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It was conjectured 30 years ago that gravity could arise from the entropic rearrangement of information.
We offer a set of microscopic quantum models which realize this idea in detail. In particular, we suggest a
simple mechanism by which Newton’s law of gravity arises from extremization of the free energy of a
collection of qubits or oscillators, rather than from the exchange of virtual quanta of a fundamental field.
We give both a local and a nonlocal version of the construction and show how to distinguish a range
of these entropic models from ordinary perturbative quantum gravity using existing observations and
near-term experiments.
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I. INTRODUCTION

While many forces in nature are mediated by exchange
of virtual field quanta, there are also effective forces which
arise from complex systems driving thermodynamic free
energies to their extrema. In particular, it has been sug-
gested that gravity could arise as such a thermal or entropic
interaction, rather than through a fundamental quantum
field [1,2]. In this scenario, it has been unclear how
quantized matter would couple to gravity. Here, we study
this issue by constructing detailed, fully quantum-mechani-
cal models which reproduce Newton’s law of gravitation in
the thermodynamic limit.
The essence of the idea can be understoodby analogywith

a typical entropic force, like the ideal gas law.Consider a pair
of massive pistons with a noninteracting gas between them,
as in Fig. 1.We assume the gas is held at fixed temperature T
by connection to a heat bath. The free energy of the gas
A ¼ U − TS depends on the distance between the pistons x
by the usual Sackur-Tetrode formula:

∂S
∂x

¼ N
x
: ð1Þ

The system is entropically driven toward the extrema of its
free energy, which is determined by ∂A=∂x ¼ 0. Since
∂U=∂x ¼ 0 in the ideal gas, this means that the piston
separation is driven by the entropic force,

F ¼ T
∂S
∂x

¼ NT
x

¼ PA; ð2Þ

where A is the area of the pistons. What this exercise
demonstrates is that the two pistons feel an effective force
between them, namely the pressure, which is mediated by
the gas rather than some fundamental quantized field.
In our models, the two-body Newtonian gravitational

interaction F ¼ −GNm1m2br=r2 will similarly arise as a
pressure mediated by a microscopic system which is driven

FIG. 1. The ideal gas law as an entropic force between two
movable walls.
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toward extremization of its free energy. Our primary goal is
to demonstrate how nonrelativistic gravity can arise in
detail as a thermodynamic limit of a controlled microscopic
model. This in turn can explain how gravity couples to
quantized matter in such a scenario (a question left open
by the treatments in Refs. [1,2]) and how such a scenario
can be experimentally distinguished from ordinary virtual
graviton exchange [3–13]. We discuss the experimental
predictions in Sec. III.
We emphasize that our construction does not necessarily

encompass all possible realizations of the proposal that
gravity arises as an entropic or thermal effect [1,2]. In
particular, our models generally have both thermal and
purely entropic components to the force, consistent with
Ref. [1] but more general than Ref. [2]. We also make a
number of specific choices (e.g., bath spectral densities)
in order to give detailed calculations, but we expect that
the qualitative structure we find here will hold in a much
broader setting.
The mechanism presented here is also different from

the way that gravity emerges in holographic models like
AdS/CFT [14,15], at least at face value. Here gravity
arises as a direct interaction mediated by a thermal
system, whereas any string theoretic model of AdS/
CFT has massless spin-2 quanta in the low-energy limit,
i.e., gravitons, which act as a coherent quantum mediator
of gravity at long wavelength [16–18].
To summarize, our goal is to provide explicit, proof-of-

concept examples in which gravity emerges as an entropic
effect, in a different fashion than the usual graviton picture,
and thus also differently from standard holography.
Interestingly, however, we find that the models have a
range of free parameters, and in some parameter regimes
become indistinguishable from standard virtual graviton
exchange. This may be an artifact of our nonrelativistic
limit, or it may be more fundamental. We leave this
important issue to future work.
Before moving on, we note some helpful earlier work

on entropic gravity [19–21] and on quantum treatments
of entropic forces [22,23]. Throughout the paper we use
units kB ¼ ℏ ¼ c ¼ 1.

II. NEWTON’S LAW OF GRAVITATION

In the ideal gas example, the force on the pistons arises
through a coupling to a many-body mediator system (the
gas molecules), which is in turn coupled to a heat bath. We
will follow the same paradigm in order to construct a model
of gravity. The Hamiltonian will take the general form

H ¼ HS þHM þ VSM þHB þ VMB: ð3Þ

Here, S refers to the observable system of nonrelativistic
massive bodies, with

HS ¼
XN
i¼1

p2
i

2mi
: ð4Þ

An external potential can be added trivially. The label M
refers to a many-body mediator system to be discussed in
detail below, and B refers to the heat bath. Note that the
massive bodies do not couple directly to the bath.
In the ideal gas example, the bath would represent a

thermal reservoir, for example, thermal phonons in the
walls of the chamber, which can be exchanged with the gas.
The role of the bath is to fix the mediator state to
temperature T, at least on sufficiently long timescales.
We make this precise below. The introduction of a bath is
mostly for calculational convenience: One could also just
take the mediators to be a self-thermalizing system, like a
self-interacting gas [24].
Newton’s law of gravity will arise in the thermodynamic

limit. One of our central goals in this paper is to show
how this can be understood in the fully quantum setting,
including the quantum mechanics of the massive bodies.
However, to begin, consider the limit that the masses are
heavy enough that we can view them as classical objects, so
the positions xi are c numbers. Here is the essential idea.
The free energy A ¼ U − TS of the mediator will depend
on the mass positions A ¼ Aðx1;x2;…Þ through the
coupling VSM. Then the ith mass feels a thermal force,

Fi ¼ −∇xiA; ð5Þ

exerted by the mediator as it tries to extremize its free
energy. What we will do in the next two sections is give
examples of the mediator HM and its coupling to the
masses VSM such that

−∇xiA ¼ −
X
j≠i

GNmimj
bxij

jxijj2
; ð6Þ

where xij ¼ xi − xj. Newton’s constant GN will emerge
from some specific combinations of the microscopic
parameters defining the mediator and its coupling.
Quantum mechanically, the force on the ith body due to

the mediator is given by the Heisenberg equation:

Fi ¼ ṗi ¼ i½VSM;pi�: ð7Þ

Thus, the quantum version of the classical force law in
Eq. (6) will require us to find the mediator and coupling
such that

trMBðρMBFiÞ ¼ −
X
j≠i

GNmimj
bxij

jxijj2
þ � � � ; ð8Þ

where now xi and pi are operators, and ρMB ¼ trSρ is the
density matrix for the mediator and bath. Here the dots
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represent corrections due to thermal fluctuations, as we will
see below. This equation will hold when the mediator is in a
thermal or nearly thermal state at temperature T, but our
microscopic construction also contains a vast set of far-
from-equilibrium states. Our goal is to realize an idea like
that of Ref. [1], where semiclassical gravity arises from
adiabatic evolution between different equilibrium states of
the mediator system.

A. Nonlocal model

First we present a nonlocal model. Consider two massive
bodies with masses m1, m2 and relative position
x ¼ x1 − x2. We generalize to an arbitrary number of
bodies shortly. For the mediating system, we introduce a
discrete set of qubits labeled by α ¼ 1; 2; 3;…. Their
frequencies depend on the relative position,

VSM ¼
X∞
α¼1

ωαðxÞNα; Nα ¼
1 − Zα

2
; ð9Þ

where Zα is a Pauli matrix. We have chosen conventions so
that j0i is the lowest-energy state and has zero energy. The
mediator frequencies are taken to have a linear spectrum:

ωαðxÞ ¼ αfðxÞ: ð10Þ

At this stage, fðxÞ is an arbitrary function of x with units of
energy. For intuition, we give a possible graphical repre-
sentation in Fig. 2.
The coupling in Eq. (9) is nonlocal in the sense that the

mediator qubits all couple directly to x ¼ x1 − x2, rather
than separately to x1 and x2. Note that this is precisely the
same type of nonlocality present in a Newtonian gravita-
tional potential VN ¼ GNm1m2=jx1 − x2j. For intuition,
we also remark that the type of frequency-shifting coupling
in Eq. (9) is inspired by the interaction of light with a pair of
movable mirrors forming an optical cavity [25,26], where
the mode frequencies of the cavity ω ¼ ωðjx1 − x2jÞ
parametrically depend on the relative positions of the
two mirrors.

To reproduce a gravitational interaction, the key idea is
that the function fðxÞ can be chosen appropriately so that
the Newtonian force, or any other conservative central
force, arises in the thermodynamic limit. The same con-
struction also works equally well with the qubits replaced
by oscillators, and Nα ¼ a†αaα. In the rest of the paper we
specialize to the qubits for computational convenience.
To emphasize the generality of the idea, we also show the
results for the oscillator version in Appendix A. We will
refer to the specific constructions with qubit mediators as
“spin entropic gravity” models.
To see how Newton’s law arises, consider the limit where

the masses can be treated classically so that x is a c number.
Suppose the qubits are prepared in the thermal state,

ρM¼⊗
∞

α¼1
ρT;α;x; ρT;α;x¼Z−1

T;α;x

�
1 0

0 e−ωαðxÞ=T

�
; ð11Þ

where the partition function of each qubit is ZT;α;x ¼
1þ e−ωαðxÞ=T . The free energy and partition function of
the full set of qubits are thus

A ¼ −T lnZ; Z ¼
Y
α

½1þ e−ωαðxÞ=T �: ð12Þ

Now we take the usual thermodynamic limit, by assuming
that we have many qubits and can take a continuum limitP

α →
R
dα ¼ R dω=fðxÞ. This gives

A ¼ −T
Z

∞

0

dω
fðxÞ lnð1þ e−ω=TÞ ¼ −

π2

12

T2

fðxÞ : ð13Þ

The masses therefore feel an effective thermal force,
analogous to the gas pressure on the walls discussed above,
given by

Fth ¼ −∇A ¼ π2

12
T2∇

�
1

fðxÞ
�
: ð14Þ

Thus, if we choose the mediator frequencies to have
dependence on the mass positions in the form

1

fðxÞ ¼ λþ l2

jxj ; ð15Þ

where λ;l are some constants with dimensions of length,
we obtain

Fth ¼ −
π2

12
T2l2

bx
jxj2 ¼ −GNm1m2

bx
jxj2 ; ð16Þ

where, to match to Newton’s law, we take

π2

12
T2l2 ≡GNm1m2: ð17Þ

FIG. 2. Nonlocal spin entropic gravity. One possible visuali-
zation of the nonlocal entropic gravitational interaction. Each line
represents one qubit α, with the frequency ωα depicted by the
wavelength. The qubits are thermally occupied, with j0iα shown
as a dashed line and j1iα as a solid line. The heat bath is not
shown but could be included analogously to that in Fig. 1.
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With this identification, we obtain Newton’s law of
gravity from the interaction with a collection of thermally
driven qubits.
The ontological status of the identification in Eq. (17) is

somewhat uncertain. We will say that GN “emerges” from
the microscopic parameters T;l. At a basic level we
recognize that this identification is dimensionally consis-
tent. It should also be emphasized that this fixes the product
Tl of two free parameters in our model in terms of
observable gravitational quantities (GN and the masses).
The other free parameter λ does not appear in Eq. (16) and
thus its existence is not strictly necessary in order to recover
Newton’s law. We will see how these parameter degener-
acies are broken later when we study noise in the model.
In the Introduction, we mentioned that this force has both

thermal and entropic components. To be more explicit,
from Eq. (12) one finds the internal energy and entropy of
the mediators:

