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Gravity-induced entanglement (GIE) experiments have been proposed as a theory-independent test of
the quantum nature of gravity, on the strength of several no-go theorems concluding that GIE detection
implies the gravitational interaction is either nonlocal or nonclassical. This is in apparent tension with a
growing number of papers claiming that theories with a classical gravitational field do predict GIE. This
article resolves the tension by reviewing the assumptions of the no-go theorems and highlighting the
information-theoretic, rather than spatiotemporal, nature of the locality assumption. This makes violating
locality not particularly problematic. Indeed, quantum electrodynamics and perturbative quantum gravity
are nonlocal in the sense of the theorems. Given that GIE detection is not sufficient to rule out a classical
gravitational field, the quantitative comparison of theoretical predictions in the low-energy quantum gravity
regime will allow us to test whether the gravitational field is quantum or classical.
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Two 2017 papers, one by Bose et al. [1] and one by
Marletto and Vedral [2], generated a lot of excitement
around an old idea by Feynman [3] of allowing a mass in a
superposition of locations to interact gravitationally with
another mass to detect gravity-induced entanglement
(GIE): the generation of entanglement between two quan-
tum systems as a result of their gravitational interaction.
The excitement around detecting GIE is due to two

factors. First, it would be the first direct observation of a
quantum-gravity effect: a prediction of perturbative quan-
tum gravity that differs from a prediction of semiclassical1

gravity [9] testable using near-term technology [1,10–15],
making it a concrete target for this generation of exper-
imental physicists. Such a concrete proposal for testing
quantum gravity without probing particle collisions at the
Planck energy kickstarted a wave of new research into

finding other possible low-energy signatures of quantum
gravity, sometimes called “table-top” quantum gravity
[16–24].
The second reason for excitement, and the main subject

of this article, was an argument by Bose et al. and Marletto
and Vedral [1,2], based on information-theoretic reasoning,
that the experiment would provide a theory-independent
certification of the nonclassical nature of gravity. This
theory-independent argument is based on a generalization
of the well-known quantum-theoretical result that local
operations and classical communication (LOCC) channels
cannot increase the amount of entanglement between two
quantum systems [25]. We will call these generalizations
and strengthenings [1,2,26–28] the LOCC-like theorems.2

In the context of low-energy quantum gravity research,
these no-go theorems are often stated in words as “detec-
tion of GIE implies that the gravitational interaction is
either nonlocal or nonclassical;” see the left side of Fig. 1.
Any theory that predicts GIE has to violate either the
locality or the classicality assumption of the no-go theo-
rems. A clause is then added: since the principle of locality
is unassailable, detecting GIE is sufficient to prove that
gravity is nonclassical.
The theorems are correct, and the argument is simple.

However, attempts to apply this theory-independent argu-
ment to the GIE experiment have been creating controversy
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1By semiclassical gravity, here we mean a theory where the
gravitational field is sourced by the expectation value of the
energy-momentum tensor. This theory requires nonunitary evo-
lution (spontaneous collapse) to be compatible with observations
[4] and, even then, it presents various difficulties with locality and
signaling [5,6]. It is, however, well behaved in certain regimes
and, indeed, it is the effective framework actually used in
essentially all current astrophysical and cosmological applica-
tions, as well as in precision tests of general relativity [7,8].

2After the first writing of this article, another theorem appeared
[29] which makes use of improved assumptions. We will com-
ment on this theorem later.
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ever since it has been proposed [30–36]. Besides con-
ceptual arguments and toy examples, we now know of two
concrete theories in which the gravitational field is treated
as a classical field and that nevertheless predict GIE. Trillo
and Navascués have shown that the Diósi-Penrose (DP)
model—the paradigmatic theory of classical-gravity-induced
collapse modification of quantum theory [37,38]—predicts
GIE [39], while a computation by Aziz and Howl [40]
shows that quantum field theory (QFT) on classical space-
time leads to GIE.3

Why can classical gravity entangle, despite the no-go
theorems? The reason, as we will see, is very simple: the
locality assumption of the no-go theorems is not natural in
the context of gravity. This assumption is not only violated
by quantum-matter-with-classical-gravity theories, but
even by relativistic quantum field theory! Therefore a
theory with classical gravity can predict GIE by simply
violating this unnatural assumption of locality, which is
precisely what happens in the Diósi-Penrose theory and in
the Aziz-Howl effect.

