a function of mass itself. The collapse
time 7, on the other hand, follows from Penrose’s argument that the uncertainty for the
generators of time translation between the two spacetimes belonging to two classical states
in superposition can be associated with the gravitational self-energy in precisely this way.

If, then, we require that the superposition must be maintained throughout the experiment,

i.e. t < 7, we have

2

A
Te ~ m*T 2 m*t ~ Vm3ér Ax? 2 5—:6 > o, (24)
T

where we used the inequality in the second to last and Az > dx in the last step. In
conclusion, we can only observe a shift dx that is below the collapse radius r.. How small
can r. be? The strongest experimental constraints stem from levitated nanoparticles®” which
require 7. 2 10715 m for masses of m ~ 107!7 kg. If r. was in fact of this order of magnitude,
according to the position-momentum uncertainty relation we would require a mass of
at least 1071° kg whose center-of-mass position we would need to resolve with femtometer
precision.

Although the experiment is obviously difficult, we are not interested in a concrete real-
ization. What matters is whether it is possible in principle. Comparing equations and
([24), we find that r. > 1/m?3 must hold, in order to be able to acquire the necessary posi-

tion shift due to semiclassical gravity before the wave function collapses. This implies that
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FIG. 1. Exclusion plot for possible values of 7.. The dotted black line shows the curve r, = m ™3,
below which no detection of §x is possible. The dashed blue line shows the curve ) = m!3/p*

for the densest known element, osmium, below which no detection is possible for superpositions
smaller than the particle radius, i.e. below the purple line. Any—possibly mass dependent—
value of r. below the green shaded area would not allow detection before collapse and prevent
faster-than-light signalling. The red dots show lower limits on 7. from atomic fountain®, matter
wave? nanoparticlé®”, and mechanical resonator® experiments, respectively. Neutron interferom-
etry experiments®! would be in the far bottom left corner, excluded for better legibility. The red

dotted line shows the recent limit on 7. in the Didsi-Penrose collapse model®2.

one needs a large mass for faster-than-light signalling, yet, quantum superpositions of large
masses have been demonstrated and, in fact, mechanical resonators®? achieve values which
would lie above the 7. ~ 1/m? threshold. However, for massive particles the superposition
size will generally be within the particle radius, Az < R, and we must modify equation (22)

to reflect the gravitational force between two overlapping spheres: dz ~ p Az t? for mass

density p. Equations and then read
16 1 1 1

6z 2 ~ > ~ 25
x mbox3 ~ mSpPAZE T mb RS mip? (25)
m365x9 m335x2 m!3
e~ mST 2 | > > (26)
AN p P

The two conditions and intersect at the particle radius r. = R.
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The picture we are left with is illustrated in figure [1| as an exclusion plot for r. in terms
of the mass. The dotted purple line shows the values for which r. equals the particle radius
for an osmium® sphere of a given mass. For values above that line, the detection of dz is
limited by the criterion , corresponding to the dotted black line; for values below, it is
limited by , the dashed blue line. Since the condition poses a stricter criterion than
r. = R, the actual limitation on detection of dx is set by the latter. Detecting the shift
0x and, therefore, being able to send a faster-than-light signal is possible only for values
of 7, in the green shaded area.®* The plot also shows the lower limits put on r. by certain
experiments. Any value r. or function r.(m) between the red dots and the green shaded area
induces a collapse that is fast enough to prevent faster-than-light signalling and is compatible
with observation. Levitated nanoparticles are possibly the preferable choice of experiment
to exclude r. values that can avoid faster-than-light signalling. The recent limit%? on the
free parameter 7. 2 0.54 x 107!° m of the Didsi-Penrose model’Y from underground tests
of radiation emission is plotted as a dotted red line. As a limit on the here proposed type
of collapse it must be taken with caution, because the experiment did not involve actual
spatial superposition states of that size; and even this result cannot exclude non-signalling
semiclassical gravity.

The arguments presented here were specifically tailored to the gravitational coupling via
the semiclassical Einstein equations ; one would need to repeat a similar analysis for
other models to assure their consistency. It may also be possible to construct experiments
other than the one described here in order to exploit the nonlinear evolution for signalling.
Be that as it may, based on the current state of observation, there is no reason to believe
that semiclassical gravity necessarily violates causality as long as it is accompanied by some

collapse mechanism—as mandated by the Page and Geilker experiment.

