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Abstract: <span>Recently, research in cosmology has seen a growing interest in theories of gravity beyond General Relativity (GR). Fr
observational point of view, there are two main reasons for this. Firstly, the law of gravity has never been directly tested on scales larger tl
Solar System. Hence, by understanding better the various signatures that different gravity models can leave on cosmological observables,
improve the chances of identifying any departures from GR, or alternatively, extend the model's observational success into a whole new
Secondly, theories of modified gravity can arise also as an alternative to the cosmological constant (or any other form of dark energy) to exp
current accelerated expansion of the Universe. Using my results from suitably modified Boltzmann, N-body codes and semi-analytical mot
structure formation, | will describe the way modified gravity models typically impact a series of cosmological observables. | will use two poj
models as examples, which are known as Galileon and Nonlocal Gravity. In the Galileon model, the modifications to gravity on large sca
driven by nonlinear derivative interactions of a scalar field, which can nevertheless be suppressed in the Solar System by means of a me
known as Vainshtein screening. This model can provide a good fit to the latest CMB, BAO and SNla data, although with different cosmol
parameters than the standard LCDM model. Specifically, unlike LCDM, the Galileon model predicts nonzero neutrino masses (over 5sigma)
constraints on the Hubble rate are compatible with its local determinations. The results from my N-body simulations and Halo Occuj
Distribution analysis also show that the model can describe the measured clustering amplitude of Luminous Red Galaxies and that the s
mechanism can be very efficient in "hiding" the modifications to gravity on small scales. However, these results also show that the observ
viability of the model may be under pressure due to the combined constraints derived from the sign of the ISW effect and from Solar Syster
In the Nonlocal model, the acceleration of the universe is driven by terms that involve the inverse of a derivative operator acting on cur
tensors. This model is also likely to pass large-scale structure constraints with the same flying colors as Galileon gravity, but the lack of a sc
mechanism in this model makes it unclear on whether or not it is able to satisfy Solar System constraints. These steps | will describe for the
the Galileon and Nonlocal models can be viewed as guidelines for one to place constraints on other (or not yet invented) models of modified
References: The results | will describe are based on the following papers: arXiv:1208.0600, arXiv:1302.6241, arXiv:1306.3219, arXiv:1308
arXiv:1401.1497, arXiv:1404.1365, arXiv:1406.0485, arXiv:1408.1084</span>
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Why modified gravity

Dark Energy explanation Large-scale tests of gravity
Self-accelerating solutions of the expansion, The law of gravity has never been tested
with no cosmological constant. on scales larger than the Solar System.

-~ A

Beyond General Relativity

Basic pre-requisites:

@ Preserve past inflationary, radiation and matter dominated eras.

* Modifications have to be small in the Solar System, where GR is very successful.

Pirsa: 14100074 Page 2/75



| |Welcome to the Jungle

. . —| R . .
S d'ryv/—g + Lo » No acceleration
: T 167G
; [ R A » Standard LCDM model
S / (l I.I' \.V‘ { Ry L:ru T -
) i l(]f.'(: 870
. 'a. —| R . VupVip
. . day=g 167G Lm 2 Vi)
y ' ! —| R . . T
S d rv/—g —— + Ly + | (V,,;V P )
; i 167G
S / 1'zv/=¢g |_R L f(R)
\ d v —¢ - Lo
A ST TRt A
' — [ R w(p)V ,,.oVHp
' | . . Ly ) LYy e
S /tl rv—g e Lo + f(@)R 4 i) 4+ (@)

Pirsa: 14100074 Page 3/75



| \Welcome to the Jungle

—
S /(ll.l'\,-' 936G ﬁ,“] » No acceleration
; | LOTT Ly

Y . [ R A » Standard LCDM model
/(l o 167G " 871G

| - |8 V.oVFo
S / (ll.l'\." q _1(;7.—(,’ ' E,“ T ;f o {\;}l

] — I :
S / tll.:‘\.«‘ q —— + Lo + | (V,,;VH )
; i 167G

GR curvature term

Particle physics and

’ ; I R . DM
? / o 8y'=9 167G £m 4 ,/{m]

-

' f— R _ w(@)V,pVHp
.S' / (l Il\ t" - - T E,“ T / l .rﬁ ] ]{ ] = 1
» 1 167 (s J

Pirsa: 14100074 Page 4/75



 |||Welcome to the Jungle
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|| Galileon origins

Galilean shift transformation

Oup — Oup + b,

i In 4D Minkowski

Only 5 galilean-invariant Lagrangians that lead to EoM kept up to second order.
Nicolis et al. (2009)
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Galileon origins

Galilean shift transformation

O — Oup + by,

In 4D Minkowski

Only 5 galilean-invariant Lagrangians that lead to EoM kept up to second order.
Nicolis et al. (2009)

After covariantization
Defayet et al. 2009

y -
Vainshtein screening suppresses Acceleration of the Universe after
modifications on small scales. radiation and matter domination.
Vainshtein (1972) De Felice & Tsujikawa (2010)
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||| Kinetic Braiding

In flat space, need explicit
coupling to introduce fifth forces.
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Kinetic Braiding

In flat space, need explicit
coupling to introduce fifth forces.
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‘ ’ ‘ The Galileon Model
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‘ | | The Galileon Model
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‘ ] | The Galileon Model
oA — / dx !l()n(r — Z L; — Lo M3 = Mp H?
MPotential term; not interested.
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Quintic Galileon
(Most general)

Pirsa: 14100074 Page 13/75



Pirsa: 14100074

‘ | | The Galileon Model
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Need to couple to gravity directly,

Mpote"“a' term; notinte to keep EoM second order.
ﬁ'.! = vu‘rjv, ¥,

&Z‘E' This breaks Galileon symmetry.