I. TWO DIFFERENT NOTIONS OF LOCALITY

Locality is a crucial notion in modern physics. Like time,
it has several layers and distinct aspects, captured in various
ways by our mathematical formalizations. When we say “the
world is local,”we are normally referring to a spatiotemporal
notion of locality (Fig. 2, left). With the advent of the
theories of special and general relativity, the principle of
relativistic causality—no signal travels faster than the speed
of light—has become a foundational principle of physics.
Microcausality—the commutation of operators at spacelike-
separated events—is taken as an axiom in quantum field
theory, which is arguably the most successful physical theory
of all time. Detecting a violation of relativistic causality in
the form of faster-than-light signaling would be an epoch-
shifting moment, and theories like Bohmian mechanics that

only introduce undetectable violations of relativistic locality
are seen with distrust.
If the no-go theorems showed that any theory of classical

gravity that predicted GIE necessarily featured violations of
this spacetime notion of locality, they would indeed provide
an extremely powerful theory-independent claim. The
theorems, however, rely on a different notion of locality,
based not on spacetime regions, but on systems (Fig. 2,
right). The interaction between the two particles A and B is
local in the sense of the no-go theorems if the time
evolution of the combined system decomposes in several
rounds of interactions between A and G only, and B and G
only. This form of locality is of particular interest in
quantum foundations and quantum information research,
but it is not well-adapted to field theory.
In the following section, we will analyze the locality

assumption of the no-go theorems in detail. We will
investigate whether it applies naturally in quantum theory
and quantum field theory, and to what extent it can be
related to the spacetime notion of locality within quantum
theory.

II. THE STRUCTURE OF THE NO-GO THEOREMS

The four LOCC-like no-go theorems all have the same
basic structure: they consider a space of possible theories,
then they formulate the two assumptions of locality and
classicality, and then derive that two systems A and B
initially in a product state cannot get entangled as a result of
a local interaction with a classical system G. Their differ-
ence lies in the space of possible theories and thus the
specific implementation of their assumptions; see Table I
for a summary. However, they have one thing in common:
the locality assumption is not the spacetime kind of locality
introduced above, but a circuit-style notion of locality that,
for the purpose of this paper, we will break down into the
two notions of statespace and mediation so that the no-go
theorems can be expressed as in the right side of Fig. 1.
Theorem 1. LOCC-like no-go theorems. If two systems

A and B initially in a separable state interact via a third
system G in a manner that satisfies statespace, mediation,

FIG. 1. Two ways to present the LOCC-like no-go theorem assumptions. Left: The assumptions of the LOCC-like no-go theorems are
often presented as locality and classicality of the gravitational interaction. However, locality means different things in different
contexts, and this presentation leaves out important nuance of the locality assumption. Right: A better presentation of the no-go
theorems, where the locality assumption is replaced by two more elementary assumptions: statespace means that gravity can be
assigned an independent statespace as in Eq. (2),mediation means the evolution of the two masses and gravity factorizes as in Eq. (4).

3We must note that there is still an ongoing discussion around
the correctness of Aziz and Howl’s computation [41–44]; we will
comment on this in Sec. V.
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and classicality, then they cannot get entangled as a result of
this interaction.
It is outside the scope of this article to review in detail the

formalisms and the proofs of these no-go theorems. For our
purposes, we will present the no-go theorem in the language
of generalized probabilistic theories (GPTs) [27], as GPTs
are close enough in form to quantum theory so that a reader
who has never encountered the framework can just replace
every technical element with the more familiar element of
quantum theory. We will then briefly comment on the
constructor theory [2,26] and C�-algebra [28] theorems.
In both quantum theory and GPTs, a system X is

represented by a tuple ðSX; T X; EX; trXÞ, where SX is a
convex set of states, T X is a convex set of transformations
SX → SX, and EX is a convex set of maps SX → Rþ called
effects, together with a distinguished effect trX ∈ EX which
represents discarding the system and that is used to judge
whether a state is normalized or subnormalized. Given two
systems A and B, there is a recipe to construct the joint
system AB. For our purposes, this level of generality should
be sufficient to present the notions that go into proving the
no-go theorems; see Refs. [27,45,46] for more details on
the use of GPTs to prove no-go theorems on quantum
gravity, and Refs. [47,48] for a more thorough introduction
to this powerful framework. To see the parallel to quantum
theory, let A be a system associated with a separable Hilbert
spaceHA. Then SA is the space of density operators onHA,
T A is the set of completely positive trace-nonincreasing
maps LðHAÞ → LðHAÞ, effects are maps ρ ↦ trEρ where
E is a positive semidefinite operator on HA, and the
distinguished effect is just the trace. A quantum system
A can be combined with another quantum system B by
repeating the construction with HAB ¼ HA ⊗ HB.
We can now formulate the assumptions of the no-go

theorems.
Definition 1. statespace. The gravitational interaction

between A and B satisfies the statespace assumption if it
can be expressed as an interaction between A, B, and a third
system G, where G starts in a separable state and is
discarded afterwards.

Mathematically, let T∶ SAB → SAB be the transforma-
tion representing the evolution of the systems A and B via
the gravitational interaction. This satisfies statespace if
there exists another system G and a map T̃ABG∶ SABG →
SABG such that, for any state ρAB ∈SAB, we have

TAB½ρAB� ¼ trGT̃½ρAB ⊗ σG�; ð1Þ

for some σG ∈SG. We can also represent this assumption
via a diagrammatic formula,4

