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Einstein’s GR is well behaved in IR, but UV is
Pathetic; Aim is to address the UV aspects of Gravity



HOW EASY IS TO INFLATE
THE UNIVERSE ?

Can we inflate a
local patch of space
time in a
laboratory ?

Farhi, Guth, Linde, Vilenkin, ........



CHALLENGES & ASSlﬁM PTIONS

We need to embed ifiting | S0 ®
inflation within FRW o
Universe, which has a
space like singularity

within GR r=0
Big Bang .
Inflationary patch has to be 0 =V,N*
embedded Within an d_o + 192 < _RabNaNb
anti-trapped region, i.e. ar 2

A0 Ry NON® = 87T, N*N? > 0
— >0 do

dT I <0 p+p=0

Inflation ought to he emhedded within an already inflating patch I



HOW EASY IS TO ENTER
THE SLOW ROLL PHASE ?

_¢ ~ —< 0;)% ~ V(¢) ~ M,

g ;(w)z <V(¢) <M,



_Dymamical attractor

1
V = = 2 12
2m

attractor

In order to seek inflation/attractor, we
neglect the gradient term, we assume

Homogeneity from the beginning.

Linde, Mukhanov

Anthropic argument - there must exist a patch which could inflate !



Tests of 1/r gravity: 10! cm — 10*° cm
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Classmal Singularities
N, UV is Pathological,

IR Part is Safe

R
_ — 14
B / gda (167TG

What terms shall we add such that gravity
behaves better at small distances and
at early times ?

While keeping the General Covariance




Motivations
Resolution to Blackhole Singularity

- Resolution for Quantum Mechanics &

o
GraVIty Blackhole Information Loss Paradox

Resolution to Cosmological Big Bang
Singularity Geodesically complete Inflationary Trajectory

While Keeping IR Property of GR Intact



Bottom-up approach

Higher derivative gravity & ghosts
Covariant extension of higher derivative ghost-free gravity
Singularity free theory of gravity

Background independent action of UV gravity

4d picture of Gravity

| Corrections in | :

EFT 1s a good [ \/i UV becomes M D

roximation in IR Y
approximation in important




gg@ AL

As an example...

String Theory Introduces @ Parameters
kR g ()
Fundamental Strings are Non-Local
DBI action ameliorates the Point like
Singularity of Coulomb Solution

S = —Tp/dPHC\/—det(%b + 2ma! ab)

DBI Action Provides a Description of Open
Strings to All Orders in .’ at One-Loop

Challenge for String Theorists:
To Construct a similar Action for
Closed Strings with All Orders in o’



4th Derivative Gravity & Power Counting
renormalizability

I — /d4az\/§ No+kR+aR,R" — L (b+a)R?]

\ 1 11 1
CEE L AR T A\ K2+ A
- T —— r——————— R

Massive Spin-0O & Massive Spin-28 ( Ghost ) Stelle (1977)
Utiyama, De Witt (1961), Stelle (1977)

Modification of Einstein’s GR

Modification xtra propagating

P Coemtvan degree of freedom

PI‘OPag ator Challenge: to get rid of the extra dof



Ghosts

Higher Order Derivative Theory Generically
Carry Ghosts ( -ve Risidue ) with real ¢“m?” ( No-
Tachyon)

2 J— A ]‘ Propagator with first ‘
A(p ) o p2 (pZ _|_m2) (p2 _|_m2) of'derpoles ;
W__—'— - — '——-———M’

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

Ghosts !!



Higher Derivative Action around Minkowski
S=S5Sg+S5 q
4

Sq = /d4x¢fg[R....O::::R"" +R_OIR"OIR"+R _OROIROR" +:-]i
|

“W
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/ Unknown Infinite

Covariant derivatives Functions of Derivatives




Sq

X0 X0

_ / d'o/=g[RFy(O)R + RFy(0)V,V,R" + R, Fs(0)R™ + R*Fy(0)V, VAR

+ RYE5(O)V,V,V, VAR + RE(O)V,V, VAV, R + R, \F(O)V, V, RFA
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): Z fi,n "
n>

What Have We Gained ?

