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Abstract:

It has been conjectured that the gravitational interaction may arise as an entropic force rather than as a result of virtual quanta
exchange of a fundamental field. In this talk | will present a set of microscopic quantum models which realize this idea in detail. |
will describe a simple mechanism by which Newton’s law of gravity arises from the extremization of the free energy of a
collection of qubits. | will show both a local and non-local model version of the construction and discuss how to distinguish these
entropic models from ordinary perturbative quantum gravity using existing observations and near term experiments. Based on
2502.17575 with Daniel Carney, Thilo Scharnhorst, Roshni Singh and Jacob M. Taylor.
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Motivation

« Jacobson (1995) derived Einstein’s equation G,, = 8mGyT,;, from the "first
law” of Rindler horizons dQ = TdS.

« Verlinde (2011) derived Newton'’s law of gravitation as an “entropic force”
using holographic arguments.

Our motivation is:

* Find a phenomenological model of entropic gravity that we can test in
tabletop quantum gravity experiments.

- Newtonian gravity is “sufficient’ in this context.
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Basic idea

Perturbative Quantum Gravity Entropic Gravity

Thermalized

@ fm @ mediator

virtual graviton exchange /
L3

) Lindblad equation:

_ i
ps=—3 |Hest, ps| + L(ps)

Von-Neumann pS —
equation h

[H N Ps]

2 2
The Hamittonianis:  fr — P1 -+ L + VN ent We still recover the entangling Newtonian

2my - 2my interaction H.rr = H. (surprise No.1)
The Newtonian gravitational _ Gymimy The Lindbladian part £(p) is
interaction Vy entangles the "N — ™ X1 — Xs| responsible for decoherence of
masses. spatial superpositions and noise in
the gravitational force.
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Analogy with the ideal gas

bath

Pair of pistons

Ideal gas

Bath at temperature T
Force on the pistons.

Thermalized
mediator

Pair of massive bodies (S)
Many body mediator (M)
Bath at T (B)

Newtonian force

Note the microscopic dynamics of S+M+B are unitary # = Hs + Hy + Vsyu + Hg + Vb
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Main message

* Proof of concept: We have constructed a set of quantum
mechanical models where Newtonian gravity arises as an entropic
force.

* Both models predict new effects compared to standard perturbative
quantum gravity. These effects include:

- Gravitational noise
- Decoherence of spatial superpositions
- Friction

- Past/future experiments can constrain, or even rule out, these
models.
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Outline

|deal gas law as an entropic force

Present non-local/local models and derive the Newtonian force.

L3

Explain the detailed quantum dynamics

Experiments: predictions/constraints

Comments/future directions.
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Toy model: Ideal gas law as an entropic force

The free energy of the gas is : Agas(Z) = Ugas(T) — T'Sgas()
The free energy is a function of the piston’s distance. How to
find it?

The thermal energy Energy Ugas($) = NkpT is
position independent . (N = number of atoms)

For the entropy we have the 3Sgas($) kg N
Sackur—'l;etrode (ST) formula: =

or

The system is entropically driven toward the minimum free

j : 0
energy by the entropic force: Fiherm © = ——xAgas(m)

0
+ Tasgas The pistons feel an

&c/. effective repulsive

1
force ~-.
X
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Q: Can we do something analogous and recover

Gymim
Newton’s Aight

X gravitational force law?

A: Yes. | will describe this next.

Many body
/ mediator \

@- &
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Non-local model

In the non-local model the mediator consists of a collection of qubits

labeled by a=1,2,3,....

* The Hamiltonian of each qubit depends the relative position of the
masses X = X3 — Xz2. (hence the name non-local)

Vsm = Zwa(x)Na: Ny = |1>a< |a

* The frequencies are taken to have linear spectrum:
L3
wa(x) = f(X)Q 2
where f(x) is unspecified for now.

« We treat as an external c-number for now. We will promote itto a
quantum dof later.

* We will compute the free energy of the qubit-mediators assuming
they are thermalized at temperature T.
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Non-local model

The free energy A of the mediator qubits at temperature T is:
Thermal

stateat T

A=-TinZ, Z=]][1+e®] wx) = f(x)a

To compute convert the sum to an integral >, = [ da = [ dw/f(x)

We find: -
* dw ™ T

A=-T —Z In(l4e“/T)y=_"__
) Teo ™ )= "2

Thus, the two rﬁasses feel an
effective force:

2 9 1
Fth == —VA = ET \Y% (m)
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Non-local model
2 _, 1 B w2 T2
Fp,=-VA= ET V(m) ) A= _ﬁﬁ . |
1 2 erma

Letus choose 7y = A+ ] » With A, ¢ some microscopic stateat T

parameters of the model.