ð2Þ

In such formulas, each wire represents a system, a box
represents a transformation on the systems which flow in
and out of the box, a triangle at the bottom of a diagram
represents a state for the system, and the “Earth” symbol
represents the discarding operation.
The mediation assumption is concerned with this map T̃:

it specifies the functional form for the interaction between
A, B, and the gravitational system G.
Definition 2. mediation. The interaction between A and B

satisfies the mediation assumption if the evolution of the
three systems A, B, and G can be decomposed into several
rounds of transformations acting only on A and G or only
on B and G.
Mathematically, this means that there exist sequences

fTðnÞ
AGg and fTðnÞ

BGg on SAG and SBG, respectively, such that

FIG. 2. Two different notions of locality used in physics. Left: Depiction of a spatiotemporal notion of locality, where information
travels within light cones. Right: Depiction of subsystem, or circuit, locality, where each line represents a system, and the boxes
represent operations acting on at most two systems at a time. The first is the notion of locality most salient to relativity and field theory,
while the latter is native to information theory and quantum foundations. It is the subsystem notion of locality that is involved in the
LOCC-like no-go theorems.

4This diagrammatic language to express formulas in linear
algebra, initially popularized by Penrose [49], has the advantage
of making evident the compositional structure of maps, and it has
been proven to be formally equivalent to standard “one-dimen-
sional” formulas for a number of branches of mathematics [50].
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T̃ABG ¼
YN
n¼1

ð1A ⊗ TðnÞ
BGÞ ∘ ðTðnÞ

AG ⊗ 1BÞ; ð3Þ

where 1X is used to represent the identity map on SX.
Diagrammatically, this assumption is expressed as

ð4Þ

where the dots indicate that there could be more than four
maps. We note that, while in quantum information theory it
is normal to think of time evolution as a finite number of
operations in various systems, in mechanics, time evolution
is a continuous business. Here, it is useful to distinguish
between finite-rounds mediation and infinite-round
mediation. Finite-rounds mediations are the transformations

that satisfy Eq. (3) for some finite sets fTðnÞ
AGg and fTðnÞ

BGg.
The infinite-round mediations are the closure of the set of
such transformations in some appropriate topology [25,28].
Definition 3. The gravitational interaction between A and

B satisfies classicality if G is a classical system.
The definition of a classical system depends on the

details of the framework. A GPT system G is classical if its
statespace SG is a simplex. At first sight, this may seem a
little unintuitive. However, consider that a pure state is a
state that cannot be written as a convex combination of
other states. Then, we see that a classical system is defined
as one in which every mixed state can be understood as a
statistical mixture in a unique way. The analogous defi-
nition in quantum theory would be a system whose density
matrix ρðtÞ is, at all times t, diagonal on a fixed basis jii;
that is, ρðtÞ ¼ P

i piðtÞjiihij.

In the C�-algebra framework, a system is associated with
a unital C�-algebra. There too, one can associate a convex
set of states, transformations, and effects, very much like in
the GPT framework; a classical system is then associated
with a commutative C�-algebra. The locality assumption
used in the no-go theorem is completely analogous to
Eq. (4); see Fig. 1 of Ref. [28], although infinite rounds are
allowed. The constructor theory framework [51] is a bit
different from the previously considered cases as, for
example, the sets of states and transformations are not
necessarily convex. The notion of locality used in deriving
the no-go theorem [[26], Principle 1] is also clearly a notion
of locality based on systems. The proof of their no-go
theorem also assumes statespace and mediation,5 and a
system is classical if it has no complementary observables.

III. THE THREE LIMITATIONS OF
THE NO-GO THEOREMS

The first remark we need to make is that the theorems do
not imply that detection of GIE automatically rules out all
theories in which the gravitational field is a classical
system. What they rule out are quantum-classical, GPT,
and constructor theories in which the gravitational inter-
action between two systems satisfies all three assumptions:
statespace, mediation, and classicality. Theories that do not
easily fit in these frameworks, such as hybrid van Hove
theories [52] may predict GIE, as could any theory in these
frameworks violating any of these three assumptions.
Second, it is evident that the locality assumption of the

no-go theorems has, a priori, no clear-cut relation to any
spatiotemporal notion of locality. In particular, it is not clear
at all, at the level of generality at which the no-go theorems
are formulated, what is the relation between spacetime
locality and the mediation assumption, not least because
there is no notion of space or time at this level of analysis.
Therefore, these theorems should not be understood as
pitching the classicality and spacetime locality of the
gravitational interaction against each other.

TABLE I. Four main LOCC-like no-go theorems. The postquantum column denotes whether the metatheoretic framework allows
modeling systems that are neither quantum nor classical. All theorems state that a classical system cannot mediate entanglement in a
finite number of rounds; however, only the two quantum theorems show that the conclusion holds in the limit of infinite number of
rounds. Finally, only the recent C�-algebra theorem allows the systems to be infinite dimensional.

