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Massive bigravity 5 /26

Can we extend the general relativity by considering two
inferacting metrics g, and f,,,¢

The non linear theory is given by Hassan and Rosen, 1109.3515
SHR g SEH [gm/] - SEH [fuy] o Sm

with the dRGT interaction ferm (de Rham, Gabadadze, Tolley, 1011.1232)
— A2 2 4 o [l - poo— AN
Sm = M;m" | d"z\/—gBie;[s",] with sty = (/g7 1f) o

Two branches of cosmological solutions:
Self-accelerating (unstable)

Normal branch (stable) (fine tunings needed...)
De Felice, Gumrukcuoglu, Mukohyama, Tanahashi, Tanaka, 1404.0008



Fine-tuning problems in 6 /26

bigravity

a. There are neg. norm states if m% < 0(1)H?
(Higuchi bound) (Higuchi, 1989)

b. Fine-tuning needed to pass solar system
tests with Vainshtein screening...

c. ... and to have an interesfing

phenomenology (pe Felice, Gumrukcuoglu,
Mukohyama, Tanahashi, Tanaka, 1404.0008)



Environment dependence 7

Can we make the graviton mass
heavy enough in the early Universe ¢
heavy enough in astrophysical systems ¢
light enough in other setfings ¢

May be solved if the graviton mass scales as the energy density |

Use a messenger . chameleon scalar field
Khoury and Weltman, arXiv: 0309411

C}\ame]eﬁ\ ;303 (c) DC



Chameleon mechanism s/

b+ 3Hp = —aA(S)T + m>V(¢)

Effective potential

|
|
!
!
}

Time dependence




Chameleon mechanism 9 /26

Schematically

In astrophysical setting :

Chameleon mechanism for
both the scalar field and the
graviton |

In cosmological setting :

Higuchi bound can be satisfied
at all times |




2. Chameleon bigravity 10/26

De Felice, Uzan, Mukohyama, 1702.04490

» A theory of 2 gravitons and 1 scalar field

» Chameleon =2 Environment-dependent
graviton Mass khoury and Weltman, astro-ph/0309300

» This extends massive bigravity and
addresses the fine-tuning problems

» The theory becomes applicable to the
early Universe



3. Goal of the work 11/26

>

Does everything work as planned ¢

>

>
>
>

Show that the theory can accommodate a “realistic”
background cosmology !

A

05 |

e — {ime

Higuchi bound

NtelellliY%

Modes

We do not cover before radiation domination
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The action 13/26

w
Chameleon bigravity side S — ( g‘lf) y

SEH—_/ lg]v/—gd*

S = MEm® [ Zﬁi(cb)ez- s]v/=gd*e

1
S, -
¢ 9

/ G 0,60, /=g

Matter side

Smat = /Emat(¢:§uu)d4x g,uy = A(Cb)zg,uy




Background cosmology 14

Exponential couplings  A(¢) = ePP/Mg Bi(¢) = e/ Mo
= Existence of scaling solutions

Friedmann Ansdize

ds? = —dt® + a®(t)d;;dz’da’, ds?e = £2(t) [-c*(t)dt® + a*(t)6;;dzxdz’ ]

g
Friedmann equations 1*" Einstein equations
1 1. . 1 .
3H? = E? [pA4 + §¢2] +m2R(§,¢) ) B = *W [(PJr p) A* Jr(bﬂ +m*E(c—1)J(¢,9),
m2 . IF—c
3H? = Ve 9), 2Hp S =7 (5, 9).

Scalar equations |6+ 3Hd = —aA* (p — 3P) + M2m?Q 4(£, ) .

R=U-¢EU;/4, J=Re/3, Q=(c-1)R-—cU, UE—(5454+4ﬁ3§3+6ﬁ252+451f+ﬁo),



Scaling solutions 15/26

» Exact radiation dominated and A-dominated solutions

d 1 dh 2 H
¥ :E’ = e — /M, h=—
dN. A h dNe n e
£ = const, NG NEET Ne =In (a(t)/ai)
n=4(rad.)
; =p n =3 (dust)
» Dust-dominated, under condition (n=0) (A)

2 3¢ il
6(>\ _C—I—Ii§2) Tk

» When B « 1 yields an approximate scaling solution.



