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I. Presentation of the galileon model



Horndeski theories ﬁ

> Simple principles for an extension of General Relativity :
¢ Additional scalar field 7 coupled to the metric
¢ 2nd order €.0.m : easy way to avoid Ostrogradski ghosts
4
Horndeski lagrangians

£y = G (m, X)

£ = Gy (nr, X) (On)

£ = Gy (1, X)R — Ga.x (1, X) [2 (Om)? — 27TW,,7TW}

>

| n P
CéH) =G5 (7, X) Gt + 6G5,X (m, X) {(DW)3 — 3 (0m) iy mH + Qﬂguw;’ﬁﬂ;’g}

> Where the G; are arbitrary functions of 7 and X



A particular case : the galileon ﬁ

> The galileon model 1s a particular case of Horndeski :

¢ Galilean symmetry in Minkowskii space-time (inspired by
DGP, massive gravity, extra dimensions, ...) :

T —m+c+b,a"
¢ Simple expressions for the arbitrary functions :

365X2

G2261M37T—|-02X, G = —— G4=M]23——X2, G

¢ The ¢; are arbitrary parameters and M°> = MpH 3

¢ Addition of direct couplings to matter : conformal and/or
disformal



The galileon model ﬁ

> The galileon action :

o 4 s ]\[2 Mp
S[¢7g7ﬂ-] _SSM [¢ ]+/d TN/ — [(1 Z(OA[P> 9 - _ZMS( 2)£ - WCGGH




The galileon model ﬁ

Conformal coupling

> The galileon action : l

M p 2 M3

5
B ) Yo\ M2 1 e Mp .
S|o, 9,7 = Ssm [0, 9] + /d T/ —g [(1 — o > R — 5 E_l e L;— —ccG"rm T,



The galileon model ﬁ

Conformal coupling

> The galileon action : l

5%
o 4 ~ T ]\[2 MP L
S|o, 9,7 = Ssm [¢,g]+/d TV —g [(1 COMP> - ‘ZMzm 5L = ppleal Ty

T

Disformal coupling




The galileon model

—

Conformal coupling

> The galileon action :

|

s

Sld. g, 7] = Ssm |9 9] + /d4x\/—_g [(1 s

Co

M3

M p

>

2

1

2

Five galileon
parameters

5

2

1=1

|

Cg

M3(i—2)

s

Un%
- W;u”w]

Disformal coupling



The galileon model

—

> The galileon action : l

s =5 toy=g|(1- 55 ) MEp_ Ly~ o
[¢7g77'(']— SM [¢7g]+ Lv—9g o COJ\[P 9 /_§ZM3(7;_

Conformal coupling l

Five galileon

parameters

[,1:77'
Lo=X
£3:X|:|7T

i 1
Li,=X 2(D7T) —2(m. Vﬂ“”)—iXR]
£5:X-(D7T)3—3( W/T("LW)DT('—FQ(TFMWP

1=1

2)

Li— "~

I
- W;u”w]

Disformal coupling

,p) —6(m MW;WGVPW;/O)]



The galileon model ﬁ

> The galileon action : l

Five galileon

Conformal coupling paraIIetel‘S

, 5
B A o\ MZ 1 e Mp— .
S [¢,g,7’(’] - SS’M [¢7g] + /d T\ —g [(1 — 4Co A[P> 9 R — 5 § MS(i_2) ['z - WE e Cia T Ty

T

L1 =17 « Tadpole (behaves like A so ¢ =0) Disformal coupling
Lo=X
,C3 = XDT('
i 1
Ly=X |2 (Dﬂ') — 2 (m, ) — §XR]
L5 =X -(Dﬁ)g — 3 (M) O + 2 (miymifmil) — 6 (w MW;MVGVPW;’O)]