Fundamental Theory Must
have Finite Parameters



Redundancies
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= /d4:v\/—g R+ RF(O)R+ Ry Fo(O)R™ + RyuapFs(0)RMP]
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Graviton Propagator

)05 01 + (O (10,0517 + 0,0,h)

)

(
“19,000,0,h = —kT, i

Biswas, Koivisto, AM
1302.0532




Covariant Modification of a Graviton
Propagator : Only 1 Entire Function

o o | UV
M= — - : _1[P? P
ak? = (a — 3c)k? = |2 T 9p2
Demand: a(k?) = c(k?)
DR e — - —————
Recovers GR lm II""\, = (P /K%)= (P /2k%)
a(0) = ¢(0) = =b(0) = —d(0) =1 IR

ONLY 1 Non-Singular, Analytic functions at k=0, is
required to Ameliorate the UV property of GR

‘a’ should be an Entire Function & cannot contain

non-local operators, such as a([]) ~ 1/




Ghost Free Gravity

a(0d) = ¢(0) = 2F( ){—fg( ) +2F3(0)=0 ¢

e —— amas v-——-—--—-d
Entire Function
H_P2 | PY _l'PQ PO }
ak?  (a—30)k?  a [K* 2k%

a(0) = c(0) =2/

Some function of k which falls faster thanl/k?

[]
M2 — ]
CL( ):6_% and]—"gz()j]-‘l( ):6 _ FQ( )

'———---—-w2
e — ———— —— ~ ——




UV Gravity Simplified

p— /d4x\/ —g [R —I— R./'l( )R —l_ RMVJLZ( )RMV —|_ R,UVOQB'FB( )RILVO‘B]
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Applications

Black Hole Singularity, i.e. Schwarzschild Type

Biswas, Gerwick, Koivisto, AM, PRL (2012)

(8r-ac/1110.5249)

Cosmological Singularity, i.e. Big Bang Type

Biswas, AM, Siegel, JCAP (hep-th/0508194),
Brandenberger, Biswas, AM, Siegel, JCAP ( hep-th/0610274)
Biswas, AM, Koivisto, JCAP (1005.0590)



Newtonian Potential
N R g

(1) WRAS (m3) Linearized Solution
//kl k3\\ d32 _ _(1 . 2¢)dt2 i (1 i Q\If)dr2
e — - — - ettt
(a(0) — 3¢(0))0h + (4c(0) — 2a(0) + F(D)Fdh* = rp
a(J)0hge + c(U) h—c( )0, 0,h"Y = —kKp
D S - —————

For f =0 and a(J) = ¢(0OJ)

4a(VAV2® = 4a(V*)VV = kp = kmd>(7)
W ——= — - - ———

a(0)) = ¢~0/M?  Varying slowly with time NG v2:

d M G M M
O(r) ~ km ?pe—p /M i (pr) = /<;4T:27rrerf (%) _ Tmerf ("“2 ) — 4%%57“61{ (%)

mM < M = m < M,
W Rp——— e ——————

Biswas, Gerwick, Koivisto, AM, PRL, (gr-qc/1110.5249)




Non Singular Solution

2f ! UViimit: 7 —0, erf(r) > ¢ (r) — const.
. e —— ——
1.0j
| 2Gm i -«
8l ds® = (1 — erf (rM/2))dt* — e-
l ¥ ( r (rM/2)) (1 — 2GTmelrf (rM/2)) ?
0.6 _~—w-
L T mM < M? = m < M,
02
1
erf(r) =1 ®(r) — —
’r‘ :
- ——

No Singularity === No Horizon

No Information Loss Paradox



Where would you expect the
modifications?

Singularity is capped at the scale of
non-locality \/ < M,



Gravitational Waves

w? (M L?)
r

Large r

hhmait

*(ML? M
jszw ( >erf (T2P>

r

r = 0, No Singularity

Biswas, Gerwick, Koivisto, AM,
Phys. Rev. Lett. (8r-qc/1110.5249)



Non-Singular Bouncing Solution

; . _ - _
R emM? — 1 e m?2 —1

_ 4 — v . 1%
S—/da:\/g 2—|—R = e — 12U, = R

+—— PAST FUTURE —

A typical cycle; all cycles identical.

