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Plan

® |ntroduce idea of Galileon Fields -

motivations Dark Energy and Light Scalar
Fields
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® Review how Galileons arise in context of
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Late Time Cosmic Acceleration

potentially implies new physics
Dark Energy

The Universe is Accelerating!
Acceleration can only occur if

w:]—?<—1/3

p

Data points tantalizingly

close to /

). = _O 9 4 o O 1 Frieman et al. (2008) Ann.Rev.Astron.Astrophys
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Early Time Cosmic Acceleration certainly
implies new physics

Inflation
Solution of horizon/monopole/
flatness problems requires period of
accelerated expansion A
0

Inflation is the most
plausible mechanism for
generating the seeds of

cosmic structure

[ )
Inflation! \
.+ Ditlion years



Common features: Existence of light
scalars (fundamental or composite) which
drive dynamics

® in case of Inflation m < H

in case of Dark
Energy

Mg .e. = 10_336V

true initial
vacuum perturbation
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(Theoretical) Typically not (Eta
problem in Inflation) - significantly worse for
Dark Energy

Closely akin to Higgs

)2 mass/gauge hierarchy
AV ~ V(9) =5 problem
M,

dim 6 operators

mass quadratically
divergent, pick up mass
comparable to heaviest

truc initial
P a rt| C | e vacuum perturbation
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(Observational) In case of Dark Energy
strong observational constraints from ....

Fiftth Forces (solar system),

Binary Pulsar Timing,

true initial
N UC I eo Synth es | S g vacuum (/) }pcrturbalion

Equivalence Principle Tests etc.
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Three Ways to Hide

Fifth Force constraints avoided if light dark energy
particles ....

Do not couple to the SM
(Quintessence)
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Scalars kept light by an approximate shift
symmetry

® Technically natural Scalar Field arises as a
pseudo-Nambu-Goldstone field associated
with an approximately broken continuous
global symmetry

oE R

Explicitly broken but by a
small amount

e.g. U(l) symmetry of mexican hat

\  — - -
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Problem! All continuous broken
symmetries broken at Planck scale

® Black Holes cannot carry conserved global charge
- scattering processes which allow for BH creation

will violate charge conservation
Kallosh et al. 1995

® Global symmetries on string world sheet always
become local symmetries in spacetime

Polchinski

Bhad e g |
s e P o L NPy
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® Global symmetry becomes local when
coupled to gravity (local symmetries are
protected from argument)

Only possible if global symmetry is not internal, but
‘mixed’ with Poincare group

Full symmetry must be extension of 4d Diff
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Two well understood examples

® Scalar arises as goldstone mode associated
with brane in higher dimensions

® Scalar arises as helicity zero mode of

- - )I *(\ g "

masswe grawton con5|stency of masswe s

-
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Cascading

Gravity

de Rham, Dvali, Hofmann, Khoury, Pujolas, Redi, AJT (2007)

"Cascading Gravity: Extending the Dvali-Gabadadze-Porrati model to higher
dimension’, PRL.199:251603,2008

de Rham, Hofmann, Khoury, AJT (2008)

"Cascading gravity and Degravitation’, JCAP 0802:011,2008

de Rham, Khoury, AJT (2009)

"Flat 3-brane with Tension in Cascading Gravity’, PRL.103:161691,2009

de Rham, Khoury, AJT (2010)

"Cascading Gravity is Ghost Free’, PRD81:124027,2010
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Cascading Gravity: A proposed IR
modification of gravity to realize ...

DEGRAVITATION

Vacuum energy is large, as dictated by particle physics, but gravitates
very weakly because graviton has mass or is resonance state

Arkani-Hamed, Dvali, Dimopoulos & Gabadaaze (2002)

Dvali, Hotmann & Khoury (2007)
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Massive Gravity

. The Newton’s law has infinite range

MMy Gy

o=
r2

. el &
b9 g H ~ -~ 3 = »
DE e DN EECLHL ST GO s il aons il .