The galileon model ﬁ

> The galileon action : l

Five galileon

Conformal coupling paraIIetel‘S

, 5
B A o\ MZ 1 e Mp— .
S [¢,g,7’(’] - SS’M [¢7g] + /d T\ —g [(1 — 4Co A[P> 9 R — 5 § MS(i_2) ['z - WE e Cia T Ty

T
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The galileon model ﬁ

Five galileon

Conformal coupling parameters
> The galileon action : l l
M2 1[G M
S|¢. 9,7 = Ssm [, 9] + /d4x\/—_g [(1 — 4% JJP) QPR 9 ; Mgc(z'—2) Li— ]\426{ 9WW;MT;V]
L1 =T < Tadpole (behaves like A so ¢c,=0) Disformal coupling
Lo=X
L3 =XUr < |
Li=X|2 (I:lﬂ') — 2( Vﬂ-al“/) _ EXR] 4— Non-linear lagrangians
i 2 il
Ls5=X -(DW)ZS — 3 (7, m?) O + 2 (7‘(” 7r’p7r’“) 6 (7 MW“’/GWW’O)]

s



The galileon model ﬂ

Five galileon
parameters

> The galileon action : l

Y r\ M2 1 [c Mp—
S|P, g9, 7] = Ssn [P, 9] + /d4x\/—g [(1 — Jeo > OPR ~ 3 Z o) L; — WCG T 71';”7'&';,/]

Mp ) 2 i=1 T

L1 =7 < Tadpole (behaves like A so ¢ =0) Disformal coupling
Lo=X
L3 =XUr < |
Li=X]|2 (DW) —9 ( T IW) _ %XR] 4— Non-linear lagrangians
. ¥
Ls=X (|:|7T)3 — 3 (m ™) O + 2 (7‘(’ T ’p) —6(m MWW/GWW’O)]
> Higher order lagrangians necessary to screen the galileon at

small scales through Vainshtein effect



The galileon model ﬂ

> A popular modified gravity model :
¢ Cosmological solution with accelerated expansion

+ No effect near massive bodies due to Vainshtein screening
= necessary to pass tests of gravity in the solar system

¢ No ghost degrees of freedom

¢ Simple construction principles and limit of other well
motivated cosmological models

¢ Only up to six real parameters
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Galileon predictions ﬂ

> Evolution 1n galileon gravity given by e.o.m of =
and Einstein equations :

0S w
o= 0 and Gy = %TEVM + /{TF(W)
> The galileon field 1s treated as a new fluid

~ At first order = background evolution necessary to
compute cosmological distances

> At linear order = perturbations evolution necessary
to compute CMB powerspectra



Background evolution

—

> Cosmological background evolution :

dH  wy—Ap
m_aﬁ—aw
dr QA — oy
dna ol — aw
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Background evolution

—

> Cosmological background evolution :

dH

dlna

dx
dlna

X

wy — A3
08— aw
a\ — o7y
— |
f o — aw

1

dm

B Mp dlna
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Background evolution ﬁ

> Cosmological background evolution :
dH Wy — )\6}

functions of H and x

dlna |00 — aw
dx QA — o7y

— = X I <
dlna 1 o — aw

1 dm
- Mp dlna

X
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Background evolution

> Cosmological background evolution :

dH

dlna

dx

dlna

X

functions of H and x

_wv—)\ﬁ}
o8 — aw
a\ — o7y
:—Qj}
f o — aw
1 dm
- Mp dlna

> Imtial condition at z = z; : (H;, x;)
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Background evolution ﬁ

> Cosmological background evolution :
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functions of H and x
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Background evolution

> Cosmological background evolution :
dH Wy — )\6}

functions of H and x
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Perturbations evolution

—

> Scalar perturbations evolution 1n the synchronous
gauge . 0= fim -+ [0 A+ [0 RP 4 fET K HZ
i f560m . ]CZ, + f6eom . ]{277
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Perturbations evolution