U ¼ π2

12

T2

fðxÞ ; S ¼ π2

6

T
fðxÞ : ð18Þ

Thus we see that the free-energy gradient∇A contains both
thermal and entropic components. This is unlike the ideal
gas, which has ∇U ¼ 0.
Our result for the force, Eq. (16), holds assuming that the

masses are can be treated classically, and assuming that the
qubits are held in thermal equilibrium. To view Eq. (16) as a
dynamical law, we have to assume that the mediator qubits
remain thermalized as the distance between the bodies
changes. This requires that the motion of the massive bodies
is in some sense adiabatic, meaning that it is slow compared
to some thermalization timescale in the gas. This is similar to
theway an ideal gas is assumed to remain in the thermal state
as piston walls are moved, and is the same approximation
considered when deriving the Einstein equation as an
equation of state in Ref. [1]. In Sec. II C, we show how
to implement this with a bath-mediator coupling.
This discussion leaves open the question of how to

extend this treatment to the fully quantum situation, where
the positions x1;2 of the masses become operators. Using
the full Hamiltonian of Eq. (3), we have the Heisenberg
equations of motion for the masses:

ẋi ¼
pi

mi
; ṗi ¼ −

X
α

∇xiωαðxÞNα: ð19Þ

Consider a product state of the form ρ ≈ jψihψ j ⊗ ρM,
where jψi is localized around some position x, and ρM is
the thermal state of the qubits with frequencies set by this
value of x given in Eq. (11). Using exactly the same kind of
manipulations as in the thermodynamics case above, we
have the equation of motion for the relative momentum p:

hṗi ¼ −
X
α

h∇xωαðxÞNαi ¼ −GNm1m2

� bx
x2

�
: ð20Þ

The point here is that we can see the same thermodynamic
force showing up in the quantum Heisenberg equations,
assuming the masses are well localized and the mediator is
averaged over.
Finally, to generalize to N masses, there are a number

of possible methods. The simplest is to just repeat the
construction for every pair i, j. Concretely, we replace the
Hamiltonian of Eq. (9) with

VSM ¼
X
i<j

X∞
α¼1

ωij;αðxijÞNij;α; ð21Þ

where xij ¼ xi − xj and now each pair has its own system
of mediator qubits with number Nij;α ¼ ð1 − Zij;αÞ=2. The
frequencies are now functions of the relative coordinates:

ωij;αðxijÞ ¼ αfijðxijÞ;
1

fij
¼ λþ lilj

jxijj
; ð22Þ

with xij ¼ xi − xj. To match to the Newtonian force, we
introduce both a temperature T and some overall length
scale L, and identify

π2

12
T2 ≡ GN

L4
; li ≡miL2; ð23Þ

which generalizes the two-body identification in Eq. (17).
There are still only two free parameters, T and L, con-
strained by one equation.
This N-body generalization may seem rather nonmini-

mal, since each pair of masses gets its own (infinite) set of
qubits. Thus we mention a different option which uses only
a single set of qubits to couple all N masses: We write

VSM ¼
X
α

ωαðx1;x2;…ÞNα; ð24Þ

where the frequenciesωαðx1;x2;…Þ ¼ αfðx1;x2;…Þ now
encode all the positions of the masses,

1

f
¼ λþ

X
i<j

lilj

jxi − xjj
: ð25Þ

A short calculation of ṗi shows that this also reproduces
the standard N-body Newtonian interaction in the ther-
mal limit.

B. Local model

In the previous section, we showed how to generate an
emergent Newtonian force by directly coupling pairs of
massive objects to mediator qubits. Here we show an
alternative construction, in which each massive object
couples quasilocally to a lattice of background qubits.
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Although some elements of the nonlocal model from
Sec. II A and the local model shown here are common to
each other, they are not two versions of the same model. In
particular, unlike integrating photons out to get a nonlocal
Coulomb force, one cannot integrate out the local mediator
here in order to recover an effective description of the
form in Sec. II A. The two models have some qualitative
differences and are subject to different experimental con-
straints, as we discuss below.
Consider a 3D lattice of spacing a. At each site α of

the lattice, we have a qubit fixed at the site, with number
operator Nα as before. See Fig. 3. We take the Hamiltonian
for the qubits

VSM ¼
X
α

Ωαðx1;x2;…ÞNα: ð26Þ

As in the nonlocal model, we encode the positions of the
massive bodies in the frequencies of the qubits:

Ωα ¼ −μþ ωα; ωα ¼
X
i

li

jrα − xij2 þ a2
: ð27Þ

Here rα are the lattice coordinates and xi are the position
operators for the massive bodies. The constants li ¼ miL2

as in Eq. (23), where L is again some overall length scale
introduced as a free parameter. The mediator spins near a
mass have a larger energy splitting than those farther from a
mass. The variable μ is a chemical potential for the lattice
spins. Thus in total we have three free parameters: the
length scale L, the lattice spacing a, and the chemical
potential μ.
Consider the Helmholtz free energy of the mediators in

equilibrium at temperature T. We regulate the calculations

by placing the lattice in a total volume V, with V → ∞ at
the end of the calculation. The partition function and free
energy are

A ¼ −T lnZ; Z ¼
Y
α

½1þ eðμ−ωαÞ=T �: ð28Þ

Now let us consider expanding this in the limit of small
frequencies ωα ≪ μ. Since μ is a free parameter in the
model, we can always take it large enough for this
expansion to be valid. The leading terms are

A ¼ −
VT
a3

lnZ� þ σ�
X
α

ωα −
1

2
σ�ð1 − σ�Þ

X
α

ω2
α

T
þ � � � :

ð29Þ

Here Z� ¼ 1þ eμ=T is the single-site partition function in
the absence of any masses, and

σ� ¼ hNαi ¼
1

e−μ=T þ 1
ð30Þ

is the average polarization [27].
Let us study the effects of the terms in the free energy.

The first term in Eq. (29) is a constant function of the xi and
does not contribute to any forces on the massive bodies.
The second term is also a constant: We have

X
α

ωα ≈
X
i

li

a3

Z
d3r

jrþ xij2 þ a2
¼ const; ð31Þ

where we took the continuum limit
P

α →
R
d3r=a3. This

constant can be absorbed into a renormalization of μ, which
we implicitly assume in what follows. The Newtonian
gravitational force arises from the final ω2

α term. Using
Eq. (27) in this term, we obtain

A ¼ constþ 1

2

σ�ð1 − σ�Þ
T

X
α

ω2
α

≈ constþ
X
ij

lilj

2a3
σ�ð1 − σ�Þ

T
Iðxi;xjÞ; ð32Þ

up to terms of Oðω3
αÞ. In the second line, we again

converted the lattice sum to an integral,

I ¼
Z

d3r
ðjr−xij2þa2Þðjr−xjj2þa2Þ¼

π3sðjxijjÞ
jxijj

; ð33Þ

where

sðxÞ ¼ 1 −
2

π
arctanð2a=xÞ ≈ 1 −

4a
πx

þ � � � : ð34Þ

FIG. 3. Local spin entropic gravity. In the local model, space
is filled with a lattice of spacing a, with one qubit on each site.
A mass causes the nearby qubits to slightly polarize with respect
to the background, leading to a decrease in the local entropy.
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To get the explicit form of s, one can perform the integral
by going to cylindrical coordinates along the axis defined
by the relative position xij ¼ xi − xj. Note that sðxÞ
softens the 1=r2 interaction at short range. In the limit
x → 0, such as when i ¼ j, the integral I → π2=a.
The results in Eqs. (32)–(34) show that at distances

longer than the lattice spacing a ≪ jxijj, variations in the
free energy lead to an attractive 1=r2 force law between the
massive objects. We then see the necessary identification of
microscopic parameters to obtain Newton’s law:

σ�ð1 − σ�Þ
T

π3L4

a3
≡GN: ð35Þ

We have lost a factor of 2 due to the double counting of
masses in Eq. (32).
The basic mechanism in this model is that a mass slightly

polarizes a cloud of spins around it, which moves with the
mass, as shown in Fig. 3. This polarization both increases
the energy and decreases the entropy S ¼ −∂TA in the
region near the mass. As two masses approach each other,
there can be an overall increase in entropy as the overall
polarized volume decreases when the masses get close, and
the polarization starts to saturate near the opposite mass.
This increase in entropy leads to an attractive interaction,
controlled by the negative sign in front of the

P
α ω

2
α term

in the free energy.
Unlike the nonlocal model, there is a regime in which

this local model is a purely entropic force. In the nonlocal
model, we found that for any values of the free parameters,
both the entropy and internal energy always contribute to
the free energy, as in Eq. (18). In the local model, in
contrast, one can compare the

P
α ω

2
α terms:

U ≈ −
σ�ð1 − σ�Þ

2T

�
2þ μ

T
ð1 − 2σ�Þ

��X
α

ω2
α

�
;

S ≈ −
σ�ð1 − σ�Þ

2T2

�
1þ μ

T
ð1 − 2σ�Þ

��X
α

ω2
α

�
: ð36Þ

We see that there is a specific point where the ω2 term in the
mean energy is zero but the same term in the entropy is
nonzero, when μ ¼ −T × 2.39936…. At this entropic point
we have an emergent Newtonian gravity theory in which
the central force is purely entropic. As far as we can tell,
there is nothing special about this point in the param-
eter space.
The discussion here was, again, in the limit where the

masses can be treated classically. Extending to the fully
quantum case follows the same steps as the nonlocal
model of Sec. II A. In particular, we still need to couple
the mediator qubits to a bath in some way so that the
mediator state remains thermalized at temperature T on
sufficiently slow timescales. We show how to do this in
the next two sections.

C. Full microscopic dynamics

In the previous sections, we showed how to find a
mediator system M and coupling VSM of the mediators to
the masses so that, assuming the mediators are in thermal
equilibrium, they generate an effective Newtonian gravi-
tational force on the masses. What remains to do is to
specify dynamics that also keep the mediators thermalized
as the masses move.
Following our discussion above, we now introduce a

heat bath B and give it a coupling VMB to the mediators.
The key idea will be to introduce a separation of three
timescales, schematically ΓB ≫ ΓM ≫ ẍi. Here ΓB is the
rate at which the bath thermalizes itself, ΓM is the rate at
which the bath thermalizes the mediators, and ẍi are the
accelerations of the massive bodies. This separation of
timescales allows us to first integrate out the bath, and then
integrate out the mediators, to obtain the reduced equations
of motion for just the massive objects.
We take the bath to consist of a large set of free

harmonic oscillators, and take the bath terms appearing
in Eq. (3) to be

HB ¼
X
α;k

fα;kb
†
α;kbα;k;

VMB ¼
X
α;k

gα;kσαb
†
α;k þ g�α;kσ

†
αbα;k: ð37Þ

Here σα ¼ σα;− ¼ j0ih1jα is the lowering operator for the
αth qubit. The bath oscillators couple to the mediators
through an exchange coupling, where a mediator qubit can
lose one quantum of energy by giving it to the bath, and
vice versa.
Following standard calculations, we can first trace out

the bath in the limit that ΓB is the fastest timescale.
Invoking the Born-Markov approximation gives an equa-
tion of motion for the state ρSM of the masses and mediator
in Lindblad form [23,28]:

ρ̇SM ¼ −i½HS þHM þ VSM; ρSM� þ
X
α;�

Lα;�ρSML
†
α;�

−
1

2

X
α;�

n
L†
α;�Lα;�; ρSM

o
: ð38Þ

The form of the Lindblad (“jump”) operators appearing
here is somewhat different in the local and nonlocal
models. Here we quote the results, and we review the
detailed derivations in Appendix B.
In the nonlocal model of Sec. II A, the Lindblad

operators are

Lα;þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ(ωαðxÞ)nB(ωαðxÞ)

p
σα;

