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Galileon π : a new scalar �eld to explain accelerated expansion.

Principles : Nicolis, Rattazzi & Trincherini, 2009

The π Lagrangian is constructed so that the equation of motion

of π is invariant under Galilean symmetry

π 7→ π + a + bµx
µ

⇒ only 5 Li terms are possible ⇒ 5 free parameters ci

Imposing Galilean symmetry justi�ed by Xdim considerations (DGP).
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Action of the galileon (Appleby & Linder 2011) :

S =

∫
d4x
√
−g

 M2
PR

2 − LSM − 1
2

5∑
i=1

ciLi − Lcouplings


General Relativity

Standard matter Lagrangian

Covariant Galileon Lagrangian from De�ayet et al. 2009

Optional couplings between matter and the Galileon �eld
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Lagrangians (with M3 = MPH
2
0) :

L1 = M3π L2 = (∇µπ)(∇µπ) L3 = (�π)(∇µπ)(∇µπ)/M3

L4 = (∇µπ)(∇µπ)
[

2(�π)2 − 2π;µνπ
;µν − R (∇µπ)(∇µπ)/2

]
/M6

L5 = (∇µπ)(∇µπ)×[
(�π)3 − 3(�π)π;µνπ

;µν + 2π;ν
;µπ

;ρ
;νπ

;µ
;ρ − 6π;µπ

;µνπ;ρ Gνρ

]
/M9

π coupled to Ricci scalar and Einstein tensor ⇒ modi�ed gravity !

Li ∝ ∇µπi/M3(i−2)

Remark

ci 's are taken dimensionless and [π] ∝ MP

6 / 27
Jérémy Neveu CEA/IRFU/SPP

N



Galileon cosmology Experimental constraints Conclusion

Lagrangians (with M3 = MPH
2
0) :

L1 = M3π L2 = (∇µπ)(∇µπ) L3 = (�π)(∇µπ)(∇µπ)/M3

L4 = (∇µπ)(∇µπ)
[

2(�π)2 − 2π;µνπ
;µν − R (∇µπ)(∇µπ)/2

]
/M6

L5 = (∇µπ)(∇µπ)×[
(�π)3 − 3(�π)π;µνπ

;µν + 2π;ν
;µπ

;ρ
;νπ

;µ
;ρ − 6π;µπ

;µνπ;ρ Gνρ

]
/M9

π coupled to Ricci scalar and Einstein tensor ⇒ modi�ed gravity !

Li ∝ ∇µπi/M3(i−2)

Remark

ci 's are taken dimensionless and [π] ∝ MP

6 / 27
Jérémy Neveu CEA/IRFU/SPP

N



Galileon cosmology Experimental constraints Conclusion

Properties

Based on a very restrictive symmetry : only 5 ci free parameters

(beside the couplings to matter).

Can assume c1 = 0 to avoid an explicit cosmological constant

Close to massive objects : no ghosts, no instabilities, preserves

General Relativity thanks to Vainshtein screening e�ect.

Question

Is the Galileon model consistent with data ?

7 / 27
Jérémy Neveu CEA/IRFU/SPP

N



Galileon cosmology Experimental constraints Conclusion

Properties

Based on a very restrictive symmetry : only 5 ci free parameters

(beside the couplings to matter).

Can assume c1 = 0 to avoid an explicit cosmological constant

Close to massive objects : no ghosts, no instabilities, preserves

General Relativity thanks to Vainshtein screening e�ect.

Question

Is the Galileon model consistent with data ?

7 / 27
Jérémy Neveu CEA/IRFU/SPP

N



Galileon cosmology Experimental constraints Conclusion

Properties

Based on a very restrictive symmetry : only 5 ci free parameters

(beside the couplings to matter).

Can assume c1 = 0 to avoid an explicit cosmological constant

Close to massive objects : no ghosts, no instabilities, preserves

General Relativity thanks to Vainshtein screening e�ect.

Question

Is the Galileon model consistent with data ?

7 / 27
Jérémy Neveu CEA/IRFU/SPP

N



Galileon cosmology Experimental constraints Conclusion

Properties

Based on a very restrictive symmetry : only 5 ci free parameters

(beside the couplings to matter).