—

> Scalar perturbations evolution 1n the synchronous

gauge: 0 = eom fy//_'_feom fy _|_feom k2,y_|_fizom ]CHZ
+f560m kZ/_,’_fgom k‘2

op™) = A+ I+ (f3X KHZ A+ f1 k)

¢\ = fl+ — f9k? (0 — Z)

/<;a2

10 = 4 — (f kMo — f31 ko' + £ K20)
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Perturbations evolution m

> Scalar perturbations evolution 1n the synchronous
gauge : 0 = eom fy//_'_feom fy _|_feom k2’}/—|—f460m ]CHZ
+f560m k:Z’ _,’_f6eom k‘2
op™) = A+ I+ (f§< KHZ A+ f1 k)

¢\ = fl+ — f9k? (0 — Z)

IiCLQ

10 = 4 — (f kMo — f31 ko' + £ K20)

> Where the f°9'"“°"are functions of the background

11



Perturbations evolution ﬁ

> Scalar perturbations evolution in the synchronous

gauge : 0 = eom fy//_'_feom feom k2’}/—|—f460m kHZ
+f§0m kZ/ +f6€0m ]{2
op™ = fi- 7+f" 7+ (f§<-k%+fi<-k2n)
0™ = fi+ mQ 1oz

10 = 4 — (f kMo — f31 ko' + £ K20)

> Where the f°9'"“°"are functions of the background

> Barreira et al. 2013 showed that initial conditions
for galileon perturbations can be taken as :

y=+4"=0 at z~ 10"

11
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Parameter space exploration ﬁ

> Background and perturbations evolution in galileon gravity
obtained using our own modified version code CAMB
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> Background and perturbations evolution in galileon gravity
obtained using our own modified version code CAMB

> MCMC exploration of the parameter space against cosmological
observations using our modified version of CosmoMC :

12



: 740
Parameter space exploration z

> Background and perturbations evolution in galileon gravity
obtained using our own modified version code CAMB

> MCMC exploration of the parameter space against cosmological
observations using our modified version of CosmoMC :
¢ Constraints on full galileon parameters {cosmo, ¢, ¢3, ¢4, C5, Ca, 10}

+ Constraints on cubic galileon parameters {cosmo, co, ¢5,0,0,0, 1}

¢ Common cosmological parameters {272, Q.h?, 1000zc, T, 1, Ag )
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Parameter space exploration g

> Background and perturbations evolution in galileon gravity
obtained using our own modified version code CAMB

> MCMC exploration of the parameter space against cosmological
observations using our modified version of CosmoMC :

*

*

¢

Constraints on full galileon parameters {cosmo, cs, 3, C4, C5, CG, 70 }
Constraints on cubic galileon parameters {cosmo, co, ¢3,0,0,0, 2}
Common cosmological parameters {Q,h*, Q.h?, 1000\, T, s, Ag}

Reject scenarios with instabilities 1n scalar or tensorial perturbations
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Parameter space exploration g

> Background and perturbations evolution in galileon gravity
obtained using our own modified version code CAMB

> MCMC exploration of the parameter space against cosmological
observations using our modified version of CosmoMC :
¢ Constraints on full galileon parameters {cosmo, ¢, ¢3, ¢4, C5, Ca, 10}
+ Constraints on cubic galileon parameters {cosmo, co, ¢5,0,0,0, 1}
¢ Common cosmological parameters {272, Q.h?, 1000zc, T, 1, Ag )

¢ Reject scenarios with instabilities in scalar or tensorial perturbations

*

> A posteriort comparison to GW speed constraint from GW170817

12
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Base models

> Fit to combined cosmological data (CMB+BAO-+JLA) :

mm ACDM
Bl Full galileon
Bl Cubic galileon

Q.h?

T

In(101°A,)

1009 MO

I
!

,ff"I / \+
0125 |- /Il_‘ . i
‘J [
| |
=t [

. |

14



> Fit to combined cosmological data (C

Q.h?