Lα;− ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ(ωαðxÞ)½nB(ωαðxÞ)þ 1�

p
σ†α: ð39Þ
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These represent events where the mediator qubits either
gain or lose energy to the bath, respectively. Here and after,
nBðωÞ ¼ ðeω=T − 1Þ−1 is the Boltzmann distribution at
frequency ω. The frequency dependent rate γðωαÞ is a
detailed function of the bath parameters. We will typically
use an Ohmic bath, which has damping

γðωÞ ¼ ζω; ð40Þ

where ζ is a dimensionless parameter that controls the
damping rate. In Eq. (39), we wrote the operators in terms
of one relative coordinate x; with many bodies xi we add a
set of Lindblad operators for each xij. Thus the nonlocal
spin entropic gravity model, in total, has four free param-
eters: T, L, λ, and ζ, constrained by one equation [Eq. (23)]
which defines the emergent GN .
In the local model of Sec. II B, on the other hand, the

Lindblad operators take the form

Lα;þ ¼ ffiffiffiffiffi
γth

p
e−ωαðxÞ=2Tσα;

Lα;− ¼ ffiffiffiffiffi
γth

p
σ†α: ð41Þ

Here, we have continued to assume that the chemical
potential μ ≫ ωα for the frequencies of interest. Thus the
thermalization rate γth is a simple constant, set by the bath
density of states at ω ¼ μ. Here x refers to the full set of
mass locations xi as in Eq. (27). Thus this model also has
four free parameters T, μ, a, and γth, constrained by the
definition of the emergent GN in Eq. (35).
Equation (38) is local in time, a result of the Born-

Markov approximation. It is the open systems version of a
Schrödinger equation and, in particular, preserves the trace
trρSM ¼ 1, i.e., conserves total probability. Equation (38)
gives the detailed quantum evolution of both the massive
bodies and mediators on timescales long compared to the
thermalization rate ΓB of the heat bath. In particular,
Eq. (38) includes dynamics which drive the qubit mediators
out of equilibrium. We study some experimental implica-
tions of these fluctuations in Sec. III.

D. Evolution of the masses in the adiabatic limit

Finally, we can now integrate out the mediators, and
derive an equation of motion for just the state of the
massive objects ρM. To do this, we again invoke our
separation of timescales, assuming that the mediator is
driven toward equilibrium on a timescale fast compared to
the motion of the masses.
While the heat bath was assumed to reset to the same

thermal state at each time step, it is crucial that the mediator
state changes in a way contingent on the state of the masses.
For example, in the ideal gas, this corresponds to a limit
where the walls are moving and thus changing the length x,
but slowly enough that the gas is evolving through a
sequence of equilibrium states plus small perturbations.

With the above assumptions, the equation of motion for
the state ρS ¼ trMBρ of the massive bodies, on timescales
longer than the mediator-bath coupling scale ΓM, is again a
Lindblad equation. Deriving this equation can be done
with a technique known as adiabatic elimination [29–32],
which essentially amounts to identifying a slowly decaying
mediator mode and averaging over the fast fluctuations
around it. Here we give the results, and give a detailed
derivation in Appendix C.
In both models, the effective Lindblad equation for the

masses takes the form

ρ̇S¼−i½Heff ;ρS�þ
X
α;�

Kα;�ρSK
†
α;�−

1

2

X
α;�

n
K†

α;�Kα;�;ρS
o
:

ð42Þ

The Hamiltonian term,

Heff ¼
X
i

p2
i

2mi
þ VN;ent; ð43Þ

includes both the kinetic energy and an “entropic Newton
interaction,” while the other terms represent noise acting on
the massive bodies.
In the nonlocal model, the explicit forms of the operators

are as follows. The Newtonian interaction is given by

VN;ent ¼
X
α

Aα½ωαðxÞ� ¼ −
GNm1m2

jxj þ const: ð44Þ

Here AαðxÞ ¼ −T ln ð1þ e−ωαðxÞ=TÞ is the free energy
associated with each mediator qubit [see Eq. (12)]. As
discussed in Appendix C, the effective Hamiltonian repro-
duces the Newtonian interaction [33]. For the case of an
Ohmic bath γðωÞ ¼ ζω, the Lindblad operators can be
calculated explicitly. The result is

Kα;þ ¼
ffiffiffiffiffiffiffiffi
2ζT

p Z
ωαðxÞ=T

0

dν
ffiffiffiffiffiffiffiffiffiffiffiffi
gþðνÞ

p
;

Kα;− ¼
ffiffiffiffiffiffi
2T
ζ

s Z
ωαðxÞ=T

0

dν
ffiffiffiffiffiffiffiffiffiffiffi
g−ðνÞ

p
; ð45Þ

where the dimensionless functions g� are given in
Eqs. (C46) and (C51). The detailed form of these functions
will not be important other than their asymptotic behavior,
as we will see below. The crucial point is that one noise
operator ∼ζ while the other ∼1=ζ, where ζ controls the
damping rate of the mediators. Note also that the noise
operatorsKα;� are diagonal in the position basis, so they act
to decohere quantum spatial superpositions of the masses
into classical probability distributions in position space.
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In the local model, the Newtonian term takes a similar
form:

VN;ent ¼ −σ�
X
α

ωαðxÞ þ
σ�ð1 − σ�Þ

2T

X
α

ω2
αðxÞ þ � � �

¼ −
GNm1m2

jxj þ const: ð46Þ

Here the constant σ� [Eq. (30)] plays a similar role as the
Fermi-Dirac distribution in Eq. (44), i.e., it reproduces the
thermal averages, and again we took the continuum limit to
get the second line. Continuing to make our assumption
that the bath damping rate in this model is a constant γth, the
Lindblad operators are quite simple:

Kα;þ ¼
ffiffiffiffiffiffiffiffiffiffi
σ�γth
4T2

r
ωαðxÞ;

Kα;− ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2σ�ðσ� − 1Þ2

γth

s
ωαðxÞ: ð47Þ

This has a similar structure as the nonlocal case above: One
set of noise operators ∼γth while the other ∼1=γth, and the
noise operators are diagonal in the position basis.
Equation (42) is the central result of this paper. It gives

a time-local evolution law for point masses interacting
through an entropic gravitational force. The Hamiltonian
term acts as a coherent Newtonian interaction: It generates
unitary evolution, just like a literal V ¼ −GNm1m2=jxj
potential operator, and thus just like virtual graviton
exchange. However, the Lindbladian terms generate noise,
and the masses evolve as an open system. We emphasize
here that this nonunitarity is not fundamental—the micro-
scopic dynamics of the complete system, specified in
Eq. (3), are fully unitary and conserve energy—but rather
an emergent property appearing only once the mediator and
qubits are not microscopically distinguishable.
This is very different from standard perturbative quan-

tum gravity, in which the Newton potential operator is the
only relevant term, leading to a reversible, unitary evolution
law. Thus, the entropic models presented here and ordinary
perturbative quantum gravity are observably distinguish-
able, as we discuss in the next section.

III. OBSERVABLE CONSEQUENCES

In the past decade, there have been two general classes
of experiments proposed to test quantum properties of the
gravitational field [3]. The basic idea is to distinguish
predictions that are unique to standard perturbative quan-
tum gravity, where low-energy gravitational interactions
are mediated by the exchange of gravitons, from a range of
proposed alternative models.
Perhaps the best known class of experiments aims to test

if the gravitational interaction can generate entanglement

between two massive objects [4–10]. Virtual graviton
exchange, or equivalently a coherent Newtonian two-body
potential, does entangle masses [3,18]. In contrast, there are
a range of models in which a “classical” gravitational
interaction couples to quantized matter, and generally
these models predict that masses will not become entangled
[6,34–40]. Thus these experiments can distinguish these
two classes of models. We will see below that they can also
distinguish the graviton scenario from the entropic sce-
nario, at least in some range of the free parameters of the
entropic models.
Another class of experiments has recently been proposed

based on the observation that nongraviton-based models all
seem to predict anomalous noise, for example, by making
the gravitational field into a stochastic variable [37–39].
This is in contrast to standard perturbative quantum
gravity mediated by gravitons, which as discussed above
produces an intrinsically noiseless (unitary, reversible)
interaction. These experiments are thus aimed at directly
testing the noise properties of the gravitational interaction
[5,11–13]. As we have discussed above, the entropic
models have instrinsic noise, and can thus be tested by
these experiments.
Here we analyze the predictions of the spin entropic

models in both types of experiments. This exercise also
allows us to constrain the various free parameters in the
models by comparing to existing experiments, as shown
in Fig. 5.

A. Noise in the gravitational force

In both the nonlocal and local entropic models, the
gravitational force is generated by a thermalizing mediator
and thus has thermally driven fluctuations. However, the
phenomenology of the noise in the two models is different.
In the nonlocal model there is noise only when at least two
masses are present, whereas in the local model, even an
isolated mass feels noise from the ambient mediator qubits.
Under the noisy evolution described by Eq. (38), a

momentum operator p will develop a nonzero variance in
its momentum:

d
dt

hp2i ¼
X
α;�

hK†
α;�p

2Kα;�i −
1

2
hfK†

α;�Kα;�;p2gi

¼
X
α;�

hð∇Kα;�Þ2i: ð48Þ

To get the second line, we used some commutator algebra
and the reality of Kα;� ¼ Kα;�ðxÞ. The implication of
Eq. (48) is somewhat different in the nonlocal and local
models, as discussed above. In the nonlocal model,
p ¼ μðpi=mi − pj=mjÞ is the relative momentum between
a pair of masses mi and mj, while in the local model,
p ¼ pi is the momentum of a given mass mi. Either way,
what Eq. (48) shows is that the gravitational force itself is
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noisy. To compare to experiments, we now turn to a
quantitative estimate of this force noise.
Nonlocal model. First consider the nonlocal model, and

suppose that we have two massesm1,m2 initially separated
by some distance d, as in the left-hand panel of Fig. 4.
Inserting the explicit noise operators from Eq. (45), we can
easily solve Eq. (48) to find a linear growth in the variance:

hp2ðtÞi ¼ hp2ð0Þi þ SFFð0Þt: ð49Þ

The coefficient SFFð0Þ ¼ SþFFð0Þ þ S−FFð0Þ has contribu-
tions from both the Kα;� operators,

SþFFð0Þ ¼
GNm1m2

d3ð1þ λd=l2Þ ζIþ;

S−FFð0Þ ¼
GNm1m2

d3ð1þ λd=l2Þ
I−

ζ
; ð50Þ

with

Iþ ¼ 24

π2

Z
∞

0

dνν2gþðνÞ ¼
8þ 3π2

32
≈ 1.17;

I− ¼ 24

π2

Z
∞

0

dνν2g−ðνÞ ≈ 1.21: ð51Þ

The linear t scaling in Eq. (49) is characteristic of Brownian
motion, which is why we use the notation of a force noise
power at zero frequency SFFð0Þ. This reflects our adiabatic
approximation used to derive the Lindblad form of
Eq. (38), which applies to observations on timescales long
compared to the mediator self-thermalization rate [41].
This force noise depends on the free parameters ζ and λ.