Can assume c1 = 0 to avoid an explicit cosmological constant

Close to massive objects : no ghosts, no instabilities, preserves

General Relativity thanks to Vainshtein screening e�ect.

Question

Is the Galileon model consistent with data ?

7 / 27
Jérémy Neveu CEA/IRFU/SPP

N



Galileon cosmology Experimental constraints Conclusion

Derivation of the two Einstein equations and π EoM, e.g. :

(00)-Einstein equation :
∂S

∂g00
= 0

⇒ H̄2 =
Ω0
m

a3
+

Ω0
r

a4
+
c2

6
H̄2x2 − 2c3H̄

4x3 +
15

2
c4H̄

6x4 − 7c5H̄
8x5︸ ︷︷ ︸

Ωπ = "new" ΩDE

H̄ = H/H0 x = π′/MP ,
′ = d/d ln a

Two problems :

1 unknown initial condition for x
2 degeneracy to break between the cis and x

One solution : reparametrize with x0 = x(z = 0) :

c̄i = cix
i
0, x̄ = x/x0
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(00)-Einstein, (ij)-Einstein, and π EoM :

⇒ 3 coupled di�erential equations to solve in H̄(z) and x̄(z)

only use 2 equations, with the 2 known initial conditions :

x̄(z = 0) = 1, H̄(z = 0) = 1

1 constraint equation ((00)-Einstein) : used to �x c̄5 given Ω0
m,Ω0

r

and the other c̄i 's :

c̄5 =
1

7
(−1 + Ω0

m + Ω0
r +

c̄2

6
− 2c̄3 +

15

2
c̄4)

⇒ 5 free parameters to constrain : Ω0
m,Ω0

r , c̄2, c̄3, c̄4

Let's compute some Galileon Universes !
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← Future Past → ← Future Past →
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Growth of structure in a Galileon Universe :

linear perturbation of Galileon �eld δπ and metric :

ds2 = −(1 + 2ψ)dt2 + a2(1− 2φ)δi jdx
idx j

after computation, we obtain a new Poisson equation for

Newtonian gravity :

∇2ψ = 4πa2G
(ψ)
eff (z)ρmδm

G
(ψ)
eff (z) =

4(κ3κ6 − κ2
1)

κ5(κ4κ1 − κ5κ3)− κ4(κ4κ6 − κ5κ1)
GN

and other quantities :

δπ kinetic normalisation factor

squared sound speed of propagation for the δπ perturbation c2
s (z)
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κ1 = −6c̄4H̄
3x̄3

(
H̄′x̄ + H̄x̄ ′ +

H̄x̄

3

)
+ c̄5H̄

5x̄3(12H̄x̄ ′ + 15H̄′x̄ + 3H̄x̄)

κ3 = −1−
c̄4

2
H̄4x̄4 − 3c̄5H̄

5x̄4(H̄′x̄ + H̄x̄ ′)

κ4 = −2 + 3c̄4H̄
4x̄4 − 6c̄5H̄

6x̄5

κ5 = 2c̄3H̄
2x̄2 − 12c̄4H̄

4x̄3 + 15c̄5H̄
6x̄5

κ6 =
c̄2

2
− 2c̄3(H̄2x̄ ′ + H̄H̄′x̄ + 2H̄2x̄)

+ c̄4(12H̄4x̄ x̄ ′ + 18H̄3x̄2H̄′ + 13H̄4x̄2)

− c̄5(18H̄6x̄2x̄ ′ + 30H̄5x̄3H̄′ + 12H̄6x̄3).
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← Future Past → ← Future Past →
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A good Galileon cosmological scenario must have ∀z > 0 good

theoretical properties, e.g. positive kinetic term normalization

(no-ghost condition) for δπ, positive squared sound speed (no

instabilities) c2
s > 0...

∀z > 0, c2
s (z) > 0

⇒ good scenario !

⇒ keep it for �tting

∃z > 0, c2
s (z) < 0

⇒ bad scenario !

⇒ reject it
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Supernovae

472 well measured SNe Ia from the SuperNovae Levagy Survey

(SNLS3) data sample with systematics (Conley et al. 2011)

Prediction of B band magnitude peak for SNe Ia :

mmod
B = 5 log10

[
(1 + zhel)

∫ zCMB

0

dz

H̄(z, cosmo)

]
−α(s−1)+β.C+MB

to be compared to measurements.