Theorem Framework Postquantum? No. rounds Dim. systems

LOCC theorem [1,25] Finite-dimensional quantum theory × Infinite Finite
Marletto and Vedral [2,26] Constructor theory ✓ Finite Finite
Galley et al. [27] Generalized probabilistic theories ✓ Finite Finite
Ludescher et al. [28] C�-algebras × Infinite Infinite

5“By locality, [the generation of entanglement] must be
implemented by repeating two elementary steps: first performing
a task on QA ⊕ M and then on M ⊕ QB.” [26]. Here, QA and
QB are the quantum systems and M is the mediator system
responsible for their entanglement.
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Third, a more general point about the application of no-
go theorems is to make theory-independent (metatheoretic)
claims. A powerful no-go theorem presents us with a
difficult choice: given certain experimental observations,
we are forced to give up at least one cherished assumption.
The paradigmatic example is of course Bell’s 1964 “local
realism” theorem [53,54]. There, it was shown that no
nonsuperdeterministic hidden variable model, with no
action at a distance, and where measurement reveals the
values of the hidden variables, can reproduce the predic-
tions of quantum theory. This puts anyone who is looking
for a deterministic hidden-variable completion of quantum
theory in a really difficult position, having to accept either
superdeterminism or action at a distance. Can the same be
said about someone looking for a theory of gravity in which
the gravitational field takes on definite values at all points in
space and time? This would be the case only if the no-go
theorem’s locality assumption is something that is dear at
heart to anyone looking for such a theory.
As we will see presently, this is not the case for gravity.

On the one hand, in quantum mechanics, Hamiltonians of
the form ĤAG þ ĤBG do lead to the infinite-round media-
tion (the one used in the LOCC and C�-algebra theorems)
and the finite-round mediation used in the GPT and
constructor-theory theorems is found in the relevant regime
of the massive scalar field analog of the GIE experiment.
On the other hand, in quantum electrodynamics and
linearized quantum gravity, we discover that a theory
can be relativistically local while failing to satisfy
mediation, and that whether a theory has mediation or not
is a matter of gauge. Finally, we also point out that because
of the gauge constraints, the statespace assumption itself
does not hold in all gauges. Thus, while in some settings the
mediation assumption is fairly natural, this is not the case for
a gauge theory such as gravity.

IV. MEDIATION IN QUANTUM MECHANICS AND
QUANTUM FIELD THEORY

Let us explore to what extent the mediation assumption
holds in our current theories and therefore whether we
should expect (or desire) it to hold. We will see that while
mediation can appear quite naturally in quantum theory and
scalar quantum field theory, the situation is considerably
more complicated in the quantum theory of gauge fields. In
particular, we will see that mediation holds in certain gauges
but not in others, which, in turn, means that mediation
cannot be seen as an operational or experimentally veri-
fiable property of an interaction, at least in quantum field
theory.

A. Quantum mechanics

In quantum theory, when we say that two systems A and
B are each independently coupled to a third system G, we
normally mean that the Hamiltonian is written as a sum

Ĥ ¼ ĤAG þ ĤBG; ð5Þ

where the first term acts trivially on system B and the
second term acts trivially on system A (here, the single-
system Hamiltonians have been lumped in either term).
Does this coupling imply that the time evolution ÛðΔtÞ ¼
e−iĤΔt of this tripartite system is of the mediation form (4)?

That is, does it decompose into a product
Q

n ðÛðnÞ
BGÛ

ðnÞ
AGÞ of

unitaries acting nontrivially on A and G only, then B and G
only, and so on? Application of the Baker-Campbell-
Hausdorff formula shows that this is not generally the
case, since

e−iðĤAGþĤBGÞΔt ¼ e−iĤBGΔte−iĤAGΔte−
1
2
½ĤAG;ĤBG�Δt2 þOðΔt3Þ;

ð6Þ

where the commutator ½ĤAG; ĤBG� may very well be an
operator that acts nontrivially on all three systems.
However, note that we can avail ourselves of the
Suzuki-Trotter theorem and write

e−iðĤAGþĤBGÞΔt ¼ lim
N→∞

ðe−iĤBGΔt=Ne−iĤAGΔt=NÞN; ð7Þ

so that independent couplings as in Eq. (5) do lead to a
mediation evolution, but only in the infinite-rounds limit.
We note that, while the constructor theory and GPT no-

go theorems may be generalizable to the infinite-round
mediation assumption, at the moment they are only for-
mulated for a finite number of rounds. When do we have a
finite number of mediation rounds?

B. Scalar quantum field theory

When the middle system G is a quantum scalar field, we
can obtain a finite-round mediation evolution. This was
shown in detail in Ref. [55] in the case of two Schrödinger
particles A and B coupled to a real massive quantum scalar
field ϕ. It can be shown that, when the two particles are
placed in quantum-controlled superpositions of localized
trajectories exactly like in the Bose et al. version of the GIE
experiment [1], the time evolution of the system decom-
poses into a finite number of mediation rounds, each
evolving the system for a finite amount of time; see Fig. 3.
The main physical ingredient in the result is the

relativistic locality of the field, encapsulated by the micro-
causality property: the vanishing of commutators of field
operators at spacelike separations, as follows:

½ϕ̂ðt; xÞ; ϕ̂ðt0; x0Þ� ¼ 0 for ðt; xÞ and ðt0; x0Þ spacelike:

ð8Þ

Intuitively, this allows the commutators between
Hamiltonian densities in the Baker-Campbell-Hausdorff
formula (6) to vanish whenever the time interval Δt is such
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that the particles remain at spacelike separation.6 More
precisely, we obtain that the evolution Ûðti; tfÞ between an
initial and final time decomposes as N rounds of mediation,

