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Weyl Gravity: Finite Derivative Theories

Utiyama (1961), De Witt (1961),  Stelle (1977)
t’Hooft, Veltman (1974)
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Quadratic Curvature Gravity is renormalizable, 
but contains “Ghosts”: Vacuum is Unstable

Weyl term does not 
introduce singularities

S =

Z p
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If ↵ = 0, Asymptotic safety
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The Weyl ghost mass goes to infinity.
This is not Asymptotically free theory, this 
has cosmological & blackhole singularities



Note on Singularity
Finite derivative theory always has a point support

xn�n(x) = (�1)nn!�(x)
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Infinite derivatives  acting on a delta source does not have 
any point support
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A point becomes a blob

Non-locality is the key for any for of Quantum Gravity

hep-th/0508194,  JCAP (2006), 1804.08195 [gr-qc]
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Most general action of gravity in 4d

Unknown Infinite Functions of Covariant 
Derivatives

All possible terms allowed by 
diffeomorphism symmetry!

Let us study up to the quadratic curvature part …
1) We can show that it is ghost free
2) We can also show that the gravitational interaction 
weakens sufficiently not to form a singularity
3) Gravity becomes asymptotically free

Biswas, Mzumdar, Siegel, JCAP (2005),  
Biswas,  Gerwick,  Koivisto,  Mazumdar, Phys. Rev. Lett. (2012)   (gr-qc/1110.5249)
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Perturbative Unitarity in Infinite Derivative Gravity
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Demand no extra poles other 
than massless graviton’s, 

means:

a(k2) = ek
2/M2

s

a(k2) = e�(k
2)
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Entire Function

Simplest choice:
1110.5249 [gr-qc],  PRL (2012)



Biswas,  AM,  Siegel  (2006) JCAP,        Biswas, Gerwick, Koivisto, AM  (2012) Phy. Rev. Lett.
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Massless Graviton, massless spin-2 and spin-0 components propagate

Infinite derivative Gravity action around 
Minkowski

A Bk < Ms k � Ms

With the help of the earlier constraints: 



Ghost Free & Singularity Free Gravity
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Biswas, Mzumdar, Siegel, JCAP (2005),  
Biswas,  Gerwick,  Koivisto,  Mazumdar, Phys. Rev. Lett. (2012)   (gr-qc/1110.5249)
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Thus, we finally conclude that provided (17) is satisfied, the k2 = 0 pole just describes the physical graviton state, the
negative ghost-like residue of the scalar propagator has precisely the coefficient to cancel the unphysical longitudinal
degrees of freedom in the spin-2 part [40]. Secondly, the condition that the theory be ghost free boils down to simply
requiring that a(!) is an entire function, and a(!) − 3c(!) has at most a single zero, the corresponding residue at
the pole would necessarily have the correct sign, this is in fact what happens in the simple F (R) gravity models.
If further one does not want to introduce any extra degrees of freedom, one is left with only a single arbitrary entire

function, a(!):

a(!) = c(!) ⇒ 2F1(!) + F2(!) + 2F3(!) = 0 (19)

While several different F ’s can satisfy the above relation, a particularly simple class which mimics the stringy gaussian
nonlocalities is given by

a(!) = e−
!

M2 and F3 = 0 ⇒ F1(!) =
e−

!
M2 − 1

! = −F2(!)

2
(20)

leading to a ghost free action of the form:
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]
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]
(21)

By construction the above action contains only the graviton as physical degrees of freedom as in GR, but contains an
exponentially damped propagator in the UV which, as we shall now argue, can have profound consequences for the
gravitational singularities.

III. BEYOND QUADRATIC CURVATURE TERMS

Is there a way to extend the above algorithm to include terms which are higher than quadratic in curvatures?
We know that the classical background space-time responds to the matter content of the universe, and one would
imagine that a truly consistent theory of gravity should be free from ghosts and other instabilities around any such
realizable background. This in fact would be a way to impose further restrictions on the allowed terms going beyond
the quadratic curvatures. While analyzing the issue of ghosts and instabilities around arbitrary classical backgrounds
is well beyond the present scope, (anti)de Sitter space-times serves as a relatively tractable playground. For instance,
the facts that the Weyl tensor vanishes on (A)dS space-times, that the Ricci tensor is proportional to the metric, and
finally that the metric is always annihilated by covariant derivatives, allow one to limit oneself to only actions of the
form [30]
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R