Base models

—

1009 MO

s ACDM

Bl Full galileon
Bl Cubic galileon

T

In(101°A,)

. . .
0.0217 0.0%24 0.115
Qbh‘

10 0'9 MC

+BAO+ILA) :
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> Fit to combined cosmological data (C

Q.h?

Base models

—

1009 MO

mm ACDM
Bl Full galileon
Bl Cubic galileon

T

1T determines Z .

In(101°A,)

AN

0.
T

IS 0.{2 1‘96 llﬁil[l 1‘12 0.945 0.975
In(10'°A,) n,

+BAO+ILA) :
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> Fit to combined cosmological data (C

Q.h?

Base models

1009 MO

mm ACDM
Bl Full galileon
Bl Cubic galileon

T

1T determines Z .

In(101°A,)

8

"f? J\

A

>

'

| | ."‘x P

AN

0.1‘15 ‘g.ll25
Q.h”°

10 0'9 MC

0.04 O
T

i

IS 0.{2 1‘9 3‘0110 3.‘12 0.945 0.975
In(10'°A,) n,

Probability density

~=
N

—_
[\l

=
o

e
o

e
o

e
i

o
)

e
o

+BAO+ILA) :

I

— ACDM

—— Full galileon
—— Cubic galileon

14

14
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Base models

Fit to combined cosmological data (C

mm ACDM
Bl Full galileon
Bl Cubic galileon

1T determines Z .

Tig

>

M

I

I,'I.‘,-'I )'.II‘
C:% d /‘J ,"; 'lll‘l lll:::l ||I|
S - | |/

: — 1y W \\
LTI

f f f f /! \\\
_ P e | e " S
- ®8 | ® | /
i

N | &
J

T
g \

A N
5 0.07

Qph?

0.
T

0. 1'1 5 ‘g 1'25 10‘40 10‘42 ) 0. ID4 E)S 0. 12
Qch - 1009;\.{(_‘_'

i

2.‘9 llﬁil[l 1‘12 0.945 .075
In(10'°A,) n,

Probability density

~=
N

—_
[\l

=
o

e
o

e
o

e
i

o
)

0.0

+BAO+ILA) :

I

— ACDM

—— Full galileon
—— Cubic galileon

Zrei

z_ .> 6 (e.g. astro-ph/0108097)

+ Astrophysical observations indicate that
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Base models

> Fit to combined cosmological data (CMB+BAO-+JLA) :

Y?(CMB) x*(BAO) x?(JLA)

ACDM
Full galileon
Cubic galileon

12946 5.6 706.7
12966 30.4 723.3
12993 29.9 723.6

15
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> Fit to combined cosmological data (CMB+BAO-+JLA) :
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Base models

—

> Fit to combined cosmological data (C

+BAO+ILA) :
X*(CMB)[ [x*(BAO)| x*(JLA)
ACDM 12946 5.0 67— ¢ data points only
Full galileon 12966 30.4 723.3
Cubic galileon 12993 29.9 723.6
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> Fit to combined cosmological data (C

Base models

+BAO+ILA) :

X*(CMB)[ [x*(BAO)| x*(JLA)
7067 .
ACDM 12946 5.0 » 8 data points only
Full galileon 12966 30.4 723.3
Cubic galileon 12993 29.9 723.6
‘{ { BOSS DRI12 conse‘nsus | | ‘{ { BOSS DR12 conseﬁsus I ‘{ 1 BOSS DRI12 CONSEnsus | R
201 1 ear 21 1 e 20141 aar

t 1 MGS ¥ § MGS ¥ F MGS

— Dy/(ra2) — Dy/lry2) — Dyflra2)

- DH,’f(rzi"l—Z) ----------- — DH//(T,{\/_Z) ------- —_ DH‘/‘(:Tdv’?) -----------
w20 — D/l o0l = Ditra?) o0l — Diftrd
: : :
< | S | S
S 15 <13t S 151
>q & ~
Q Q Q