Ûðti; tfÞ ¼
YN
n¼1

ÛðnÞ
BϕÛ

ðnÞ
AϕÛ

ðnÞ
ϕ ; ð9Þ

where each round n evolves the three systems a finite

amount of time ðtn−1; tnÞ and ÛðnÞ
ϕ is the free evolution of

the field, while ÛðnÞ
Aϕ and ÛðnÞ

Bϕ evolve each particle and
modify the field to account for the effects that the particle
has on the field. In each round, these last two operators
commute, as one expects from the relativistic locality of the

interaction; however, Ûðnþ1Þ
Aϕ will not, in general, commute

with ÛðnÞ
Bϕ or ÛðnÞ

ϕ and this leads to the buildup of the GIE-
like phases.

C. Gauge theories

The discussion above seems encouraging: not only does
quantum theory always provide the infinite-round media-
tion evolution whenever the systems are coupled to the
mediator as in Eq. (5), if the mediator is a relativistic scalar
field and the particles are localized away from each other,
then one even obtains finite-rounds mediation. However,
gravity is not a simple scalar field theory, it is a gauge
theory, and this complicates things. As we will see with the
example of the electromagnetic (EM) field, the presence of
mediation is entirely a matter of gauge, as was already
pointed out in Ref. [34].

Let us start by studying QED in the radiation gauge, also
known as the Coulomb gauge, obtained by gauge fixing the
classical theory in the Coulomb gauge and then quantizing.
The Hamiltonian of QED in the Coulomb gauge coupled to
two charged particles7 is

ĤC ¼ Ĥ1 þ Ĥ2 þ Ĥfree
A⊥ þ Ĥint þ Ĥ12; ð10Þ

where the Ĥ1 and Ĥ2 are the Hamiltonians of the two
particles, Ĥfree

A⊥ is the free Hamiltonian of the transverse

modes and Ĥint ¼
R
d3xÂ⊥ðxÞ · ðĴ1ðxÞ þ Ĵ2ðxÞÞ its local

coupling to each particle’s current. If this were all there
was, we would essentially be in the same situation as in the
scalar field case. However, there is also the Coulomb
potential term

Ĥ12 ¼
ZZ

d3x1d3x2
ρ̂1ðx1Þρ̂2ðx2Þ
4πjx1 − x2j

; ð11Þ

which couples the particles directly. This term spoils the
mediation form [30,34]. We can see this concretely by
considering the EM analog of the GIE experiment. One
starts with the two particles localized in some position in
the transverse EM vacuum and then slowly manipulates the
particles in a superposition of locations. The initial state is
jψ0i ¼ jCi1jCi2j0iA⊥ , and by performing the movement
arbitrarily slowly, one can make sure that the amplitude of
exciting a photon via the current coupling is then arbitrarily
low, so that we end up arbitrarily close to the state
jψ1i ¼ 1

2
ðjLi1 þ jRi1ÞðjLi2 þ jRi2Þj0iA⊥ , where j0iA⊥ is

the photon vacuum. We then have Ĥfree
A⊥ jψ1i ¼ 0 ¼

Ĥintjψ1i and

ĤCjψ1i ¼
�
Ĥ1 þ Ĥ2 þ

q1q2
4πjx̂1 − x̂2j

�
jψ1i; ð12Þ

FIG. 3. When two particles A and B, each coupled to a massive scalar field ϕ, are placed in a quantum-controlled superposition of
localized trajectories, during each time interval in which all trajectories of one particle are spacelike-separated from all trajectories of the
other particle, the time evolution is one round of mediation. Evolving for a finite time interval involves several such rounds.

6The story is a little more complicated because a time-
dependent Hamiltonian is required to model the quantum-con-
trolled driving which puts and keeps the particles in a super-
position of localized states; the evolution is then given by a time-
ordered exponential. Nevertheless, the commutation of the field
at spacelike separation is a key ingredient leading to the
factorization (9).

7We switch to calling the particles 1 and 2 instead of A and B in
this section, as A is normally reserved for the vector potential.
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which clearly will not lead to a mediation form, not even in
the infinite-round limit. Thus, in Coulomb-gauge QED,
two charged particles become entangled in the EM analog
of the GIE experiment, and that entanglement is not
mediated.8

From this we learn an important lesson:
Relativistic causality does not imply mediation.
This is because QED in the Coulomb gauge is a perfectly

good causal theory that does not feature any superluminal
signaling (see Chapter 9.6 of Ref. [56], for example), but in
which the analog of the GIE effect happens without a
mediator.
We can, however, treat the electromagnetic interaction

with a different gauge to obtain a mediation evolution.
Consider the Gupta-Bleuler quantization of the EM field
[57–59], where the Hamiltonian is