2
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]
(22)

while studying fluctuations.
To get an idea about how the higher curvatures may enter the arena, let us consider a simple subclass of the above

action which is a generalization of the stringy nonlocal gravity action (21):
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with

α1(0) = α2(0) = 1 , (24)

so that the action is equivalent to (21) as far as the fluctuations around the Minkowski space-time (Λ = 0) is concerned.
Now, in order to have a consistent (A)dS vacuum we need to make sure that the linear variation of the action

around the (A)dS metric, ḡµν :

gµν = ḡµν + hµν , (25)

vanishes. Since

R̄µν = λḡµν ; R̄ = 4λ and ∇̄µḡνρ = 0 (26)

Interaction becomes Non-Local

mM < M2
p
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Conformally flat: Weyl vanishes, and Kretschmann is 
finite

[arXiv:1802.00399 [gr-qc]]

Such non-local objects could be BHs
provided linear solution is promoted 

all the way to non-linear level.
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Quadratic curvature Infinite derivative 
Gravity is sufficient 

4

Thus, we finally conclude that provided (17) is satisfied, the k2 = 0 pole just describes the physical graviton state, the
negative ghost-like residue of the scalar propagator has precisely the coefficient to cancel the unphysical longitudinal
degrees of freedom in the spin-2 part [40]. Secondly, the condition that the theory be ghost free boils down to simply
requiring that a(!) is an entire function, and a(!) − 3c(!) has at most a single zero, the corresponding residue at
the pole would necessarily have the correct sign, this is in fact what happens in the simple F (R) gravity models.
If further one does not want to introduce any extra degrees of freedom, one is left with only a single arbitrary entire

function, a(!):

a(!) = c(!) ⇒ 2F1(!) + F2(!) + 2F3(!) = 0 (19)

While several different F ’s can satisfy the above relation, a particularly simple class which mimics the stringy gaussian
nonlocalities is given by

a(!) = e−
!

M2 and F3 = 0 ⇒ F1(!) =
e−

!
M2 − 1

! = −F2(!)

2
(20)

leading to a ghost free action of the form:

S =

∫
d4x

√
−g

[
R

2
+R

[
e

−!
M2 − 1

!

]
R− 2Rµν

[
e−

!
M2 − 1

!

]
Rµν

]
(21)

By construction the above action contains only the graviton as physical degrees of freedom as in GR, but contains an
exponentially damped propagator in the UV which, as we shall now argue, can have profound consequences for the
gravitational singularities.

III. BEYOND QUADRATIC CURVATURE TERMS

Is there a way to extend the above algorithm to include terms which are higher than quadratic in curvatures?
We know that the classical background space-time responds to the matter content of the universe, and one would
imagine that a truly consistent theory of gravity should be free from ghosts and other instabilities around any such
realizable background. This in fact would be a way to impose further restrictions on the allowed terms going beyond
the quadratic curvatures. While analyzing the issue of ghosts and instabilities around arbitrary classical backgrounds
is well beyond the present scope, (anti)de Sitter space-times serves as a relatively tractable playground. For instance,
the facts that the Weyl tensor vanishes on (A)dS space-times, that the Ricci tensor is proportional to the metric, and
finally that the metric is always annihilated by covariant derivatives, allow one to limit oneself to only actions of the
form [30]

S =

∫
d4x

√
−g

[
R

2
+ α0(R,Rµν) + α1(R,Rµν)RF1(!)R+ α2(R,Rµν)RµνF2(!)Rµν + α3(R,Rµν)CµνλσF3(!)Cµνλσ

]
(22)

while studying fluctuations.
To get an idea about how the higher curvatures may enter the arena, let us consider a simple subclass of the above

action which is a generalization of the stringy nonlocal gravity action (21):

S =

∫
d4x

√
−g

[
R

2
+ α1(R)R

[
e−

!
M2 − 1

!/M2

]
R− 2α2(R)Rµν

[
e−

!
M2 − 1

!/M2

]
Rµν − Λ

]
(23)

with

α1(0) = α2(0) = 1 , (24)

so that the action is equivalent to (21) as far as the fluctuations around the Minkowski space-time (Λ = 0) is concerned.
Now, in order to have a consistent (A)dS vacuum we need to make sure that the linear variation of the action

around the (A)dS metric, ḡµν :

gµν = ḡµν + hµν , (25)

vanishes. Since

R̄µν = λḡµν ; R̄ = 4λ and ∇̄µḡνρ = 0 (26)

Bouncing Universe

Non-singular Blackhole

mM < M2
p
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gµ⌫ = ⌘µ⌫ + hµ⌫
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hµ⌫ < ⌘µ⌫
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In the entire spacetime manifold

Higher curvature terms, such as cubic, quartic, and …. terms will give even smaller 
contributions ! 