— BAO 10f — BAD 1ol ~mo
----- CMB+BAO+]JLA 7/ . CMB+BAO+]JLA - CMB+BAO+]JLA
10" L 10" fUg 10" U —
4
ACDM Full galileon Cubic galileon 15



Tensions 1n base models

> Tension on t due to :

¢ lensing

¢ low-/of polarization

0.08 ,

EE low-¢
0.07 -+ - lensing |7

0.06 -

0.05

~ 0.04

0.03+

0.02+-

0.01+

0.00

30
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Tensions 1n base models >

> Tension on T due to : > Tension between BAO and CMB :
¢ lensing 2.0
¢ low-/of polarization -24
0.08 I ! ! 28
-+ . EE low-¢
0.071- lensing |7 _39)
0.06 - '

™
O

—3.6
0.05

~ 0.04 = R —4.0r

0.03

* —4.4) 1A
0.02 ’ CMB
' N BAO
—4.8 CMB+BAO+]LA |
001 ] 0.00 0.08 0.16 0.24 0.32 0.40 0.48 0.56 0.64
Qm

0.00

30
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Tensions 1n base models >

> Tension on t due to : > Tension between BAO and CMB :
¢ lensing 2.0
¢ low-/of polarization -24
0.08 I I I 2.8
-+ . EE low-¢ ’
0.071- lensing |7 3.9
G o S, d
0.05+ -
k- 0.04F .-_ _:__ —4.00
0.03L '_:: 2 —4 .4 1A
0.02- v / CMB
_ —4.8 | 2;%+BAO+JLA |
0o1r ] 0.00 0.08 0.16 0.24 0.32 0.40 0.48 0.56 0.64
Q
0.00 m

30

> Improve the situation with new parameters ? y



Tensions 1n base models

—

CMB lensing power spectrum favours low A,

Because lensing effect stronger in galileon scenarios
[ aicDM
—— Full galileon
—— Cubic galileon |
Planck 2015

T T T T

_—
-
~
-~
-
==

s
e~
==

n—\l—\op_cn—u—\ .
nooUIo U

Additional parameters that have an effect on lensing
normalization : A; or Zm,
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Extension to A

> Model extended to the parameter A, :

Q,h?

1000,

s ACDM
Bl Full galileon
I Cubic galileon

ln( 1010 A.s‘ )

Ty
= e
E

s

L) ! J | A . II. o /\
gt T N ~N =
sl | .‘; ,-'! + = ; T \ T

‘ ;

s ] @M
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Extension to AL

>

Q,h*

1008, .

Model extended to the parameter A, :

s \ACDM
Bl Full galileon
Il Cubic galileon
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Extension to AL

> Model extended to the parameter A, :

Q,h*
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Extension to 2m

> Model extended to the parameter Zm, :

s ACDM
Bl Full galileon
Bl Cubic galileon
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Extension to 2m

> Model extended to the parameter Zm, :

s ACDM
Bl Full galileon
Bl Cubic galileon
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Extension to EmV m

> Model extended to the parameter Zm, :

— o Y2(CMB) x?(BAO) x?(JLA)
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/ \\ s Cubic galicon  Full galileon 12950 16.8 717.2
— Cubic galileon 12963 18.3 716.5
:»::2 Hi(\ | f\
C}b \ /\ ‘ . .
":J | \\ { + BOSS DR12 consensus
. 2574 1 ear
qg-fjl 2} ,//_ N + p { { MGS
§ ‘ _/ { — Dy/(raVz)
lm.ui: } T ; | - DH/("‘"d\/E)
I =N | = 1 ’—z\;\zo_ —  Dy/(ravz)
L oosf H@, T 'm _> OK I}d
X y + 1 =~
' " " ' / + S """"""""""""""""
« \ [
:q 1 = | :— - 1 | \ =9
@] / /&\\ Ssl
t : t } t } t /l t t Q
> 1@ T ) T o r
< @ | Q @ ,f / - — ACDM
R B S S I/ o Full galileon |
I | | | | ] -~ Cubic galileon
A A - i ' _ 1 ] | 1! /m 1071 10"
, ﬂ‘?l’? //%02\:‘ 0, IJ'I/G.\ 0.1 ﬂ:’ﬂ//‘\‘; F‘M? 0, .ﬂ/:% \ﬂ “2 3'0/‘1 F ';2 0, 9‘4r //,-‘;\;‘;5 }; 0. I"() 0, :75 z
o, n? 0.n7 " 1006, 7 m10%A) T T Tem,” 19