The overall noise can be decreased arbitrarily by increasing
λ, or more precisely, by assuming that

λd
l2

≫ 1 ⇔
π2

12
λT2 ≫

GNm1m2

d
¼ Ugrav: ð52Þ

Here, we used the emergent GN in Eq. (23). Moreover,
since the terms S�FF enter as a sum of terms ∼ζ and ∼1=ζ,
the dependence on ζ takes a minimum value when
ζ ¼ ζ� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I−=Iþ

p
. At this value, we haveffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Smin
FF ð0Þ

q
≈ 10−24

Nffiffiffiffiffiffi
Hz

p ×
�

m
1 mg

��
1 mm
d

�
3=2

: ð53Þ

To get this numerical value, we took λ ¼ 0, and bench-
marked the experimental parameters based on a class of
optomechanical experiments measuring gravity between
two milligram-scale resonators at millimeter distance [42].
This level of noise is nearly observable with modern

ultrasensitive force measurements. For example, the meas-
urement in Ref. [42] involves a torsion oscillator placed
about 1 mm away from a driven oscillator source mass,
both of order milligram, and with a superconducting shield
between them to ensure that the gravitational interaction
dominates over the electromagnetic interactions between the
two masses. This is a concrete realization of the schematic in
Fig. 4, left-hand panel. To determine if the noise in such an
experiment has a gravitational origin, rather than some other
technical noise, one can vary the separation d and masses
m1,m2, since the gravitational signal in Eq. (50) depends on
a specific combination of these parameters that is distinct
from other typical noise sources.
Local model. In the local model, even an isolated mass

feels a noisy background force from thermal fluctuations of
the local mediator qubits. Consider a mass m in isolation.
According to Eq. (48), and using the explicit Lindblad
operators in Eq. (47), this mass’s momentum variance will
again grow linearly in time, according to

hp2ðtÞi ¼ hp2ð0Þi þ 2mtPanom: ð54Þ
The notation Panom ¼ dE=dtanom reflects that this can be
viewed as an anomalous heating, with rate

Panom ¼ Pþ1 þ P−1; ð55Þ

FIG. 4. Experiments discussed in Sec. III. Left: two mechanical sensors placed at distance d, used to measure their mutual
gravitational interaction. Fluctuations in the force are schematically depicted by the dashed masses (Sec. III A). Center: a spatially
superposed mass, here depicted near some other source mass, for example, an atom interferometer near the surface of Earth (Sec. III B).
Right: a pair of free-falling masses, both initially superposed into two locations, used to test for the generation of entanglement via
gravity (Sec. III C).
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where

Pþ1 ¼
GNm
64πa3

γth
Tð1 − σ�Þ

;

P−1 ¼
GNm
8πa3

Tð1 − σ�Þ
γth

: ð56Þ

Here we have assumed that the mass is well localized to
some position x, and approximated the sum over sitesP

α ¼
R
d3r=a3 as a continuum, as above.

Much like the nonlocal random force above, the two
contributions P� add as an inverse combination of the
free parameter ratio η ¼ Tð1 − σ�Þ=γth. Thus there is a
minimum amount of anomalous heating Pmin:

Pmin ¼
GNm

8
ffiffiffi
2

p
πa3

≈ 1.3 × 10−20 μW×

�
m

1 GeV

��
10−15 m

a

�
3

: ð57Þ

Unlike the nonlocal model, there is no free parameter here
that can be tuned to reduce this noise. This provides a very
stringent lower bound on a. Consider experiments where
objects of order m ∼ 1 kg ≈ 5.6 × 1026 GeV are held at
cryogenic temperatures in a dilution refrigerator with
cooling power on the order of 10 μW. This sets a lower
bound a≳ 10−13 m, as displayed in Fig. 5.

B. Decoherence of spatial superpositions

One implication of the noisy entropic force is that it
causes objects superposed in space to decohere. Consider a
density matrix element of the form

ρðx;x0Þ ¼ hxjρjx0i: ð58Þ

In the nonlocal model, x ¼ xi − xj represents the relative
position of two masses mi and mj, whereas in the local
model, x ¼ xi represents the position of a single mass mi.
The noise terms in the Lindblad evolution, Eq. (42), give

ρ̇ðx;x0Þ ¼ −
1

2

X
α;�

(Kα;�ðxÞ − Kα;�ðx0Þ)2ρðx;x0Þ; ð59Þ

where we are neglecting the kinetic energy and Newtonian
interaction. The solution is

ρðx;x0; tÞ ¼ e−Γðx;x0Þtρðx;x0; 0Þ; ð60Þ

where the decoherence rate Γ ¼ Γþ þ Γ−, with

Γ� ¼ 1

2

X
α

(Kα;�ðxÞ − Kα;�ðx0Þ)2

≈
1

2

X
α

(∇Kα;�ðxÞ · δx)2: ð61Þ

FIG. 5. Experimental constraints on the free parameters of the spin entropic gravity models. The shaded regions indicate parameters of
the model which are excluded by current experiments. These are discussed in the main text, and summarized in the table.
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In the last line, the approximation is for a small super-
position, where we can expand x0 ¼ xþ δx. This is clearly
related to the force noise in Eq. (48).
Let us now turn to some quantitative estimates of this

effect in the two models. We can analyze a variety of
experimental setups. One example is shown in Fig. 4, center
panel, where one mass is placed in superposition next to
some other mass. The schematic figure there could be
realized, for example, with an atom interferometer placed
above Earth [43,44]. The atoms are prepared in a super-
position of two spatially distinct locations, while Earth is in a
single, well-defined location. The atoms are superposed for
some temporal duration and then their wave function is
recombined. If, however, decoherence occurs on the atom,
this recombination will fail, leading to different experimental
outcomes. Below, we show how such experiments constrain
the nature of the spin entropic gravity models.
Nonlocal model. Consider two masses m1 and m2.

Suppose that initially one mass is held in a fixed location,
and the other is superposed:

jψi ¼ 1ffiffiffi
2

p jx1i ⊗ ðjx2i þ jx0
2iÞ: ð62Þ

See Fig. 4, center. The relative coordinate x is thus similarly
superposed. Let x1 − x2 ¼ d and x1 − x0

2 ¼ dþ δx, where
in a typical realistic experiment, δx ≪ d. According to
Eq. (60), the superposition will decohere. Continuing to
neglect the effects of kinetic energy and the coherent
Newtonian force, the center-of-mass state evolves trivially,
and Eq. (61) predicts that the m2 state will decohere with
rate Γ ¼ Γþ þ Γ−, where

Γþ ≈
GNm1m2δx2 cos2 θ
2d3ð1þ λd=l2Þ ζIþ;

Γ− ≈
GNm1m2δx2 cos2 θ
2d3ð1þ λd=l2Þ

I−

ζ
: ð63Þ

Here the dimensionless integrals I� were given above in
Eq. (51), and θ is the angle between d and δx. Again, the
free parameter λd=l2 in the denominator is related to the
masses through Eq. (52).
Much like the force noise in the previous section, we see

that the decoherence rate has contributions depending on
both the damping parameter ζ and 1=ζ. At a given value of
the free parameter λ, there is thus a minimum decoherence
rate: Any superposed mass will decohere on a timescale at
least as fast as

Γmin ≈
GNm1m2δx2

d3ð1þ λd=l2Þ
ffiffiffiffiffiffiffiffiffiffiffiffi
IþI−

p
≈ 1 kHz ×

�
m1

MEarth

��
m2

mCs

��
REarth

d

�
3
�

δx
0.5 m

�
2

:

ð64Þ

In the second line, we took λ ¼ 0. However, since the
combination λ=l2 appears in the denominator, we can
reduce the decoherence rate without affecting the emergent
of Newtonian force by choosing λ=l2 ≫ 1=d.
Equation (64) can be compared with experiment, and

sets a constraint on the free parameter λ=l2. The numerical
values in the second line are based on experiments with
atomic interferometers on the surface of Earth, where a
cloud of atoms is superposed by as much as δx ≈ 0.5 m
[43,44]. Future experiments are targeting δx≳ 100 m
[46,47]. The results of the existing experiments are con-
sistent with cesium atoms (mCs ∼ 133 GeV) remaining in
coherent superposition over times of order seconds, so that
Γmin ≳ 1 Hz is excluded. This is already enough to com-
pletely rule out the model with λ ¼ 0. We show the general
numerical constraints in Fig. 5.
Local model. Now consider the local model. Suppose we

have a single massive object placed in spatial superposition
of two locations jψi ¼ ðjxi þ jx0iÞ= ffiffiffi

2
p

. Just like in the
nonlocal model, this superposition will decohere due to the
interactions of the mass with the mediator qubits. Unlike
the nonlocal model, this happens regardless of whether
there are other masses present.
The decoherence rate can be estimated similarly to the

nonlocal model. From Eqs. (60) and (61), we see that the
relevant off-diagonal density matrix element will decay
with rate Γ ¼ Γþ þ Γ−, with

Γþ ¼ GNm2
1

4π2
γth

Tð1 − σ�Þ
�
1

2a
−

2π

3δx
þ � � �

�
;

Γ− ¼ GNm2
2

π2
Tð1 − σ�Þ

γth

�
1

2a
−

2π

3δx
þ � � �

�
: ð65Þ

Here, we used the explicit Lindblad operators in Eq. (47),
took the usual continuum limit, and assumed that
x0 ¼ xþ δx with a=δx ≪ 1.
The two terms Γ� depend on the free parameters of the

model only through the ratio η ¼ Tð1 − σ�Þ=γth, with the
same kind of inverse relationship we have seen before. This
implies that there is a minimal decoherence rate predicted
by the model, when η ¼ η� ¼ 2

ffiffiffi
2

p
:

Γmin ¼
GNm2ffiffiffi
2

p
π2a

≈ 2.5 Hz ×

�
m
mCs

�
2
�
10−27 m

a

�
: ð66Þ

This sets a lower bound on possible values of a. Here we
used the same cesium atom interferometer numbers from
the previous section, which give a bound a≳ 10−27 m. This
is a much weaker bound than that obtained from anomalous
heating in Sec. III A, because here the noise ∼1=a, whereas
the force noise ∼1=a3.
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C. Entanglement generation between masses

Finally, consider the experiment shown in the right-hand
panel of Fig. 4, which aims to test whether gravitational
interactions can entangle two massive bodies [7]. Many
alternative versions of the same basic test have also been
proposed [8–10,13], and we expect that our conclusions
here generalize to those settings in a straightforward way.
Concretely, suppose we have two objects with the same

mass m freely falling and separated appropriately so that
their interactions are dominated by their mutual gravity. We
further choose a geometry so that the jRi1jLi2 path pair is
short compared to the other three pairs. We will also
continue to assume that we can neglect the kinetic energy
p2=2m terms relative to the gravitational interaction. In the
specific proposal of Ref. [7], this superposition is supposed
to be created using a Stern-Gerlach-type effect on nano-
diamonds with internal spin vacancies, which couple
external magnetic fields to the center-of-mass degree of
freedom of the diamond.
We prepare the two masses in an initial product state of

the form

jψð0Þi ¼ 1

2
ðjLi þ jRiÞ ⊗ ðjLi þ jRiÞ; ð67Þ

which is unentangled. We assume the position widths
of the various jL;Ri states are narrow enough that they
have no overlap, hLjRi ¼ 0. The question is whether time
evolution under the gravitational interaction causes this
state to become entangled. To quantify this, consider the
observable [7]

W ¼ X1 ⊗ Z2 þ Y1 ⊗ Y2; ð68Þ

where these are Pauli operators in the pseudospin basis
j0i ≔ jLi, j1i ≔ jRi. This operator is known as an entan-
glement witness. It can be easily shown that jhWij > 1 can
occur only in entangled states [48]. Thus, if we initialize
the system in a product state, time evolve, and measure
jhWij > 1, then we know the gravitational interaction
generated entanglement.
For a general density matrix in the jLi,jRi basis for the

two masses, a short calculation shows that the expectation
value of W is

hWi ¼ 2Re½ρLL;RL − ρLL;RR þ ρLR;RL − ρLR;RR�: ð69Þ

The question is then how this entanglement witness evolves
in various models of gravity. In Fig. 6, we show the
behavior of the entanglement witness jhWij as a function of
time in both perturbative quantum gravity and our entropic
models.
In ordinary perturbative quantum gravity, we have

unitary time evolution generated by just the Newtonian

potential operator, with no noise. The initial product state
jψð0Þi evolves into an entangled state of the form

jψðΔtÞi¼1

2
ðjLLiþeiϕLR jLRiþeiϕRL jRLiþjRRiÞ ð70Þ

up to an overall phase. The differential phases ϕLR, ϕRL are

ϕLR ≈ −
GNm2δxΔt

d2

�
1 −

δx
d

�
;