α, β andMB : nuisance parameters �tted with the cosmological

parameters.
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Figure: SNLS3 constraints
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Cosmological Microwave Background

No prediction of the full power spectrum

⇒ use of simpli�ed set of observables : la, R, z∗

R =
√

Ω0
m

∫ z

0

dz ′

H̄(z ′)
, la = (1 + z∗)

πDA(z∗)

rs(z∗)

DA(z) =
c

H0

1

1 + z

∫ z

0

dz ′

H̄(z ′)
, rs(z) =

c

H0

∫ 1
1+z

0

da
c̄s,m(a)

a2H̄(a)

c̄s,m(a) not modi�ed by the Galileon �eld

H0 Gaussian prior from direct measurement of Riess et al. 2011 :

h = 0.738± 0.024

Technical details :

z∗ from �tting formula of Hu & Sugiyama 1996

Minimization on h and Ω0
bh

2 together with CMB predictions (following

prescription of Komatsu et al. 2011).
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Baryonic Acoustic Oscillations

3 BAO ys(z) measurements coming from 6dF, SDSS-II and BOSS

surveys :

DV (z) =

[
(1 + z)2D2

A(z)
cz

H(z)

]1/3

, ys(z) = rs(zd)/DV (z)

Technical details :

Minimization on h and Ω0
bh

2 together with CMB predictions
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Figure: CMB+BAO+H0 constraints
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Growth of structure data

9 f σ8(z) growth rate and 5 F (z) Alcock-Paczynski parameter

measurements from 6dFGRS, 2dFGRS, WiggleZ, SDSS, and

BOSS surveys

δ̈m + 2Hδ̇m − 4πG
(ψ)
eff (t)ρmδm = 0

D(a) = δm(a)/δm(1), f (a) =
d lnD(a)

d ln a
, F (a) =

1

c

DA(a)H(a)

a

Measurements independent from any �ducial cosmology and GR
requirement

Technical details :

Hypothesis : same σ8 value at decoupling for the ΛCDM and Galileon

models :

σ8(a) = σ8(ainitial)
D(a)

D(ainitial)
, σ8(ainitial) = σWMAP7

8 (1)
DΛCDM(a∗)

DΛCDM(1)

21 / 27
Jérémy Neveu CEA/IRFU/SPP

N



Figure: GoS (�lled) and SN+CMB+BAO+H0 (dotted) constraints



Figure: all data constraints
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Table: Cosmological constraints on the Galileon model.

Probe Ω0
m c̄2 c̄3 c̄4 χ2

SNLS3 0.273+0.054
−0.042 −5.240+1.880

−2.802 −1.781+1.071
−1.426 −0.588+0.516

−0.348 420.1

Growth 0.200+0.047
−0.044 −5.430+0.850

−1.563 −1.757+0.365
−1.251 −0.635+0.272

−0.179 19.83

BAO+WMAP7+H0 0.272+0.014
−0.009 −5.591+1.973

−2.655 −1.926+1.008
−1.407 −0.619+0.468

−0.335 2.14

All 0.271+0.013
−0.008 −4.352+0.518

−1.220 −1.597+0.203
−0.726 −0.771+0.098

−0.061 450.4

Result of minimization : h = 0.713 and Ω0
bh

2 = 0.0224 with all

data.

For standard models : χ2
ΛCDM = 440.2 and χ2

FWCDM = 440.2 (with

same program and same data)
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Best �t behaviour
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Galileon very good candidate to dark energy :

good theoretical properties

no modi�cation of local gravitation

produces accelerated expansion

Galileon model in agreement with current data.

Galileon, ΛCDM and FWCDM have equivalent χ2.

Our results are in contradiction with previous works that concluded

the Galileon model is ruled out by data (main di�erence is in the

treatment of initial conditions and of the growth of structures)...

