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Abstract: <span>Recently, research in cosmology has seen a growing interest in theories of gravity beyond General Relativity (GR). From an
observational point of view, there are two main reasons for this. Firstly, the law of gravity has never been directly tested on scales larger than the
Solar System. Hence, by understanding better the various signatures that different gravity models can leave on cosmological observables, one can
improve the chances of identifying any departures from GR, or alternatively, extend the model's observational success into a whole new regime.
Secondly, theories of modified gravity can arise also as an aternative to the cosmological constant (or any other form of dark energy) to explain the
current accelerated expansion of the Universe. Using my results from suitably modified Boltzmann, N-body codes and semi-analytical models of
structure formation, | will describe the way modified gravity models typically impact a series of cosmological observables. | will use two popular
models as examples, which are known as Galileon and Nonlocal Gravity. In the Galileon model, the modifications to gravity on large scales are
driven by nonlinear derivative interactions of a scalar field, which can nevertheless be suppressed in the Solar System by means of a mechanism
known as Vainshtein screening. This model can provide a good fit to the latest CMB, BAO and SNla data, although with different cosmological
parameters than the standard LCDM model. Specifically, unlike LCDM, the Galileon model predicts nonzero neutrino masses (over 5sigma) and the
constraints on the Hubble rate are compatible with its local determinations. The results from my N-body simulations and Halo Occupation
Distribution analysis also show that the model can describe the measured clustering amplitude of Luminous Red Galaxies and that the screening
mechanism can be very efficient in "hiding" the modifications to gravity on small scales. However, these results also show that the observational
viability of the model may be under pressure due to the combined constraints derived from the sign of the ISW effect and from Solar System tests.
In the Nonlocal model, the acceleration of the universe is driven by terms that involve the inverse of a derivative operator acting on curvature
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 screening
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 cases of
the Galileon and Nonlocal models can be viewed as guidelines for one to place constraints on other (or not yet invented) models of modified gravity.
References. The results | will describe are based on the following papers. arXiv:1208.0600, arXiv:1302.6241, arXiv:1306.3219, arXiv:1308.3699,
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.
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 |||Welcome to the Jungle

.. ‘ R , |
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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

i 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

p A
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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‘ | | The Galileon Model
- ./"1" lumiz iLi = Lm| M = MpHg
L1 = ﬂ[:;\p.

Lo = V,pVFEp
E;.; = QDHSVI,QVN\,?/A[‘

Ly = V,pVFp [2(0p)° — 2(V,V,0)(VEVYp)
—RV oV /2] /IM°,
Ls = V,.eVie [([Op)’ - 3(0p)(V.Vue)(VEV )
+2(V, . VY0)(V,VPp)(V,V* )
—6(V,.0)(VHVY0)(VP)G,,) /M.
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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
- ./"1" lumiz iLi = Lm| M = MpHg
L1 = ﬂ[:;\p.

Lo = V,pVFEp
ﬁ;.; = QDHSVI,QVN\,?/A[‘

Ly = V,pVFp [2(0p)° — 2(V,V,0)(VAVYp)
—RV oV /2] /IM°,
Ls = V,eVie[(Op)’ - 3(0p)(VuVue)(VEV )
+2(V, . VY0) (V. VPp)(V,V* )
—6(V,.0)(VHVY0)(VP)G,,) /M.
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‘ I | The Galileon Model
S = / dix !1()“(1 - EZ iLi — Lm VE Mp H?
MPotential term; not interested.

Lo = V,pVFEp
L3 = 200V,pVHFo/M?,

Ls = V,pVFp [(DQ)' = 3(Up) (Vi Vo) (VEVYp)
+2(VV7)(V, VPp)(V,VEp)
—6(V ) (VEVY0)(VP0)Gy)p) /A[”-
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‘ I | The Galileon Model
5 = / d'z !1(,,,(,2 iLi—Lm| M3 = MpH?

El — 3 ’. Potential term; not interested.

Cubic Galileon
(c4=c5=0)

L3 = 200V,pVHto/M3,

Quartic Galileon
(c5=0)

Li = VeV [200) - 2AV,V,0)(V'V")
RV oV /2] M,

Ls = VuoVie [(Op)® - 3(0p)(V. V) (VHV )
+2(V, . .V7)(V,VPp)(V,VEp)
—6(V,u0) (VYY) (VP0) Gl /M.