ϕRL ≈
GNm2δxΔt

d2

�
1þ δx

d

�
; ð71Þ

where Δt is the free-fall time [49] and we have only kept
terms up toOðδx2=d2Þ. The state jψðΔtÞi is entangled after
sufficiently long times. To be more precise, it has density
matrix elements

ρLL;RL ¼ 1

4
e−iϕRL ; ρLR;RR ¼ 1

4
eiϕLR ;

ρLR;RL ¼ 1

4
eiðϕRL−ϕLRÞ; ρLL;RR ¼ 1

4
: ð72Þ

Using this in Eq. (69), we have

jhWij¼1

2
jcosðϕLR−ϕRLÞþcosϕRL−cosϕLR−1j; ð73Þ

Perturbative quantum
Entropic nonlocal T2 0
Entropic nonlocal T2 2 Ugrav

Entropic local a 10 4 m
Entanglement threshold

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

t (sec)

FIG. 6. Behavior of the entanglement witness jhWðtÞij as a
function of time in both standard perturbative quantum gravity and
our entropic gravity models. Values above the threshold jhWij > 1
represent states which are provably entangled. We used the
following values for the plots shown above: m1¼m2¼10−13 kg,
δx ¼ 250 μm, d ¼ 450 μm [7], and a ¼ 10−4 m. For the pertur-
bative quantum plot we used Eq. (73), for the nonlocal Eq. (75),
and for the local Eq. (77), both with minimal decoherence. We see
that for nonzero λT2 ¼ 2jUgravj with Ugrav ¼ GNm2=d, the
decoherence in the nonlocal is reduced and a tiny short-lived
entangled state is produced. For the local model we find that no
entanglement is produced even for very large value of the lattice
spacing a ¼ 10−4 m.
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so in particular jhWij > 1 after the gravitational inter-
action has acted over a sufficiently long time. Thus
perturbative quantum gravity is observably and provably
entangling.
The situation in our entropic models is more subtle.

Since we have an open system governed by the Lindbladian
evolution of Eq. (42), the initial state jψð0Þi now evolves
into a mixed state ρðΔtÞ. This mixed state can still, in
principle, have entanglement. In particular, the effective
Newtonian interaction in Eq. (42) can generate entangle-
ment in the usual sense. The question is to what extent the
noise terms destroy this entanglement.
Nonlocal model. In the nonlocal model, the same density

matrix elements which encode the entanglement will also
decohere. The rate of entanglement is the same as the
perturbative gravity calculation since it is controlled by the
same potential operator, while the decoherence rates were
calculated in Sec. III B. Putting these together, we find

ρLL;RL ¼ 1

4
e−iϕRLe−ΓΔt; ρLR;RR ¼ 1

4
e−iϕLRe−ΓΔt;

ρLR;RL ¼ 1

4
eiðϕRL−ϕLRÞe−4ΓΔt; ρLL;RR ¼ 1

4
: ð74Þ

The explicit decoherence rate Γ in the nonlocal model is
given above in Eq. (63). The 4 in the exponent on the
second line is geometrical; see Fig. 4. In total, this gives the
entanglement witness evolution:

jhWij ¼ 1

2
je−4ΓΔt cosðϕLR − ϕRLÞ

þ e−ΓΔtðcosϕRL − cosϕLRÞ − 1j: ð75Þ

We see the competition between the entangling and
decohering effects. This competition is tunable in the sense
that the entanglement is independent of the free parameter
λ, while the decoherence Γ → 0 as λT2 → ∞. In Fig. 6,
we see that at λ ¼ 0, there is no observable amount
of entanglement, whereas at sufficiently large λ, the
decoherence can be totally removed and the model
becomes indistinguishable from standard perturbative
gravity. If we use the minimum value ðλT2Þmin ∼ 10−14J
consistent with current atom interferometers, as shown in
Fig. 5, the decoherence is negligible.
Local model. In the local model, all the terms appearing

in Eq. (69) evolve. The reason is that now the decoherence
is local, and so even a density matrix element like jLLihRRj
decoheres, even though there is no gravitational phase
generated. In general, the density matrix elements evolve as

ρLL;RL ¼ 1

4
e−iϕRLe−Γ0Δt; ρLR;RR ¼ 1

4
eiϕLRe−Γ0Δt;

ρLR;RL ¼ 1

4
eiðϕRL−ϕLRÞe−ΓþΔt; ρLL;RR ¼ 1

4
e−Γ−t: ð76Þ

The witness evolves as

jhWij ¼ 1

2
je−ΓþΔt cosðϕLR − ϕRLÞ

þ e−Γ0ΔtðcosϕRL − cosϕLRÞ − e−Γ−Δtj: ð77Þ

In the limit that the superpositions are small compared to
the lattice and average spacing, these decoherence rates are
given by Eq. (65). When the superposition scale or lattice
size is comparable to the distance between the masses d, the
expressions are more complicated. Since this latter regime
was nominally proposed in Ref. [7], we record the full
expressions in Appendix D.
In Fig. 6, we plot jhWij for the local model. Even with

the minimal decoherence rate consistent with the anoma-
lous heating bounds of Sec. III A, we find that decoherence
in the local model significantly reduces the witness below
the entanglement threshold. Thus, any detection of gravi-
tational entanglement in such an experiment would rule out
the entire remaining parameter space of the local spin
entropic model.

IV. OUTLOOK

The gravitational interactions we observe at accessible
length scales could in principle emerge in many ways
from physics at the Planck scale ρ ∼mPl=l3

Pl ∼ 10104J=cm3.
Perhaps the simplest is that gravitational perturbations are
quantized as gravitons, i.e., as another quantum field theory
like the gauge bosons of the other fundamental forces in
nature. This is a perfectly good effective quantum field
theory; nothing in principle forces us to abandon this
picture until energies near the Planck scale [50–52].
However, it is interesting to consider alternative possibil-
ities, particularly given that we may be able to constrain
these with experiments.
Here we have presented a phenomenology in which

gravity emerges as an entropic effect mediated by a many-
body system, building on the pioneering ideas of
Refs. [1,2]. This picture is radically different from the
simple graviton scenario both in ontology and, at least for
some values of the free parameters defining the models, in
its predictions. However, we have also found that for
certain values of the free parameters (e.g., for λ → ∞ in
the nonlocal model of Sec. II A), this kind of entropic
interaction can also reproduce the predictions of ordinary
virtual graviton exchange, at least in the nonrelativistic
limit studied here. It would be very interesting to under-
stand if there is some fundamental upper bound on λ, but
we have not been able to identify one.
While we have presented a specific set of models based

on thermalizing spins for concreteness, we expect that the
qualitative phenomenology found in this paper generalizes
to a wider class of “entropic” models of gravity. In
particular, the essential idea here is that if an interaction

ON THE QUANTUM MECHANICS OF ENTROPIC FORCES PHYS. REV. X 15, 031038 (2025)

031038-13



is produced by some thermal mediator system, it should
generate thermal fluctuations in the force, which are
observable. This conclusion seems to hold quite generally;
for example, it holds in both the qubit-based models of the
main text as well as in models with the qubits replaced with
oscillators as in Appendix A. In particular, we still find
such fluctuations even at the special point of the local spin
model of Sec. II B in which the force is purely entropic and
has no internal energy variations. More generally, a number
of results have shown that nonentangling models of gravity
have minimal levels of noise [5,53,54], so it is natural to
anticipate that a model like our entropic interactions, which
produces some intermediate level of entanglement, sim-
ilarly must produce some minimal amount of noise. Of
course, fully mapping out the generality of these conclu-
sions is a crucial open question, particularly in the
relativistic context.
Here, we have focused on models with a strict thermal

limit, and in a parametric regime where approximate
thermal equilibrium is maintained with slowly moving
masses. It is very interesting to consider corrections to these
limits, for example, from using a finite-dimensional media-
tor system or looking at states prepared far from equilib-
rium. This could shed light on Jacobson’s notion of
“nonequilibrium spacetime” [1]. While a full exploration
of this topic must also remain the subject of future work,
we emphasize that the results of Sec. III provide a
concrete analysis of preparing spacetime in a non-thermal-
equilibrium state, namely by preparing source masses in
spatial superpositions.
Within the broader scope of models which have been

constructed to produce observables that differ from stan-
dard graviton physics [34–40], the model here has the
substantial advantage that it is subject to the usual rules
of quantum mechanics: unitarity is fundamentally valid at
the microscopic scale, the evolution in the state is linear,
and there are no fundamental classical stochastic variables.
In particular, one should be able to study renormalization
in this model using standard tools, which we leave for
future work.
The directions moving forward are clear. One is to

eliminate the crutch of a thermal reservoir, by replacing
the thermalizing mediator and bath by some simpler self-
thermalizing system. Another is to find a relativistic version
of the construction presented here. And the third, by far the
most important, is to continue the march toward exper-
imental tests of these scenarios.
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APPENDIX A: OSCILLATOR MEDIATORS

In the main text, we presented models with a mediator
system composed of qubits. As mentioned around Eqs. (9)
and (10), an analogous construction where the qubits are
replaced by oscillators can also produce an emergent
gravitational force, at least in the nonlocal version of the
model. Here we report the basic setup to highlight the
generality of the ideas presented in the main text.
Instead of the qubit-mass Hamiltonian of Eq. (9), con-

sider a pair of masses coupled to a system of harmonic
oscillators labeled by α ¼ 1; 2;…. We use the same kind
of interaction, where now the oscillator frequencies are
dependent on the relative position of the two masses:

H ¼
X
i¼1;2

p2
i

2mi
−
X∞
α¼1

ωαðxÞNα; Nα ¼ a†αaα: ðA1Þ

Here aα is the annihilation operator of the αth oscillator.
The mediator frequencies are taken to have a massless
(linear) spectrum identical to that in Eq. (10), viz.,
ωαðxÞ ¼ αfðxÞ.
We follow the discussion in the main text. First consider

the limit where the masses can be treated classically, so x
is a c number. Let the oscillators be prepared in the
thermal state,

ρT ¼⊗
∞

α¼1
ρT;α;x; ρT;α;x ¼

X∞
m¼0

e−mωαðxÞ=T

ZT;α;x
jmihmj; ðA2Þ

where the single-mode partition function is ZT;α;x ¼
½1 − e−ωαðxÞ=T �−1. The average internal energy of the αth
oscillator is

Uα ¼
X
m

mωαðxÞ
e−mωαðxÞ=T

1 − e−ωαðxÞ=T ¼ ωαðxÞ
e−ωαðxÞ=T

1 − e−ωαðxÞ=T :

ðA3Þ
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Again we take the continuum limit
P

α →
R
dα, and get the

total internal energy:

U ¼
Z

∞

0

dω
fðxÞ

ωe−ω=T

1 − e−ω=T
¼ π2

6

T2

fðxÞ : ðA4Þ

Similar manipulations give the entropy:

S ¼ π2

3

T2

fðxÞ : ðA5Þ

Assuming that the oscillators remain thermalized at temper-
ature T, they will drive the massive bodies with a thermal or
entropic force in order to extremize their free energy A.
This force is

Fth ¼ −∇A ¼ −
π2

6
T2

∇fðxÞ
f2ðxÞ : ðA6Þ

This is the same formula as we obtained with the qubit
mediators, up to a 1=2 which comes from the use of the
Boltzmann rather than Fermi-Dirac distribution. Thus we
can again choose the oscillator frequencies to have depend-
ence on the mass positions in the form fðxÞ ¼ jxj=l2,
where l is some constant with dimensions of length,
and obtain

Fth ¼ −GNm1m2

bx
jxj2 : ðA7Þ

Once again, to match to Newton’s law, we make the
identification

π2

6
T2l2 ≡GNm1m2: ðA8Þ

With this identification, we obtain Newton’s law of gravity
from the interaction with a collection of thermally driven
oscillators.
Much of the rest of the main text can be repeated in this

model, including the microscopic Hamiltonian, calculation
of force noise, and so forth. The steps follow the exact same
line of reasoning. The only major technical difference is the
adiabatic elimination technique discussed in Appendix C.
In the oscillator case, this becomes an infinite-dimensional
linear algebra problem. It can be solved in principle using
Laguerre polynomials, but the solution is sufficiently
unwieldy that we will omit it here.

