
Sq =

⇤
d4x

⇥
�g[RF1(⇤)R+RF2(⇤)⇤µ⇤µR

µ⇤ +Rµ⇤F3(⇤)Rµ⇤ +R⇤
µF4(⇤)⇤⇤⇤�R

µ�

+ R�⇧F5(⇤)⇤µ⇤⇧⇤⇤⇤�R
µ⇤ +RF6(⇤)⇤µ⇤⇤⇤�⇤⇧R

µ⇤�⇧ +Rµ�F7(⇤)⇤⇤⇤⇧R
µ⇤�⇧

+ R⌅
�F8(⇤)⇤µ⇤⇧⇤⇤⇤⌅R

µ⇤�⇧ +Rµ1⇤1F9(⇤)⇤µ1⇤⇤1⇤µ⇤⇤⇤�⇤⇧R
µ⇤�⇧

+ Rµ⇤�⇧F10(⇤)Rµ⇤�⇧ +R⌅
µ⇤�F11(⇤)⇤⌅⇤⇧R

µ⇤�⇧ +Rµ⌅1⇤⇧1F12(⇤)⇤⌅1⇤⇧1⇤⌅⇤⇧R
µ⌅⇤⇧

+ R⇤1⌅1⇧1
µ F13(⇤)⇤⌅1⇤⇧1⇤⇤1⇤⇤⇤⌅⇤⇧R

µ⇤�⇧ +Rµ1⇤1⌅1⇧1F14(⇤)⇤⌅1⇤⇧1⇤⇤1⇤µ1⇤µ⇤⇤⇤⌅⇤⇧R
µ⇤�⇧]
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Locality in Spacetime  & Singularities

A B

Graviton or Photon  
(mediator is massless)

V ⇠ 1

r



Note on Locality
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

e↵r
2
x�(x) =

1p
2⇡

Z
dke�↵k2

eik·x =
1p
2↵

e�x2/4↵
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A point becomes a blob

Non-locality is the key perhaps for addressing Singularities!



Finite Derivative Gravity
S =

Z p
�gd4x

✓
R

16⇡G

◆

One loop pure gravitational action is renormalizable. The theory is not scale 
invariant, suffers from cosmological and Schwarzschild/Ring singularities

Utiyama (1961), De Witt (1961),  Stelle (1977),  t’Hooft, Veltman (1974)

S =

Z p
�gd4x

⇥
M2

pR+ ↵C2
⇤
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Quadratic Curvature Gravity is renormalizable, but contains “Ghosts”: 
Vacuum is Unstable + Cosmological/B-H Singularities remain

S =

Z p
�gd4x

⇥
M2

pR+ ↵R2 + �Rµ⌫R
µ⌫
⇤
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Weyl term alone does not 
introduce singularities

S =

Z p
�gd4x

⇥
M2

pR+ ↵(R⇤R+R⇤2R+ finite order)+

�(Rµ⌫⇤Rµ⌫ +Rµ⌫⇤2Rµ⌫ + finite order) + · · ·
⇤
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 Out of fashion:  Perturbative Quantum Gravity

Rise of String Theory

Return of Perturbative Quantum Gravity.
Inspired by String Field Theory



String Theory & Time Dependence

Near The Singularity adiabatic 
collapse approximation breaks 

down !

Higher curvature corrections 
become important, such as alpha’ 

corrections

Singularity problems in String Theory remains extremely hard !

Supersymmetry is not helpful



Phenomenology with  UV Gravity
GR in IR Corrections in UV

4

vacua may be a way to constrain the higher curvature
terms that didn’t seem to play any role in our analysis.
Other ways of constraining/determining the higher cur-
vature terms would be to look for additional symmetries
or to try to extend Stelle’s renormalizability arguments
to these non-local theories. E�orts in this direction have
been made [14]. Finally, it is known that one can ob-

tain GR starting from the free quadratic theory for hµ⇤

by consistently coupling to its own stress energy tensor.
Similarly, can one obtain unique consistent covariant ex-
tensions of the higher derivative quadratic actions that
we have considered? We leave these questions for future
investigations.

Appendix

The full quadratic action in curvature reads

Sq =

⇤
d4x

⇥
�g[RF1(⇤)R+RF2(⇤)⇤µ⇤µR

µ⇤ +Rµ⇤F3(⇤)Rµ⇤ +R⇤
µF4(⇤)⇤⇤⇤�R

µ�

+ R�⇧F5(⇤)⇤µ⇤⇧⇤⇤⇤�R
µ⇤ +RF6(⇤)⇤µ⇤⇤⇤�⇤⇧R

µ⇤�⇧ +Rµ�F7(⇤)⇤⇤⇤⇧R
µ⇤�⇧

+ R⌅
�F8(⇤)⇤µ⇤⇧⇤⇤⇤⌅R

µ⇤�⇧ +Rµ1⇤1F9(⇤)⇤µ1⇤⇤1⇤µ⇤⇤⇤�⇤⇧R
µ⇤�⇧

+ Rµ⇤�⇧F10(⇤)Rµ⇤�⇧ +R⌅
µ⇤�F11(⇤)⇤⌅⇤⇧R

µ⇤�⇧ +Rµ⌅1⇤⇧1F12(⇤)⇤⌅1⇤⇧1⇤⌅⇤⇧R
µ⌅⇤⇧

+ R⇤1⌅1⇧1
µ F13(⇤)⇤⌅1⇤⇧1⇤⇤1⇤⇤⇤⌅⇤⇧R

µ⇤�⇧ +Rµ1⇤1⌅1⇧1F14(⇤)⇤⌅1⇤⇧1⇤⇤1⇤µ1⇤µ⇤⇤⇤⌅⇤⇧R
µ⇤�⇧] (27)

The coe⇥cients of the free theory (3) in terms of the F ’s are given by

a(⇤) = 1� 1

2
F3(⇤)⇤� 1

2
F7(⇤)⇤2 � 2F10(⇤)⇤� 1

2
F11(⇤)⇤2 � 1

2
F12(⇤)⇤3 (28)

b(⇤) = �1 +
1

2
F3(⇤)⇤+

1

2
F7(⇤)⇤2 + 2F10(⇤)⇤+

1

2
F11(⇤)⇤2 +

1

2
F12(⇤)⇤3 (29)

c(⇤) = 1 + 2F1(⇤)⇤+ F2(⇤)⇤2 +
1

2
F3(⇤)⇤+

1

2
F4(⇤)⇤2 +

1

2
F5(⇤)⇤3 (30)

d(⇤) = �1� 2F1(⇤)⇤� F2(⇤)⇤2 � 1

2
F3(⇤)⇤� 1

2
F4(⇤)⇤2 � 1

2
F5(⇤)⇤3 (31)

f(⇤) =� 2F1(⇤)⇤� F2(⇤)⇤2 � F3(⇤)⇤

� 1

2

�
F4(⇤)⇤2 + F5(⇤)⇤3 + F7(⇤)⇤2 + 4F10(⇤)⇤+ F11(⇤)⇤2 + F12(⇤)⇤3

⇥
(32)
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(1) Allow higher derivative contributions in metric by maintaining 
diffeomorphism invariance and Bianchi identities. This will lead 
to non-local interactions ( Biswas,AM, Siegel, hep-th/0508194,  Biswas, 
Gerwick, Koivisto, AM,  1110.5249 )

(2)  Study the degrees of freedom around Maximally symmetric 
spacetimes and in general, e.g. Einstein spacetime. ( Biswas, 
Koshelev, AM,  1606.01250,  1602.08475, 1905.0XXX )

(3)  Construct higher derivative theory of gravity with spacetime 
torsion   ( Dombriz, Torralba, AM, 1812.04037 )
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We present the most general ghost-free gravitational action in a Minkowski vacuum. Apart from
the much studied f(R) models, this includes a large class of non-local actions with improved UV
behavior, which nevertheless recover Einstein’s general relativity in the IR.