Quintic Galileon
(Most general)
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‘ | | The Galileon Model

v .1 ' .

=1
Need to couple to gravity directly,

Mpmen“a' term; notinte to keep EoM second order.

((;':Zti' This breaks Galileon symmetry.

o
|

200V .o VHp /M3,

May have important observational
consequences.

"= 2(V,V,0)(VEVYp)

Ls = V,oV'D 5/- —Li([]p)(vl,v,,p)(vﬂvup)

+2(V N S Lo (N N H o
—6(V,0)(VHVY9)(VP9)G,,) /M

Quintic Galileon
(Most general)
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Parameter space
{Qb0h27 QCOh27 ha Ng, ASJ T, Emr/} {625 C3,C4,Cs, 90?,}

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

2 2 .
{QbOh :QCOh 7h7nS7ASJT7 Emr/} {625633647657(10?:}
~N

Galileon parameters: can fix three.

Parameter space of LCDM

Background density of the Galileon field:

= 1 (‘ = 45 (‘4 Y. : (7-") ~5 !
[)(p 5(2(,{7 +()H(%£,05H EH—(?L,Q’le—FQ].H—S(,D H
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H‘ - Parameter space

2 2 ,
{Qboh 7Q(,'Oh 7hvnSvA877-7 Z)Tn’l/} {62563764765?(301'}
V

Galileon parameters: can fix three.

Parameter space of LCDM

Background density of the Galileon field:

| c3 .. ' 54 e CE .5 ..

Do X 5(.-2952 i GH—';@"H + —— ¢ H? + 21 GO H®
0

Physics do not change under these scalings.

Can simply fix one of the parameters.
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| Parameter space

{Qb0h27 Q(,'tha ha ng, AS: T, Emu} {
— ey e

y C3,C4, Cs, sz'}
,

Parameter space of LCDM

Galileon parameters: can fix three.

4

A wide range of initial conditions is
attracted to a common evolution.
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Parameter space

{Qb0h2v Q(.'tha hv Ng, AS? T, Eml/} {}/{5637 C4, Cs, (102}
N _/ S _/

Galileon parameters: can fix three.

Parameter space of LCDM

i . — 2
Hp = constant = £Hj

From the condition for a flat Universe:

1
Qcp() = 6(}2

. 15 -
£% + 2c3€° + ?(3454 + Tcs€”

Constraints to fix
two Galileon
parameters.

From the EoM of the Galileon field:
0 = 92 + 6e3E> + 18¢4* + 15¢587

Pirsa: 14100074 Page 19/75



Pirsa: 14100074

Parameter space

2 2
{Qb()h anOh ; hanSaAsaTa Zmu}

{03, C4, 65(03, C4)> 5(03, 64)}




Pirsa: 14100074

‘ 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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| Linear theory constraints

h*

Q,

)

+Q b7

) h*

Massive neutrinos HO compatibility

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

Over 6-sigma evidence;

Driven by tension in HO
from CMB and BAO peaks;

Earth-based neutrino
experiments (KATRIN e.g.)
can say more.
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Low clustering amplitude

» Despite enhanced gravity,
clustering can be weaker
than in LCDM;

» Mainly due to massive
neutrino fraction.

-
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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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Bestfitting co smolog o

CMB lensing spectrum

Easy to distinguish
from LCDM at low-l.

Same goodness-of-fit
as LCDM.

Blue
Green:
Red
Black

: Quintic

Quartic

. C'ubic

ACDM

10

10°
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I \ \ Growth of structure

10° 4 LRG Pk (SDSS-DR7) ¢ Galaxy ClUStering

0.313

T -, Amplitude of galaxy clustering

Blue : Quintic may be added to the constraints ...

Green: Quartic
Red s Cubie
Black : ACDM 2m, =0

10*
A' h .\||)('

Mode-coupling

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/Mpec

dlna
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Growth of structure

Growth rate measurement can also
- Growth rate

k=0.5h/Mpc| , dlno k =0.005 h/Mpec

dlna
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| | | Tension with ISW effect

-0.005h/Mpe / Lensing potential deepens at
late times, contrary to LCDM.