VI. SUMMARY AND DISCUSSION

I have reviewed the consistency arguments that are most commonly raised against semi-
classical gravity and have shown how all of them can be avoided if one accepts that a
semiclassical theory of gravitation does not only require a coupling mechanism for quantum
fields to spacetime curvature, but it must also provide a dynamical description of wave func-

tion collapse. The arguments for consistency presented here were not based on any elaborate
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model for wave function collapse but rather on ad-hoc expectations on some basic features
of such a model. Whether a consistent, fully relativistic model compatible with general
relativity and the semiclassical coupling exists, remains an open problem. Nonetheless, the
discussion shows that there is nothing preventing a fully consistent theory in principle.

With the necessity of collapse in mind, there are three approaches one may take in order
to define a quantum matter-gravity coupling: the w-ontic one, taking the wave function
as an element of physical reality responsible of sourcing spacetime curvature, the hidden
variable approach, postulating some novel, non-quantum degree of freedom, or stochastic
models aiming at some “minimally invasive” way of modifying quantum mechanics.

In that last category of stochastic semiclassical gravity, the model by Tilloy and Diési®
represents a natural way to source gravity if one believes in the presence of a stochastic col-
lapse with linear master equation as in collapse models?. Besides the somewhat uncalled for
occurrence of said collapse, which assumes the introduction of some non-quantum stochastic
field, the main challenge is the generalization to a relativistic model.

Oppenheim’s suggestion®* for a “post-quantum” semiclassical theory is formulated in a
fully general relativistic fashion. However, as a stochastic model that describes ensembles
of 3-manifolds rather than a single classical spacetime it raises the question if there is an
underlying microscopic theory—as in classical statistical physics. It is also not entirely clear
whether it can avoid the paradoxes of semiclassical gravity, as the full equations of motion
are nonlinear and only become linear for matter after tracing out gravitational degrees of
freedom, or the difficulties with self-energy and renormalization at high energies which render
perturbative quantum gravity inconsistent.

In the light of these arguments, the w-ontic models—first and foremost the Mgller-
Rosenfeld model—remain an interesting possibility despite breaking with many established
concepts of quantum theory. One question to devote oneself to is the cause of the necessary
dynamical wave function collapse. Although the collapse could simply be caused by an ad-
ditional, external mechanism, more convincing would be an explanation within semiclassical
gravity itself. The ingredients needed for a collapse are nonlinearity and stochasticity, of
which the former is readily included in semiclassical gravity. The equations of motion of a
semiclassical theory, on the other hand, are by default deterministic. The crucial question,
therefore, is whether internal sources of randomness—for instance a random distribution of

dark matter or a stochastic gravitational wave background—can provide boundary condi-
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tions that would result in stochastic behavior compatible with Born rule probabilities.

ACKNOWLEDGMENTS

I gratefully acknowledge funding by the Volkswagen Foundation.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding

author upon reasonable request.

AUTHOR DECLARATIONS

The author has no conflicts to disclose.

REFERENCES

1C. M. DeWitt and D. Rickles, eds., The Role of Gravitation in Physics - Report from the
1957 Chapel Hill Conference (1957).

2K. Eppley and E. Hannah, “The necessity of quantizing the gravitational field,” Found.
Phys. 7, 51-68 (1977).

3T. W. B. Kibble, “Is a Semi-Classical Theory of Gravity Viable?” in Quantum Gravity
2. A Second Ozxford Symposium, edited by C. J. Isham, R. Penrose, and D. W. Sciama
(Oxford University Press, New York, 1981) pp. 63-80.

“D. N. Page and C. D. Geilker, “Indirect Evidence for Quantum Gravity,” Phys. Rev. Lett.
47, 979-982 (1981).

°G. Baym and T. Ozawa, “Two-slit diffraction with highly charged particles: Niels Bohr’s
consistency argument that the electromagnetic field must be quantized,” PNAS 106, 3035
3040 (2009).

6A. Belenchia, R. Wald, F. Giacomini, E. Castro-Ruiz, C. Brukner, and M. Aspelmeyer,
“Quantum Superposition of Massive Objects and the Quantization of Gravity,” Phys. Rev.
D 98, 126009 (2018), larXiv:1807.07015.