ĤGB ¼ Ĥ1 þ Ĥ2 þ Ĥfree
A þ Ĥint; ð13Þ

where Ĥfree
A is the sum of the free Hamiltonians for the four

components Âμ of the vector potential and the interaction
term Ĥint ¼

R
d3xÂμðxÞðĴμ1ðxÞ þ Ĵμ2ðxÞÞ locally couples

each of these components independently to each of the
charged particles. The commutators of the vector potential
satisfy ½Âμðt; xÞ; Âνðt0; x0Þ� ¼ iημνDðt − t0; x − x0Þ, where
ημν ¼ diagð−1; 1; 1; 1Þ and Dðt − t0; x − x0Þ is the Pauli-
Jordan function, which vanishes at spacelike separation.
This means that the situation is very much like the scalar
field case in Sec. IV B: the evolution consists of a finite
number of rounds of mediation by a quantum system, and
thus mediation holds.
However, note that it is not only the classicality

assumption that fails: the statespace assumption also fails.
This is because in the Gupta-Bleuler formalism,
we need to impose the Lorenz gauge condition
ð∂μÂμÞðþÞjψ⟫ ¼ 0, where jψ⟫ denotes a physical state,
as opposed to a generic vector of the kinematical statespace.
Together with the covariant Maxwell equations, this implies
Gauss’ law on physical states:

ð∇ · Ê − ρ̂Þjψ⟫ ¼ 0: ð14Þ

This means that a generic physical state will be entangled
with respect to the tensor product structureH1 ⊗ H2 ⊗ HA
of the kinematical statespace.
We focused on electromagnetism because of its relative

simplicity, but the situation is entirely analogous in
linearized quantum gravity. In a reduced (or canonical)
quantization of linearized theory, obtained by solving the
Hamiltonian constraints before quantization, the gravita-
tional interaction between matter sources appears through

an instantaneous Newton potential [30]. In this formulation,
the Hamiltonian therefore contains a direct-interaction term
between the matter particles, analogous to the Coulomb
term in QED in the Coulomb gauge, and the resulting
entanglement is not mediated. One can, however, quantize
the linearized metric perturbation ĥμν covariantly, in the
Gupta-Bleuler formalism based on the de Donder (har-
monic) gauge condition ∂μhμν − 1

2
∂
νh ¼ 0. In this descrip-

tion, the interaction Hamiltonian Ĥint ∝
R
d3xĥμνðxÞT̂μνðxÞ

is local in space and the commutators of the field operators
ĥμν again vanish at spacelike separation. At the level of the
kinematical field variables, the evolution therefore decom-
poses into mediation rounds, exactly as in the scalar-field
and Gupta-Bleuler electromagnetic cases. However, as in
electromagnetism, the gauge condition together with the
linearized Einstein equations implies the gravitational
constraints (the analogs of Gauss’ law), which relate the
metric perturbation to the matter stress-energy tensor.
Physical states must therefore satisfy these constraints,
and the physical statespace does not factorize with respect
to the kinematical tensor-product structure between matter
and gravitational degrees of freedom. As a result, generic
physical states are entangled with respect to that tensor-
product structure, and statespace fails. The difficulties in
treating the two masses and the field as independent
subsystems are discussed in detail from an algebraic
quantum perspective in Ref. [60].
In both electromagnetism and gravity, we see that there is

a gauge in which mediation holds but statespace fails, and
another gauge where the mediation assumption fails but
statespace holds. Thus, we learn another important lesson:
The assumptions of the LOCC-like no-go theorems are

not gauge independent.
Even assuming linearized quantum gravity, whether the

gravitational field is mediating the generation of entangle-
ment between two masses or merely inducing it depends on
the choice of gauge to compute the evolution. This, in
particular, means that one cannot operationally enforce
mediation.9

The more recent theorem by Spalvieri et al. [29],
formulated within the framework of lattice gauge models,
does not make use of the statespace assumption. Instead,
they formulate a per-sector mediation assumption that does
not assume that the statespaces of the mediator and matter
factorize. While constraints spoil the kinematical Hilbert
space factorization, one can still decompose the physical
Hilbert space in a direct sum of tensor product Hilbert
spaces. The authors then show that a per-sector mediation
by a classical system cannot lead to entanglement. This
clearly generalizes the no-go theorems. However, the per-

8Note, however, that the field has a statespace, namely, the
Fock space of the transverse mode. So, statespace holds but
mediation and classicality fail.

9Compare this with spacelike separation during a Bell experi-
ment, which is an operational notion that can, in principle, be
verified experimentally by looking at rulers and clocks.
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sector mediation is still gauge-dependent, as it would not
hold in the Coulomb gauge.
Let us summarize the main takeaways from this section.

The statespace and mediation assumptions are gauge
dependent: the field mediates the generation of entangle-
ment in one gauge but not in the other. Relativistic causality
and the retarded propagation of signals hold in both gauges,
meaning that the locality assumption of the no-go theorems
is independent of relativistic causality. Together, these
imply a) that performing a GIE experiment in regimes
where retardation is measurable does not enforce mediation

and thus still does not allow us to use the LOCC-like no-go
theorems to infer the nonclassicality of the gravitational
field, and b) that whether gravitymediates the generation of
entanglement is not a fact that an experiment can establish,
not in a theory-independent way and sometimes not even
within a specific theory.