" / The ISW effect is therefore

- | Blue : Quintic negative in Galileon gravity.
=0.7 Green: Quartic v — P

—0.5|

Red : Cubic Q=

-0.8!  Black : ACDM

bo

10~ 107 10! 10°
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‘ | | Tension with ISW effect

Q
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Galaxy-ISW correlation

Hot and Cold
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| Spots
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Lensing potential deepens at
late times, contrary to LCDM.

The ISW effect is therefore
negative in Galileon gravity.

CMB temperature-lensing correlation
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Thus far ...

6000

< 5000

CMB + BAO constraints

& Galileon model with massive neutrinos fits the = 4000
data with the same flying colors as LCDM,;

- 3000

+ . 2000

—

- ltl{:l)f‘ﬂr—;—: 1

uf) —r

10 107 10’
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Thus far ...

6000

< 5000

CMB + BAO constraints

& Galileon model with massive neutrinos fits the = 4000
data with the same flying colors as LCDM,;

- 3000

+ . 2000

—

lnm)&-w-:(_' 1

~ ; o | 44 ] 1Tl
nr“

10°| & |

’ 10 10° 10’
| ¢ 0.313
S . Use of galaxy clustering data
Z 10 T h"'\ ORequir_es proper modeling of nonlinear structure
& |Blue :Quintic formation;

(sreen s Ouartic
fllr f-’I : r‘”"h‘f
Black : ACDM  Xm,

10!
Il-' lri \l!!l
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Thus far ...

6000

CMB + BAO constraints

=< 5000

@ Galileon model with massive neutrinos fits the & 4000
data with the same flying colors as LCDM,; ~ 3000
N 2000

—

unm&w:(_', ]

. 1]
107+ ’ 10' 10° 10’
L ¢ 0.313
. Use of galaxy clustering data
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Blue : Quintic formation;
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ffrffl :(‘H’J‘J,‘f
Black : ACDM  Xm,
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k |h \ll!l
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Y
Negative ISW effect " e owintic TR\
J At odds with current observations; o7 Green: Quartic - J2 6 Saet] |
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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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Spherically Symmetric Egs.

@ Perturbed FRW - Newtonian Gauge s Weak-field: ¢ 0P < 9OP
ds* = [1 4 2¥] — a(t)* [1 — 2®] v;;dx" da’

@ Quasi-static: (b. ()\,S‘ — 0
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Spherically Symmetric Egs.

@ Perturbed FRW - Newtonian Gauge o Weak-field: ¢ )P < AOD
ds* = [1 + 2] — a(t)* [1 — 2®| ~, jdx'da’

@ Quasi-static: (b, ()p — (0

From (r,r) component: X = (If]()l'
Uy Bo (P /X) + Bi(en /X) + B2 (0 /X)° 0 — Top hat
\ By — By (¢.x /X)

From (0,0) component:

P 3

n_ Dmoda 4+ Ay (2 /X) + A2 (23 /X)° + A3 (23 /)
X Ay + As (04 /X)

From field EoM (six order algebraic equation):

. N 2 . 3 - | = 5
0 = n020° + 1010 + (m16 + o) [‘""} F (7210 + n20) P"} F (7310 + 130) {"‘} F 740 [‘""] F 1750 P‘}
X X X \ X
1§}
t 6o {f'\] .
\
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Spherically Symmetric Egs.

@ Perturbed FRW - Newtonian Gauge o Weak-field: ¢ )P < AOD
ds* = [1 + 2] — a(t)* [1 — 2®| ~, ;dx'dx’

@ Quasi-static: (t), (Mp — 0

From (r,r) component: X = (If]()l'
U, Bo(®, /X) + Bi(ew /X) + B2 (e /X)° 0 — Top hat
X h)! 1;1(1:-\;\)

Normal gravity term
From (0,0) component:

' Q,00a=3 4 A1 (@yx /X) 4 -"3(?\/\)2 t -\:;('73\/\}:5
X Ay + As (0x/X)

o Spatial gradient terms

From field EoM (six order algebraic equation):

)

i i 2 e 3 i | A o
0 = n20° + 1010 + (m18 + o) ["‘} F (n210 + 120) {"‘} F (1310 + 130) [r"} F 1o ["‘] F 150 {""}
\ \ \ \ \
[§]
+ 6o {’f.’.\] .
X
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Cubic Galileon

(tr, .r':(; (('“‘h“)

1.0 i s
1.8

0.8
1.7
1.6

0.6
) 1.5
0.4 1.4
1.3
0.2 1.2
1.1
1.0

10°107%10°10710" 10° 10" 10% 10° 10* 10°
5
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Cubic Galileon

(tr. ,':(l' (('Nh.”)