23


http://dx.doi.org/10.1007/BF00715241
http://dx.doi.org/10.1007/BF00715241
http://dx.doi.org/ 10.1103/PhysRevLett.47.979
http://dx.doi.org/ 10.1103/PhysRevLett.47.979
http://dx.doi.org/ 10.1073/pnas.0813239106
http://dx.doi.org/ 10.1073/pnas.0813239106
http://dx.doi.org/ 10.1103/PhysRevD.98.126009
http://dx.doi.org/ 10.1103/PhysRevD.98.126009
http://arxiv.org/abs/1807.07015

"N. Huggett and C. Callender, “Why Quantize Gravity (Or Any Other Field for That
Matter)?” Philosophy of Science 68, S382-S394 (2001).

8J. Mattingly, “Is Quantum Gravity Necessary?” in Einstein Studies Volume 11. The Uni-
verse of General Relativity, Einstein Studies, edited by A. J. Kox and J. Eisenstaedt
(Birkh&user, Boston, 2005) pp. 327-338.

9J. Mattingly, “Why Eppley and Hannah’s thought experiment fails,” Phys. Rev. D 73,
064025 (2006).

10C. Kiefer, Quantum Gravity, 2nd ed., International Series of Monographs on Physics, Vol.
124 (Clarendon Press, Oxford, 2007).

HM. Albers, C. Kiefer, and M. Reginatto, “Measurement analysis and quantum gravity,”
Phys. Rev. D 78, 064051 (2008).

12A. Kent, “Simple refutation of the Eppley-Hannah argument,” Class. Quantum Grav. 35,
245008 (2018).

I3E. Rydving, E. Aurell, and I. Pikovski, “Do Gedanken experiments compel quantization
of gravity?” |Phys. Rev. D 104, 086024 (2021).

4With the greatest appreciation, I welcome any clues regarding the mode of operation of
the mysterious “Chicago machine” transforming hogs into sausages.

5., Rosenfeld, “On quantization of fields,” Nucl. Phys. 40, 353-356 (1963).

16C. Mgller, “Les Théories Relativistes de la Gravitation,” in Colloques Internationaux
CNRS, Vol. 91, edited by A. Lichnerowicz and M.-A. Tonnelat (CNRS, Paris, 1962).

R. M. Wald, Quantum Field Theory in Curved Spacetime and Black Hole Thermodynamics,
edited by R. M. Wald, H. J. Frisch, G. F. Mazenko, and S. R. Nagel, Chicago Lectures in
Physics (The University of Chicago Press, Chicago, 1994).

I8R. Penrose, “On gravity’s role in quantum state reduction,” Gen. Relativ. Gravit. 28,
581-600 (1996).

D. Bohm, “A Suggested Interpretation of the Quantum Theory in Terms of “Hidden”
Variables. I,” Phys. Rev. 85, 166-179 (1952).

20A . Bassi, K. Lochan, S. Satin, T. P. Singh, and H. Ulbricht, “Models of wave-function col-
lapse, underlying theories, and experimental tests,” Rev. Mod. Phys. 85, 471-527 (2013).

21S. Bose, A. Mazumdar, G. W. Morley, H. Ulbricht, M. Toros, M. Paternostro, A. A. Geraci,
P. F. Barker, M. S. Kim, and G. Milburn, “Spin Entanglement Witness for Quantum
Gravity,” Phys. Rev. Lett. 119, 240401 (2017).

24


http://dx.doi.org/10.1086/392923
http://dx.doi.org/ 10.1103/PhysRevD.73.064025
http://dx.doi.org/ 10.1103/PhysRevD.73.064025
http://dx.doi.org/10.1103/PhysRevD.78.064051
http://dx.doi.org/ 10.1088/1361-6382/aaea20
http://dx.doi.org/ 10.1088/1361-6382/aaea20
http://dx.doi.org/ 10.1103/PhysRevD.104.086024
http://dx.doi.org/10.1016/0029-5582(63)90279-7
http://dx.doi.org/10.1007/BF02105068
http://dx.doi.org/10.1007/BF02105068
http://dx.doi.org/10.1103/PhysRev.85.166
http://dx.doi.org/ 10.1103/RevModPhys.85.471
http://dx.doi.org/10.1103/PhysRevLett.119.240401

22(0. Marletto and V. Vedral, “Gravitationally Induced Entanglement between Two Massive
Particles is Sufficient Evidence of Quantum Effects in Gravity,” Phys. Rev. Lett. 119,
240402 (2017).