Testing Quantum Aspects of 
Linearized Gravity in a Lab

Anupam Mazumdar

Van Swinderen Institute,  University of Groningen

Bose + AM + Morley + Ulbricht + Toros + Paternostro + Geraci + Barker + Kim + Milburn,   
Phy. Rev. Lett.  [ArXiv: 1707.06050]

Marshman +AM+Bose, [ArXiv: 1907.01568]  

See Also:     Marletto and Vedral appeared on the same day [1707.06036],  Phys. Rev. Lett.

Quantum superpositions of geometries



Levels of Excitements …
Can we put a graviton in a quantum 

superposition? 

Can we study coalescing atoms, and see the 
loss of gravitons ( quantized ) in a 

laboratory? 

Can we witness quantum entanglement 
due to gravitons ?

Lively discussions with Markus Aspelmeyers & Anton Zeilinger  on these issues in Vienna 



COW Experiment
Bouncing 

Cold neutron

Gravitational Induced Phase is Detectable !

MIMAC

�� ⇠ i
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~
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around Earth’s gravitational potential



A. Ashoorioon, P. S. Bhupal Dev and  A. Mazumdar,
  ``Implications of purely classical gravity for inflationary tensor modes,''
    [arXiv:1211.4678 [hep-th]].

 L. M. Krauss and F.  Wilczek,
  ``Using Cosmology to Establish the Quantization of Gravity,''
    [arXiv:1309.5343 [hep-th]].

Shaking the Box: Gravitational Waves

Caution!

Positive Detection of a B-mode 
polarization by BICEP (2013)

But the origin was not found to 
be primordial in nature. 

Initial Conditions;   Classical or Quantum?

Mere presence of      is not sufficient to say that gravity is quantum !~
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Quantum Scattering  



Quantum Mechanics  —> Quantum Field Theory  

On-shell ( Follows Classical Equations of Motion ): 
Off-shell does not follow Classical Equations of Motion

E2 = (pc)2 + (mc2)2
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Could we test quantum-ness of a 
mediator?

Entanglement and Decoherence are two sides of the same coin

What this 
means? 

Mediator/interaction 
 is Classical or Quantum?

We will not be able to falsify Action at a Distance 



Quantum Superposition

A manifestation of an off-shell process
Beam Splitter: Essential to Create Superposition of States



Superposition of Metric  

Very familiar 
in experiments 

The	Superposi,on	Principle	Underpins	Quantum	Mechanics	

If		you	decohere	(kill	superposi,ons)	nonclassical	features	of	quantum	mechanics	go	away.	
Even	old	quantum	mechanics:	the	right	difference	between	energy	levels	obtained	only		
through	a	superposi,on	of	localized	states.			

Off-shellness  is critical  
even before creating 

superposition of 
macroscopic objects  

in a lab!!

Localization of 2 distinct 
classical paths

How do we know that the Gravity is Quantum?

Gµ⌫ = 2hTµ⌫i
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Local Operations & Classical 
Communication (LOCC)

LOCC keeps Separable state remains Separable ( Cannot 
create entanglement ) Bennett, et.al, (1996)

Review by Plenio+Virmani (2006)

• It is impossible to generate/
increase entanglement 
between A and B by local 
operations and classical 
communications



Quantum-ness of a mediator

Graviton as an Off-shell/Virtual mediator

Virtual communication  
or Quantum 

communication via  
off shell mediator

Local coupling
Local coupling

⇧(k2) ⇠ P (2)

k2
� P (0)