% If gravity was mediated by a massive particle, the Newton’s
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Massive Gravity

* Filtering gravity is effectively a theory of massive
gravity

h 9774 — 77“1/ 8”, 81/

k2

Geff i

P o B 4 o

- Iy N "y
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Massive Gravity

* Filtering gravity is effectively a theory of massive
gravity

SO e Sa LY

2
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Tuning / Fine-tuning

. The amount of tuning is the same

m? A
Dt s
Mz, My,
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Cascading Gravity: The set up

M? M2 M2
o /44;1;\?94 (;R4+LM> +/d5az — g5 <23R5) +/d6x\/7—g6 <6R6>

de Rham, Dvali, Hofmann, Khoury, Pujolas, Redi,AJT (2007)
Generalization of de Rham, Hofmann, Khoury, AJT (2008)
DGP idea de Rham, Khoury,AJT (2010)
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Hiding the cosmological constant

Existence of a Minkowski vacuum solution in the presence of a

cosmological constant on the 3-brane
de Rham, Dvali, Hofmann, Khoury, Pujolas, Redi,A]T (2007)

ol s e
LS Lowiaars »
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Degravitation in Real Time

Dynamical and causal process by which we can relax to this solution

A / Phase transition

At' Imearlzed Ievel
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Massive Gravity leads to light scalars

* Filtering gravity is effectively a theory of massive
gravity
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Fifth force 2o gs

W Higher derivative interactions are essential for the viability
of this class of models.

1/3

A, = (MplmQ) ~ 10" eV ~ (1000km) !

The interaction for the helicity-0 mode are important
within the solar system !

Responsible for the screening of it on
observational scales.
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Higher derivative interactions are essential for the viability
of this class of models.

Within the solar system, it reaches the scale A,
yet, we are still within the regime of validity of the theory

" Ofeff(T‘-O)
0T = 01’
Mp;

With <@ithin the solar system
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* Close to a source, the interactions are important:
X o(r)

For a source T ~ — M, 5
r

. . 1/6
The solution is dominated M*/ 3—1/p
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alost extra dof
standard GR — stronger gravity

~Ig : SchwarZzschild Radius,. ~ 3km 'fo’r' the sun

‘non-linear ‘interactions ate important .~ *

I« o Strong couplirig radius ~.250pc for the ‘sun
‘non-lineariti€s in v are important *
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alMost extra dof viton mass%mina‘
standard GR — stronger gravity —, weaker gravity

A SchwarZ"s¢hild.Radius, ""3k'm.'f0'1“_thé "Stl.lIl .
I. : Strong coupling radius. 4',25'Op'c; for the sun .

3 r, ~1/m, : gravity 'Weakeﬁs S 300 Mpc
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Observations e ™

Such models lead to specific observational
signatures
. Due to extra scalar dof

- Advance of the perihelion (LLR)
- Structure formation
- Pulsar monopole radiation

. Modifies evolution of the Universe

- Supernovae

Lue, Scoccimarro & Starkman, ’04 Scoccimarro,’09
Lue & Starkman, ’04 Khoury & Wyman, ’09
Lue,’05 Chan & Scoccimarro,’09

Afshordi, Geshnizjani & Khoury, ’08
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Perturbations

® Further work is needed to understand full
effect on cosmological perturbations

Modified evolution of Inhomogeneities and Anisotropies

Theories where W is a physical d.o.f.
typically produce an anisotropic stress

Different physics sensitive to different combinations of
Newtonian potentials

Lensing, SW ———o ¢ e w

Galaxy peculiar
velocities

___)¢

: redshift
= 8 - Rl pi - . '.._' > " 3t ok ", ’ “J ?' ..‘--r’: e e “- - » l.
£y : = S L A5 g L unidards O A Loy . § Gufs
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Graviton mass (hard mass)

% To give the graviton a mass, include the interactions

2

S. = M2 / d*z/—g (R[g] — —(mass terms) )

W Mass for the fluctuations around flat space-time

i, 4 -
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Graviton mass (hard mass)

Howi—ch o e Onasmesia 0 smo s

two derivatives acting on 7T
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Ghost-free decoupling limit

% Keeping this procedure to all orders,

Cosn _%11#”(55),,,, — h# (X<1> |

1 1

(2ol n3)

+)
A it AR
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How do we make this fully covariant?

Decoupling limit is not fully Diff invariant, need to develop
fully nonlinear theory

Attempt made by Creminelli et al. (2005)
Failed (Calculation Errors)

Attempt made by Chamseddine+ Mukhanov et al. (2010)
Inltlally wrote down theory W|th ghost corrected but only to
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Symmetries

® |f hard mass gravity is consistent, must exist
hidden symmetry (O+4+1 - 275 = 5 Work

in progress looking for fundamental origin
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Galileon

Inflation

Burrage, de Rham, Seery, AJT (2010)
"Galileon Inflation’, arXiv: 1009.2497

Similar work by Kobayashi et al (2010)
arXiv: 1008.0603
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The Galileon

The decoupling limit of Cascading Gravity belongs to
Galileon class of models:

)2_._...)_'_%(( 7})4+...)—_T
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Unified DBI/Galileon

‘

LZ \/7( A+ MZR— M3K ,BMSICGB)+A()