The theory of General Relativity (GR) has an ultravi-
olet (UV) problem which is typically manifested in cos-
mological or black-hole type singularities. Any resolution
to this problem requires a theory which is well behaved
in the UV and reduces suitably to Einstein’s gravity in
the infrared (IR)1. In this letter, our aim is to investigate
whether the typical divergences at short distances can be
ameliorated in higher derivative covariant generalizations
of GR.

Higher derivative theories of gravity are generally bet-
ter behaved in the UV and o�er an improved chance
to construct a singularity free theory [2]. Furthermore,
Ref. [3] demonstrated that fourth order theories of grav-
ity are renormalizable, but inevitably su�er from unphys-
ical ghost states. Therefore, before we address the short-
distance behavior of GR, we first ennumerate the subset
of all possible modifications to Einstein’s gravity which
are guaranteed to be ghost-free. To the best of our knowl-
edge, a systematic method for this is not presently avail-
able.
Generic quadratic action of gravity: Let us start
with the most general covariant action of gravity. We im-
mediately realize that to understand both the asymptotic
behavior in the UV and the issue of ghosts, we require
only the graviton propagator. In other words, we look at
metric fluctuations around the Minkowski background

gµ⇤ = �µ⇤ + hµ⇤ , (1)

and consider terms in the action that are quadratic in
hµ⇤ . Since in the Minkowski background Rµ⇤�⌅ vanishes,
every appearance of the Riemann tensor contributes an
O(h) term in the action. Hence, we consider only terms
that are products of at most two curvature terms, and
higher ones simply do not play any role in this analysis.

1 In the light of current cosmic acceleration observations, there
have been e↵orts to modify gravity at large distances, see [1] for
a review, but we do not discuss these models here.

The most general relevant action is of the form

Sq =

�
d4x

⇤
�gRµ1⇤1�1⌅1O

µ1⇤1�1⌅1

µ2⇤2�2⌅2
Rµ2⇤2�2⌅2 , (2)

where O is a di�erential operator containing covariant
derivatives and �µ⇤ . We note that if there is a di�eren-
tial operator acting on the left Riemann tensor, one can
always recast that into the above form by integrating by
parts. The most general action is captured by 14 arbi-
trary functions, the Fi’s, which we display in eq.(27) in
the appendix.
Our next task is to obtain the quadratic (in hµ⇤) free

part of this action. Since the curvature vanishes on the
Minkowski background, the two h dependent terms must
come from the two curvature terms present. This means
the covariant derivatives take on their Minkowski values.
As is obvious, many of the terms simplify and combine
to eventually produce the following action

Sq = �
�

d4x
⇥1
2
hµ⇤a(⇤)⇤hµ⇤ + h⌅

µb(⇤)⌅⌅⌅⇤h
µ⇤ (3)

+ hc(⇤)⌅µ⌅⇤h
µ⇤ +

1

2
hd(⇤)⇤h+ h�⌅ f(⇤)

⇤ ⌅⌅⌅�⌅µ⌅⇤h
µ⇤
⇤
.

The above can be thought of as a higher derivative gener-
alization of the action considered by van Nieuwenhuizen
in Ref. [4]. Here, we have allowed a, b, c, d and f to be
nonlinear functions of the derivative operators that re-
duce in the appropriate limit to the constants a, b, c and
d of Ref. [4]. The function f(⇤) appears only in higher
derivative theories. In the appendix (28-32) we have cal-
culated the contribution from the Einstein-Hilbert term
and the higher derivative modifications to the action in
eq.(3). From the explicit expressions we observe the fol-
lowing relationships:

a+ b = 0 (4)

c+ d = 0 (5)

b+ c+ f = 0 (6)

so that we are left with only two independent arbitrary
functions.

Unknown Infinite Functions 
of Covariant Derivatives

4

terms that played no role in our analysis. Other ways
of constraining/determining the higher curvature terms
would be to look for additional symmetries or to try
to extend Stelle’s renormalizability arguments to these
non-local theories. Efforts in this direction have been
made [14]. Finally, it is known that one can obtain GR

starting from the free quadratic theory for hµν by consis-
tently coupling to its own stress energy tensor. Similarly,
can one obtain unique consistent covariant extensions of
the higher derivative quadratic actions that we have con-
sidered? We leave these questions for future investiga-
tions.

Appendix

The full quadratic action in curvature reads

Sq =

∫

d4x
√
−g[RF1(!)R+RF2(!)∇µ∇νR

µν +RµνF3(!)Rµν +Rν
µF4(!)∇ν∇λR

µλ

+ RλσF5(!)∇µ∇σ∇ν∇λR
µν +RF6(!)∇µ∇ν∇λ∇σR

µνλσ +RµλF7(!)∇ν∇σR
µνλσ

+ Rρ
λF8(!)∇µ∇σ∇ν∇ρR

µνλσ +Rµ1ν1F9(!)∇µ1
∇ν1∇µ∇ν∇λ∇σR

µνλσ

+ RµνλσF10(!)Rµνλσ +Rρ
µνλF11(!)∇ρ∇σR

µνλσ +Rµρ1νσ1
F12(!)∇ρ1∇σ1∇ρ∇σR

µρνσ

+ Rν1ρ1σ1

µ F13(!)∇ρ1
∇σ1

∇ν1∇ν∇ρ∇σR
µνλσ +Rµ1ν1ρ1σ1F14(!)∇ρ1

∇σ1
∇ν1∇µ1

∇µ∇ν∇ρ∇σR
µνλσ] (27)

The coefficients of the free theory (3) in terms of the F ’s are given by

a(!) = 1−
1

2
F3(!)!−

1

2
F7(!)!2 − 2F10(!)!−

1

2
F11(!)!2 −

1

2
F12(!)!3 (28)

b(!) = −1 +
1

2
F3(!)!+

1

2
F7(!)!2 + 2F10(!)!+

1

2
F11(!)!2 +

1

2
F12(!)!3 (29)

c(!) = 1 + 2F1(!)! + F2(!)!2 +
1

2
F3(!)!+

1

2
F4(!)!2 +

1

2
F5(!)!3 (30)

d(!) = −1− 2F1(!)! − F2(!)!2 −
1

2
F3(!)!−

1

2
F4(!)!2 −

1

2
F5(!)!3 (31)

f(!) =− 2F1(!)!− F2(!)!2 − F3(!)!