2k2
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V ⇠ 1
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<latexit sha1_base64="hgJ4I8L/AF1XXvpG0efQiP01iNw=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9Fjw4rGi/YAmlM120y7d3YTdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXpZxp43nfztr6xubWdmWnuru3f3DoHtU6OskUoW2S8ET1IqwpZ5K2DTOc9lJFsYg47UaTm5nffaRKs0Q+mGlKQ4FHksWMYGOlgVvroEAzgYJYYZL7Ra6KgVv3Gt4caJX4JalDidbA/QqGCckElYZwrHXf91IT5lgZRjgtqkGmaYrJBI9o31KJBdVhPr+9QGdWGaI4UbakQXP190SOhdZTEdlOgc1YL3sz8T+vn5n4OsyZTDNDJVksijOOTIJmQaAhU5QYPrUEE8XsrYiMsU3B2LiqNgR/+eVV0rlo+F7Dv7usN+/LOCpwAqdwDj5cQRNuoQVtIPAEz/AKb07hvDjvzseidc0pZ47hD5zPH5uNlDY=</latexit><latexit sha1_base64="hgJ4I8L/AF1XXvpG0efQiP01iNw=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9Fjw4rGi/YAmlM120y7d3YTdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXpZxp43nfztr6xubWdmWnuru3f3DoHtU6OskUoW2S8ET1IqwpZ5K2DTOc9lJFsYg47UaTm5nffaRKs0Q+mGlKQ4FHksWMYGOlgVvroEAzgYJYYZL7Ra6KgVv3Gt4caJX4JalDidbA/QqGCckElYZwrHXf91IT5lgZRjgtqkGmaYrJBI9o31KJBdVhPr+9QGdWGaI4UbakQXP190SOhdZTEdlOgc1YL3sz8T+vn5n4OsyZTDNDJVksijOOTIJmQaAhU5QYPrUEE8XsrYiMsU3B2LiqNgR/+eVV0rlo+F7Dv7usN+/LOCpwAqdwDj5cQRNuoQVtIPAEz/AKb07hvDjvzseidc0pZ47hD5zPH5uNlDY=</latexit><latexit sha1_base64="hgJ4I8L/AF1XXvpG0efQiP01iNw=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9Fjw4rGi/YAmlM120y7d3YTdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXpZxp43nfztr6xubWdmWnuru3f3DoHtU6OskUoW2S8ET1IqwpZ5K2DTOc9lJFsYg47UaTm5nffaRKs0Q+mGlKQ4FHksWMYGOlgVvroEAzgYJYYZL7Ra6KgVv3Gt4caJX4JalDidbA/QqGCckElYZwrHXf91IT5lgZRjgtqkGmaYrJBI9o31KJBdVhPr+9QGdWGaI4UbakQXP190SOhdZTEdlOgc1YL3sz8T+vn5n4OsyZTDNDJVksijOOTIJmQaAhU5QYPrUEE8XsrYiMsU3B2LiqNgR/+eVV0rlo+F7Dv7usN+/LOCpwAqdwDj5cQRNuoQVtIPAEz/AKb07hvDjvzseidc0pZ47hD5zPH5uNlDY=</latexit><latexit sha1_base64="hgJ4I8L/AF1XXvpG0efQiP01iNw=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9Fjw4rGi/YAmlM120y7d3YTdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXpZxp43nfztr6xubWdmWnuru3f3DoHtU6OskUoW2S8ET1IqwpZ5K2DTOc9lJFsYg47UaTm5nffaRKs0Q+mGlKQ4FHksWMYGOlgVvroEAzgYJYYZL7Ra6KgVv3Gt4caJX4JalDidbA/QqGCckElYZwrHXf91IT5lgZRjgtqkGmaYrJBI9o31KJBdVhPr+9QGdWGaI4UbakQXP190SOhdZTEdlOgc1YL3sz8T+vn5n4OsyZTDNDJVksijOOTIJmQaAhU5QYPrUEE8XsrYiMsU3B2LiqNgR/+eVV0rlo+F7Dv7usN+/LOCpwAqdwDj5cQRNuoQVtIPAEz/AKb07hvDjvzseidc0pZ47hD5zPH5uNlDY=</latexit>
