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Is gravity quantum?
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NEUTRONS IN GRAVITATIONAL BOUND STATES
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SUMMARY OF EXPERIMENTAL EVIDENCE

Newtonian gravity

• neutrons fall [e.g. Nature 415, 297 (2002)]
• vertical interferometers have gravity-dependent phase shift [PRL 34, 1472 (1975)]
• atomic gravimeters [e.g. Nature 400, 849 (1999)]

General relativity

• gravitational redshift [e.g. PRL 4, 337 (1960)]
• atomic clocks tick differently at different heights [e.g. Science 177, 168 (1972)]
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All explained by classical gravity.



IDEA FOR EXPERIMENT INDICATING QUANTUM GRAVITY

gravitymass mass

A BC
HAC HBC



EXEMPLARY APPLICATIONS OF THE METHOD

Opto-mechanics

PRL 119, 120402 (2017)

Quantum bio

NPJQI 4, 60 (2018)

Non-commutativity

PRA 98, 052321 (2018)



OTHER WORKS: CONCRETE SETUP + NON-QUANTUM THEORY
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ENTANGLEMENT A:B INDICATES DISCORDED MEDIATOR

time
0 𝜏

EA:B(𝜏) > EA:B(0) then DAB|C(t)>0

If there is no entanglement initially:

[ note minimalistic assumptions about C and its couplings ]



NON-CLASSICALITY = DISCORD = COHERENCE
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c
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These must be orthogonal

There must be non-orthogonal states of C 
By operating on A and B one can prepare them

Chitambar, Streltsov, Rana, Bera, Adesso, Lewenstein, PRL 116, 070402 (2016)



WARNING: INITIAL STATE IS IMPORTANT

It is possible to localise initial entanglement 
A:BC to subsystem A:B via classical C.
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Concrete setup



GRAVITY IN OPTO-MECHANICS

Cool down close to ground state 
Turn off lasers: gravity + noise + Casimir 
Probe entanglement



HAMILTONIAN
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A and B are directly coupled. 
Previous theory not applicable 
Incorrect coupling: instantaneous interactions 
For two nearby objects very good approximation 
Conditions for entanglement the same as with mediator

Each oscillator is spherical.



FIGURE OF MERIT

Energy shift Local terms Possibility of entanglement

In order to generate appreciable entanglement the last term 
needs to be comparable to the energy of each oscillator.

1

⇢AB(0) (1)

⇢AB(⌧) (2)

HAB (3)

HAC +HBC (4)

⇢ABC(0) (5)

⇢ABC(⌧) (6)

�' =
tV

~ (7)

t =
l

v
=

ml

p
=

ml�

h
(8)

V = mgH sin ✓ (9)

�' =
2⇡m2

glH� sin ✓

h2
(10)

� Gm
2

r + (xB � xA)
(11)

� Gm
2

L+ (x̂B � x̂A)
= �G

m
2

L

✓
1� x̂A � x̂B

L

◆�1

(12)

' �G
m

2

L

✓
1 +

x̂A � x̂B

L
+

(x̂A � x̂B)2

L2

◆
(13)

1

⇢AB(0) (1)

⇢AB(⌧) (2)

HAB (3)

HAC +HBC (4)

⇢ABC(0) (5)

⇢ABC(⌧) (6)

�' =
tV

~ (7)

t =
l

v
=

ml

p
=

ml�

h
(8)

V = mgH sin ✓ (9)

�' =
2⇡m2

glH� sin ✓

h2
(10)

� Gm
2

r + (xB � xA)
(11)

� Gm
2

L+ (x̂B � x̂A)
= �G

m
2

L

✓
1� x̂A � x̂B

L

◆�1

(12)

' �G
m

2

L

✓
1 +

x̂A � x̂B

L
+

(x̂A � x̂B)2

L2

◆
(13)

2

Gm
2(xA � xB)2

L3~! ⇠ Gm

!2L3
(14)

Emax ⇡ 2Gm

!2r3
⌘ ⌘ (15)

Emax ⇡ |r1 + r2| (16)

r1, r2 � ⌘ (17)

⌘ = 10�4 (18)

Emax ⇡ ⌘ � ln(1 + 2n̄) (19)

Emax ⇡ |r1 + r2|� ln(1 + 2n̄) (20)

EPFA = � ⇡
3

1440

~cR
(r � 2R+ (xB � xA))2

(21)

L = r � 2R ⌘ 0.1R (22)

' � ⇡
3

1440

~cR
L2

✓
1 + 2

xA � xB

L
+ 3

(xA � xB)2

L2

◆
(23)

⇣
3⇡3~cR
1440L4

⌘

�
Gm2

r3

� ⇡ 3⇥ 10�12 1

m2
(24)

�f

f
=

gh

c2
= 2.46⇥ 10�15 (25)

tmove

trest
=

r
1� v2

c2
' 1� v

2

2c2
(26)

v = r! (27)

v = r! + vp (28)



MAXIMUM ENTANGLEMENT AND ENTANGLING TIME

Analytical solution to the amount of logarithmic negativity.
Assumptions: (i) gravitational interaction up to the second order 

(ii) small figure of merit

Starting with ground state:
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MAXIMUM ENTANGLEMENT AND ENTANGLING TIME

Starting with squeezed vacuum (each oscillator independently):

for
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MAXIMUM ENTANGLEMENT

Starting with thermal state:
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Starting with squeezed thermal state:

As expected temperature kills entanglement.

Example: for eta = 0.01, no entanglement for n > 0.005.
Hence squeezing is important.

With highest achieved squeezing, s =1.7, no entanglement for n > 14.
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Can such experiment be done? 



OSMIUM OSCILLATORS

Set L = 2.1 R

(mass independent)

(with Osmium density)

Conclusion: eta ~ 0.01 requires omega ~ 0.01 Hz 
                  eta ~ 0.0001 requires omega ~ 0.1 Hz



THE LIGO EXPERIMENTS

Mirror: 10.8 kg 
Frequency: 0.74 Hz 
Q factor: 100



WITH BROWNIAN MOTION
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CASIMIR FORCES BETWEEN MACROSCOPIC OBJECTS

R = 4 cm
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CASIMIR IRRELEVANT FOR ENTANGLEMENT

Expand Casimir energy:

Energy shift Local terms Entanglement

Comparison of entangling Casimir and gravitational terms:
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CONCLUSIONS

We need an experiment with an outcome indicating 
non-classical features of gravity.

Gravity as mediator of entanglement is a possibility.

We provided parameters that are necessary to achieve this for 
a system of two massive spherical oscillators. LIGO mirrors 
sound okish, but long coherence time is especially demanding.



TODOS

Quantitative statements:
How much discord / coherence / … is needed for entanglement gain?
How much non-commutativity is needed for entanglement gain?

Witnesses of direct / indirect interactions:
Is there a way of proving experimentally that these was (no) mediator?