APPENDIX B: MASS AND MEDIATOR
LINDBLAD EQUATION

In this appendix we review the derivation of the Lindblad
equation describing the masses and mediator, Eq. (38).

The material is standard, and we follow Refs. [23,28],
but include it for completeness and to spell out the details of
our bath modeling.
Consider the full Hamiltonian Eq. (3). In the interaction

picture we define

VSB;I ¼ U†
I ðtÞVSBUIðtÞ;

ρSB;IðtÞ ¼ U†
I ðtÞρSBUIðtÞ; ðB1Þ

where UIðtÞ ¼ e−iðHSþHBÞt. The Liouville–von Neumann
equation is

d
dt

ρ̂I;SBðtÞ ¼ −i½V̂SB;IðtÞ; ρ̂I;SBðtÞ�: ðB2Þ

Integrating from t0 to t we obtain (we drop the subscript I
from this point on)

ρ̂SBðtÞ ¼ ρ̂SBðt0Þ − i
Z

t

t0

dt0½V̂SBðt0Þ; ρ̂SBðt0Þ�: ðB3Þ

Substituting Eq. (B3) into Eq. (B2) and tracing out the bath
ρS ¼ trBρSB, we obtain

d
dt

ρS ¼ −itrBf½VSBðtÞ; ρSBðt0Þ�g

− i
Z

t

t0

dt0trBf½VSBðtÞ; ½VSBðt0Þ; ρSBðt0Þ��g: ðB4Þ

In the Born approximation ρSBðtÞ ≈ ρSðtÞ ⊗ ρB;T , where
ρB;T ¼ Z−1e−HS=T . ½VSBðtÞ; ρSBðt0Þ� ¼ 0 and Eq. (B4)
becomes

d
dt

ρSðtÞ ¼ −
Z

t

t0

dt0½J−ðt − t0Þ½σþ;IðtÞ; σ−;Iðt0ÞρSðt0Þ�

þ Jþðt − t0Þ½σ−;IðtÞ; σþ;Iðt0ÞρSðt0Þ� þ H:c:�;
ðB5Þ

where σ�;IðtÞ ≔ U†
I ðtÞσ�UIðtÞ and J−ðt − t0Þ ¼

trBF̂ðtÞF̂†ðt0ÞρB;T , Jþðt − t0Þ ¼ trBF̂
†ðtÞF̂ðt0ÞρB;T , and

F̂ðtÞ ¼
X
k

ðigke−ifktbkÞ:

For simplicity we assumed gk ¼ −ig with g∈R and
consider a single qubit bath, suppressing the index α in
Eq. (37).
In the Markov approximation we make the replacement

ρSðt0Þ ≈ ρSðtÞ and take the limit t0 → −∞ in Eq. (B5). If we
define spectral functions JsðωÞ ¼ ð2πÞ−1 R∞−∞ dtJsðtÞe−isωt
and jump correlators GsðωÞ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JsðωÞ=2π

p
for s ¼ fþ;−g,
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and use the convolution property Jsðt− t0Þ¼R∞−∞dsGiðt−
sÞGiðs− t0Þ into Eq. (B5), we obtain

d
dt

ρS ¼
Z

∞

−∞
dt0
Z

∞

−∞
dsF−ðt; s; t0Þ½ρSðtÞ�

þ
Z

∞

−∞
dt0
Z

∞

−∞
dsFþðt; s; t0Þ½ρSðtÞ�; ðB6Þ

where

F−ðt; s; t0Þ½ρSðtÞ�
¼−θðt− t0ÞG−ðt− sÞG−ðs− t0Þ

X
n

½σþ;IðtÞ;σ−;Iðt0ÞρSðtÞ�

þH:c:;

Fþðt; s; t0Þ½ρSðtÞ�
¼−θðt− t0ÞGþðt− sÞGþðs− t0Þ

X
n

½σ−;IðtÞ;σþ;Iðt0ÞρSðtÞ�

þH:c: ðB7Þ

Next, we integrate Eq. (B6) from t1 to t2 that will be
much longer than the decay scale of the bath correlation
functions:

ρSðt2Þ − ρSðt1Þ

≈
Z

t2

t1

dt
Z

∞

−∞
dt0
Z

∞

−∞
dsF−ðt; s; t0Þ½ρSðtÞ�

þ
Z

t2

t1

dt
Z

∞

−∞
dt0
Z

∞

−∞
dsFþðt; s; t0Þ½ρSðtÞ�: ðB8Þ

We now make the following approximations [28]. Because
of the fast decay of the bath correlation functions we
can replace ρSðtÞ with ρSðsÞ and change the integration
domain from −∞ < ðs; t0Þ < ∞, t1 ≤ t ≤ t2 to the domain
−∞ < ðt; t0Þ < ∞, t1 ≤ s ≤ t2. We obtain

ρSðt2Þ − ρSðt1Þ

≈
Z

t2

t1

ds
Z

∞

−∞
dt
Z

∞

−∞
dt0F−ðt; s; t0Þ½ρSðsÞ�

þ
Z

t2

t1

ds
Z

∞

−∞
dt
Z

∞

−∞
dt0Fþðt; s; t0Þ½ρSðsÞ�: ðB9Þ

By taking time derivative with t2 and renaming the
integration variables, we get

d
dt

ρSðtÞ ≈
Z

∞

−∞
ds
Z

∞

−∞
ds0F−ðs; t; s0Þ½ρSðtÞ�

þ
Z

∞

−∞
ds
Z

∞

−∞
ds0Fþðs; t; s0Þ½ρSðtÞ�: ðB10Þ

Finally, we can assume that operators σ�;IðsÞ change
slowly within the integrals in Eq. (B10) and replace
them with σþ;IðsÞ → e−iωðx̂IðtÞÞsσ− [23]. Going back
to the Schrödinger picture ρ̇SðtÞ ¼ −i½ĤS; ρðtÞ� þ
e−iHStρ̇I;SðtÞeiHSt, the complicated time dependence in
the interaction picture disappears, and after a straightfor-
ward calculation we obtain the following Lindblad equa-
tion. Here we reinstate the α index, which sums over all
the qubits in the many-body mediator between the masses
of our system.

ρ̇SðtÞ ¼ −i
�
HS þ

X
s;α

Λs;α; ρSðtÞ
�
þ
X
s;α

Lα;sρSðtÞL†
n;s

−
X
s;α

1

2
fL†

α;sLα;s; ρSðtÞg; ðB11Þ

where the Lamb shift and Lindblad jump operators are

Λα;þ ¼ εþσαþσα−; Λα;− ¼ ε−σ
α
−σ

αþ;

Lα;− ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ(ωαðxÞ)

�
nB(ωαðxÞ)þ 1

�s
σα−;

Lα;þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ(ωαðxÞ)nB(ωαðxÞ)

p
σαþ: ðB12Þ

Here nBðωÞ ¼ ðeω=T − 1Þ−1 represents the Boltzmann
thermal occupancy of the bath, and we defined
ϵs ¼ sP

R
∞
−∞ dωJsðωÞ=ω, γðωÞ ¼ ð2πÞDðωÞg2ðωÞ and

DðωÞ is the bath density of states.

APPENDIX C: ADIABATIC ELIMINATION

The self-thermalizing rate of the bath ΓB in the main text
is our shortest timescale. Once we have traced out these
degrees of freedom, we are left with a Lindblad equation
describing the evolution of the massive bodies (S) and the
many-body mediator (M). To proceed to isolate the
dynamics of the massive bodies and derive an effective
Lindblad equation for just the mass system, we consider
the scenario in which the thermalization rate γðωαðx̂ÞÞ is the
fastest timescale when considering dynamics of the com-
bined SM system.
In the joint mass-spin system and assuming the masses

are slowly moving, the kinetic term of the masses can be
neglected. We then might consider treating HS perturba-
tively after exactly solving the spin master equation. This is
a type of adiabatic elimination as used in the quantum
optics community [29–32]. Here we more rigorously show
our approximation by appropriate transformation to the
Laplace domain and then back. We will ignore the Lamb
shift contributions Λα;� in Eq. (B12) since they can be
canceled by an appropriate shift of HM in Eq. (3).
The general strategy is as follows. Our goal is to solve

the Lindblad equation for the mediator qubits, Eq. (38),
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then insert this solution, leaving a Linblad equation for just
the masses. We start with an ansatz for the joint state of the
masses and mediator:

ρSMðtÞ ¼
Z

dxdx0jxihx0j⊗
α
½cα;0ðx;x0; tÞj0ih0jα

þ cα;1ðx;x0; tÞj1ih1jα�: ðC1Þ

Here x ¼ x1;x2;… represents the coordinates of all the
massive bodies. The form of Eq. (C1) is preserved by the
Lindblad equation, because the Lindblad operators are
proportional to position operators. Moreover, any nonzero
initial off diagonal elements for each qubit density matrix
decay to zero and do not depend on the diagonal elements
ρα;00; ρα;11 above, thus the diagonal form of Eq. (C1).
The normalization condition trρSM ¼ 1 implies that

the cα coefficients satisfyZ
dx
Y
α

cα;0ðx;x; tÞ þ cα;1ðx;x; tÞ ¼ 1: ðC2Þ

The state ρS ¼ trMρSM of just the masses is

ρSðtÞ ¼
Z

dxdx0ρSðx;x0; tÞjxihx0j;

ρSðx;x0; tÞ ¼
Y
α

½cα;0ðx;x0; tÞ þ cα;1ðx;x0; tÞ�: ðC3Þ

The time derivative is then given by

ρ̇Sðx;x0; tÞ ¼
X
α

CαρSðx;x0; tÞ; ðC4Þ

where

Cα ¼
ċα;0ðx;x0; tÞ þ ċα;1ðx;x0; tÞ
cα;0ðx;x0; tÞ þ cα;1ðx;x0; tÞ : ðC5Þ

Thus, what we want is an equation for this c fraction. What
we will do is compute the c fraction in the “late-time” limit
t≳ 1=γ, and then use the result to reduce Eq. (C4) into the
Lindblad equation for the masses, as in Eq. (42).
Inserting Eq. (C1) into the Lindblad equation (38) one

finds a differential equation for the cα coefficients. These
equations factor over the label α so from here out we
suppress the α subscripts. The equations are