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Tµ⌫
<latexit sha1_base64="VqTeXBJ2V5nw72HAq8RGt93KEPo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLgxmXFvqCJZTKdtENnJmEeSon5FDcuFHHrl7jzb5y2WWjrgQuHc+7l3nuilFGlPe/bKa2tb2xulbcrO7t7+wdu9bCjEiMxaeOEJbIXIUUYFaStqWakl0qCeMRIN5pcz/zuA5GKJqKlpykJORoJGlOMtJUGbjULJIet+yzgBgbC5PnArXl1bw64SvyC1ECB5sD9CoYJNpwIjRlSqu97qQ4zJDXFjOSVwCiSIjxBI9K3VCBOVJjNT8/hqVWGME6kLaHhXP09kSGu1JRHtpMjPVbL3kz8z+sbHV+FGRWp0UTgxaLYMKgTOMsBDqkkWLOpJQhLam+FeIwkwtqmVbEh+Msvr5LOed336v7tRa1xV8RRBsfgBJwBH1yCBrgBTdAGGDyCZ/AK3pwn58V5dz4WrSWnmDkCf+B8/gAyEpQA</latexit><latexit sha1_base64="VqTeXBJ2V5nw72HAq8RGt93KEPo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLgxmXFvqCJZTKdtENnJmEeSon5FDcuFHHrl7jzb5y2WWjrgQuHc+7l3nuilFGlPe/bKa2tb2xulbcrO7t7+wdu9bCjEiMxaeOEJbIXIUUYFaStqWakl0qCeMRIN5pcz/zuA5GKJqKlpykJORoJGlOMtJUGbjULJIet+yzgBgbC5PnArXl1bw64SvyC1ECB5sD9CoYJNpwIjRlSqu97qQ4zJDXFjOSVwCiSIjxBI9K3VCBOVJjNT8/hqVWGME6kLaHhXP09kSGu1JRHtpMjPVbL3kz8z+sbHV+FGRWp0UTgxaLYMKgTOMsBDqkkWLOpJQhLam+FeIwkwtqmVbEh+Msvr5LOed336v7tRa1xV8RRBsfgBJwBH1yCBrgBTdAGGDyCZ/AK3pwn58V5dz4WrSWnmDkCf+B8/gAyEpQA</latexit><latexit sha1_base64="VqTeXBJ2V5nw72HAq8RGt93KEPo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLgxmXFvqCJZTKdtENnJmEeSon5FDcuFHHrl7jzb5y2WWjrgQuHc+7l3nuilFGlPe/bKa2tb2xulbcrO7t7+wdu9bCjEiMxaeOEJbIXIUUYFaStqWakl0qCeMRIN5pcz/zuA5GKJqKlpykJORoJGlOMtJUGbjULJIet+yzgBgbC5PnArXl1bw64SvyC1ECB5sD9CoYJNpwIjRlSqu97qQ4zJDXFjOSVwCiSIjxBI9K3VCBOVJjNT8/hqVWGME6kLaHhXP09kSGu1JRHtpMjPVbL3kz8z+sbHV+FGRWp0UTgxaLYMKgTOMsBDqkkWLOpJQhLam+FeIwkwtqmVbEh+Msvr5LOed336v7tRa1xV8RRBsfgBJwBH1yCBrgBTdAGGDyCZ/AK3pwn58V5dz4WrSWnmDkCf+B8/gAyEpQA</latexit><latexit sha1_base64="VqTeXBJ2V5nw72HAq8RGt93KEPo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLgxmXFvqCJZTKdtENnJmEeSon5FDcuFHHrl7jzb5y2WWjrgQuHc+7l3nuilFGlPe/bKa2tb2xulbcrO7t7+wdu9bCjEiMxaeOEJbIXIUUYFaStqWakl0qCeMRIN5pcz/zuA5GKJqKlpykJORoJGlOMtJUGbjULJIet+yzgBgbC5PnArXl1bw64SvyC1ECB5sD9CoYJNpwIjRlSqu97qQ4zJDXFjOSVwCiSIjxBI9K3VCBOVJjNT8/hqVWGME6kLaHhXP09kSGu1JRHtpMjPVbL3kz8z+sbHV+FGRWp0UTgxaLYMKgTOMsBDqkkWLOpJQhLam+FeIwkwtqmVbEh+Msvr5LOed336v7tRa1xV8RRBsfgBJwBH1yCBrgBTdAGGDyCZ/AK3pwn58V5dz4WrSWnmDkCf+B8/gAyEpQA</latexit>
