








Motivation

Constructing theories of OG is a fundamental problem in physics.

Relevant e.g. for BH physics, singularities, cosmology etc.

INFLATION

FORMATION OF

THE SOLAR SYSTEM
8,700,000,000 YEARS

AFTER BIG BANG




Motivation

Interest of Horava’s proposal: explicitness

a (renormalizable) QFT of gravity can give very well defined answers!

In this talk, focus on application as QG for our 3+1 world:

can any version of NR QG be phenomenologically viable?

- no ghosts, no instabilities - weakly coupled, if possible

- pass observational tests - recovery of Lorentz invariance in IR









Horava's proposal exploits ‘Anisotropic Scaling’

Dispersion -
relation in UV w~k z>1
Propagators ~ 1

w?—ak*

=> Loops are less divergent

and no ghosts!

2 ways to see how Anisotropic Scaling assists renormalizability






Anisotropic Scaling

1) Dimensional analysis x=blx

Invariant e bt
under

Free Kinetic term: Jdtcfx {((.b)z T ]$§2¢1)}

3-z
pr>b° ¢
Interactions:

For z=3, ¢ relevant (super-renormalizable)
¢"A’¢ marginal (renormalizable)

Y ¢A3<P

= eg, L= <¢>+c<¢>¢A¢+d2<¢>

is P.C. renormalizable.

+€(¢)



Anisotropic Scaling

2) Power-counting argument

Count superficial degree of divergence of 1Pl diagrams

>.< -| jdwfkTG(w,k)’(kzZ)V

0 < (z+3)L-27z1+2zV =|(3—2)L+2z7

(V-I+L=1)

With z=3, all loop orders diverge equally ~> Renormalizable



Anisotropic Scaling

¢A3¢ is P.C. renor-
malizable...

(PA2¢

So, L=N|(§)* + ¢(9) 9AY + d*(¢) *—5+€'(§)

But not only that!...

It may be weakly coupled at all energy scales, provided M < A

E2
scatt amplitude ~ rd

|
I
relativistic M A anisotropic



Anisotropic Scaling

(Anselmi & Halat '08)

The trick also works for gauge theories :
(lengo & Serone '10)

The big question:
Does the same trick work for gravity ??

W => (part of the) gauge group broken

=> additional degrees of freedom

One needs to be careful, or else the extra d.o.f. are pathological!



Introduce preferred time coordinate ¢ (back to “"Absolute time”)

Globally defined Foliation by spatial 3D surfaces:

2

.z
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3+1 split: ~ N*? N’
(ADM) By = | NI v,

Specify Foliation- t> (1)
symmetry: preserving diffs x> X(t,x)

~ 1 .

| Kij = 5+ (315 — VilN; = V;N;)
covariant _ 2N
objects: a,,N (3)
i = R alvis)
~ N g 1kl 1]




Blas Pujolas

Ro+a +.. R, +a" +..
— — 3) (3)
- 1
covariant J
objects: a,,N (3)
i = S AN [i;]




On top of helicity 2 graviton,
the model propagates a scalar:

@

L' =M

3A-1
"1

Original proposals

o=0

O — o
Projectable, N (¢)

() —c2 Q)

2 _
sound speed: (,=

2—0
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Stuckelberg formalism Blas Pujolas

Sibiryakov ‘og

Isolating the scalar mode: S=8,t S[o; 0, A ...
0 defines the preferred frame: (¢)

[

unbroken — f(t) symmetry implies

0 — f(¢) internal symmetry

Invariants: U, = %0 and its derivatives
Y J0e)

Jd4x {(l 1)( u“)2+05(u Vu) + .. }

In the unitary gauge (¢ = t) the action coincides with previous form






Stuckelberg formalism

Around flat space and ¢ =¢, let us study the scalar mode ¢ =1+ y(¢,x)

SUx) =M; [d'x [oc (0.2 -A-D@Ag) -(A-1) x(Ax) + }

Naive strong coupling scale A =./|] —1] M,

If High. deriv. terms suppressed by M. <A = NO strong coupling!