M. Reginatto and M. J. W. Hall, “Entangling quantum fields via a classical gravitational
interaction,” J. Phys.: Conf. Ser. 1275, 012039 (2019).

24S. Pal, P. Batra, T. Krisnanda, T. Paterek, and T. S. Mahesh, “Experimental localisation
of quantum entanglement through monitored classical mediator,” Quantum 5, 478 (2021),
arXiv:1909.11030.

2D. Carney, “Newton, entanglement, and the graviton,” (2021), arXiv:2108.06320.

26M. K. Doner and A. GroBardt, “Is gravitational entanglement evidence for the quantization
of spacetime?” in preparation.

271.. Diési, “Gravitation and quantum-mechanical localization of macro-objects,” Phys. Lett.
A 105, 199-202 (1984).

ZR. Penrose, “Quantum computation, entanglement and state reduction,” Phil. Trans. R.
Soc. Lond. A 356, 1927-1939 (1998).

YD, Giulini and A. GroBardt, “Gravitationally induced inhibitions of dispersion according
to the Schrodinger-Newton equation,” Class. Quantum Grav. 28, 195026 (2011).

30H. Yang, H. Miao, D.-S. Lee, B. Helou, and Y. Chen, “Macroscopic Quantum Mechanics
in a Classical Spacetime,” Phys. Rev. Lett. 110, 170401 (2013).

31A. GroBardt, J. Bateman, H. Ulbricht, and A. Bassi, “Optomechanical test of the
Schrodinger-Newton equation,” Phys. Rev. D 93, 096003 (2016).

32A. Grofardt, “Dephasing and inhibition of spin interference from semi-classical self-
gravitation,” Class. Quantum Grav. (2021), 10.1088/1361-6382/ac36a6, arXiv:2107.05985.

33W. Struyve, “Semi-classical approximations based on Bohmian mechanics,” International
Journal of Modern Physics A (2020), 10.1142/50217751X20500700.

31J. Oppenheim, “A post-quantum theory of classical gravity?” (2021), arXiv:1811.03116.

35A. Tilloy and L. Diési, “Sourcing semiclassical gravity from spontaneously localized quan-
tum matter,” Phys. Rev. D 93, 024026 (2016).

36D. J. Bedingham, “Collapse Models, Relativity, and Discrete Spacetime,” in Do Wave
Functions Jump? : Perspectives of the Work of GianCarlo Ghirard:, Fundamental Theo-
ries of Physics, edited by V. Allori, A. Bassi, D. Diirr, and N. Zanghi (Springer Interna-
tional Publishing, Cham, 2020) pp. 191-203.

25


http://dx.doi.org/ 10.1103/PhysRevLett.119.240402
http://dx.doi.org/ 10.1103/PhysRevLett.119.240402
http://dx.doi.org/ 10.1088/1742-6596/1275/1/012039
http://dx.doi.org/ 10.22331/q-2021-06-17-478
http://arxiv.org/abs/1909.11030
http://arxiv.org/abs/2108.06320
http://dx.doi.org/10.1016/0375-9601(84)90397-9
http://dx.doi.org/10.1016/0375-9601(84)90397-9
http://dx.doi.org/ 10.1098/rsta.1998.0256
http://dx.doi.org/ 10.1098/rsta.1998.0256
http://dx.doi.org/ 10.1088/0264-9381/28/19/195026
http://dx.doi.org/10.1103/PhysRevLett.110.170401
http://dx.doi.org/ 10.1103/PhysRevD.93.096003
http://dx.doi.org/10.1088/1361-6382/ac36a6
http://arxiv.org/abs/2107.05985
http://dx.doi.org/ 10.1142/S0217751X20500700
http://dx.doi.org/ 10.1142/S0217751X20500700
http://arxiv.org/abs/1811.03116
http://dx.doi.org/10.1103/PhysRevD.93.024026
http://dx.doi.org/10.1007/978-3-030-46777-7_15
http://dx.doi.org/10.1007/978-3-030-46777-7_15