−
1

2

(
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Complete  Equations of Motion
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1308.2319 , JCAP 2014



2nd order perturbations of the full action

Any generic spacetime background

Scalar-Vector-Tensor decomposition
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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)

Interaction becomes Non-Local
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Such non-local objects could be BHs
provided linear solution is promoted 

all the way to non-linear level.
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Head-on Collisions

No formation of 
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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:

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)

Collective Behavior & Emergent Scale

PRD (2019) 1812.01441 [hep-th]N- gravitons behave like a condensate

Persists with zero external momenta
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Q: Could we realize Buchdahl Star in Quantum Gravity?
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Gravitational potential remains weak throughout the regime : 
We can promote linear solution in the entire manifold

Me↵ =
Msp
N
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 Compact Non-local Star 

� ⇠ M�1
e↵ =

p
NM�1

s
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Radius

Eg ⇠ Me↵ = Ms/
p
N
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Energy of Gravitons

Etot = m� = NMe↵ = N
Msp
N

=
p
NMs
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Mass of N gravitons interacting non� locally
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For a solar mass object : N ⇠ 1082
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Ensemble of large N weakly coupled-Gravitons 

Forms a gravitationally 
bound system

N-gravitons



Bekenstein States

For a solar mass object : N = e10
82(Mp/Ms)

2
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What happens when I throw a chalk, neutrino, …., anything…. inside?

The Non-local star absorbs everything, even better than a Blackhole!!!

Longer life time than a Blackhole

Bekenstein States

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)



Metric of a Non-local Star

r > 2.256M
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Empty
N-Gravitons

Schwarzschild vs. Non-local Stars

 How Compact is the Non-local Star?

No Event horizon &
Singularity 



Conformally flat: Rotating solution with No Ring Singularity

At non-linear level only solution survives is a conformally flat metric
 [arXiv:1807.08896 [gr-qc]]



Non-Local Star

As a Blackhole Mimicker !

Buoninfante, AM, 1903.01542

Ultra Stable

No Horizon Ultra-Compact

r > 2.256M
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Satisfies Buchdahl bound

r > 2.5M

No Singularity

A self consisted solution within Ghost free, singularity free IDG

Shadow: 5.84 M



Ms ⇠ 1016 GeV, Mp ⇠ 1019 GeV;m� > 109g
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Perfect candidate for a dark Matter, which opens up a new parameter space 
as compared to primordial blackholes

Non-local Star & Dark Matter Candidate



Testing Quantum Aspects of 
Linearized Gravity in a Lab

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

See Also:     Marletto and Vedral appeared on the same day [1707.06036],  Phys. Rev. Lett.
Belenchia,  Wald,  Giacomini,  Castro-Ruiz,  Brukner,  Aspelmyer [1807.0715], Phys. Rev. D  

M. Christodoulou and C. Rovelli, 1808.05842 [gr-qc]



COW Experiment
Bouncing 

Cold neutron

Gravitational Induced Phase is Detectable !

MIMAC

�� ⇠ i
S(G, · · · )

~
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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 discussion with Markus Aspelmeyers on these issues last week in Vienna 



Quantum World:  “Off-Shell/Virtual” 

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



Local Operations & Classical 
Communication (LOCC)

Cannot create 
Entanglement

LOCC keeps Separable state remains Separable ( Cannot 
create entanglement )

Bennett, et.al, (1996)



Quantumness of the 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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Challenges: Macroscopic & Maintaining the Superposition

Any 
mechanism 

from cooling to 
creating a 
potential

is a source for 
Decoherence!