Fig 02

h ~ diag(0, Asin \t, Asin At, Asin A\t) with A < 1

Non- Singular Bouncing, Homogeneous &
Isotropic Universe

Biswas, Gerwick, Koivisto, AM,

Such a solution is not possible in GR ;. 5., 1ot (srao/1110 5249)



Implications for Cosmic
Inflation



Revisiting Hawking-Penrose Singularity

Theorems
§ =V, ,N° D g2 _p Nont
dr 2

General Relativity
Rapy N*N° = 81T, N°N° > 0

gso p+p=>0
e — e e ———

Non-local extension of GR

dd 1
RabNaNb < 07 | _‘92 > 0
dr = 2

RabNaNb # 87TTabNaNb Conroy, Koshlev, AM,

(8r-qc/1408.6205)



Revisiting Singularity Theorems
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Conroy, Koshlev, AM,
(g8r-qc/1408.6205)




Non-locality & Quantum Gravity

_ 6 1 46_M—p?2 M?
S:/d% [qﬂeﬂﬁqb—%] %@J@f@ zwg{/dppz}”Mé
6

~ Gravity 1s a Gauge Theory : Free kinetic action is tangled with

mteractions

~ Vertices have the same exponential enhancement as the
suppression 1n the propagator : One has to do the caleulation ...

~ EKEftective dGSCI’iptiOD . Arising from the integrations of quantum

fluctuations of some unknown degrees of freedom -- the question of quantisation has
no meaning, and one has to use the classical solutions as master fields (collective
variables) for the quantum dynamics of the unknown degrees of freedom.

R
g / 1'0v/=g | + a0(R, Ryw) + 01 (R, Ry ) RF1 (D) R

+as(R, Ry )Ry Fo(O)R* + a3 (R, Ry )Clure F3CH ]
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Singularities

ological and Blackhole
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Conjecture : The Form of Most General Action

S = /d%\/?g
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Conclusions

We have constructed a Ghost Free & Singularity Free
Theory of Gravity

If we can show higher loops are finite then it is a great

NEeWS == this is what we are working now

But, studying singularity theorems, positive energy
theorems, Hawking radiation, Non-Singular Bouncing
Cosmology, ..... , many interesting problems can be
studied in this framework

Holography is no longer a property of UV, becomes part
of an IR effect. The area law of gravitational entropy will
no longer hold true in UV.



Extra Shdes



Full Non-Singular Solution

- - -0 - _ O . 1 4

R em? — 1 e M2 — ]
S:/d4:1:\/—g §—|—R R—QRW/ R
”"—'—""_ e e —————tam—
R = 7°1R -+ 79
A _ ’I“QM]%
47“1
a(t) = cosh (\ / %t)
Does Not Contribute to
a>0=—=A>0 Dynamics But to
Perturbations

Biswass, AM, Siegel, JCAP (hep-th/0508194)
Biswass, Koivisto, AM, JCAP ( hep-th/1005.0590 )



Remarks on f(R) Gravity & 4th Order
Gravity

_ / '/ =g [R+ RF(D)R + Ry Fa(O)R™ + RyapFs(O) R,

s ~'—-———-—Ml

EwR+61R2—|—62R3—|—62R4—|—63R5—|—C6R6‘|—“‘ I = /d4x\/_[)\0—|—kR—l—aRWRW——b—l—aR2]/
Scalar Ghost ( Massive Spin 0 ) Massive Spin-@ Ghost ‘
4
I~ —1/2k*(k* — m?) + .... 1~ Py/k?(k? —m?) +....
D S e e~~~ ‘—————-—w
f(R) type model can be made 4th Order Gravity can
Ghost Free but they do not Improve UV behaviour but has

improve UV behaviour a Ghost



Non-Singular Bouncing Solution

— ! d4x\/jg [R—|-RJ'1(

a(D)]

h,uy — acra(y Z)]_
+ la(0d) =

)R+

Ry Fo(D)R™ 4 RyvapF3(

)R,uuaﬁ] ‘;

e ——— e
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)11,,0,0,0°° + 0,0,h — 1,

c(0)]

10,000,0,h = —kT,

h ~ diag(0, Asin At, Asin At, Asin A\t) with A < 1

c(

af
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3

[

L=z

oo

h|

Non- Singular Bouncing, Homogeneous &
Isotropic Universe

Such a solution is not possible in GR
Biswas, Gerwick, Koivisto, AM, PRL (2012)

(8r-qc/1110.5249)



Perturbative Quantum Gravity

R
167w

o= / L(w)dz L(x) =1~y ( . ﬁmattef>’

)

AL = =g (aR? + SR, +yR2s,) = [ d'oy/=g(R — 4R, +RW§
R ————— -

Pure Gravity is 1-Loop Renormalizable !