V. THE FAILURE OF THE MEDIATION AND
STATESPACE ASSUMPTIONS IN THEORIES

WITH CLASSICAL GRAVITY

Let us consider two concrete examples of theories with
classical gravity and quantum matter that nevertheless
predict gravity-induced entanglement. None of these con-
tradict the LOCC-like no-go theorems: they only invalidate
the claim that detection of GIE is incontrovertible proof of
nonclassicality of the gravitational field.
Trillo and Navascués have shown that the DP model

[37,38] predicts GIE [39]. The time evolution of the DP
model can be understood as a continuous measurement of
the matter distribution, the outcome of which is used to
define the value of the classical gravitational field [61]. This
dynamics do not satisfy the statespace and mediation
assumptions in the Newtonian limit, because the field
values are entirely dependent on the outcome of the matter
measurements. Even if one would allow for some inde-
pendence for the gravitational field states, the evolution
would still not satisfy mediation. way, the gravitational field
in the DP model is classical in the precise sense that it has a
well-defined value at all spacetime events.
The Aziz-Howl effect is the creation of entanglement

between two local excitations of a complex scalar field in
the presence of a gravitational field. Each “particle” of the
GIE experiment is treated as an N-particle excitation of a
specific mode of a scalar field, as follows:

jψ1i ¼
1

N!
ððâ†ALÞN þ ðâ†ARÞNÞððâ†BLÞN þ ðâ†BRÞNÞj0i; ð15Þ

where âAL ¼ ð2πÞ−3 R ψALðkÞâkd3k annihilates a particle
with wave function ψAL. This state then evolves according
to a Hamiltonian Ĥ ¼ Ĥ0 þ Ĥint, where Ĥ0 is the flat-
space free Hamiltonian for a complex scalar field and

Ĥint ¼ −
1

2

Z
d3xhμνðxÞT̂μνðxÞ; ð16Þ

where hμν is the classical perturbation of the metric. Aziz
and Howl showed that when hμν is inhomogeneous, this
evolution results in entanglement between the particles, that
is, between the two A modes and the two B modes. In their
perturbative computation, this is due to a fourth-order
Feynman diagram which can be interpreted as the exchange
of two virtual matter particles. The effect is due to gravity in
the precise sense that this Feynman diagram has no
amplitude and no entanglement is generated if hμν is
constant and homogeneous.
The effect can be understood in nonperturbative terms as

the gravitational field activating an interaction between the
two excitations and the rest of the modes of the complex
scalar field. Indeed, in the nonrelativistic limit where
hμνðxÞ ¼ −2ΦðxÞδμν, Ĥint reads [[40], Supplementary
Information Eq. (41)]

Ĥint ¼ 4

Z
d3xΦðxÞ

�
π̂ðxÞπ̂†ðxÞ −m2

2
ϕ̂†ðxÞϕ̂ðxÞ

�
; ð17Þ

where ϕ̂ðxÞ ¼ R
d3k
ð2πÞ3

1ffiffiffiffiffiffi
2ωk

p ðâkeik·x þ b̂†ke
−ik·xÞ is the full

matter field, which contains the modes of particle A,
particle B, and all the other modes, π̂ ¼ ∂0ϕ̂

† is the
momentum conjugate to the field, b̂†k creates antiparticles,

and ωk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þm2

p
. Expanding Eq. (17), one sees that an

inhomogeneous gravitational potentialΦ couples the A and
B modes to every other mode of the field and, since these
are quantum, they can mediate the entanglement, diagram-
matically,

ð18Þ

where we denoted by C the system composed of the rest of
the modes of the scalar field besides the A and B ones. In
their model, the gravitational field could be either a purely
independent background field, or sourced by the expect-
ation value of the energy-momentum tensor [[40],
Supplementary Information Secs 2.1 and 2.2], or in some
other way. So the Aziz-Howl effect is also due to a failure
of the mediation assumption. The entanglement is thus
gravity-induced but matter-mediated: the classical gravita-
tional field activates an effective interaction among the
matter modes, and the system that mediates is quantum
matter, not gravity.
We should note that the correctness of the Aziz-Howl

effect is still under debate [41–44], with some papers
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claiming there must be a mistake in the computation. Soon
after the paper came out, two short nonperturbative
analyses appeared, arguing that the effect must be an
artefact of Aziz and Howl’s lengthy perturbative compu-
tation [41,42]. Marletto et al. [42] argue that given that the
A and B wave packets are nonoverlapping and the fields
couple locally at a point, the Hamiltonian splits into two
commuting local terms and so cannot entangle. Diósi [41]
argues instead that the initial factorization persists in time,
appealing to the linearity of the Heisenberg-picture evo-
lution of the mode operators. Both arguments are funda-
mentally flawed, however, as they overlook that the
interaction Hamiltonian is quadratic in the full matter
field, so the classical potential couples the A and B to the
other modes of the scalar field, which can act as
mediators, as explained above. A more recent work by
Gundhi et al. argues that the entangling term is an artefact
of discarded transition amplitudes [43]. Tibau Vidal and
Iyer refuted this analysis: the substitution of Wick con-
tractions by Gundhi et al. is missing a term that, once
taken into account, exactly suppresses the off-diagonal
terms that would make the phase separable, so that Aziz
and Howl are not missing any fourth-order term [[44],
Sec. IV]. As it stands, there is no concrete evidence that
the computation is wrong.
One critique often raised against both the DP model and

the Aziz-Howl effect concerns how much entanglement
they predict in concrete experiments.10 This brings us to the
final section of this paper.