Arndt, Zeilinger and 
collaborators have 
demonstrated that 

superposition is attainable for 
105 amu

<latexit sha1_base64="AQtVmu/FvQlOxthcjcZ+bOznIYA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kokoeix48VjRfkAby2a7aZfubsLuplBC/CVePCji1X/izX/jts1BWx8MPN6bYWZemHCmjed9Oyura+sbm6Wt8vbO7t6+e3DY1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSsc3Uz91pgqzWL5YCYJDQQeSBYxgo2Veq7re4/ZZf6UdZVAWKR5z614VW8GtEz8glSgQL3nfnX7MUkFlYZwrHXH9xITZFgZRjjNy91U0wSTER7QjqUSC6qDbHZ5jk6t0kdRrGxJg2bq74kMC60nIrSdApuhXvSm4n9eJzXRdZAxmaSGSjJfFKUcmRhNY0B9pigxfGIJJorZWxEZYoWJsWGVbQj+4svLpHle9b2qf3dRqd0XcZTgGE7gDHy4ghrcQh0aQGAMz/AKb07mvDjvzse8dcUpZo7gD5zPHxnnk1w=</latexit><latexit sha1_base64="AQtVmu/FvQlOxthcjcZ+bOznIYA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kokoeix48VjRfkAby2a7aZfubsLuplBC/CVePCji1X/izX/jts1BWx8MPN6bYWZemHCmjed9Oyura+sbm6Wt8vbO7t6+e3DY1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSsc3Uz91pgqzWL5YCYJDQQeSBYxgo2Veq7re4/ZZf6UdZVAWKR5z614VW8GtEz8glSgQL3nfnX7MUkFlYZwrHXH9xITZFgZRjjNy91U0wSTER7QjqUSC6qDbHZ5jk6t0kdRrGxJg2bq74kMC60nIrSdApuhXvSm4n9eJzXRdZAxmaSGSjJfFKUcmRhNY0B9pigxfGIJJorZWxEZYoWJsWGVbQj+4svLpHle9b2qf3dRqd0XcZTgGE7gDHy4ghrcQh0aQGAMz/AKb07mvDjvzse8dcUpZo7gD5zPHxnnk1w=</latexit><latexit sha1_base64="AQtVmu/FvQlOxthcjcZ+bOznIYA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kokoeix48VjRfkAby2a7aZfubsLuplBC/CVePCji1X/izX/jts1BWx8MPN6bYWZemHCmjed9Oyura+sbm6Wt8vbO7t6+e3DY1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSsc3Uz91pgqzWL5YCYJDQQeSBYxgo2Veq7re4/ZZf6UdZVAWKR5z614VW8GtEz8glSgQL3nfnX7MUkFlYZwrHXH9xITZFgZRjjNy91U0wSTER7QjqUSC6qDbHZ5jk6t0kdRrGxJg2bq74kMC60nIrSdApuhXvSm4n9eJzXRdZAxmaSGSjJfFKUcmRhNY0B9pigxfGIJJorZWxEZYoWJsWGVbQj+4svLpHle9b2qf3dRqd0XcZTgGE7gDHy4ghrcQh0aQGAMz/AKb07mvDjvzse8dcUpZo7gD5zPHxnnk1w=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="NiiiZl5aYFDLNv7FhL/sXyq5fEk=">AAAB7nicbZBLSwMxFIXv1FetVUe3boJFcFUygtil4MZlBfuAdiyZNNOGJpkhyRTKMP4SNy4U8ee489+YPhbaeiDwcU7CvTlRKrixGH97pa3tnd298n7loHp4dOyfVNsmyTRlLZqIRHcjYpjgirUst4J1U82IjATrRJO7ed6ZMm14oh7tLGWhJCPFY06JddbA9wP8lF8Xz3lfS0RkVgz8Gq7jhdAmBCuowUrNgf/VHyY0k0xZKogxvQCnNsyJtpwKVlT6mWEpoRMyYj2HikhmwnyxeYEunDNEcaLdURYt3N8vciKNmcnI3ZTEjs16Njf/y3qZjRthzlWaWaboclCcCWQTNK8BDblm1IqZA0I1d7siOiaaUOvKqrgSgvUvb0L7qh7gevCAoQxncA6XEMAN3MI9NKEFFKbwAm/w7uXeq/exrKvkrXo7hT/yPn8Avb6R5w==</latexit><latexit sha1_base64="NiiiZl5aYFDLNv7FhL/sXyq5fEk=">AAAB7nicbZBLSwMxFIXv1FetVUe3boJFcFUygtil4MZlBfuAdiyZNNOGJpkhyRTKMP4SNy4U8ee489+YPhbaeiDwcU7CvTlRKrixGH97pa3tnd298n7loHp4dOyfVNsmyTRlLZqIRHcjYpjgirUst4J1U82IjATrRJO7ed6ZMm14oh7tLGWhJCPFY06JddbA9wP8lF8Xz3lfS0RkVgz8Gq7jhdAmBCuowUrNgf/VHyY0k0xZKogxvQCnNsyJtpwKVlT6mWEpoRMyYj2HikhmwnyxeYEunDNEcaLdURYt3N8vciKNmcnI3ZTEjs16Njf/y3qZjRthzlWaWaboclCcCWQTNK8BDblm1IqZA0I1d7siOiaaUOvKqrgSgvUvb0L7qh7gevCAoQxncA6XEMAN3MI9NKEFFKbwAm/w7uXeq/exrKvkrXo7hT/yPn8Avb6R5w==</latexit><latexit sha1_base64="oVZ5jBnQNnaCJY0jS5fMOdGcpkQ=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU9kIoseCF48V7Qe0sWy2m3bpbhJ2N4US4i/x4kERr/4Tb/4bt20O2vpg4PHeDDPzgkRwbTD+dkpr6xubW+Xtys7u3v6Be3jU0nGqKGvSWMSqExDNBI9Y03AjWCdRjMhAsHYwvpn57QlTmsfRg5kmzJdkGPGQU2Ks1HddDz9ml/lT1lMSEZnmfbeKa3gOtEq8glShQKPvfvUGMU0liwwVROuuhxPjZ0QZTgXLK71Us4TQMRmyrqURkUz72fzyHJ1ZZYDCWNmKDJqrvycyIrWeysB2SmJGetmbif953dSE137GoyQ1LKKLRWEqkInRLAY04IpRI6aWEKq4vRXREVGEGhtWxYbgLb+8SloXNQ/XvDtcrd8XcZThBE7hHDy4gjrcQgOaQGECz/AKb07mvDjvzseiteQUM8fwB87nDxink1g=</latexit><latexit sha1_base64="AQtVmu/FvQlOxthcjcZ+bOznIYA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kokoeix48VjRfkAby2a7aZfubsLuplBC/CVePCji1X/izX/jts1BWx8MPN6bYWZemHCmjed9Oyura+sbm6Wt8vbO7t6+e3DY1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSsc3Uz91pgqzWL5YCYJDQQeSBYxgo2Veq7re4/ZZf6UdZVAWKR5z614VW8GtEz8glSgQL3nfnX7MUkFlYZwrHXH9xITZFgZRjjNy91U0wSTER7QjqUSC6qDbHZ5jk6t0kdRrGxJg2bq74kMC60nIrSdApuhXvSm4n9eJzXRdZAxmaSGSjJfFKUcmRhNY0B9pigxfGIJJorZWxEZYoWJsWGVbQj+4svLpHle9b2qf3dRqd0XcZTgGE7gDHy4ghrcQh0aQGAMz/AKb07mvDjvzse8dcUpZo7gD5zPHxnnk1w=</latexit><latexit sha1_base64="AQtVmu/FvQlOxthcjcZ+bOznIYA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kokoeix48VjRfkAby2a7aZfubsLuplBC/CVePCji1X/izX/jts1BWx8MPN6bYWZemHCmjed9Oyura+sbm6Wt8vbO7t6+e3DY1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSsc3Uz91pgqzWL5YCYJDQQeSBYxgo2Veq7re4/ZZf6UdZVAWKR5z614VW8GtEz8glSgQL3nfnX7MUkFlYZwrHXH9xITZFgZRjjNy91U0wSTER7QjqUSC6qDbHZ5jk6t0kdRrGxJg2bq74kMC60nIrSdApuhXvSm4n9eJzXRdZAxmaSGSjJfFKUcmRhNY0B9pigxfGIJJorZWxEZYoWJsWGVbQj+4svLpHle9b2qf3dRqd0XcZTgGE7gDHy4ghrcQh0aQGAMz/AKb07mvDjvzse8dcUpZo7gD5zPHxnnk1w=</latexit><latexit sha1_base64="AQtVmu/FvQlOxthcjcZ+bOznIYA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kokoeix48VjRfkAby2a7aZfubsLuplBC/CVePCji1X/izX/jts1BWx8MPN6bYWZemHCmjed9Oyura+sbm6Wt8vbO7t6+e3DY1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSsc3Uz91pgqzWL5YCYJDQQeSBYxgo2Veq7re4/ZZf6UdZVAWKR5z614VW8GtEz8glSgQL3nfnX7MUkFlYZwrHXH9xITZFgZRjjNy91U0wSTER7QjqUSC6qDbHZ5jk6t0kdRrGxJg2bq74kMC60nIrSdApuhXvSm4n9eJzXRdZAxmaSGSjJfFKUcmRhNY0B9pigxfGIJJorZWxEZYoWJsWGVbQj+4svLpHle9b2qf3dRqd0XcZTgGE7gDHy4ghrcQh0aQGAMz/AKb07mvDjvzse8dcUpZo7gD5zPHxnnk1w=</latexit><latexit sha1_base64="AQtVmu/FvQlOxthcjcZ+bOznIYA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kokoeix48VjRfkAby2a7aZfubsLuplBC/CVePCji1X/izX/jts1BWx8MPN6bYWZemHCmjed9Oyura+sbm6Wt8vbO7t6+e3DY1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSsc3Uz91pgqzWL5YCYJDQQeSBYxgo2Veq7re4/ZZf6UdZVAWKR5z614VW8GtEz8glSgQL3nfnX7MUkFlYZwrHXH9xITZFgZRjjNy91U0wSTER7QjqUSC6qDbHZ5jk6t0kdRrGxJg2bq74kMC60nIrSdApuhXvSm4n9eJzXRdZAxmaSGSjJfFKUcmRhNY0B9pigxfGIJJorZWxEZYoWJsWGVbQj+4svLpHle9b2qf3dRqd0XcZTgGE7gDHy4ghrcQh0aQGAMz/AKb07mvDjvzse8dcUpZo7gD5zPHxnnk1w=</latexit><latexit sha1_base64="AQtVmu/FvQlOxthcjcZ+bOznIYA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kokoeix48VjRfkAby2a7aZfubsLuplBC/CVePCji1X/izX/jts1BWx8MPN6bYWZemHCmjed9Oyura+sbm6Wt8vbO7t6+e3DY1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSsc3Uz91pgqzWL5YCYJDQQeSBYxgo2Veq7re4/ZZf6UdZVAWKR5z614VW8GtEz8glSgQL3nfnX7MUkFlYZwrHXH9xITZFgZRjjNy91U0wSTER7QjqUSC6qDbHZ5jk6t0kdRrGxJg2bq74kMC60nIrSdApuhXvSm4n9eJzXRdZAxmaSGSjJfFKUcmRhNY0B9pigxfGIJJorZWxEZYoWJsWGVbQj+4svLpHle9b2qf3dRqd0XcZTgGE7gDHy4ghrcQh0aQGAMz/AKb07mvDjvzse8dcUpZo7gD5zPHxnnk1w=</latexit><latexit sha1_base64="AQtVmu/FvQlOxthcjcZ+bOznIYA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kokoeix48VjRfkAby2a7aZfubsLuplBC/CVePCji1X/izX/jts1BWx8MPN6bYWZemHCmjed9Oyura+sbm6Wt8vbO7t6+e3DY1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSsc3Uz91pgqzWL5YCYJDQQeSBYxgo2Veq7re4/ZZf6UdZVAWKR5z614VW8GtEz8glSgQL3nfnX7MUkFlYZwrHXH9xITZFgZRjjNy91U0wSTER7QjqUSC6qDbHZ5jk6t0kdRrGxJg2bq74kMC60nIrSdApuhXvSm4n9eJzXRdZAxmaSGSjJfFKUcmRhNY0B9pigxfGIJJorZWxEZYoWJsWGVbQj+4svLpHle9b2qf3dRqd0XcZTgGE7gDHy4ghrcQh0aQGAMz/AKb07mvDjvzse8dcUpZo7gD5zPHxnnk1w=</latexit>