1.0
1.9
Geft : v,
((H ( I..()) = ll}—(:\]{_//\— 1.8
, Ry 0.8
x /X 1.7
1.6
0.6
} 1.5
p 1.4
1.3
0.2 1.2
At early times, gravity 1.1
is unchanged. 1.0

10°10%10°10710" 10° 10" 10% 10° 10* 10°
5
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Cubic Galileon

1.0 (tr. ,':(l' ({;N!H‘(') ‘s

Geff , v, ’l-l- l '
((“ (a,d) = \U—(\'T/L 1.8

7 Mg 0.8

/X L
1.6
Stronger gravity at 1.5
late times and when | 1.4
density is low. 1.3
0.2 1.2
At early times, gravity 1.1
is unchanged. 1.0

10°107%10°107%10" 10° 10" 10% 10° 10* 10°
5
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Cubic Galileon

r ,:(l' (.(_'“f)i‘(')

1.0 -
~ 1.9
(;l‘ i . \p
,“ (a,0) = \7/\ | 1.8
G w,CR /x 08 P
S
Stronger gravity at 15 Gravity remains

unchanged if

late times and when 1.4

density is low. o4 . density is high.
0.2 1.2

At early times, gravity .

is unchanged. ' o

10°10%10°10710" 10° 10" 10% 10° 10* 10°
5
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Cubic Galileon

1.0 (tr. .,-:(l' (('Nf)“) "

Geft : v, '
1“ (a,0) = 1(+/\ | 1.8
G PSR /x o8 B
N\

1
0.6 1.6 - .
' | Gravity remains

Stronger gravity at  _ unchanged If

late times and when 1.4

density is low. o4 s density is high.
0.2 1.2

At early times, gravity 1

is unchanged. "

10°10%10°10710" 10° 10" 10% 10° 10* 10°
5

¢ Vainshtein screening mechanism at work:

\I’a\ o Qm()(g( -3 + AI ¥

1 X
X 2 2 [ x
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| ‘ ‘ Cubic Galileon

(tr. .,:(l' (( '“hi‘(')
G v, / l‘oﬁ” 1.9
"‘,“ (a,0) = \7\ | 1.8
G w,OR/x o8 P
Stronger gravity at  _ 15 Gravity remains

unchanged if

late times and when 1.4

density is low. o4 s density is high.
0.2 1.2

At early times, gravity 11

is unchanged. "

10°10%10°107%10%10° 10" 10% 10° 10* 10°
5

¢ Vainshtein screening mechanism at work:

v, (.00 .
X _ 09 -3 [ﬂ] ~ Ve, §>1
X 2 X

Fifth force term gets suppressed since
it grows slower with the density.
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Cubic Galileon

There is a “Vainshtein "radius
below which the fifth force
becomes negligible.

As the density increases, the Vainshtein radius

increases, which suppresses the fifth force inside
the overdensity.
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| ‘ ‘ Quartic Galileon

G/ G (Quartic)

1.0

(I"\[[' S \p.\ /\ -
—(a,0) = —&=—— Gravity becomes
G W.GR /v o8 S
X weaker in high-
density regions.

0.6
Stronger gravity at s ¥ o
late times and when 7/ |
density is low. 0.9

0.8

0.2
At early times, gravity __,./ 0.7
is unchanged.

10°10“10710710" 10° 10" 107 10° 10* 10°
0
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| ‘ | Quartic Galileon

G/ G (Quartic)

1.0

Gl ofr . W, /X .
y x /X | 12 weaker in high-
density regions.
0.6 ‘ I1
Stronger gravityat . ¥ L0
late times and when _ 7/
density is low. 0.9
0.8
0.2
At early times, gravity _,,.../' 0.7
is unchanged. i s B s e GG ]
10°10%10°10710* 10° 10" 107 107 10* 10°
0
» Vainshtein mechanism alone does not recover GR:
> /)2 3
(I)‘\ o (2,000 3 t ;l| (7:\ ;/\) -'1'_’('\;:\;”\) f "13 (?:\!’H\)

f
X Ay + As (ox/X)
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| ‘ ‘ Quartic Galileon