Scaling solutions

The scaling solutions under homogeneous perturbations

‘(Inh =1Inho — 2N, + ehD)
0 = 2 (1L + epM).
§ =€ el

\C —aw C(O) + Ec(l) 7

yield

e (1 E Ni) oM+ A =0, =

ean (g i Ni) WO 00

16/26



Inhomogeneous 17/26
perturbations

ADM splitting
dsZ = —N2dt* + v (N'dt + da) (NP dt + dz?), dst = —N?dt* + 7;;(N'dt + dz’) (N7 dt + da?)

Perturbbations
N . o
gb > Qb —|'-' 5915 > wa = wa ‘}(Mpa g

N N(l + <I>) N;=N; +8N;, 7 =a’6;+6v,;,
‘qu)‘ ./\73 = N@ SR 6](/.@ . ’%j = &25?;3- - 5:},%3 =,
T@r vector  scalar

Decomposition in SO(3) represen’ro’rions

) M o
ON; = N&(&,;‘B_. - By , 5774 a> 20, W+ (8383 - A) 8“E

i, y




INnhomogeneous
perturbations

2x2 tensor modes

cr1 =1l crp=c

2 massive modes

¢+ K&?
K$

& 2 massless modes

m2 = m?T

Non trivial no-ghost
condition:
c>0

1x2 vector modes
c+1

2
cy = m°l —
4 28]
2 massive modes
mé = mé

Non trivial no-ghost
conditfion:
J>0

Non frivial no-
gradient instability
condition:

>0

18/26

2 scalar modes
* Massive modes
* non trivial sound
speeds
+ matter
modes

Non trivial no-ghost
condition
(large expression)

Non frivial no-
gradient instability
condition

(large expression)



5.Numerics

&




Equations for numerics 20/2¢

Set of equations to integrate

hi=NE o, ')
¢ =" (h,& e, ¢'),
E—IGNE 0, ') ,

Initial conditions : quasi-radiation dominated scaling solution

4
him =2hi, ¢imge=7, ¢i~0, §m0



Parameters for numerics 21/26

New choice of parameters so that J > 0 is always safisfied

0301—(:%:2(, c1+ 2co +c3 =B

Finally we chose the parameters

10 .

Cin:_, CVin:]., Ql::l, %:1,
100 ’

T i ) 52]‘3/'1;1 - L )
200 200
40

— IS )\ = —
5 X : 3

Qxi =1 x 1072 5NN

NB : these are non unique...



Numerical results 22126

1.0

_____

Evolution as planned !

-
-~

i
&)

» Radiation — dust — A domination
» Stable scaling solutions

» Small numerical errors

density parameters ()

.,
L
...................

10 15 20
number of e-folds N,

What about the Higuchi bound
and the sound-speeds ¢

10 15 20
number of e-folds N,



Numerical results 23/26

Again just as planned |

nt 2
T
2

H

» m4 > H? at all imes

N
a1
o
[«

» Positive sound-speeds, close to |

» No-ghost conditions are satisfied

Higuchi condition
—
a1
(e}
o

5 10 15 20
number of e-folds N,

_______________
-
-
-----------------------

Promising |

Proof of existence for a stable
cosmology in chameleon bigravity |

10 15

number of e-folds N,



summary 24/26

Chameleon bigravity solves the fine-tuning problems of
bigravity and extends its reach

Scaling solutions were described

Stability conditions under homogeneous and
iInhomogeneous perturbations were found

The model propagates 2x2 tensor, 1x2 vector, 2 scalar +
matter modes

Numerical integration and example background
cosmology were achieved



Future outlook 25/26

A promising model, with avenues for further study |

E.g. constraints from:

.. More precise background cosmology
i. Evolution of perturbations

i. Solar-system tests

iv. GW wave-forms modified due to graviton
oscillations
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Merci beaucoup !
((c) bc)
Chame!eon {’)05




Back-up 1 : density 27126
dependence

Compare the density at late fimes and cosmological
distances p, with the local density my,,

9 A
mT,loc i (p10c> -

5 —
mT,oo Poo

If g is small enough...



Back-up 2 : other graphs  2s

number of e-folds N,



Backup 3 : Higuchi condition 29/26
and strong coupling scale