(Girlich, et.al., Nature, Arndt group)
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Consider two neutral test masses held in a superposition, each 
exactly as a path encoded qubit (states |L> and |R>), near 
each other. 

A Schematic of two matter-wave interferometers near each other 
2 Masses & Virtual Graviton  

Assume there are no other interactions for the time being other than pure gravitation
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2 Stern Gerlachs
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If they 
interact only 
through the 
gravitational 
force 



Entanglement Phase

��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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<latexit sha1_base64="cnQkoRpTKR/z93RdzpgIKFdqJ5A=">AAAB8XicbVBNSwMxEJ2tX7V+rXr0EiyCF8tGCnoseBG8VLQf2K4lm2bb0Gx2SbJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvCARXBvP+3YKK6tr6xvFzdLW9s7unrt/0NRxqihr0FjEqh0QzQSXrGG4EaydKEaiQLBWMLqa+q0npjSP5b0ZJ8yPyEDykFNirPSAvcfsDFcnN4OeW/Yq3gxomeCclCFHved+dfsxTSMmDRVE6w72EuNnRBlOBZuUuqlmCaEjMmAdSyWJmPaz2cUTdGKVPgpjZUsaNFN/T2Qk0nocBbYzImaoF72p+J/XSU146WdcJqlhks4XhalAJkbT91GfK0aNGFtCqOL2VkSHRBFqbEglGwJefHmZNM8r2Kvg22q5dpfHUYQjOIZTwHABNbiGOjSAgoRneIU3RzsvzrvzMW8tOPnMIfyB8/kDEruP6g==</latexit><latexit sha1_base64="cnQkoRpTKR/z93RdzpgIKFdqJ5A=">AAAB8XicbVBNSwMxEJ2tX7V+rXr0EiyCF8tGCnoseBG8VLQf2K4lm2bb0Gx2SbJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvCARXBvP+3YKK6tr6xvFzdLW9s7unrt/0NRxqihr0FjEqh0QzQSXrGG4EaydKEaiQLBWMLqa+q0npjSP5b0ZJ8yPyEDykFNirPSAvcfsDFcnN4OeW/Yq3gxomeCclCFHved+dfsxTSMmDRVE6w72EuNnRBlOBZuUuqlmCaEjMmAdSyWJmPaz2cUTdGKVPgpjZUsaNFN/T2Qk0nocBbYzImaoF72p+J/XSU146WdcJqlhks4XhalAJkbT91GfK0aNGFtCqOL2VkSHRBFqbEglGwJefHmZNM8r2Kvg22q5dpfHUYQjOIZTwHABNbiGOjSAgoRneIU3RzsvzrvzMW8tOPnMIfyB8/kDEruP6g==</latexit><latexit sha1_base64="cnQkoRpTKR/z93RdzpgIKFdqJ5A=">AAAB8XicbVBNSwMxEJ2tX7V+rXr0EiyCF8tGCnoseBG8VLQf2K4lm2bb0Gx2SbJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvCARXBvP+3YKK6tr6xvFzdLW9s7unrt/0NRxqihr0FjEqh0QzQSXrGG4EaydKEaiQLBWMLqa+q0npjSP5b0ZJ8yPyEDykFNirPSAvcfsDFcnN4OeW/Yq3gxomeCclCFHved+dfsxTSMmDRVE6w72EuNnRBlOBZuUuqlmCaEjMmAdSyWJmPaz2cUTdGKVPgpjZUsaNFN/T2Qk0nocBbYzImaoF72p+J/XSU146WdcJqlhks4XhalAJkbT91GfK0aNGFtCqOL2VkSHRBFqbEglGwJefHmZNM8r2Kvg22q5dpfHUYQjOIZTwHABNbiGOjSAgoRneIU3RzsvzrvzMW8tOPnMIfyB8/kDEruP6g==</latexit><latexit sha1_base64="cnQkoRpTKR/z93RdzpgIKFdqJ5A=">AAAB8XicbVBNSwMxEJ2tX7V+rXr0EiyCF8tGCnoseBG8VLQf2K4lm2bb0Gx2SbJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvCARXBvP+3YKK6tr6xvFzdLW9s7unrt/0NRxqihr0FjEqh0QzQSXrGG4EaydKEaiQLBWMLqa+q0npjSP5b0ZJ8yPyEDykFNirPSAvcfsDFcnN4OeW/Yq3gxomeCclCFHved+dfsxTSMmDRVE6w72EuNnRBlOBZuUuqlmCaEjMmAdSyWJmPaz2cUTdGKVPgpjZUsaNFN/T2Qk0nocBbYzImaoF72p+J/XSU146WdcJqlhks4XhalAJkbT91GfK0aNGFtCqOL2VkSHRBFqbEglGwJefHmZNM8r2Kvg22q5dpfHUYQjOIZTwHABNbiGOjSAgoRneIU3RzsvzrvzMW8tOPnMIfyB8/kDEruP6g==</latexit>