We find the two masses feel an effective Newtonian force:

X X
— = —Gymimy—
x[? M2 | x[2

2
T
Fy = ——T2¢2
th 19

k

i 2 2

—T40* = Gymimy
12
* We say that Gy “emerges” from the microscopic

parameters T, £.

where we identified

* Eqg. (1) fixes two free parameters in our model in terms
of Gy and the two masses mq, m, .
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Local model

It is natural to ask: Is there a local version of the model?

Einstein gravity is local. Might be helpful step towards deriving GR this
way.

Yes there is.

The many-body mediator is still a collection of qubits.
The qubits are now placed on a 3D lattice of spacing a .

The frequency of each qubit decreases the further away it is located
from the massive body.

Gymim,

We again find the free energy for two masses is A = const. — ix]
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/ Vsum
bath

[4

We want to find effective dynamics of the masses (S).

System (S)

L3
We can do this assuming the masses are “slowly moving”.

In the piston-gas system imagine the pistons move slowly such the gas self thermalizes to
the instantaneous position of the pistons.

In this adiabatic regime we can trace out both the bath and mediator (),

('Wang-Taylor (2016)
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Lindblad for the masses

i € @

ps = = [Ho, ps] + L(ps)

System (S

H = p% + p% . Glem2
¢ le ng |X1 = X2|
L(ps) = Y KoxpsKl . — %Z {Kl,:tKa,:t’ Ps}
a,t a,+

1
Koy =Cfi(wa(x) , Ka_ Zf_(wa(x)) ,where ( is dimensionless
microscopic parameter ~ mediator
thermalization rate/T.

The ¢ and % structure implies minimal
decoherence rate/noise for some (,.
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Experimental predictions/constraints

, 1
ps = 7 [Heffap] "‘
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Decoherence of spatial superpositions

1 / e xf
%) = NG [x1) ® (Ix2) + [x3)) 5xT o [x2)

Q |X2)

p(x,x',t) = e Tt p(x, x', 0)

k

dx? Gnmimy

Ugrav e d

Ugray
I' = (C + I/C)(l e (Aﬁ)/Ugrav) d2 )

For example atom interferometers at
Berkeley, Stanford, Fermilab, Europe, China
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Decoherence of spatial superpositions

Constraints on non-local model

106

104

1072
104
&
107° I~ (C+1/¢)
10715 10713 alogte 10-2 1077
AT? ())
Parameter space excluded by experiments(!) using cesium atoms m ; = 133
GeV held in spatial superposition at a scale §x = 0.5 m above the earth, with
coherence time ~seconds. Shaded region corresponds to T' > 1 Hz.

Ugrav dx? G ymyms

Ugrav ==

(L A2 ) 2 d

(Hogan et al (2015)
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Entanglement generation between masses

Proposed by Bose et al (2017) such experiments aim to test whether gravitational interaction can
entangle two massive bodies.

We prepare two masses in an initial product state:

[%(0)) = % (IL) + |R)) ® (IL) + |R))

We let the two masses fall for At . In ordinary
perturbativg quantum gravity the state evolves
into an entangled state:

[$(A0) = 5 (ILL) + R |LR) + €4nt |RL) + |RR))

To quantify this we can use the entanglement witness operator W = X1 ® Z; + Y1 ® Y
in the basis [0) :=|L) , 1) :=[R)
If you measure | (W) | > 1 then the state is definitely entangled (Terhal 20).
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Entanglement generation between masses
.~ —Perurbative quantum
Entropic non-local AT?> =0
Entropic non-local A7% = 2 | Ugrav |1 (surprise No.2)

- - Entropic local a = 10™* m |
Entanglement threshold |

—
=

e~
A Y
S
=
S

o
X3,

0.0 #
00 02 04
t (sec)
Plot!) for my = m, = 10~1* Kg, §x = 250 um , d = 450 um. (WBose et al (2017)
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Comments

Could this actually work?

A relativistic version of such construction (recover GR) is crucial.

Our point of view:

Entropic gravity is phenomenologically relevant for tabletop gravity
experiments.
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Future directions

* Non-local model: 4 — oo limit?
» Self-thermalizing qubits?

* Interaction between qubits. Can we get waves?

L3
* |s there some generic classification of such entropic models?

» Beyond gravity : Could we see the effective “piston dynamics” in the
lab?
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Thank you!
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