G/ G (Quartic)

1.0

(I".“' o \[}.\ /\ .
—(a,0) = —&=—— Gravity becomes
G W.GR /v 08 S
X weaker in high-
density regions.
0.6
Stronger gravityat . ¥ Lo
late times and when 7, |
density is low. 0.9
0.8
0.2
At early times, gravity _,,.-/ 0.7
is unchanged.

10°10“10710710" 10° 10" 10 10° 10* 10°
0

@ Vainshtein mechanism alone does not recover GR:

2

O, Quoda + Ay (o /X) :1:(“&) Az (o /X)
X (11) As (¢

Ly~ RV, ,oVHp Multiplicative terms remain, after suppression
of Galileon gradients.

3
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Solar System constraints

S N I ———.

Colors show ('.- ff/ (5

~0.0060 —0.0045 —0.0030 —0.0015 0.0000
0
1
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Solar System constraints

Colors show l](.'l,_‘rl.' 10"

Lunar Laser Ranging Constraints

. LLR
Geff

= [4+9] x 10713 yrs~!
(! [

R S T—.

Colors show G i/ 7

~0.0060 —0.0045 —0,0030 ~0.0015 0.0000
-
1
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Solar System constraints

f.r)/rir‘.ﬁ .\h”“' llf;l,_‘l’“ 1““ IFH' 1

Lunar Laser Ranging Constraints

e The only viable regions are
Colors show Ge/G | W those with c4 ~ 0.

Recover the Cubic Galileon

~0.0060 —0.0045 —0,0030 ~0.0015 0.0000
-
1
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| Quintic Galileon

From field EoM (six order algebraic equation):

R ) 2 X 3 X | ) s
() I}u-_w)") } UI}M } (HIM F o) [r.\] 1 (u—:m’ t 120) [r.‘\} t U!:u"‘ F 130) [r'\} F 110 [r.\] + 150 {r‘\}
X X X X X
O
t Mo {Tu\} .
X

@ Density-dependence of the Galileon gradient today Physical branch

R Q,
0.2 - \ —;—-(5—3»0)—)0

0.0
— ,
- L
9. =0.2
-0.4

[ — Physical branch
10° 10* 107 10° 10" 10° 10
i)
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Quintic Galileon

From field EoM (six order algebraic equation):

2 3 Y R
0 = 1026% + 1010 + (1116 + M1o) [?‘\] F (1210 + 120) [Y‘\] F (1310 + 130) [r'\] F a0 [rl\] F 150 [r‘\}
X X X X X
6
+ 160 [Y.\} .
X

¢ Density-dependence of the Galileon gradient today Physical branch
¥
0.2 X (5 e 0) — 0
' a—1 : X
0.0
N
- |l
5 -0.2
-0.4
— Physical branch

105- ---104 10~ 107- 10 3 100 .“.1-(.)1
5
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Galileon gravity:

Targeted tests with
N-body simulations

Barreira et al. arXiv: 1306.3219(JCAP)
Li & Barreira, et al. arxiv: 1308.3491 (JCAP)
Barreira et al. arXiv: 1401.1497(JCAP)
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l \ \ Simulations

* ECOSMOG N-body code (AMR) ;

Li et al. (2011); arXiv:1110.1379

* Np = 512A3 particles; L =200Mpc/h;

* Initial conditions determined with the linear matter power
spectrum of the model at z = 49 ;

Model Expansion history Force law
Full model Galileon GR + Screened fifth force
Linear model Galileon GR + linear fifth force

QCDM Galileon GR
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‘ \ | Simulation results

b — FI..;II model ' "? 1 ¥
Linear model | - Halo mass function
0.60 H QCDM modell ¥ 1
0.as| Cubic , ]
: a—1.00 A
0.30 31 j
4 T
0.15 il '
0.00 k= = =T tdrﬁ

a—1.00
0.25 A1
000"
P =025 —a__
=S
- h._t\\*‘
=0.507[ —  Full model \‘“N
Linear model N