... but were then con�rmed by a paper of Barreira et al., including

full CMB power spectrum prediction (arXiv :1302.6241)

Thanks for your attention !
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Backup slides
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Possible direct couplings to matter

Linear coupling :

L0 =
c0

MP
πT µµ

Derivative coupling :

LG =
cG

M3MP
T µν∂µπ∂νπ

⇒ 2 more possible parameters c0 and cG

Note

Direct coupling to matter is not mandatory, but has to be weak

to preserve solar tests of gravitation.
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Figure: ΛCDM Figure: FWCDM

Blue : SNLS, red : WiggleZ, green : BAO+WMAP7+H0, yellow : all

data
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(00)-Einstein equation :
∂S

∂g00
= 0

⇒ H̄2 =
Ω0
m

a3
+

Ω0
r

a4
+
c2

6
H̄2x2 − 2c3H̄

4x3 +
15

2
c4H̄

6x4 − 7c5H̄
8x5︸ ︷︷ ︸

Ωπ = "new" ΩDE

x = π′/MP ,
′ = d/d ln a, H̄ = H/H0

Degeneracy problem !

Equation invariant under a scale factor γ :

x 7→ x/γ, c2 7→ c2 × γ2,

c3 7→ c3 × γ3, c4 7→ c4 × γ4, c5 7→ c5 × γ5 !

⇒ same H̄(z) can be obtain from small x and high ci 's or big x

and small ci 's

⇒ degeneracy to break !
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Two solutions :

x value is known at some point of the history of the Universe : any

idea ?

or we get rid of the degeneracy by a new parametrization
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New parametrization

Set x0 = x(z = 0) :

c̄i = cix
i
0, x̄ = x/x0

H̄2 =
Ω0
m

a3
+

Ω0
r

a4
+
c2

6
H̄2x2 − 2c3H̄

4x3 +
15

2
c4H̄

6x4 − 7c5H̄
8x5

=
Ω0
m

a3
+

Ω0
r

a4
+
c̄2

6
H̄2x̄2 − 2c̄3H̄

4x̄3 +
15

2
c̄4H̄

6x̄4 − 7c̄5H̄
8x̄5

with x̄(z = 0) = 1⇒ x̄ is known at z=0 !
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(00)-Einstein equation :
∂S

∂g00
= 0

⇒ H̄2 =
Ω0
m

a3
+

Ω0
r

a4
+
c̄2

6
H̄2x̄2−2c̄3H̄

4x̄3 +
15

2
c̄4H̄

6x̄4−7c̄5H̄
8x̄5

(ij)-Einstein equation :
∂S

∂gi j
= 0

π equation of motion :
∂S

∂π
= 0

⇒
{
H̄′ = f (c̄i , x̄ , H̄,Ω0

r )

x̄ ′ = g(c̄i , x̄ , H̄,Ω0
r )
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2 di�erential equations with 2 known initial conditions :

x̄(z = 0) = 1, H̄(z = 0) = 1

1 constraint equation ((00)-Einstein) : used to �x c̄5 given Ω0
m,Ω0

r

and the other c̄i 's :

c̄5 =
1

7
(−1 + Ω0

m + Ω0
r +

c̄2

6
− 2c̄3 +

15

2
c̄4)

Let's compute some Galileon Universe !

35 / 27
Jérémy Neveu CEA/IRFU/SPP

N



Galileon cosmology Experimental constraints Conclusion

2 di�erential equations with 2 known initial conditions :

x̄(z = 0) = 1, H̄(z = 0) = 1

1 constraint equation ((00)-Einstein) : used to �x c̄5 given Ω0
m,Ω0

r

and the other c̄i 's :

c̄5 =
1

7
(−1 + Ω0

m + Ω0
r +

c̄2

6
− 2c̄3 +

15

2
c̄4)

Let's compute some Galileon Universe !

35 / 27
Jérémy Neveu CEA/IRFU/SPP

N



Galileon cosmology Experimental constraints Conclusion

2 di�erential equations with 2 known initial conditions :

x̄(z = 0) = 1, H̄(z = 0) = 1

1 constraint equation ((00)-Einstein) : used to �x c̄5 given Ω0
m,Ω0

r

and the other c̄i 's :

c̄5 =
1

7
(−1 + Ω0

m + Ω0
r +

c̄2

6
− 2c̄3 +

15

2
c̄4)

Let's compute some Galileon Universe !