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
<latexit sha1_base64="cpe0ZEtTYt0D+oUw2je647RkBEE=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJWMCIqrghuX9dEHtEPJZNI2NMkMSUYow7jxV9y4UMStf+HOvzGdzkJbD1w4Oedecu8JYs60QejbKS0tr6yuldcrG5tb2zvu7l5LR4kitEkiHqlOgDXlTNKmYYbTTqwoFgGn7WB8NfXbD1RpFsl7M4mpL/BQsgEj2Fip7x6kPSXgLQ5ZorNLD6H8LUXWd6uohnLAReIVpAoKNPruVy+MSCKoNIRjrbseio2fYmUY4TSr9BJNY0zGeEi7lkosqPbT/IIMHlslhINI2ZIG5urviRQLrScisJ0Cm5Ge96bif143MYMLP2UyTgyVZPbRIOHQRHAaBwyZosTwiSWYKGZ3hWSEFSbGhlaxIXjzJy+S1mnNQzXv5qxavyviKINDcAROgAfOQR1cgwZoAgIewTN4BW/Ok/PivDsfs9aSU8zsgz9wPn8AlyOWYA==</latexit><latexit sha1_base64="cpe0ZEtTYt0D+oUw2je647RkBEE=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJWMCIqrghuX9dEHtEPJZNI2NMkMSUYow7jxV9y4UMStf+HOvzGdzkJbD1w4Oedecu8JYs60QejbKS0tr6yuldcrG5tb2zvu7l5LR4kitEkiHqlOgDXlTNKmYYbTTqwoFgGn7WB8NfXbD1RpFsl7M4mpL/BQsgEj2Fip7x6kPSXgLQ5ZorNLD6H8LUXWd6uohnLAReIVpAoKNPruVy+MSCKoNIRjrbseio2fYmUY4TSr9BJNY0zGeEi7lkosqPbT/IIMHlslhINI2ZIG5urviRQLrScisJ0Cm5Ge96bif143MYMLP2UyTgyVZPbRIOHQRHAaBwyZosTwiSWYKGZ3hWSEFSbGhlaxIXjzJy+S1mnNQzXv5qxavyviKINDcAROgAfOQR1cgwZoAgIewTN4BW/Ok/PivDsfs9aSU8zsgz9wPn8AlyOWYA==</latexit><latexit sha1_base64="cpe0ZEtTYt0D+oUw2je647RkBEE=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJWMCIqrghuX9dEHtEPJZNI2NMkMSUYow7jxV9y4UMStf+HOvzGdzkJbD1w4Oedecu8JYs60QejbKS0tr6yuldcrG5tb2zvu7l5LR4kitEkiHqlOgDXlTNKmYYbTTqwoFgGn7WB8NfXbD1RpFsl7M4mpL/BQsgEj2Fip7x6kPSXgLQ5ZorNLD6H8LUXWd6uohnLAReIVpAoKNPruVy+MSCKoNIRjrbseio2fYmUY4TSr9BJNY0zGeEi7lkosqPbT/IIMHlslhINI2ZIG5urviRQLrScisJ0Cm5Ge96bif143MYMLP2UyTgyVZPbRIOHQRHAaBwyZosTwiSWYKGZ3hWSEFSbGhlaxIXjzJy+S1mnNQzXv5qxavyviKINDcAROgAfOQR1cgwZoAgIewTN4BW/Ok/PivDsfs9aSU8zsgz9wPn8AlyOWYA==</latexit><latexit sha1_base64="cpe0ZEtTYt0D+oUw2je647RkBEE=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJWMCIqrghuX9dEHtEPJZNI2NMkMSUYow7jxV9y4UMStf+HOvzGdzkJbD1w4Oedecu8JYs60QejbKS0tr6yuldcrG5tb2zvu7l5LR4kitEkiHqlOgDXlTNKmYYbTTqwoFgGn7WB8NfXbD1RpFsl7M4mpL/BQsgEj2Fip7x6kPSXgLQ5ZorNLD6H8LUXWd6uohnLAReIVpAoKNPruVy+MSCKoNIRjrbseio2fYmUY4TSr9BJNY0zGeEi7lkosqPbT/IIMHlslhINI2ZIG5urviRQLrScisJ0Cm5Ge96bif143MYMLP2UyTgyVZPbRIOHQRHAaBwyZosTwiSWYKGZ3hWSEFSbGhlaxIXjzJy+S1mnNQzXv5qxavyviKINDcAROgAfOQR1cgwZoAgIewTN4BW/Ok/PivDsfs9aSU8zsgz9wPn8AlyOWYA==</latexit>