ċ ¼ Λc; Λ ¼ Λ0 þ δΛ; c ¼
�
c0
c1

�
: ðC6Þ

We emphasize that everything appearing here is a function
of both the ket and bra variables x;x0. The specific form of
the matrix Λ will differ in the local and nonlocal models.
However, in both cases, we decompose the dynamics into
the part Λ0 which drives the qubits to a thermal state with
rate γ, and a part δΛ which generates perturbations around

the thermal state. This is suggestive of the kind of
“perturbation theory” we are about to engage in. The Λ0

matrix will be considered as the dominant term, while δΛ
will be treated as a a kind of perturbation.
Our goal is to find the c ratio in Eq. (C4) in the limit

of times long compared to the decay rate t≳ γ−1. We will
first solve the problem ignoring δΛ and then include its
effects. Let

Λ0vs ¼ λsvs; Λdvd ¼ λdvd ðC7Þ

denote the eigenvectors and eigenvalues of Λ0. The
notation will refer to a decaying mode with λd ∼ −γ and
a quasisteady state mode with λs ∼ γ0. The existence of this
decaying and steady state mode structure is not guaranteed
in a general Lindbladian system, but it exists in the models
in this paper, as we will see explicitly below. Ignoring δΛ,
the general solution to ċ ¼ Λ0c is then a linear combination
of eλst and eλdt, so in particular the decaying mode is
exponentially damped.
Now we include the effects of the δΛ term. Let

R ¼ ðvs; vdÞ be the matrix that diagonalizes Λ0. We rotate
everything into this basis as usual,

Λ̃ ¼ R−1ΛR; ec ¼ R−1c ¼
�
c̃s
c̃d

�
; ðC8Þ

and use s, d to refer to the components in this basis. The
equation of motion for the state components becomes
dec=dt ¼ Λ̃ec, and Λ̃ ¼ Λ̃0 þ δΛ̃, with

Λ̃0 ¼
�
λs 0

0 λd

�
; δΛ̃ ¼

�
δΛ̃ss δΛ̃sd

δΛ̃ds δΛ̃dd

�
: ðC9Þ

The essential observation of the adiabatic elimination
procedure comes from analyzing the equation for the
decaying component,

dc̃d
dt

¼ ½λd þ δΛ̃dd�c̃d þ δΛ̃dsc̃s; ðC10Þ

in the limit of t≳ 1=λd ∼ 1=γ. In this limit, the derivative on
the left-hand side goes to zero, and we can just write down
the algebraic solution:

c̃d → Zc̃s; Z ¼ −
δΛ̃ds

λd þ δΛ̃dd
: ðC11Þ

This can be justified more systematically by analyzing the
equations in the Laplace domain. With this result, we then
go back to the equation for the quasi-steady-state mode,
and find

dc̃s
dt

¼ ½λs þ δΛ̃ss þ δΛ̃sdZ�c̃s: ðC12Þ
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This, finally, is enough to get our desired prefactor in
Eq. (C4): from Eq. (C11) and the definition of ec, we have

c0 þ c1 ¼ ½R0s þ R1s�cs þ ½R0d þ R1d�cd
¼ ½R0s þ R1s þ ZðR0d þ R1dÞ�cs; ðC13Þ

and then using Eq. (C12), we obtain

C ¼ ċ0 þ ċ1
c0 þ c1

¼
�
λs þ δΛ̃ss −

δΛ̃sdδΛ̃ds

λd þ δΛ̃dd

�
: ðC14Þ

This expression works for all α and x;x0, and gives the
prefactor in Eq. (C4).
Finally, we need to convert the result into a Lindblad

equation of the form of Eq. (42), which means identifying
the correct effective Hamiltonian and jump operators from
the position-space expression in Eq. (C4). This turns out
to be straightforward since any appearance of x has to
correspond to a left-acting operator, while any appearance
of x0 is a right-acting operator. This will be easier to
understand with more explicit expressions in the exam-
ples below.

1. Local model

It turns out that following the adiabatic elimination
procedure is a bit more straightforward in the local model,
because things can be expanded around large values of the
chemical potential μ, so we begin with that case.
Inserting the ansatz of Eq. (C1) into the system-mediator

Lindbladian in Eq. (38), we find the matrices Λ0 and δΛ,

Λ0 ¼ γth

�
−eμ=T 1

eμ=T −1

�
; ðC15Þ

and

δΛ¼
 

γtheμ=T

2
ð2−e−ω=T−e−ω

0=TÞ 0

γtheμ=Tðe−ðωþω0Þ=2T −1Þ −iðω−ω0Þ

!
; ðC16Þ

where we are using the shorthand notation ω ¼ ωαðxÞ,
ω0 ¼ ωαðx0Þ. The matrix Λ0 has eigenvalues

λs ¼ 0; λd ¼ −γthð1þ eμ=TÞ; ðC17Þ
and corresponding eigenvectors

vs ¼
�
e−μ=T

1

�
; vd ¼

�−1
1

�
: ðC18Þ

Using these vectors we can construct the R matrix that
rotates into this basis:

R ¼
�
e−μ=T −1
1 1

�
: ðC19Þ

From this, we can find the elements of the perturbation
matrix δΛ in the s, d basis. They are

δΛ̃dd ¼ −γthW1 þ γthW2 − ið1 − σ�Þðω − ω0Þ;

δΛ̃ds ¼ −
ð1 − σ�Þ

σ�
½δΛ̃dd þ iðω − ω0Þ�;

δΛ̃ss ¼ −γthW3 − iσ�ðω − ω0Þ;
δΛ̃sd ¼ −

σ�
ð1 − σ�Þ

½δΛ̃ss þ iðω − ω0Þ�; ðC20Þ

in terms of the coefficients

W1 ¼ σ�ðe−ðωþω0Þ=2T − eμ=TÞ;
W2 ¼

σ�
2
ð2 − eðμ−ωÞ=T − eðμ−ω0Þ=TÞ;

W3 ¼
σ�
2
ðe−ω=2T − e−ω

0=2TÞ2: ðC21Þ

These expressions are somewhat unwieldy, but they are
enough to determine the ρ̇S evolution, using Eq. (C14) in
Eq. (C4); i.e.,

C ¼ ċ0 þ ċ1
c0 þ c1

¼
�
λs þ δΛ̃ss −

δΛ̃sdδΛ̃ds

λd þ δΛ̃dd

�
: ðC22Þ

We now expand this around jωj; jω0j ≪ μ, T, to quadratic
order, and find C ¼ Cþ þ C0 þ C−, where

C0 ¼ −i
�
σ�δω −

σ�ð1 − σ�Þ
2T

ðω2 − ω02Þ
�
∼ γ0th;

Cþ ¼ −
σ�
8T2

γthδω
2 ∼ γth;

C− ¼ −
1

γth
σ�ðσ� − 1Þ2δω2 ∼ γ−1th ; ðC23Þ

with δω ¼ ω − ω0. Now we want to match these terms to a
Lindblad equation, i.e., identify the effective Hamiltonian
and noise operators in Eq. (42).
First we analyze the C0 terms, which we will see are the

ω-space representation of an effective Hamiltonian that
gives rise to a coherent Newtonian gravitational interaction.
Consider the first term. Summing over the qubits α,
this contributes to the position-space density matrix evo-
lution as

ρ̇Sðx;x0Þ ¼ −iσ�
X
α

½ωαðxÞ − ωαðx0Þ�ρSðx;x0Þ: ðC24Þ

Nowcompare this to aHamiltonianoperatorH¼σ�
P

αωðxÞ,
where here x is an operator. Such a Hamiltonian would
similarly give a contribution in position space:

ρ̇Sðx;x0Þ ¼ −ihxj½H; ρS�jx0i
¼ −i

X
α

½ωαðxÞ − ωαðx0Þ�ρSðx;x0Þ: ðC25Þ
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Thus,we see that the first term in our adiabatic evolution result
Eq. (C23) is exactly the same as an effective Hamtiltonian of
this form. This worked because a position operator x acts in
position space as x on the left and as x0 on the right. The same
logic works for the second term in C0 in Eq. (C23). We thus
conclude that the contribution from C0 in Eq. (C4) is
equivalent to an effective Hamiltonian,

VN;ent ¼ σ�
X
α

ωαðxÞ −
σ�ð1 − σ�Þ

2T

X
α

ω2
αðxÞ; ðC26Þ

which is exactly what was claimed in Eq. (46). In the
continuum limit and with the identification of Eq. (35), this
becomes exactly a constant plus the Newtonian potential
operator, as shown in the main text.
Similar logic applies to the C� terms, except that

these take the structure of Lindblad noise operators, not
Hamiltonian operators. Consider the Cþ terms first. Again
summing over all the qubits, in position space these give a
contribution to the density matrix evolution:

ρ̇Sðx;x0Þ ¼ −
σ�
8T2

γth
X
α

½ωαðxÞ − ωαðx0Þ�2ρSðx;x0Þ:

ðC27Þ

Now we compare this to the effect of a (Hermitian)
Lindblad operator of the form Kα;þ ¼ Kα;þðωαðxÞÞ, which
would contribute

ρ̇Sðx;x0Þ¼
X
α

hxjKα;þρSKα;þ−
1

2
fK2

α;þ;ρSgjx0i

−
1

2

X
α

½Kα;þ(ωαðxÞ)−Kα;þ(ωαðx0Þ)�2ρSðx;x0Þ:

ðC28Þ

Thus we see that the Cþ terms arising in Eq. (C4) are
equivalent to Lindblad operators of the form

Kα;þ(ωαðxÞ) ¼
ffiffiffiffiffiffiffiffi
σ�
4T2

r
ωαðxÞ: ðC29Þ

The exact same logic works for the C− terms, and leads to
the identification of the Lindblad operators:

Kα;−(ωαðxÞ) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2σ�ðσ� − 1Þ2

γth

s
ωαðxÞ: ðC30Þ

This is precisely as advertised in Eq. (47).
To summarize, we have a conservative term, i.e., an

effective Hamiltonian,

Heff ¼
X
α

Hα ¼ σ�
X
α

ωα −
σ�ð1 − σ�Þ

2T

X
α

ω2
α; ðC31Þ

which is exactly what we expected from the free energy
(as opposed to just the internal energy) in the classical
expression given in Eq. (29). We also have a damping term
of Lindblad form that looks much like position-based
dephasing mechanisms due to the localization of the
masses by the ωαðxÞ operators. As discussed extensively
in the main text, the dephasing component has two terms:
one of which goes with γth and the other going as 1=γth. The
first is due to the masses being measured by the qubits,
while the second is due to the fluctuating force on the
masses due to the spins in the background flipping with a
correlation time 1=γth.