37D, Kafri, J. M. Taylor, and G. J. Milburn, “A classical channel model for gravitational
decoherence,” New J. Phys. 16, 065020 (2014).
38 An insightful discussion of the issue of energy conservation in semiclassical gravity is
presented by Maudlin et al Y, as was kindly revealed to me in a prudent referee report.
39E. Okon and D. Sudarsky, “The Weight of Collapse: Dynamical Reduction Models in Gen-
eral Relativistic Contexts,” in Collapse of the Wave Function: Models, Ontology, Origin,
and Implications, edited by S. Gao (Cambridge University Press, Cambridge, 2018) pp.
312-345.

40T, Maudlin, E. Okon, and D. Sudarsky, “On the status of conservation laws in physics:
Implications for semiclassical gravity,” Studies in History and Philosophy of Science Part
B: Studies in History and Philosophy of Modern Physics 69, 67-81 (2020).

0. W. Misner, K. S. Thorne, and J. A. Wheeler, Gravitation (W. H. Freeman and Com-
pany, San Francisco, 1973).

425 'W. Hawking, “Particle creation by black holes,” Commun. Math. Phys. 43, 199-220
(1975).

BW. G. Unruh, “Notes on black-hole evaporation,” Phys. Rev. D 14, 870-892 (1976).

447 -W. Wang and S. L. Braunstein, “Surfaces away from horizons are not thermodynamic,”
Nat Commun 9, 2977 (2018).

4N. Bohr and L. Rosenfeld, “Zur Frage der Messbarkeit der elektromagnetischen
FeldgroBen,” K. Dan. Vidensk. Selsk. Math.-fys. Medd. 12, 3-65 (1933).

46Belenchia et al point out that, due to conservation of the center of mass, there is no
dipole moment if one considers the entire system of Alice’s mass and the surrounding lab.
In the symmetric situation considered here, there is also no contribution to Ab from the
quadrupolet®. For the further discussion, we assume that Alice and Bob are both located
within a sufficiently large laboratory together, such that there is a dipole contribution. The
generalisation to situations where the leading order contributions stem from the quadrupole
or octopole moments is straightforward.

4TA. Mari, G. De Palma, and V. Giovannetti, “Experiments testing macroscopic quantum
superpositions must be slow,” Sci. Rep. 6, 22777 (2016).

4BA . Stefanov, H. Zbinden, N. Gisin, and A. Suarez, “Quantum Correlations with Spacelike
Separated Beam Splitters in Motion: Experimental Test of Multisimultaneity,” Phys. Rev.
Lett. 88, 120404 (2002).

26


http://dx.doi.org/ 10.1088/1367-2630/16/6/065020
http://dx.doi.org/10.1016/j.shpsb.2019.10.004
http://dx.doi.org/10.1016/j.shpsb.2019.10.004
http://dx.doi.org/10.1007/BF02345020
http://dx.doi.org/10.1007/BF02345020
http://dx.doi.org/10.1103/PhysRevD.14.870
http://dx.doi.org/ 10.1038/s41467-018-05433-9
http://dx.doi.org/ 10.1038/srep22777
http://dx.doi.org/10.1103/PhysRevLett.88.120404
http://dx.doi.org/10.1103/PhysRevLett.88.120404

498, J. Clark and R. W. Tucker, “Gauge symmetry and gravito-electromagnetism,” Class.
Quantum Grav. 17, 4125-4157 (2000).

0], D. Bekenstein, “Is a tabletop search for Planck scale signals feasible?” Phys. Rev. D 86,
124040 (2012).

S1Of course, one can simply postulate the Planck length as a fundamental limit for position
measurements>>.

2N. Gisin, “Stochastic quantum dynamics and relativity,” Helv. Phys. Acta 62, 363371
(1989).

%M. Bahrami, A. GroBardt, S. Donadi, and A. Bassi, “The Schrodinger-Newton equation
and its foundations,” New J. Phys. 16, 115007 (2014).

A, Kent, “Nonlinearity without superluminality,” Phys. Rev. A 72, 012108 (2005).