35 / 27
Jérémy Neveu CEA/IRFU/SPP

N



Galileon cosmology Experimental constraints Conclusion

E�ective dark energy equation of state

ρπ

H2
0M

2
P

= 6c0H̄
2x +

c2

2
H̄2x2 − 6c3H̄

4x3

+
45

2
c4H̄

6x4 − 21c5H̄
8x5 − 9cGH̄

4x2

Pπ

H2
0M

2
P

= −c0

[
4H̄2x + 2H̄(H̄x)′

]
+
c2

2
H̄2x2 + 2c3H̄

3x2(H̄x)′

− c4

[
9

2
H̄6x4 + 12H̄6x3x ′ + 15H̄5x4H̄′

]
+3c5H̄

7x4
(

5H̄x ′ + 7H̄′x + 2H̄x
)

+cG
[
6H̄3x2H̄′ + 4H̄4xx ′ + 3H̄4x2

]
wπ ≡ Pπ/ρπ
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Linear perturbations of Galileon �eld :

ds2 = −(1 + 2ψ)dt2 + a2(1− 2φ)δi jdx
idx j

(00) Einstein⇒
1

2
κ4∇̄2ψ − κ3∇̄2φ = κ1∇̄2δy

(ij) Einstein⇒ κ5∇̄2δy − κ4∇̄2φ =
a2ρm

H2
0M

2
P

δm

π EoM⇒
1

2
κ5∇̄2ψ − κ1∇̄2φ = κ6∇̄2δy

matter EoS⇒ H̄2δ′′m + H̄H̄′δ′m + 2H̄2δ′m =
1

a2
∇̄2ψ

where δy = δπ/MP , ∇̄ = ∇/H0, ρm matter density,

δm = δρm/ρm contrast matter density and κis :
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κ1 = −6c̄4H̄
3x̄3

(
H̄′x̄ + H̄x̄ ′ +

H̄x̄

3

)
+ c̄5H̄

5x̄3(12H̄x̄ ′ + 15H̄′x̄ + 3H̄x̄)

κ3 = −1−
c̄4

2
H̄4x̄4 − 3c̄5H̄

5x̄4(H̄′x̄ + H̄x̄ ′)

κ4 = −2 + 3c̄4H̄
4x̄4 − 6c̄5H̄

6x̄5

κ5 = 2c̄3H̄
2x̄2 − 12c̄4H̄

4x̄3 + 15c̄5H̄
6x̄5

κ6 =
c̄2

2
− 2c̄3(H̄2x̄ ′ + H̄H̄′x̄ + 2H̄2x̄)

+ c̄4(12H̄4x̄ x̄ ′ + 18H̄3x̄2H̄′ + 13H̄4x̄2)

− c̄5(18H̄6x̄2x̄ ′ + 30H̄5x̄3H̄′ + 12H̄6x̄3).
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We obtain a new Poisson equation for gravity at sub-horizon

scales :

∇2ψ = 4πa2G
(ψ)
ef f (z)ρmδm

G
(ψ)
eff (z) =

4(κ3κ6 − κ2
1)

κ5(κ4κ1 − κ5κ3)− κ4(κ4κ6 − κ5κ1)
GN

and other quantities :

δπ kinetic normalisation factor

speed of propagation
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A good Galileon cosmological scenario must have ∀z > 0 :

for the �eld perturbations δπ :

1 positive kinetic term normalization (no-ghost condition) : Q2
S > 0

2 positive squared sound speed (no instabilities) : c2
s > 0

for the metric tensorial perturbations :

3 positive kinetic term normalization (no-ghost condition) : Q2
T > 0

4 positive squared sound speed (no instabilities) : c2
T > 0
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Figure: Con�dence contours for the SN nuisance parameters α and β.
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Table: Cosmological constraints on the Galileon model from the SNLS3

sample

Method Ω0
m c̄2 c̄3 c̄4 α β M1

B
M2

B
χ2

Stat+sys+αβ 0.273+0.057
−0.042 −5.235+1.875

−2.767 −1.779+1.073
−1.416 −0.587+0.515

−0.349 1.428+0.121
−0.098 3.263+0.121

−0.103 23.997 23.950 415.4

Stat+sys 0.273+0.054
−0.042 −5.240+1.880

−2.802 −1.781+1.071
−1.426 −0.588+0.516

−0.348 1.428 3.263 23.997 23.950 420.1

Stat only 0.294+0.045
−0.039 −4.765+1.725

−2.921 −1.586+0.987
−1.474 −0.541+0.502

−0.338 1.451 3.165 24.022 23.951 441.8
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Table: WMAP7 measurements

la 302.09± 0.76

R 1.725± 0.018

z∗ 1091.3± 0.91

+ covariances
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Table: BAO measurements used in this work.