VI. WHY THE GIE EXPERIMENTS
ARE STILL CRUCIAL

The Bose et al. and Marletto and Vedral papers promised
us a simple way to prove once and for all that gravity is
nonclassical. Under closer scrutiny, their argument does not
go through. In Table II, we list a number of theories that have
been shown to either predict or not predict the GIE. Besides

the arguments in this paper, we can see that the only good
theory that would be ruled out by simply detecting GIE is
Oppenheim’s so-called “mongrel” or “postquantum gravity”
theory [64,65], although we should note that, technically,
whether Oppenheim’s theory satisfies mediation exactly or
only approximately depends on the choice of noise kernel
[66]. We also note that of the theories that predict GIE, none
exclusively violates the classicality assumption.
Regardless of no-go theorems, GIE experiments, care-

fully analyzed and performed, will be a landmark moment
in the history of physics because they will allow testing the
predictions of various different theories of the gravitational
interaction. The theory-independent approach of ruling out
entire classes of (existing or hypothetical) theories with a
single experiment is a relatively new addition to scientific
practice: we have been ruling out theories way before
inventing no-go theorems. What we need to do is the good-
old empirical testing of theories: carefully compute detailed
predictions of concrete theories in specific experimental
setups and compare with empirical data. The alternative
theories of classical gravity coupled to quantum matter
differ in their quantitative predictions in the GIE experi-
ment regarding how entanglement rates, maximal entan-
glement, and decoherence rates depend on the various
parameters of the experiments, such as the masses of the
object in superposition, their distance, and the duration of
the experiment.
How different are the predictions? Consider the regime

in which the branch separation Δx is small compared to the
distance d between the objects. In linearized quantum
gravity, the negativity11 oscillates between zero and maxi-
mal; at early times, it grows asN ∝ GM2tΔx2=ℏd3, where
M is the mass of the objects [67]. Compare that to the Aziz-
Howl effect, where N ∝ ðG2m2M3Rt=ℏ3dÞ2Δx2=d2, with
m the mass of the field quanta (the atoms) and R the radius

TABLE II. How different concrete theories sit with respect to the LOCC-like no-go theorems. “GIE?” indicates whether the theory
predicts gravity-induced entanglement between two nearby masses in a superposition of locations, “assumption dropped” indicates
which assumption of the no-go theorems is not satisfied, and “good candidate?” is a rough assessment of whether the theory has been
ruled out either by observation or in some other way. No theory that predicts GIE violates only the classicality assumption. Whether
Oppenheim’s mongrel gravity satisfies mediation exactly or only approximately depends on the choice of noise kernel [66].

Theory GIE? Assumption dropped Good candidate?

Newtonian quantum mechanics ✓ statespace × (no gravitational waves)
Schrödinger-Newton [6] × statespace × (possibly inconsistent)
Semiclassical gravity and QFT [40] ✓ mediation × (possibly inconsistent)
Perturbative quantum gravity in Lorenz gauge ✓ classicality, statespace ✓
Perturbative quantum gravity in Coulomb gauge ✓ classicality, mediation ✓
Mongrel gravity (Oppenheim) [64,65] × � � � ? (requires relativistic extension)
Diósi-Penrose model [37,39] ✓ statespace, mediation ? (requires relativistic extension)

10This happens mostly in conversation, but see also
Refs. [62,63], for example.

11The negativity of a bipartite state ρ is the sum of the absolute
values of the negative eigenvalues of its partial transpose [25]. For
the effectively two-qubit states relevant here,N ¼ 0 if and only if
the state is separable, and N ¼ 1

2
for maximally entangled states.
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of the objects [40]. In the Diósi-Penrose model, entangle-
ment is generated only for separations below a critical
distance dc ≈ 0.85σ set by the model’s free parameter σ; the
negativity then rises to a plateau and slowly decays [39].
These theories predict clearly different quantitative and
qualitative behaviors.
In the field of low-energy quantum gravity experiments,

the LOCC-type no-go theorems seemed to give GIE a
special role: while other experiments had to rely on
assumptions about different theories, GIE would provide
a theory-independent certification of nonclassicality of the
gravitational interaction. Now that we have seen that the
theory-independent claim does not hold, we can and must
continue the search for more effects, such as non-
Gaussianity [16], graviton noise [17,18] and graviton
detection [19], effects due to the noncommutativity of
the field [20], entanglement from rotational superposition
[22,23], and thermodynamical observables [24]. Thanks to
the steady increase in experimental control over quantum
matter, these effects will allow us to test perturbative
quantum gravity against concrete rival theories where
gravity is classical. No need for no-go theorems.
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