=0.757 QCDM model N

10 10"’ 10 10"
MM _/h
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Siﬁ\\ultion results
) /

S > Halo mass function

—  QCDM model

04s | C'ubne
| a=1.00
0.30|

An/ngeoul

015

0.00 [ttt

050t Quartic
a—1.00

0.25}
b

A1)

0.007

1
r =0.25——x
—
1 “"“-.“h‘\
‘\‘q_\ _
—  Full model ?\! :

- l Linear model \
=0.753[| —  QCDM model
=

An/noenul

-0.50]

0% 10 10
MM /b

Pirsa: 14100074 Page 57/75



‘ ‘ I Halo Occupation Distribution

10 4 . A N S
' . LRG Pk (SDSS-DR7)
L] ¥ ¥
U 0.313
- * ..
v Ten,
;: h'
= 10°* -

Blue : Quintic
(ireen: (h)HrH‘fm'
“r d s ( .Hr'llf.'
Black : ACDM

9f = £2
[)].H(i. redshift bz 2f ').}‘ ])lilu';n'. real
k -

1 + —=— +

10" g ‘ 2 k
k [h/Mpe ';b-‘i b!}

LRG bias
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| ‘ I Halo Occupation Distribution

LRG Pk (SDSS-DR?7)

10

>—0.313 (lhl()‘
= . dlna
- Ratio
e e .
Q (H'flm ,l Q”’”“’”l / ~N
TEEN ! !_)mufu
Hr h’r s ( 'Hr'llf." 2
Black : ACDM S LRG, redshift 72 2f 5f slinear, real
P, =b° |1+ — + = P,
g | e
k |h/Mpc g q
LRG bias Redshift space distortions

(Kaiser term)
Cubic & Quartic

f_)g ~ 1.6

LCDM

b, ~ 2.0
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| ‘ ‘ Quartic Galileon

G/ G (Quartic)

1.0

G ofr . W, /X .
(, ((I..()) — W 0.8 Gl'aVIty becomes
: x /X B weaker in high-
density regions.
0.6
Stronger gravityat . ¥ | 1.0
late times and when ;7
density is low. .
0.8
0.2
At early times, gravity // 0.7
is unchanged. i 2l S i e e ]|
10°10%10°10710* 10° 10" 107 107 10* 10°
0
» Vainshtein mechanism alone does not recover GR:
(I)‘\ _ Q:;:(J"S” : t ;l| (;,;_L\ ) 1..’ (\r:\ ff\ ).. t il.‘i (rﬂ\x’H X )j;

L t
—X = (A Y A5 (p1/X)

Ly~ RV, ,oVHp Multiplicative terms remain, after suppression
of Galileon gradients.
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Halo Occupation Distribution

» Postulate shape for the mean number of galaxies, N, in haloes of mass M.

I log "\[f/*‘[min
(N|M) = - [1 +m‘( %810 (17, ))]

(TIU.L'.I”;\[

—
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Galileon Summary

6000

CMB + BAO constraints E ﬁ \
2 ; & 4000 / |
@ Good fit to CMB and BAO data with strong ~ 3000 /A
evidence for massive neutrinos. 2000 EWARRAY
. mn:rr?:,ﬁ*?w | '\\
Galaxy halo distributions e —
@ Degeneracies between enhanced linear growth, | . g
halo abundances and halo bias can keep galaxy - /
R, - 10 Best-fitting
distribution unchanged. HODs
10 "/ ) ' i 4

MM /h

Local time variation of the Negative ISW at odds

gravitational strength with observations

i/ G (Quartic) k=0.005h/Mpe
Hard to
reconcile -0

0.¢ : ‘Il"“
3 - v Blue : Quintic * i T\
M theory with EEEGSnmETaE SEhs ]

. 0.9 p Red  Clubie FEe W\ - oy

o M observations. IEXE TR _ "

0.7 y £
- . 1 1 0 1 ] y A : 10.‘
10°10%10°10710" 10° 10* 10° 10’ 10" 10°

0
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| | The Maggiore&Mancarella model

Nonlocal action (Maggiore&Mancarella 2014)