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<latexit sha1_base64="4oejNlQpVB1k9HD0nfIEhnWYHWU=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovUVUlE0GXBjcuKfUETwmQ6aYfOTMLMRAgh/oobF4q49UPc+TdO2yy09cCFwzn3cu89YcKo0o7zbVU2Nre2d6q7tb39g8Mj+/ikr+JUYtLDMYvlMESKMCpIT1PNyDCRBPGQkUE4u537g0ciFY1FV2cJ8TmaCBpRjLSRAruee5LDbpB7PG1CT6TNogjshtNyFoDrxC1JA5ToBPaXN45xyonQmCGlRq6TaD9HUlPMSFHzUkUShGdoQkaGCsSJ8vPF8QU8N8oYRrE0JTRcqL8ncsSVynhoOjnSU7XqzcX/vFGqoxs/pyJJNRF4uShKGdQxnCcBx1QSrFlmCMKSmlshniKJsDZ51UwI7urL66R/2XKdlnt/1Wg/lHFUwSk4AxfABdegDe5AB/QABhl4Bq/gzXqyXqx362PZWrHKmTr4A+vzB/9ilGM=</latexit><latexit sha1_base64="4oejNlQpVB1k9HD0nfIEhnWYHWU=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovUVUlE0GXBjcuKfUETwmQ6aYfOTMLMRAgh/oobF4q49UPc+TdO2yy09cCFwzn3cu89YcKo0o7zbVU2Nre2d6q7tb39g8Mj+/ikr+JUYtLDMYvlMESKMCpIT1PNyDCRBPGQkUE4u537g0ciFY1FV2cJ8TmaCBpRjLSRAruee5LDbpB7PG1CT6TNogjshtNyFoDrxC1JA5ToBPaXN45xyonQmCGlRq6TaD9HUlPMSFHzUkUShGdoQkaGCsSJ8vPF8QU8N8oYRrE0JTRcqL8ncsSVynhoOjnSU7XqzcX/vFGqoxs/pyJJNRF4uShKGdQxnCcBx1QSrFlmCMKSmlshniKJsDZ51UwI7urL66R/2XKdlnt/1Wg/lHFUwSk4AxfABdegDe5AB/QABhl4Bq/gzXqyXqx362PZWrHKmTr4A+vzB/9ilGM=</latexit><latexit sha1_base64="4oejNlQpVB1k9HD0nfIEhnWYHWU=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovUVUlE0GXBjcuKfUETwmQ6aYfOTMLMRAgh/oobF4q49UPc+TdO2yy09cCFwzn3cu89YcKo0o7zbVU2Nre2d6q7tb39g8Mj+/ikr+JUYtLDMYvlMESKMCpIT1PNyDCRBPGQkUE4u537g0ciFY1FV2cJ8TmaCBpRjLSRAruee5LDbpB7PG1CT6TNogjshtNyFoDrxC1JA5ToBPaXN45xyonQmCGlRq6TaD9HUlPMSFHzUkUShGdoQkaGCsSJ8vPF8QU8N8oYRrE0JTRcqL8ncsSVynhoOjnSU7XqzcX/vFGqoxs/pyJJNRF4uShKGdQxnCcBx1QSrFlmCMKSmlshniKJsDZ51UwI7urL66R/2XKdlnt/1Wg/lHFUwSk4AxfABdegDe5AB/QABhl4Bq/gzXqyXqx362PZWrHKmTr4A+vzB/9ilGM=</latexit><latexit sha1_base64="4oejNlQpVB1k9HD0nfIEhnWYHWU=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovUVUlE0GXBjcuKfUETwmQ6aYfOTMLMRAgh/oobF4q49UPc+TdO2yy09cCFwzn3cu89YcKo0o7zbVU2Nre2d6q7tb39g8Mj+/ikr+JUYtLDMYvlMESKMCpIT1PNyDCRBPGQkUE4u537g0ciFY1FV2cJ8TmaCBpRjLSRAruee5LDbpB7PG1CT6TNogjshtNyFoDrxC1JA5ToBPaXN45xyonQmCGlRq6TaD9HUlPMSFHzUkUShGdoQkaGCsSJ8vPF8QU8N8oYRrE0JTRcqL8ncsSVynhoOjnSU7XqzcX/vFGqoxs/pyJJNRF4uShKGdQxnCcBx1QSrFlmCMKSmlshniKJsDZ51UwI7urL66R/2XKdlnt/1Wg/lHFUwSk4AxfABdegDe5AB/QABhl4Bq/gzXqyXqx362PZWrHKmTr4A+vzB/9ilGM=</latexit>