% A. Kent, “Testing quantum gravity near measurement events,” Phys. Rev. D 103, 064038
(2021).

1, Didsi, “Models for universal reduction of macroscopic quantum fluctuations,” Phys.
Rev. A 40, 1165-1174 (1989).

5. Deli¢, M. Reisenbauer, K. Dare, D. Grass, V. Vuleti¢, N. Kiesel, and M. Aspelmeyer,
“Cooling of a levitated nanoparticle to the motional quantum ground state,” Science 367,
892-895 (2020).

%A Sugarbaker, S. M. Dickerson, J. M. Hogan, D. M. S. Johnson, and M. A. Kasevich,
“Enhanced Atom Interferometer Readout through the Application of Phase Shear,” Phys.
Rev. Lett. 111, 113002 (2013).

8. Eibenberger, S. Gerlich, M. Arndt, M. Mayor, and J. Tiixen, “Matter-wave interference
of particles selected from a molecular library with masses exceeding 10000 amu,” Phys.
Chem. Chem. Phys. 15, 1469614700 (2013).

A, D. O’Connell, M. Hofheinz, M. Ansmann, R. C. Bialczak, M. Lenander, E. Lucero,
M. Neeley, D. Sank, H. Wang, M. Weides, J. Wenner, J. M. Martinis, and A. N. Cleland,
“Quantum ground state and single-phonon control of a mechanical resonator,” Nature
464, 697-703 (2010).

61R. Colella, A. W. Overhauser, and S. A. Werner, “Observation of Gravitationally Induced
Quantum Interference,” Phys. Rev. Lett. 34, 1472-1474 (1975).

92S. Donadi, K. Piscicchia, C. Curceanu, L. Diési, M. Laubenstein, and A. Bassi, “Under-

ground test of gravity-related wave function collapse,” Nat. Phys. 17, 74-78 (2021).

27


http://dx.doi.org/ 10.1088/0264-9381/17/19/311
http://dx.doi.org/ 10.1088/0264-9381/17/19/311
http://dx.doi.org/ 10.1103/PhysRevD.86.124040
http://dx.doi.org/ 10.1103/PhysRevD.86.124040
http://dx.doi.org/10.5169/seals-116034
http://dx.doi.org/10.5169/seals-116034
http://dx.doi.org/ 10.1088/1367-2630/16/11/115007
http://dx.doi.org/10.1103/PhysRevA.72.012108
http://dx.doi.org/ 10.1103/PhysRevD.103.064038
http://dx.doi.org/ 10.1103/PhysRevD.103.064038
http://dx.doi.org/ 10.1103/PhysRevA.40.1165
http://dx.doi.org/ 10.1103/PhysRevA.40.1165
http://dx.doi.org/10.1126/science.aba3993
http://dx.doi.org/10.1126/science.aba3993
http://dx.doi.org/10.1103/PhysRevLett.111.113002
http://dx.doi.org/10.1103/PhysRevLett.111.113002
http://dx.doi.org/10.1039/C3CP51500A
http://dx.doi.org/10.1039/C3CP51500A
http://dx.doi.org/10.1038/nature08967
http://dx.doi.org/10.1038/nature08967
http://dx.doi.org/ 10.1103/PhysRevLett.34.1472
http://dx.doi.org/10.1038/s41567-020-1008-4

63We choose osmium because it is the densest known element. Note that the effect of the
density on the result is marginal, as long as one does not consider densities many orders
of magnitude above those naturally occuring in solid bodies.

%4Note that, although the criteria and are satisfied in the area between the dashed
blue and dotted purple lines for small masses below the dotted black line, in this area one

would require a contradictory spatial resolution dx > Ax.

28



	Three little paradoxes: making sense of semiclassical gravity
	Abstract
	I Introduction
	II Models of semiclassical gravity
	A Examples for semiclassical gravity models

	III Refutation of Everettian semiclassical gravity
	IV Paradoxes of hidden variable semiclassical gravity
	A Violation of position-momentum uncertainty relation
	B Causality violating acquisition of which-path information

	V Causality paradox in psi-ontic semiclassical gravity
	VI Summary and discussion
	 Acknowledgments
	 Data Availability
	 Author Declarations
	 References