Outline

[.Presentation of the galileon model

II. Methodology

III. Constraints from cosmology

IV. On tracker solutions

V. GW170817

20



Tracker solutions

—

> Trackers are a subset of general solutions :
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Tracker solutions

—

> Trackers are a subset of general solutions :

¢ Attractor solutions, defined by

H?7 = & = cste
¢ Additional relation between ¢; (one less free parameter)
co€? — 635 4 18¢4€* — 15¢5€° = 0

¢ Analytical solution for the background evolution
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Tracker solutions ﬁ

> Trackers are a subset of general solutions :
¢ Attractor solutions, defined by
H?7 = & = cste
¢ Additional relation between ¢; (one less free parameter)
co€? — 635 4 18¢4€* — 15¢5€° = 0

¢ Analytical solution for the background evolution
2 0 0 0 2
H\ _ 1|9, 9@ Qo @ 3
(H_o) =2 |t tarm T \/492 + (a_3 ot SJ\/Z%Hg)

> Previously studied (see e.g. Barreira et al. 2014 or
Renk et al. 2017)
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Constraints on tracker

—

> Results from previous studies showed :
¢ All models excluded unlessz m, #* 0.06 eV
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Constraints on tracker

> Results from previous studies showed :

¢ All models excluded unlessz m, % 0.06 eV
¢ Cubic galileon excluded by ISW effect
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- a
Constraints on tracker ﬂ

> Results from previous studies showed :
¢ All models excluded unlessz m, % 0.06 eV
¢ Cubic galileon excluded by ISW effect

¢ Others 1n apparent tension with new BAO measurements
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Conclusion on tracker

—

> Tracker should be reached before the DE dominated era to
reproduce correctly CMB TT
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Conclusion on tracker

—

> Tracker should be reached before the DE dominated era to

reproduce correctly CMB TT

> Define asq,, the scale factor at which :
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Conclusion on tracker ﬂ

Tracker should be reached betore the DE dominated era to
reproduce correctly CMB TT

H7z — Ho To

Define aso;, the scale factor at which : ' < 5%
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. . /
Gravitational waves ﬁ

> Modification of GW speed only due to ¢, ¢ and cg
= affects only the full galileon model

I I I
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~ At > 1014 sec ~ a few million years
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Galileon status m

» Status of the general galileon model (see Leloup et al.
2019) :

+ No galileon model can fit all cosmological data (especially BAO)

I
— ACDM
— Full galileon
— Cubic galileon | |

[

Probability density

0.4 $

0.2

} | I
0.0,

\
) ] 10

I
30 35

BAD)
¢ Full galileon model excluded by GW 170817

+ Nevertheless, non-tracker exploration useful 27
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> TT powerspectrum with A,
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SN hubble diagram with Xm,
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> Constraints on galileon parameters
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Base models

> Fit to CMB data only :
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Base models

> Fit to CMB data only :
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Base models

> Fit to CMB data only :
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Base models

—

> Fit to BAO data only :
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Base models ﬁ

> Fit to BAO data only :
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Base models ﬂ

> Fit to JLA data only :
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Base models ﬁ

> Fit to JLA data only :
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Base models

> Fit to CMB+BAO+JLA data :
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Base models

Fit to CMB+BAO+JLA data :
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