Frequency of harmonic potential : 0.1MHz
<latexit sha1_base64="BsbgmMustqxx5qJNY4MO3A+0IXs=">AAACG3icbVBLSwMxGMzWV62vqkcvwSJ4KrtFUDwVBOlFqGgf0C4lm2bb0DzWJCusS/s7vPhXvHhQxJPgwX9j+jho60BgmG++JDNBxKg2rvvtZJaWV1bXsuu5jc2t7Z387l5dy1hhUsOSSdUMkCaMClIz1DDSjBRBPGCkEQwuxvPGPVGaSnFrkoj4HPUEDSlGxkqdfCltKw4vFbmLicDJSIajPlJcCopHkTREGIrY8NwtehPjVeVh2MkX3KI7AVwk3owUwAzVTv6z3ZU45vYyzJDWLc+NjJ8iZShmZJhrx5pECA9Qj7QsFYgT7aeTbEN4ZJUuDKWyRxg4UX9vpIhrnfDAOjkyfT0/G4v/zVqxCc/8lIootinx9KEwZtBIOC4Kdqki2LDEEoQVtX+F2FaDsLF15mwJ3nzkRVIvFT1b3fVJoXwzqyMLDsAhOAYeOAVlUAFVUAMYPIJn8ArenCfnxXl3PqbWjDPb2Qd/4Hz9AHmmolA=</latexit><latexit sha1_base64="BsbgmMustqxx5qJNY4MO3A+0IXs=">AAACG3icbVBLSwMxGMzWV62vqkcvwSJ4KrtFUDwVBOlFqGgf0C4lm2bb0DzWJCusS/s7vPhXvHhQxJPgwX9j+jho60BgmG++JDNBxKg2rvvtZJaWV1bXsuu5jc2t7Z387l5dy1hhUsOSSdUMkCaMClIz1DDSjBRBPGCkEQwuxvPGPVGaSnFrkoj4HPUEDSlGxkqdfCltKw4vFbmLicDJSIajPlJcCopHkTREGIrY8NwtehPjVeVh2MkX3KI7AVwk3owUwAzVTv6z3ZU45vYyzJDWLc+NjJ8iZShmZJhrx5pECA9Qj7QsFYgT7aeTbEN4ZJUuDKWyRxg4UX9vpIhrnfDAOjkyfT0/G4v/zVqxCc/8lIootinx9KEwZtBIOC4Kdqki2LDEEoQVtX+F2FaDsLF15mwJ3nzkRVIvFT1b3fVJoXwzqyMLDsAhOAYeOAVlUAFVUAMYPIJn8ArenCfnxXl3PqbWjDPb2Qd/4Hz9AHmmolA=</latexit><latexit sha1_base64="BsbgmMustqxx5qJNY4MO3A+0IXs=">AAACG3icbVBLSwMxGMzWV62vqkcvwSJ4KrtFUDwVBOlFqGgf0C4lm2bb0DzWJCusS/s7vPhXvHhQxJPgwX9j+jho60BgmG++JDNBxKg2rvvtZJaWV1bXsuu5jc2t7Z387l5dy1hhUsOSSdUMkCaMClIz1DDSjBRBPGCkEQwuxvPGPVGaSnFrkoj4HPUEDSlGxkqdfCltKw4vFbmLicDJSIajPlJcCopHkTREGIrY8NwtehPjVeVh2MkX3KI7AVwk3owUwAzVTv6z3ZU45vYyzJDWLc+NjJ8iZShmZJhrx5pECA9Qj7QsFYgT7aeTbEN4ZJUuDKWyRxg4UX9vpIhrnfDAOjkyfT0/G4v/zVqxCc/8lIootinx9KEwZtBIOC4Kdqki2LDEEoQVtX+F2FaDsLF15mwJ3nzkRVIvFT1b3fVJoXwzqyMLDsAhOAYeOAVlUAFVUAMYPIJn8ArenCfnxXl3PqbWjDPb2Qd/4Hz9AHmmolA=</latexit><latexit sha1_base64="BsbgmMustqxx5qJNY4MO3A+0IXs=">AAACG3icbVBLSwMxGMzWV62vqkcvwSJ4KrtFUDwVBOlFqGgf0C4lm2bb0DzWJCusS/s7vPhXvHhQxJPgwX9j+jho60BgmG++JDNBxKg2rvvtZJaWV1bXsuu5jc2t7Z387l5dy1hhUsOSSdUMkCaMClIz1DDSjBRBPGCkEQwuxvPGPVGaSnFrkoj4HPUEDSlGxkqdfCltKw4vFbmLicDJSIajPlJcCopHkTREGIrY8NwtehPjVeVh2MkX3KI7AVwk3owUwAzVTv6z3ZU45vYyzJDWLc+NjJ8iZShmZJhrx5pECA9Qj7QsFYgT7aeTbEN4ZJUuDKWyRxg4UX9vpIhrnfDAOjkyfT0/G4v/zVqxCc/8lIootinx9KEwZtBIOC4Kdqki2LDEEoQVtX+F2FaDsLF15mwJ3nzkRVIvFT1b3fVJoXwzqyMLDsAhOAYeOAVlUAFVUAMYPIJn8ArenCfnxXl3PqbWjDPb2Qd/4Hz9AHmmolA=</latexit>

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

W = |h�(1)
x ⌦ �(2)

z i � h�(1)
y ⌦ �(2)

z i|
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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:
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From Non-local
interaction to local interaction

Quantum Entanglement Vanishes as we resolve 
Gravitational Singularity



We are  
all  

entangled  
: 

Gravity is  
QUANTUM ! 

Now we can test it !

Bose+AM+Morley+Ulbricht+Toros+Paternostro+Geraci+Barker+Kim+Milburn, PRL (2017)  [1707.06050] 

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



T. Biswas, E. Gerwick, T. Koivisto and A. Mazumdar,
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T. Biswas, A. Mazumdar and W. Siegel,
``Bouncing universes in string-inspired gravity,’'  [hep-th/0508194].

 L. Buoninfante, A. S. Koshelev, G. Lambiase and A. Mazumdar,
  ``Classical properties of non-local, ghost- and singularity-free gravity,’'   [arXiv:1802.00399 [gr-qc]].

L. Buoninfante, A. S. Koshelev, G. Lambiase, J. Marto and A. Mazumdar,
 ``Conformally-flat, non-singular static metric in infinite derivative gravity,''  [arXiv:1804.08195 [gr-qc]].  

L. Buoninfante, A. S. Cornell, G. Harmsen, A. S. Koshelev, G. Lambiase, J. Marto and A. Mazumdar, 
``Towards nonsingular rotating compact object in ghost-free infinite derivative gravity,'' [arXiv:
1807.08896 [gr-qc]]. 

 L. Buoninfante, A. Ghoshal, G. Lambiase and A. Mazumdar,`
`Transmutation of nonlocal scale in infinite derivative field theories,’'  arXiv:1812.01441 [hep-th].   

A. Ghoshal, A. Mazumdar, N. Okada and D. Villalba,
``Stability of infinite derivative Abelian Higgs models,’ [arXiv:1709.09222 [hep-th]].

Bose+AM+Morley+Ulbricht+Toros+Paternostro+Geraci+Barker+Kim+Milburn, PRL (2017)  [1707.06050]

Relevant Publications



Extra Slides



Degrees of freedom & Ghosts

Utiyama (1960),  De Witt (1961),   Stelle (1977)

Massive Spin-0        &       Massive Spin-2 ( Ghost )  Stelle (1977)

Modification of Einstein’s GR

Modification of 
Graviton Propagator

Extra propagating 
degrees of freedom

Challenge:  How to get rid of the extra dof ?

⇧(k2) =
1

k2


P (2) � P (0)

2

�
� P (2)

k2 �m2
2

+
P (0)

2(k2 �m2
0)
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m2 = �(�/2)�1/2, m0 = (↵+ �)�1/2
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Higher derivative theories generically carry Ghosts ( -ve Risidue )

Propagator with first 
order poles

Avoiding Ghosts: Stability

Ghosts cannot be cured order by order, finite terms in perturbative expansion 
will always lead to Ghosts !!

No extra states other than the original dof.

Woodard (1991), Moffat (1991),  Tomboulis (1997),  Tseytlin (1997),    Siegel (2003),   Biswas, 
Grisaru,  Siegel (2004),   Biswas,  Mazumdar,  Siegel (2006), Witten ( 2015),  Sen (2016, 2017), ….