z ymess (z) Surveys

0.106 0.336± 0.015 6dF

0.35 0.1126± 0.0022 SDSS-II

0.57 0.0732± 0.0012 BOSS
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Figure: Minimized values of h and Ω0
bh

2 for a large subset of tested

scenarios, in ΛCDM (red dashed histogram) and in the Galileon

cosmology (blue �lled histogram).
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Table: Growth data

z f σ8(z) F (z) r Survey

0.067 0.423± 0.055 - - 6dFGRS (a)

0.17 0.51± 0.06 - - 2dFGRS (a)

0.22 0.53± 0.14 0.28± 0.04 0.83 WiggleZ

0.25 0.351± 0.058 - - SDSS LRG (b)

0.37 0.460± 0.038 - - SDSS LRG (b)

0.41 0.40± 0.13 0.44± 0.07 0.94 WiggleZ

0.57 0.430± 0.067 0.677± 0.042 0.871 BOSS CMASS

0.6 0.37± 0.08 0.68± 0.06 0.89 WiggleZ

0.78 0.49± 0.12 0.49± 0.12 0.84 WiggleZ

r is the cross-correlation in (F, f σ8). (a) Alcock-Paczynski e�ect

is negligible at low redshift. (b) Values of f σ8 are corrected for

the Alcock-Paczynski e�ect but no F (z) values are provided.
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Dashed purple : ΛCDM best �t

Solid blue : Galileon best �t

Dashed orange : Galileon best �t using only growth data
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Alcock-Paczynski e�ect
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See Blake et al. 2011 (arXiv :1108.2637)

"The Alcock-Paczynski test (Alcock & Paczynski 1979) is a

geometric probe of the cosmological model based on the

comparison of the observed tangential and radial dimensions of

objects which are assumed to be isotropic in the correct choice of

model."
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Finding x0 thanks to (00) Einstein equation :

1−Ω0
m−Ω0

r−
1

6
c2x

2
0 +2c3x

3
0−

15

2
c4x

4
0 +7c5x

5
0 = 0

At most 5 solutions to consider

To a small x0 corresponds high ci 's and vice

versa.

Leads to unstable contours.

Figure: SNLS3 data.
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Protecting local gravity with Vainshtein screening e�ect
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Important remark

If the Galileon is not coupled to matter, there is no e�ect on local

gravitation. Only direct coupling is studied.

Equation of motion :

δL

δπ
= 0⇔

5∑
i=1

ciEi +
c0

MP
Tµµ = 0 , Ei =

δLi
δπ

To study the Galileon e�ect near a massive object :

background solution in de Sitter Universe (negligible matter,

Ḣ = 0, w ≈ −1) : πdS

study of Galileon perturbation with the eom due to the presence of

a point-like massive object :

π → πdS + π
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eom of the perturbation⇔
5∑
i=2

diEi = −
c0

MP
Tµµ

with di linear combinations of the ci .

Spherical solution around an object of mass m :

5∑
i=2

diEi =
c0

MP
mδ(~r)

⇒ d2

(
1

r

dπ

dr

)
+ 2

d3

M3

(
1

r

dπ

dr

)2

+ 2
d4

M6

(
1

r

dπ

dr

)3

=
c0

MP

m

4πr3
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Force created by the perturbation of the Galileon �eld around m :

Fπ =
1

MP

dπ

dr

Newtonian gravitational �eld created by the mass m :

FN =
m

M2
P r

2

At small distances :

2
d4

M6

(
1

r

dπ

dr

)3

=
c0

MP

m

4πr3
⇔ Fπ =

(
c0mM

6

8πd4MP

)1/3
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We introduce Vainshtein radius rv :

Fπ
FN

=

(
c0H

4
0M

4
P

8πd4m2

)1/3

r2 =

(
r

rv

)2

⇒ rv =

(
8πd4m

2

c0H
4
0M

4
P

)1/6

So, for distances r << rv , the Galileon

�eld has no e�ect on gravity.
Numerical application for d4 ≈ c0 ≈ 1 :

Sun : rv ≈ 2650 pc � solar system

Earth : rv ≈ 25 pc � solar system
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