2. Nonlocal model

In the nonlocal model, we have to make a slightly
different set of approximations. Again inserting the anstaz
in Eq. (C1) into the Lindblad equation in Eq. (38), we find

ðΛ0Þ11 ¼ −
1

2
½γðωÞðnBðωÞ þ 1Þ þ γðω0ÞðnBðω0Þ þ 1Þ�;

ðΛ0Þ10 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γðωÞnBðωÞ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γðω0ÞnBðω0p

Þ;
ðΛ0Þ01 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γðωÞ½nBðωÞ þ 1�

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γðω0Þ½nBðω0Þ þ 1�

p
;

ðΛ0Þ00 ¼ −
1

2
½γðωÞnBðωÞ þ γðω0ÞnBðω0Þ�; ðC32Þ

and

δΛ ¼
�
0 0

0 −iðω − ω0Þ

�
: ðC33Þ

Here we again use the shorthand ω ¼ ωðxÞ, ω0 ¼ ωðx0Þ.
The unperturbed Λ0 is easily diagonalized. Unlike

the local model, there is not an exact zero eigenvalue;
i.e., there is not an exact steady state even in the absence of
the δΛ term. The eigenvalues are

λs ¼ −
1

4
fγðωÞ½2nBðωÞ þ 1� þ γðω0Þ½2nBðω0Þ þ 1�

− αðω;ω0Þg ≈ 0;

λd ¼ −
1

4
fγðωÞ½2nBðωÞ þ 1� þ γðω0Þ½2nBðω0Þ þ 1�

þ αðω;ω0Þg ≈ −γðωÞ½1þ 2nBðωÞ�: ðC34Þ

Here the approximations show the behavior asω0 → ω. The
idea is that for small superpositions (x0 ≈ x, thus ω0 ≈ ω),
we see that λd ≈ −γ and λs ≈ 0, in line with the general
structure discussed above. The factor

αðω;ω0Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðγðωÞ þ γðω0ÞÞ2 þ 16γðωÞγðω0Þβðω;ω0Þ

q
≈ 2γðωÞ

�
1þ 2nBðωÞ

�
; ðC35Þ
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with

βðω;ω0Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nBðωÞðnBðωÞ þ 1ÞnBðω0ÞðnBðω0Þ þ 1Þ

p
;

ðC36Þ

will appear repeatedly. The corresponding eigenvectors are

vs ¼
 γðωÞþγðω0Þþαðω;ω0Þ

4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½γðωÞnBðωÞ�½γðω0ÞnBðω0Þ�

p
1

!
≈
� nBðωÞþ1

nBðωÞ
1

�
;

vd ¼
 γðωÞþγðω0Þ−αðω;ω0Þ

4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½γðωÞnBðωÞ�½γðω0ÞnBðω0Þ�

p
1

!
≈
�−1

1

�
: ðC37Þ

While the lack of a zero eigenvalue means that there is not a
strict steady state unless ω ¼ ω0, the vs state still decays
strictly slower than the decaying eigenvector vd, and in this
sense provides a quasi-steady state for times t≳ 1=γ.
To get to the Lindblad equation for the masses, we again

use Eq. (C14) in Eq. (C4). Moving to the s, d basis, we have

δΛ̃¼ i
2
δω

0B@ γðωÞþγðω0Þ−αðω;ω0Þ
αðω;ω0Þ

γðωÞþγðω0Þ−αðω;ω0Þ
αðω;ω0Þ

−γðωÞ−γðω0Þ−αðω;ω0Þ
αðω;ω0Þ

−γðωÞ−γðω0Þ−αðω;ω0Þ
αðω;ω0Þ

1CA; ðC38Þ

where δω ¼ ω − ω0. For small superpositions δω ≈ 0, one
can expand the c fraction in Eqs. (C5) and (C14) in terms of
the individual terms, which scale like

C0 ¼ δΛ̃ss ∼ γ0;

Cþ ¼ λs ∼ γ;

C− ¼ δΛ̃sdδΛ̃ds

λd þ δΛ̃dd
∼ γ−1: ðC39Þ

Let us examine each of these terms and map them into a
Lindblad structure.
First, consider the term C0 ¼ δΛ̃ss, which we will see

leads to the effective Newtonian interaction. The explicit
expression is

C0 ¼ −i
nBðωÞ

2nBðωÞ þ 1
δωþ i

n0BðωÞ
2½2nBðωÞ þ 1�2 δω

2 þOðδω3Þ:

ðC40Þ

We note that C0 above is the expansion of
−ihxj½AαðxÞ; ρS�jx0i to Oðδω2

αÞ with AαðxÞ ¼ −T lnð1þ
e−ωαðxÞ=TÞ the free energy associated with each media-
tor qubit.
We need to evaluate Eq. (C40) summed over all the

qubits α, as in Eq. (C4). The first term in Eq. (C40) gives a
contribution:

−i
X
α

nBðωαÞ
2nBðωαÞ þ 1

δωα ¼ −i
X
α

nFDðωαÞδωα

≈ −i
∇fðxÞ · δx

f2ðxÞ
Z

dωnFDðωÞω

¼ −i
π2T2l2

12

x̂ · δx
jxj2 : ðC41Þ

To get the first line, we used nFD ¼ nB=ð2nB þ 1Þ. To get
the second line, we used ωαðxÞ ¼ αfðxÞ to write δωα ¼
ωαðxÞ − ωαðx0Þ ≈ ωα∇fðxÞ · δx=fðxÞ, as in the main text
when estimating noise effects, and took the continuum
limit. The third line is the simple result of the integral. Now
let us compare this term in ρ̇S to that coming from a
Newtonian potential interaction VN ¼ −GNm1m2=jxj. This
would give

ρ̇Sðx;x0Þ ¼ −ihxj½VN; ρS�jx0i

¼ −iρSðx;x0; tÞ
�
−
GNm1m2

jxj þ GNm1m2

jx0j
�

¼ −iρSðx;x0; tÞGNm1m2

jxj

×

�
−
x̂ · δx
jxj þ 1

2

�
3ðx̂ · δxÞ2

jxj2 −
δx2

jxj2
�
þ � � �

�
:

ðC42Þ

In the last line, we again made use of the assumption that
we are looking at a small superposition, in the sense
that x0 ¼ xþ δx, with jδxj ≪ jxj. Now, invoking the usual
identification π2T2l2=12 ¼ GNm1m2 [Eq. (17)], we see
that the first term here precisely matches the one computed
from the microscopic adiabatic elimination, Eq. (C41). To
get the quadrupole term in Eq. (C42), one needs the second-
order derivative term,

δω ¼ ∂iωðxÞδxi þ
1

2
∂i∂jωðxÞδxiδxj þ � � � ; ðC43Þ

coming from the first term in Eq. (C40), as well as the term
∼δω2 ∼ ð∂iωðxÞδxiÞ2 from the second term in Eq. (C40).
Similar manipulations then show that the ρ̇S contribution
from these second-order terms in Eq. (C40) also exactly
match the quadrupole term in Eq. (C42). We thus conclude
that, at least to this order in small superposition size, the
entropic model has an effective Hamiltonian Heff contain-
ing precisely the usual coherent, Newtonian gravitational
interaction. It would interesting to extend this to higher
orders.
We can follow the same logic to identify Lindblad noise

operators coming from the C� contributions. First consider
the term Cþ ¼ λs. This leads to a damping contribution
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of OðγÞ. The explicit expression is obtained by expanding
Eq. (C34) to order δω2. This gives

Cþ ¼ −
1

8

�
2γ0ðωÞn0BðωÞ þ

2nBðωÞ(nBðωÞ þ 1)γ0ðωÞ2

γðωÞ
�
2nBðωÞ þ 1

�
þ γðωÞ½2nBðωÞ(nBðωÞ þ 1)þ 1�n0BðωÞ2

nBðωÞ½nBðωÞ þ 1�½2nBðωÞ þ 1�
�
δω2

þOðδω3Þ: ðC44Þ

To make progress at this stage, we have to assume a specific
bath spectral density. As discussed in the main text, we take
this to be Ohmic γðωÞ ¼ ζω, with ζ a dimensionless
constant. This gives, for each qubit α, a contribution to
the ρ̇S equation of motion of the form

Cα;þ ¼ −
ζ

T
gþ

�
ωα

T

�
δω2

α; ðC45Þ

where the dimensionless function gþ is

gþðνÞ ¼
1

64ν
csch3ðν=2Þsechðν=2Þ

× ½−2þ ð2þ ν2Þ coshðνÞ − 2ν sinhðνÞ�: ðC46Þ

Again this needs to be summed over the qubits α to obtain
the contribution to the ρ̇S equation. Now, we want to
compare this to the effect of some Lindblad operators of
the form Kα;þ ¼ Kα;þðωαðxÞÞ. These contribute to the
position-space ρ̇S equation in the form

ρ̇Sðx;x0Þ ¼ −
1

2

X
α

½Kα;þðωαðxÞÞ−Kα;þðωαðx0ÞÞ�2ρSðx;x0Þ

≈−
1

2

X
α

½K0
α;þðωαðxÞÞ�2δω2

αρ̇Sðx;x0Þ: ðC47Þ

In the first line, we assumed that the K operators are
Hermitian for simplicity, and in the second line, we used
our assumption of a small superposition to expand in
derivatives 0 ¼ ∂ω. Comparing Eqs. (C45) and (C47), we
identify the effective Lindblad operators as

Kα;þ(ωαðxÞ) ¼
ffiffiffiffiffiffiffiffi
2Tζ

p Z
ωαðxÞ=T

0

dνgþðνÞ; ðC48Þ

as shown in Eq. (45).
Finally, we analyze the third termC− in Eq. (C39), which

gives a damping effect atOðγ−1Þ. The explicit expression is

C− ¼ δΛ̃sdδΛ̃ds

λd þ δΛ̃dd
¼ nðωÞ½nðωÞ þ 1�

γðωÞ½2nðωÞ þ 1�3 δω
2 þOðδω3Þ:

ðC49Þ

The logic is then identical to the previous paragraph.
Invoking the Ohmic form of γðωÞ ¼ ζω and matching
to a Lindblad operator Kα;− ¼ Kα;−(ωαðxÞ), we find the
Lindblad operator

Kα;−(ωαðxÞ) ¼
ffiffiffiffiffiffi
2T
ζ

s Z
ωαðxÞ=T

0

dνg−ðνÞ; ðC50Þ

where the dimensionless function g− is

g−ðνÞ ¼
2

ν
csch3ðνÞ sinh4ðν=2Þ; ðC51Þ

again as shown in Eq. (45) in the main text.

APPENDIX D: ENTANGLEMENT WITNESS
IN THE LOCAL MODEL

Here we record the exact expressions for both the
gravitational phases and decoherence rates that enter the
entanglement witness calculation in the local model in
Sec. III C. The complications here arise from the fact that
experiments can plausibly probe regimes where super-
positions δx=a≳ 1 and δx ≈ d. In the former case, in
particular, the local model predicts small deviations from an
exact 1=r potential, as in Eq. (27).
From the form of the Lindblad operators in Eq. (47)

we obtain

ρLL;RL ¼ e−iϕRL

4
e−Γ0Δt; ρLR;RR ¼ eiϕLR

4
e−Γ0Δt;

ρLR;RL ¼ eiðϕRL−ϕLRÞ

4
e−ΓþΔt; ρLL;RR ¼ 1

4
e−Γ−t; ðD1Þ

where the phases are

ϕRL ¼ GNm2

�
sðd − δxÞ
d − δx

−
sðdÞ
d

�
;

ϕLR ¼ GNm2

�
sðdþ δxÞ
dþ δx

−
sðdÞ
d

�
; ðD2Þ

and the decay rates are

Γ0 ¼
π2κ

a4
m2L4

�
1 − πa

sðδxÞ
δx

�
;

Γ� ¼ 2π2κ

a4
L4m2 ×

��
1 − πa

sðδxÞ
δx

�
� πa

2

�
sðdþ δxÞ
dþ δx

þ sðd − δxÞ
d − δx

− 2
sðdÞ
d

��
: ðD3Þ

The function sðxÞ ¼ 1 − ð2=πÞ arctanð2a=xÞ was defined
in Eq. (34) and κ ≡ ½ðσ�γthÞ=ð4T2Þ� þ ½2=ðγthÞ�σ�ðσ� − 1Þ2.
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The minimal decoherence, shown in Fig. 6, happens at
κmin ¼

ffiffiffi
2

p
GNa3=ðπ3L4Þ where we used Eq. (35). From

Eqs. (D1) and (69) we finally obtain

jhWij ¼ 1

2
je−ΓþΔt cosðϕLR − ϕRLÞ − e−Γ−Δt

þ e−Γ0ΔtðcosϕRL − cosϕLRÞj; ðD4Þ

which is the formula shown in Eq. (77).
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