S =

Z
d4x �⇤(⇤+m2)� ) ⇤(⇤+m2)� = 0

�(p2) ⇠ 1

p2
� 1

p2 �m2

�(p2) =
e�p2/M2

p2 �m2

S =

Z
d4x �e�⇤/M2

(⇤+m2)� ) e�⇤/M2

(⇤+m2)� = 0



A. Ashoorioon, P. S. Bhupal Dev and  A. Mazumdar,
  ``Implications of purely classical gravity for inflationary tensor modes,''
  Mod. Phys. Lett. A 29, no. 30, 1450163 (2014)
    [arXiv:1211.4678 [hep-th]].

 L. M. Krauss and F.  Wilczek,
  ``Using Cosmology to Establish the Quantization of Gravity,''
  Phys. Rev. D  89, no. 4, 047501 (2014)
    [arXiv:1309.5343 [hep-th]].

Gravity being Classical or Quantum

Correct observation, but 
wrong interpretation



Quantum “Off-shell” 

Quantum Tunnelling is an off-shell process



Graviton must obey the quantum superposition principle 

Linearized Quantum Gravity 

hµ⌫ are also localized
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Provided we can prepare masses in Fock state & control decoherence. 

This will not be so for Bose-Einstein Condensate, or if matter is in a Coherent state!! 

Gµ⌫ / Tµ⌫
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Linearized Quantum Gravity 
Graviton as an Off-shell/Virtual mediator

Virtual communication  
or Quantum 

communication via  
off shell mediator

Local coupling
Local coupling

⇧(k2) ⇠ P (2)
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� P (0)

2k2
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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>

Unitary Local 
Operation, 

Measurement

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>

Tµ0⌫0
<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

Product State Entangled State

A AB B

| i = | iA ⌦ | iB
<latexit sha1_base64="eJs6TYnq8I3JXVeyJqNKLfgoZ2Y=">AAACKXicbVDLSgMxFM3UV62vUZdugkVwVWZE0I1QdeOyon1AZxgyadqGZpIhyQhlnN9x46+4UVDUrT9iOp2Ftj0QOPece7m5J4wZVdpxvqzS0vLK6lp5vbKxubW9Y+/utZRIJCZNLJiQnRApwignTU01I51YEhSFjLTD0fXEbz8Qqajg93ocEz9CA077FCNtpMCuP3oNRaEnER8wcgHzsqiC1JMRvMygJzSNiFpgXmWBXXVqTg44T9yCVEGBRmC/eT2Bk4hwjRlSqus6sfZTJDXFjGQVL1EkRniEBqRrKEdms5/ml2bwyCg92BfSPK5hrv6dSFGk1DgKTWeE9FDNehNxkddNdP/cTymPE004ni7qJwxqASexwR6VBGs2NgRhSc1fIR4iibA24VZMCO7syfOkdVJznZp7e1qt3xVxlMEBOATHwAVnoA5uQAM0AQZP4AW8gw/r2Xq1Pq3vaWvJKmb2wT9YP79XkKdY</latexit><latexit sha1_base64="eJs6TYnq8I3JXVeyJqNKLfgoZ2Y=">AAACKXicbVDLSgMxFM3UV62vUZdugkVwVWZE0I1QdeOyon1AZxgyadqGZpIhyQhlnN9x46+4UVDUrT9iOp2Ftj0QOPece7m5J4wZVdpxvqzS0vLK6lp5vbKxubW9Y+/utZRIJCZNLJiQnRApwignTU01I51YEhSFjLTD0fXEbz8Qqajg93ocEz9CA077FCNtpMCuP3oNRaEnER8wcgHzsqiC1JMRvMygJzSNiFpgXmWBXXVqTg44T9yCVEGBRmC/eT2Bk4hwjRlSqus6sfZTJDXFjGQVL1EkRniEBqRrKEdms5/ml2bwyCg92BfSPK5hrv6dSFGk1DgKTWeE9FDNehNxkddNdP/cTymPE004ni7qJwxqASexwR6VBGs2NgRhSc1fIR4iibA24VZMCO7syfOkdVJznZp7e1qt3xVxlMEBOATHwAVnoA5uQAM0AQZP4AW8gw/r2Xq1Pq3vaWvJKmb2wT9YP79XkKdY</latexit><latexit sha1_base64="eJs6TYnq8I3JXVeyJqNKLfgoZ2Y=">AAACKXicbVDLSgMxFM3UV62vUZdugkVwVWZE0I1QdeOyon1AZxgyadqGZpIhyQhlnN9x46+4UVDUrT9iOp2Ftj0QOPece7m5J4wZVdpxvqzS0vLK6lp5vbKxubW9Y+/utZRIJCZNLJiQnRApwignTU01I51YEhSFjLTD0fXEbz8Qqajg93ocEz9CA077FCNtpMCuP3oNRaEnER8wcgHzsqiC1JMRvMygJzSNiFpgXmWBXXVqTg44T9yCVEGBRmC/eT2Bk4hwjRlSqus6sfZTJDXFjGQVL1EkRniEBqRrKEdms5/ml2bwyCg92BfSPK5hrv6dSFGk1DgKTWeE9FDNehNxkddNdP/cTymPE004ni7qJwxqASexwR6VBGs2NgRhSc1fIR4iibA24VZMCO7syfOkdVJznZp7e1qt3xVxlMEBOATHwAVnoA5uQAM0AQZP4AW8gw/r2Xq1Pq3vaWvJKmb2wT9YP79XkKdY</latexit><latexit sha1_base64="eJs6TYnq8I3JXVeyJqNKLfgoZ2Y=">AAACKXicbVDLSgMxFM3UV62vUZdugkVwVWZE0I1QdeOyon1AZxgyadqGZpIhyQhlnN9x46+4UVDUrT9iOp2Ftj0QOPece7m5J4wZVdpxvqzS0vLK6lp5vbKxubW9Y+/utZRIJCZNLJiQnRApwignTU01I51YEhSFjLTD0fXEbz8Qqajg93ocEz9CA077FCNtpMCuP3oNRaEnER8wcgHzsqiC1JMRvMygJzSNiFpgXmWBXXVqTg44T9yCVEGBRmC/eT2Bk4hwjRlSqus6sfZTJDXFjGQVL1EkRniEBqRrKEdms5/ml2bwyCg92BfSPK5hrv6dSFGk1DgKTWeE9FDNehNxkddNdP/cTymPE004ni7qJwxqASexwR6VBGs2NgRhSc1fIR4iibA24VZMCO7syfOkdVJznZp7e1qt3xVxlMEBOATHwAVnoA5uQAM0AQZP4AW8gw/r2Xq1Pq3vaWvJKmb2wT9YP79XkKdY</latexit>

| i 6= | iA ⌦ | iB
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Probing UV gravity
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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:

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)

Interaction becomes Non-Local



Resolution of Singularity at short distances
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Local vs Non-Local Field Theory
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