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Locality in space & time : Blackhole to 
Cosmological Singularities
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(mediator is massless)
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Cosmological
Singularity !

Geodesics are incomplete

Non-local interactions !

Well defined manifold
Geodesics are complete



Motivation
Finite derivatives  always have a point support

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

Non-locality is one possible way for resolving singularities

hep-th/0508194,  JCAP (2006), 1804.08195 [gr-qc]



Non-local theory is an appromation of a String 
theory

Non-Local Field Theory

World Line
Particle limit 

P-adic string 
theory

String field 
theory

Advantages
Allows us to probe 

time dependent 
problems, such 

big bang
& black hole 
singularities

UV completion

Witten (1986), Freund, Olson (1987), Frampton, Okada (1988), Siegel (2001), Sen, Zwiebach (1994), 
Berkovits, Sen, Zwiebach (2000), Pius, Sen (2016), Sen (2002,2017, 2018)



Partition function
External momenta is low External momenta is large

Gross-Mende (1988)

What softens the UV behaviour?

Minimal-length uncertainty

Kaplunovsky, Dixon, Louis et al .

τ → −
1
τ

World sheet green function

Particle limit

Original action had a modular invariance



Scalar propagator: Resembling SFT

Π(p2) = ∫
∞

0
dte−T(t)(p2+m2)

Schwinger’s proper time

Aim:  How do we mimic this feature in a non-local gravity?
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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

(

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

(32)
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Higher Curvature Action & 
Gravitational Form Factors 

Biswas,  AM,  Siegel, hep-th/0508194
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⇤
M2

Einstein-Hilbert 
Recovers IR

Ultra-violet modifications

M ! 1(Theory reduces to GR)
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d4x
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Infinite Derivative Gravity (IDG)
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Non-linear, Non-local Equations of Motion

 Biswas, Conroy, Koshelev, AM.   [arXiv:1308.2319 [hep-th]]



First solution of non-linear, non-local equations of 
motion: non-singular universe

S = ∫ d4x −g [ R
2

+ Rℱ1( □ )R − Λ]
□ R = r1R + r2 □n R = rn

1 (R +
r2

r1 )
deSitter Anti deSitter

ℱ( □ ) =
1

M6
s

( □ − m2)( □ − r1)2eγ(□)

No-Ghost criteria No-Ghost criteria

ℱ( □ ) =
1

M4
s

( □ − r1)2eγ(□)

a(t) = a0 cosh( r1/2t), a0eλt2

Biswas, Koivisto, AM,  1005.0590Sravan-Kumar, Maheshwari, AM, Peng,  2005.01762

Biswas, AM, Siegel,  0508194



S =

Z
d4x

p
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1

a(k2)


P (2)

k2
� P 0

2k2

�

2F1 + F2 + 2F3 = 0
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Perturbative unitarity around minkowski

a(⇤) = 1� 1

2
F2(⇤)

⇤
M2

s

� 2F3(⇤)
⇤
M2

s
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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:
Pius, Sen (2016)



Biswas,  AM,  Siegel  (2006) JCAP,        Biswas, Gerwick, Koivisto, AM  (2012) Phy. Rev. Lett.
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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(!) =
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!
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]
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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):

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



Conformally flat solution

Buoninfante, Koshelev, Lambiase, AM 
[arXiv:1802.00399 [gr-qc]]

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

all the way to non-linear level.



Spherically symmetric non-linear, non-local metric

Buoninfante Koshelev, Lambiase, Marto, AM [arXiv:1803.00309 [gr-qc]]

 [arXiv:1308.2319 [hep-th]]
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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
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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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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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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 : N scalar-gravitons interacting with 
non-local interaction  

Buoninfante, Ghosh, Lambiase, AM
arXiv:1812.01441 [hep-th]N- gravitons behave like a condensate

Persists with zero external momenta



Non-local star: 
Coherent State of N Gravitons & a Black hole Mimicker 
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Collective behavior
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Mass of N gravitons interacting non� locally
<latexit sha1_base64="qC4sfvLhE5a72xHCnkkWWoah85k="></latexit><latexit sha1_base64="qC4sfvLhE5a72xHCnkkWWoah85k="></latexit><latexit sha1_base64="qC4sfvLhE5a72xHCnkkWWoah85k="></latexit><latexit sha1_base64="qC4sfvLhE5a72xHCnkkWWoah85k="></latexit>

For a solar mass object : N ⇠ 1082
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Forms a gravitationally bound system: a Non-local star! 
Buoninfante, AM 1903.01542



Number of 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

Bekenstein State



Metric of a Non-Local Star with No-Horizon
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2

Me↵
+O(1/Ms)
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No Horizon
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Outside Non-local Star

Inside Non-local Star



Rotating solution with no ring singularity

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



Non-Local, Infinite Derivative 
Gravity

~ Non-local graviton propagator motivated from the UV 
properties of string amplitude.

~ Non-locality resolves Curvature Singularities

~  Non-singular cosmology with no ghosts. 

~ Non-local stars can mimic black hole without event 
horizon

~ Non-singular rotating compact objects & NUT-charge in 
linearised non-local gravity resolve curvature singularities 
(see: Buoninfante, et,al. 1807.08896, Frolov, et,al. (2020),  Kolar, AM  2004.07613)

https://arxiv.org/pdf/2004.07613


Extra Slides



Extra 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 
degree 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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Einstein & Weyl Gravity: Finite Derivative Theories

S =

Z p
�gd4x

✓
R

16⇡G

◆

One loop pure gravitational action is renormalizable. 
But it has a scale. The theory is not scale invariant

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

S =

Z p
�gd4x

⇥
M2

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



Higher derivative theories generically carry Ghosts ( -ve Risidue )

Propagator with first 
order poles

Potential resolution of Ghosts & Classical 
Instabilities

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)

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



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

a(⇤) = 1� 1

2
F3(⇤)⇤� 1
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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
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F5(⇤)⇤3 (31)

f(⇤) =� 2F1(⇤)⇤� F2(⇤)⇤2 � F3(⇤)⇤

� 1

2

�
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Non-Local Star as a ClePho



Resolution of Singularity at short distances

Biswas, Gerwick, Koivisto,  AM (2012),   Edholm, Koshelev,  AM (2016), Frolov & Zelnikov (2015, 2016)

Current Bound : M > 0.01 eV
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m  1025 grams



Conformally Flat metric, Non-Vacuum Solution,
with no event horizon
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Local vs Non-Local Field Theory

P 2 � M2
P 2 < M2 r ⇠ M�1

Scale of Non-Locality

�m2 ⇠ �M2

�NL(ff̄ ! f 0f̄ 0) = e�s/M2

�L(ff̄ ! f 0f̄ 0)

Moffat Phys.Rev.D (1990),   Biswas + Okada,  Nucl. Phys. B (2016)

�4 ⇠ ��2e�2m2/M2 ⇥
1 +O(m2/M2)

⇤



Scale-Free Abelian Higgs Interactions

Abelian Higgs

Ghoshal,  AM, Okada, Villalba (2017)