S

/ G = Qv + OOy \

DBI limit Non-relativistic limit

My, M5 — 0 (0m)* <« 1
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SEVEN-YEAR WILKINSON MICROWAVE ANISOTROPY PROBE (WMAP') OBSERVATIONS:
COSMOLOGICAL INTERPRETATION

'mu’ K. M. Svite’, . Dumcu:v‘ C. L. Bexnert®, B. Gow‘ G. Hinssaw®, N. JARoSIK™, D. Lmson‘ M. R.
TA", L. Pace’, D. '\ SPERGEL™ M Hateean", R. S Hie™, A Kocur‘ M. Livon™, §. S MEevER™, .
ODEGARD G. S. Tucxm J. L. Wuunn E. Wou.ucx AND E. L. Wmclrr

Submitted to thc Astrophysical Jomd Supplanau Series

ABSTRACT
The combination of T-year data from WMAP and improved astrophysical data rigorously tests

» - - - - - - - - -

the standard cosmological model and places new constraints on its basic parameters and extensions.
ining the WMAP data with the latest distance measurements from the Baryon Acoustic

By
Oscillations (BAO) in the distribution of galaxies (Percival et al. 2009) and the Hubble constant {H,)
measurement (Riess et al. 2009), we determine the parameters of the simplest 6-parameter ACDM

model. The power-law index of the primordial power spectrum is n, = 0.963=0.012 {68% CL) for this
data combination, a measurement that excludes the Harrison-Zel'doyich-Peebles spectrum by more

than 3o. Theotberparamem including those beyond the minimal se

A spectrum

Most models of inflation predict

Departure from scale invariance required by slow-roll
paradigm but also by its alternatives!
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Galileon Inflation: Central ldea

Shift symmetry protects
inflationary potential to allow
sufficient e-folds of inflation

b.InV ~ve<1l, and 6 InV ~n—e<1,

Ta—=aritic
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Galileon Inflation: Central ldea

® Non-minimal kinetic terms are principle

source of -
this inflationary models build on Galileon

can have potentially observable non-
Gaussianities
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Non-Gaussianities + Observations

Data currently coming, -
expected release 2012? &

* nG’s will hopefully be measured with some aécUraCy
in future data eg PLANCK potentially getting down
to el
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Covariant Galileon

Deffayet et al 2009

5= [ d'a v [— 290 + Z200(Ve - TH(VOP{ (0 - (VuV.s)(V"979) - R(V6)}

+ 55 (Vo) { (06)° = 3(06)(V,Vu0) (V' V76) + 2V, V) (V" V) (Va V") = 6Gu VH VIOV 6V at | |

plus a mildly varying potential e.g.
V(6) = gm?s
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Galileon on de Sitter

Burrage, de Rham, Seery, AJT (2010)
"Galileon Inflation’, arXiv: 1009.2497

A3)\3
18(33[‘[2 .

b ~

(strong coupling)
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Action to cubic order in fluctuations

comoving curvature
perturbation
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Non-Gaussianities Bispectrum

(m(ky, 7)m(ko, T)m(ks, 7)) =
(27‘(’)35(1{1 + ko + kg)BT(kl, ko, ]Cg)

6
B(k1, ko, k3) = ngL

X [P(/ﬂ)P(l@) + P(k1)P(ks) +P(k2)P(k3)]
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Non-Gaussianities Bispectrum

fi, = +
NL = 597 74, 2 9 U 2 2

2 g1 H
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27 oy
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Shapes

(m(ky, 7)m(ko, T)m(ks, 7)) =
(27‘(’)3(5(1{1 + ko + kg)BT(kl, ko, kg)

|. Equilateral

Senatore et al. 2009
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Senatore et al.

o~ Fo
am () equil.

orthog.

F(l,x,x)

Fa. Ly | ‘ FaLLy -

F(1, x2. x3) F(1,x,,x3) )
—I 2 2 U —_— X2 X3

- el | F(1.1,1)
F(l.1.1) = == ‘
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Summary

® Most plausible candidates for dynamical dark
energy and inflation are fields with additional
approximate global symmetries

Consistency of coupling to gravity requires some
new physics, most plausible is the global symmetry
becomes local
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Summary

® (Can produce models with large single field non-
Gaussianities in a technically natural way (non-
renormalization theorems)

® Only a finite number of relevant operators - highly
predictive
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Summary

® Generalize from Galileon inflation to DBI/Galileon
inflation

Work in progress with Burrage, de Rham, Seery (Sussex)

® So far we have looked at Bispectrum predictions
~ for CMB, natural to extend to Trispectrum ....are

i
e 0
‘ )‘." Y 'I~| ’

p 2
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