⇧µ0⌫0

µ⌫
<latexit sha1_base64="xd/a+izt9Law3mC955VmFiKFn/E=">AAACCnicbVC7TsMwFHV4lvIKMLIYKlSmKkFIMFZiYSyCPqQmRI7rtFZtJ7IdpCpKVxZ+hYUBhFj5Ajb+BrfNAC1HsnTuOffq+p4wYVRpx/m2lpZXVtfWSxvlza3tnV17b7+l4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8mvjtByIVjcWdHiXE56gvaEQx0kYK7KPMkxx6DXqfeTytQk+k1TzIxuOxKU2R54FdcWrOFHCRuAWpgAKNwP7yejFOOREaM6RU13US7WdIaooZycteqkiC8BD1SddQgThRfjY9JYcnRunBKJbmCQ2n6u+JDHGlRjw0nRzpgZr3JuJ/XjfV0aWfUZGkmgg8WxSlDOoYTnKBPSoJ1mxkCMKSmr9CPEASYW3SK5sQ3PmTF0nrrOY6NffmvFK/LeIogUNwDE6BCy5AHVyDBmgCDB7BM3gFb9aT9WK9Wx+z1iWrmDkAf2B9/gC9Lpr9</latexit><latexit sha1_base64="xd/a+izt9Law3mC955VmFiKFn/E=">AAACCnicbVC7TsMwFHV4lvIKMLIYKlSmKkFIMFZiYSyCPqQmRI7rtFZtJ7IdpCpKVxZ+hYUBhFj5Ajb+BrfNAC1HsnTuOffq+p4wYVRpx/m2lpZXVtfWSxvlza3tnV17b7+l4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8mvjtByIVjcWdHiXE56gvaEQx0kYK7KPMkxx6DXqfeTytQk+k1TzIxuOxKU2R54FdcWrOFHCRuAWpgAKNwP7yejFOOREaM6RU13US7WdIaooZycteqkiC8BD1SddQgThRfjY9JYcnRunBKJbmCQ2n6u+JDHGlRjw0nRzpgZr3JuJ/XjfV0aWfUZGkmgg8WxSlDOoYTnKBPSoJ1mxkCMKSmr9CPEASYW3SK5sQ3PmTF0nrrOY6NffmvFK/LeIogUNwDE6BCy5AHVyDBmgCDB7BM3gFb9aT9WK9Wx+z1iWrmDkAf2B9/gC9Lpr9</latexit><latexit sha1_base64="xd/a+izt9Law3mC955VmFiKFn/E=">AAACCnicbVC7TsMwFHV4lvIKMLIYKlSmKkFIMFZiYSyCPqQmRI7rtFZtJ7IdpCpKVxZ+hYUBhFj5Ajb+BrfNAC1HsnTuOffq+p4wYVRpx/m2lpZXVtfWSxvlza3tnV17b7+l4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8mvjtByIVjcWdHiXE56gvaEQx0kYK7KPMkxx6DXqfeTytQk+k1TzIxuOxKU2R54FdcWrOFHCRuAWpgAKNwP7yejFOOREaM6RU13US7WdIaooZycteqkiC8BD1SddQgThRfjY9JYcnRunBKJbmCQ2n6u+JDHGlRjw0nRzpgZr3JuJ/XjfV0aWfUZGkmgg8WxSlDOoYTnKBPSoJ1mxkCMKSmr9CPEASYW3SK5sQ3PmTF0nrrOY6NffmvFK/LeIogUNwDE6BCy5AHVyDBmgCDB7BM3gFb9aT9WK9Wx+z1iWrmDkAf2B9/gC9Lpr9</latexit><latexit sha1_base64="xd/a+izt9Law3mC955VmFiKFn/E=">AAACCnicbVC7TsMwFHV4lvIKMLIYKlSmKkFIMFZiYSyCPqQmRI7rtFZtJ7IdpCpKVxZ+hYUBhFj5Ajb+BrfNAC1HsnTuOffq+p4wYVRpx/m2lpZXVtfWSxvlza3tnV17b7+l4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8mvjtByIVjcWdHiXE56gvaEQx0kYK7KPMkxx6DXqfeTytQk+k1TzIxuOxKU2R54FdcWrOFHCRuAWpgAKNwP7yejFOOREaM6RU13US7WdIaooZycteqkiC8BD1SddQgThRfjY9JYcnRunBKJbmCQ2n6u+JDHGlRjw0nRzpgZr3JuJ/XjfV0aWfUZGkmgg8WxSlDOoYTnKBPSoJ1mxkCMKSmr9CPEASYW3SK5sQ3PmTF0nrrOY6NffmvFK/LeIogUNwDE6BCy5AHVyDBmgCDB7BM3gFb9aT9WK9Wx+z1iWrmDkAf2B9/gC9Lpr9</latexit>

Unitary Local 
Operation, 

Measurement

P. Van Nieuwenhuizen, Nucl. Phys. B60, 478-492 (1973) 
T. Biswas, T. Koivisto and A. Mazumdar,
``Nonlocal theories of gravity: the flat space propagator,’'
arXiv:1302.0532 [gr-qc]

Graviton propagator in terms of spin projection operators in 4d, Minkowski space time
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Free particle in an inhomogeneous magnetic field (acceleration +a or –a) 

How	can	we	increase	the	scale	of	the	superposi:on?	