Projectable version of the model inevitably strongly coupled






Phenomenological Bounds

The model reduces to a Scalar-tensor theory

5= [dv =g (MR+A L[99 .. ] + 17 [ g, 0,0)

E.g. ¢ mediates e B> MM,
velocity-dependent forces: A—1 1,

[Vl v, = (v 1), ?12)]

—

Phenomen0|ogy ghOSt condensation Blas OP Sibiryakov ‘og

very similar to Einstein-aether Jacobson ‘10

N~



Coupling to ¢ gives different effective G,

M ] ]
/ — —G —_— ; G —
Newton’slaw @ N Y 87IM,2) l—a/2
81 1 1
H2 = — G . G —
C05m0|Ogy 3 CoSmo p Cosmo 87[M123 1- 3(2, — 1)/2

Observational bound (BBN):

GCOSI’}’lO
e (A—=1) 0.1




ﬁPPN: ,}/PPN — 1 éPPN: O

o™ o, #0 -->preferred frame effects

PPN parameterization

‘_)’
PPN — :
o, =—4(o+?2 v = velocity wrt
: ( 'B) preferred frame M 0_}
2 PPN
2(A=1) By =— GNrM (1 + %2 y”sin’0 )

Observational bounds:
o <107

o™ <107

= | A <101°GeV




Upper bounds on scale of NR physics M, (=> on A)

Within gravitational sector:  A>0.1eV

Assuming that UV scale M, is the same as in the Matter sector:

3 k4
wh =k et ——+ ...
M

From GRB and AGN observations, M. >10" 10" GeV

= 10197 11GeV < A < 101°GeV

in the simplest model




1) Early Cosmology

Can the scalar graviton drive inflation? No (symmetries forbid)

However, it can drive bouncing and cyclic cosmologies...

2 3
2 _ K K K Brandenberger og .
H™=p+ G a2 B a4 e a® Kiritsis og, Calcagni og

Superluminal modes abound -> enough to solve horizon problem?

Scale-invariant perturbations generated more easily Mukohyama og

: d'a
Dim[®]=0
im[®] 70 >()




Armendariz-Picon,

2) Late Cosmology Garriga Farina 10

Carruthers Jacobson 10

(Mis)alignment between "CMB’ and preferred frames  KobayashiUrakawa
Yamaguchi 1o

Cerioni Brandenberger 10

LV Dark Energy:

"0CDM" exploits relevant coupling of NG-boson to aether.
Technically natural DE sector with large cutoff! Blas Sibiryakov ‘11

Mechanisms to relax CC?

CC could become anirrelevant operator Porto Zee ‘og
provided z>1 and nonlocality in deep IR??



Recovery of Lorentz Invariance

Would be trivial in a single species theory

L= (q)) +c ¢A¢+¢A¢
\ relevant operator

with more species “Lorentz Fine-Tuning Problem”:

C is species- dependent
Collins Perez

Generically, RG flow generates ¢, —C; # 0 Sudarsky Urrutia
Vucetich o4
. ; < 10—20
But ¢ —c, experimentally constrained < lengo Russo
l ! Serone 09

Severe fine-tuning



Recovery of Lorentz Invariance

Possible Way out: SUSY ( Lorertz SUSY = SUSY / boosts )
10,0} = GOE+@G"R~

Groot-Nibbelink
Pospelov ‘o4

LV operators in LV-MSSM are Dim 5 or higher!

If CPT respected => M
first LV operatoris Dim 6

- susyat < 10°TeV 1



There exists a consistent and phenomenologiaclly viable power-
counting renormalizable non-relativistic model of Quantum Gravity

At low energies:
Lorentz-breaking scalar-tensor theory

Deviations from GR are small, the model is weakly coupled

Acceptable window for UV scale 1011 GeV < A <101°GeV