May have important observational
consequences.
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Parameter space
{Qb0h2a QCOhQa h’a Ng, AS) T, Zmr/} {025 C3,C4q, Cs, 90?,}

Parameter space of LCDM Galileon parameters: can fix three.
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Parameter space
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Galileon parameters: can fix three.
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||| Parameter space
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Galileon parameters: can fix three.

Parameter space of LCDM

Background density of the Galileon field:
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0

Physics do not change under these scalings.

Can simply fix one of the parameters.
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||| Parameter space
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Parameter space
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Galileon parameters: can fix three.

Parameter space of LCDM
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Parameter space
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‘ l | Methodology

Derive the fully linearly perturbed
Einstein and Galileon equations

No screening (linear study)
Barreira et al. (PRD) arXiv:1208.0600

-

Cosmological predictions from
modified version of the CAMB code

y

Lewis & Challinor (1999)

Monte Carlo exploration of the parameter

space with the CosmoMC code

Lewis & Bridle (2002)

Likelihood determined by the data:

»| @ Full Planck TT spectrum data,

» Planck CMB lensing power spectrum;

*» BAO feature from 6df, SDSS, BOSS,
WiggleZ
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\ Linear theory constraints
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Massive neutrinos

@ Over 6-sigma evidence;

@ Driven by tension in HO
from CMB and BAO peaks;

» Earth-based neutrino
experiments (KATRIN e.g.)
can say more.

Pirsa: 14100074 Page 23/75



0.165¢
~0.160F %t H |
I‘. - L] | Y
- . g : Bl Galileon
ci 0.155f " . %%, ! : 0.85fn S Red vialileon
"= 0.150 " . : : T S Moo G \C'DM
= r ! 0.8B0F ™ .
3 a . ~ ' . " - - Filled : PLB
7 0.145} . ! ® 0.75 " Jashed : PL
) Ll Blue : Galileon ™~ ! " © 075 - " ""..‘ Dashed: FL
e led i alileon i ¥ ! “. . - -
A.: 014”_J':|.. viialileon “' : : . 0.70+ 1
had (s1e¢ vAC DM - i N & .. e,
- 1 ' . -
0.135} Filled PLEB - : = 0.65F - .
Dashed : PL. ) \ =
Dli{). L. ) 4 A 1 ] ] i 4 1 ] . ‘ s i i
0.55 0.60 0.65 0.70 0.75 0.80 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
h ¥m,

Massive neutrinos HO compatibility Low clustering amplitude

@ Unlike LCDM, the
constraints are compatible
with local determinations
(see vertical bars).

@ Over 6-sigma evidence; » Despite enhanced gravity,
clustering can be weaker

@ Driven by tension in HO than in LCDM;

from CMB and BAO peaks;

* Mainly due to massive

¢ Earth-based neutrino neutrino fraction.

experiments (KATRIN e.g.)

can say more.

-
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| | Best-fitting cosmologies

CMB TT spectrum

Blue : Quintic
Green : Quartic
Red : Cubic

Black : ACDM

Possibility for lower ISW
power on large scales.

Same goodness-of-fit as
LCDM.

10! 10° 10
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Best-fitting cosmologies

CMB lensing spectrum

Easy to distinguish S Blue : Quintic
from LCDM at low-l. P Green : Quartic
- 0. Red : Cubic
Same goodness-of-fit = Black : ACDM
as LCDM.

10 10°
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‘ \ l Growth of structure

10‘1_ Yo LRG Pk (SDSS-DR7) "‘ Galaxy ClUStel‘ing

0.313

T -, Amplitude of galaxy clustering

|Blue : Quintic may be added to the constraints ...
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| Red s C'ubie

Black : ACDM Xm, =0
10

Mode-coupling

k h \l[)('

What is the galaxy bias?

What about redshift space distortions?

Where can we trust linear theory?
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Growth of structure

Growth rate measurement can also
- Growth rate

k=0.5h/Mpc| , dlno k —0.005 h/Mpc

~ dlna
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Growth of structure

Growth rate measurement can also
- Growth rate

k=0.5h/Mpc| , dIné k —0.005 h/Mpc

~ dlna
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| | \ Tension with ISW effect
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Lensing potential deepens at
late times, contrary to LCDM.

The ISW effect is therefore
negative in Galileon gravity.
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‘ | | Tension with ISW effect
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Lensing potential deepens at
late times, contrary to LCDM.

The ISW effect is therefore
negative in Galileon gravity.
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Thus far ...

6000

CMB + BAO constraints T
@ Galileon model with massive neutrinos fits the = 4000
data with the same flying colors as LCDM,; = S0
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Thus far ...
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CMB + BAO constraints b o
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Thus far ...

6000
CMB + BAO constraints -
@ Galileon model with massive neutrinos fits the = 4000
data with the same flying colors as LCDM,; = S0
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Galileon gravity:

Targeted tests with spherical
symmetry

Barreira et al. arXiv:1308.3699 (JCAP)
Barreira et al. arXiv:1401.1497 (JCAP)
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