• M. Scala, M. S. Kim, G. W. Morley, P. F. Barker, S. Bose, PRL. 111, 180403 (2013)  

100 micron separation for 1 sec 
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Maximum Entanglement

��LR +��RL ⇠ O(1)
<latexit sha1_base64="4tj0FTkkXBX0AKl9nJ8NGFk0PVM="></latexit><latexit sha1_base64="4tj0FTkkXBX0AKl9nJ8NGFk0PVM="></latexit><latexit sha1_base64="4tj0FTkkXBX0AKl9nJ8NGFk0PVM="></latexit><latexit sha1_base64="4tj0FTkkXBX0AKl9nJ8NGFk0PVM="></latexit>
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T. Krisnanda, M. Zuppardo, M. Paternostro, T. Paterek, arXiv:1607.01140.  Superconducting sphere with half a micrometer separation 
( magnetically levitating)

C. Wan, M. Scala, G. W. Morley, ATM. A. Rahman, H. Ulbricht, J. Bateman, P. F. Barker, S. Bose, and M. S. Kim, Phys. Rev. Lett. 117, 
143003 (2016); 

H. Pino, J. Prat-Camps, K. Sinha, B. P. Venkatesh, and O. Romero-Isart, arXiv:1603.01553v2

Neutralising e.m. charges

M. Frimmer, K.Luszcz, S. Ferreiro, V. Jain, E.Hebestreit, and L.Novotny, Phys. Rev. A95, 061801 (2017).

A magnetic field gradient of ∼ 10^6 T/m and a time τacc ∼ 500 m/s^2, 
∆x ∼ 250μm,     d-∆x ∼200μm

Experimental Protocol

Radius : 100nm
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Frequency of harmonic potential : 0.1MHz
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Temperature : mK
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Electronic  spins  coherent  for 
1s  (in  steps  1  and  3),  which 
should be possible for macro-
diamond below 77 K

N. Bar-Gill, L.M. Pham, A. Jarmola, D. 
Budker, R. L. Walsworth,  Nature Comm, 4, 
1743 (2013), 

S. Knowles, D. M. Kara and M. Atatu r̈e, 
Nature Materials 13, 21 (2014),

Kaltenbaek, Aspelmeyer,  (2015)  

To estimate collisional and thermal 
decoherence times of the orbital degree 
of freedom we consider the pressure 
P =                and the temperature 0.15 K. 
the collisional decoherence time for a 
superposition size of ∆x ∼ 250μm 
is the same order of magnitude as the 
total microsphere’s fall time τ + 2τacc ∼ 
3.5 s

10�15Pa
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Challenges &  Sources of  Decoherence



Measuring Spin Correlation & Establishing the 
Entanglement

Basis Dependent Witness, similar to Bell’s 

If W > 1 =) Graviton is quantum
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SA = �TrA⇢A log ⇢A = SB
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Basis Independent Witness:

W = |h�(1)
x ⌦ �(2)

z i � h�(1)
y ⌦ �(2)

z i|
<latexit sha1_base64="J7zMe+1qhml4e3H+a1dBsc//BQc="></latexit><latexit sha1_base64="J7zMe+1qhml4e3H+a1dBsc//BQc="></latexit><latexit sha1_base64="J7zMe+1qhml4e3H+a1dBsc//BQc="></latexit><latexit sha1_base64="J7zMe+1qhml4e3H+a1dBsc//BQc="></latexit>



Different theories of gravity will  
provide different witnesses!

Ghost free, infinite derivative gravity which is free from cosmological 
and 1/r singularities

Conformal Gravity?



Entanglement Phase Evolution & Entanglement Entropy 

This sheds light on very nature of 
gravity and entanglement entropy 

in the bulk 

1907.01568 [quant-ph]



We are  
all  

all entangled  
: 

If Gravity is  
QUANTUM ! 

Now we can test it !
Bose+AM+Morley+Ulbricht+Toros+Paternostro+Geraci+Barker+Kim+Milburn, PRL (2017)  [1707.06050] 

Marshman+AM+Bose,  [1907.01568]

Conclusion: We can potentially test linearized 
Quantum Gravity in a Lab !



Extra slides



1907.01568 [quant-ph]



Gravity is Least Constrained
(1027 eV)4

(10�2 eV)4

(10�3 eV)4

?
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Dark Energy