1 ' m* 2
A= mJ-ﬂPLT”RD-R-Aq

2K 6

Auxiliary scalar quantities
U=-0'R S=-0'U

Integral (nonlocal) solutions

U(x) = Unom(x) — / dy*/=9@)G(x, y)R(y)
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I The Maggiore&Mancarella model

Nonlocal action (Maggiore&Mancarella 2014)

A=

1

—

2K

)
m-

4

/(l.l'll\/ —( |:R - RD_QR - [-:m‘

Impose “by hand” that these

are retarded operators, to

- . keep causality.
Auxiliary scalar quantities

U=-01'R S=-0'U

Integral (nonlocal) solutions

U(x) = Unhom(x) — / dy* v/ —g(y)G(x,y)R(y)

Model is specified by a choice of
the homogeneous solution.
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| I The Maggiore&Mancarella model

Nonlocal action (Maggiore&Mancarella 2014)

1/ m* 2
A= /(l.l"l —( |:R - n RU™“R — [-:m‘

2K 6

Impose “by hand” that these
are retarded operators, to
keep causality.

Auxiliary scalar quantities
U=-0"'R, S=-0"'U

Integral (nonlocal) solutions

U(x) = Unhom(x) — / dy* v/ —g(y)G(x,y)R(y)

Model is specified by a choice of
the homogeneous solution.

“Localized” version of the action: Scalar-Tensor theory, easier to work with.

L [ _ 2
2K . )

Lagrange multipliers
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Structure formation equations

@ Perturbed FRW - Newtonian Gauge o Weak-field: O )P < 00D
ds® = [1+ 2] —a(t)*[1 — 20] 'y,-.,-(i;r"‘(l.r-"

o Quasi-static: P, (5-\;‘ — 0

From (0,0)-cpt: m From (i,i)-cpt:

2 Q —1
VZ(I) = 4nG [l —_ w] (1,2 (I) — \I}

Gravity is ~6% stronger
today ..

oy 1.04¢
=1.03; Best-fit Planck parameters
< 1.02t for LCDM

1.01} —

/
1.00——

0.2 0.4 0.6 0.8 1.0
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Structure formation equations

@ Perturbed FRW - Newtonian Gauge o Weak-field: & )P < 00D
ds® = [1+ 2] —a(t)*[1 — 20] 'y,-.,-(i;r"‘(l.r-"

@ Quasi-static: (b, ()p — (0

From (0,0)-cpt: m From (i,i)-cpt:

2 Q —1
v2<1>:4‘(;[1—W} a2 d =P

Gravity is ~6% stronger
today ..

y 1.05¢

5 1.04}

=1.03; Best-fit Planck parameters

< 1.02t for LCDM

1.01 -
1.00——

0.2 0.4 0.6 0.8 1.0
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I ‘ Nonlocal: Prospect constraints

0.000 | | Expansion rate can

~ _0.006} ~_  be~ 3% smaller
= ~0.012}
:{ -0.018¢
T -0.024¢
~0.030¢ : = ~
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Take Home

1) Expansion history and linear theory constraints

* Determine the parameters that best-fit
the “holy-grail” of cosmological data;

» |ldentify differences in parameter,
values compared to LCDM; Nm y
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Take Home

1) Expansion history and linear theory constraints

* Determine the parameters that best-fit
the “holy-grail” of cosmological data;

» |ldentify differences in parameter,
values compared to LCDM; Nm "
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Take Home

1) Expansion history and linear theory constraints

» Determine the parameters that best-fit N |
the “holy-grail” of cosmological data; 2 B Dashed: PL,

» |ldentify differences in parameter,
values compared to LCDM; >Nm »

2) Targeted tests of gravity: growth of structure on smaller scales

» Focus N-body simulations on the best-
fitting parameters and look at:

Time-evolving

‘ Galaxy distribution/velocities ‘ potentials/ISW

[Cluster shapes | [ Growth rate |
|Solar System ‘ ’Lensmg ‘
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Spherically Symmetric Egs.
: T !

irbed FRAV = Sewtongan Latgt
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Take Home | '
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ansion history and inear theory constraints
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» Determing the parame
mological data

the “holy-grail” ol cos

#5 (N parametet—

{ 1o LCOM "

I

o Identty thtferenc
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« on smaller scales
\ ol structure on sma
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