Pure Gravity requires 1 new counter term @ 8 Loops !

Superficial degree of divergence of a Feynman diagram

Loops diagrams :

D=Ld+2V —2I,
L : number of loops,
i D=2+ (d—-2)L. Ford=4 — D=2+2L
V' : number of vertices,
I : number of internal lines in the graph.
Topological relation between V, I and L, L=1+1-1V.



Graviton Propagator in G-R

o 1, LV 1 qu o
aahﬂ’/ 80}#”/ ? ath/ aah,ua ['sym — % 6)Gh,ul/ (9 h'u + 2 8 h,uu 8ahlu Jg
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h — i (T _ 1 T O )
i R k2 pv > Npvd o
e ———— - ——————

P Van Nieuwenhuizen (1973)

L=—20uhag "R + £ (0,h%)° + 2 Co+ L khy TH + Lyt + ... ‘

D 1. Nualv 3 + NuBTva dgg Nuv Mo
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Superficial Degree of Divergence:
GR vs BGKM Gravity

Superficial degree of divergence of a Feynman diagram

Loops diagrams :

D=Ld+2V —2I,

L : number of loops, D:2—|—(d—2)L Ford=4 — D:2—|—2L

V' . number of vertices,
I : number of internal lines in the graph.
Topological relation between V, I and L, L=1+4+1-V

E:’I”Lh—fh

ny = # of graviton vertices
Higher Loops are

I, = # of internal graviton propagator well behaved
Using Topological Identity : £ =1 — L

For L >2 = FE <0



Background Independent
Action : de & Anti-de Sitter

[] O 7 sty

R

S:/d4az V=g §+a1(R)R

Juv — g,uu =+ h,ul/ 9

R/,Ll/ — )\gu,y ) R — 4)\ and vugyp —
| ————— e ma e ————e I '

Generic Form of Action

R i
ol = /d4$\/ —(g | — —|—Oé()(R, R,W/) —|—041(R, RMV)RJLYl( )R 1

2
‘|‘CV2(R7 R,uV)R,uI/JLQ( )R'LW T Ckg(R, RMV)CMVAJFSCMVAJ] {

L e— e  ————

Biswas, AM, 2012 ( Unpublished )




Looking for Ghosts

R+ch "R

/d4x\/7 <I>R—|—¢Zc7; ") —
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Newtonian Potential

\kQ k4/ 2 2 2
ds® = —(1 —2®)dt” + (1 + 2W)dr
(ml)/iw\(mz)
, ki1 ks \ o _ Mo ﬂ
O(r)=U(r) = 47TMgrerf ( : > <1
UV limit: r—0, erf(r)—r (I)(’l”‘) — const.
1
IR limit: r— oo, erf(r)—1 D(r) — —
-

No Singularity, No Horizon, No Information Loss for Mini-Bhs

o , dr?
——orf (rM/2))dt” - (1 — 28merf (r 1M /2))

r

ds® = (1 —

mM < M; = m < M,



LLocal —> Non-Local

Mostly we Deal with Free Strings
\\/ 2 opo !
2ma

Strlng InteraCtlons (summing over Topologies)

ENSS N Strmg — SPoly - )\X
NV )\

— €

@ the lowest order

1
S 2/€2 dQGX / R /{2 ~ gg(a/)]_Q
String Theory Inevitably Introduces 2 Parameters
|



Perturbative Quantum Gravity

Pure Gravity is 1-Loop Renormalizable !

Pure Gravity requires 1 new counter term @ 8 Loops !

Superficial degree of divergence of a Feynman diagram

Loops diagrams :

D=Ld+2V —2I,

L : number of loops,

i D=2+ (d—2)L. Ford=4 — D=2+2L
V' : number of vertices,
I : number of internal lines in the graph.

Topological relation between V,  and L, L=1+1-1V.

GR Propagator in 4 Dimensions:

AN = 2
NN —



