Title: Aspects of Galileon Cosmology
Date: Mar 22, 2016 11:00 AM
URL: http://pirsa.org/16030119

Abstract: <p>l will discuss the cosmology of galileon models with a Minkowski limit and discuss whether they can account for the currently
observed cosmological model. The full galileon model predicts the speed of gravitational waves to be different from that of photons. | will discuss
this and compare with observations. | will then discuss a subdominant galileon model which is compatible. Finally | will discuss the shape
dependence of screening in galileon models, showing that the fifth force is unscreened for planar objects.</p>
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Observations the Universe is undergoing
accelerated expansion today.

Why?

Cosmological constant? Dark Energy --
Modified Gravity?

Modification of Gravity on large enough scales
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Dark Matter 2c /% Dark Matter 26 B%,

Dark Emrgy 72.8% 68.39%

Before Planck After Planck

What is dark energy?

A or modified gravity?
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GRAVITY ACTS ON ALL SCALES

Looking for extensions of General Relativity valid from small to large scales.

Maodifications result a scalar field and a fifth force
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Deviations from Newton’s
Laws parametrised by

(l);'\." — (:‘J-\r/'l'(l | 2,"?2(' "//\)

First term gives Newton's inverse
square law, second term is deviation
from standard gravity

tightest constraint comes from
satellite experiments

B2 <4.107°
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Around a background configuration
and linearising we have
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Main screening mechanisms can be written as

Z(60) - 2(60) s 2, Bleo),
90 g2 - M0 2 KO0

]J
The Vainshtein mechanism reduces the coupling to matter by increasing Z

The Damour Polyakov mechanism reduces the coupling [3

The chameleon mechanism increases the mass
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Main screening mechanisms can be written as

Z(d . 2(¢ . (¢
(“O) (Ut‘)q‘))z ' g )O)h(f)z -+ (UO)
M p

apoT

The Vainshtein mechanism reduces the coupling to matter by increasing Z

The Damour Polyakov mechanism reduces the coupling [3

The chameleon mechanism increases the mass

Input:  DVI- 1280x720p@60Hz
Output:  SDI - 1920x1080I@60Hz

Page 12/57




Pirsa: 16030119

The Vainshtein mechanisms can be easily analysed:

2/3%(o)
Effective Newtonian potential: V= ( ] - )‘l’ N
Z(o)
For theories with second order equations of motion:
D'D,¢ (96)?
. 2 n ;
Z(¢) = 1+ a(¢p)L* ——— + b(¢) ——1
mp) M-
1 A

Vainshtein
K-mouflage

MY~ 3HZmb,, L~H'

Galileon invariance ('),,(.-") — (')l,(,:') + ¢

Cosmological choice
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L= —5(00) - 1500(00)° -

Galileon employs Vainshtein Screening and highly non-linear Lagrangian, but
equations of motion only have second order time derivatives

) coP

Cq
2 AG

r i i

Ly —

4

!

where C(jand C(7 are the conformal and disformal couplings

A 2, oy
we take A" = Hgmp) to be of cosmological interest

and 2 > 0 5 avoid ghosts in Minkowski space
9

The coupling to the metricis G, = A'(¢) gy 4 I,”,f'),‘c‘if')m’i. with A'(0) = 14 -~

Tip
: Pl

. ‘ 2 2 1 ] ) ”-IJ]E 8
L4 =(09)" |2(0¢)" - 2D, D, D" D" 3 : these are the remaining
terms and play a role

cosmologially

Ly =(0¢)* [(O)* — 3(00) D, D, DY D' $ + 2D, D" 6D, D¢ D, D" &
6D, 6D" D" pD"6G,,,|

t",r| C + ,1* (.2; .) I') ...[.”,PI
5 P E o, pd,plL;
AEJ —~ mp) . .\-l / {
i
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For ¢3 non-zero the spherically symmetric solution is

do Adp | | 4 R, 5
dr 4 r
Non-linearities dominate inside the Vainshtein radius to screen the fifth force

1/3 3/9
R, = L (_com / o {’)2( ,- )”’
x — P — . = \C '
! A 2?'1'(‘;;'”2.}!] 1',-'\-' v 11’+.

Both conformal and disformal couplings to matter are severely constrained.

Co leads to large variations in particle masses when coupled to baryons

C(@  coupled to baryons is constrained by LHC and to photons by variation of the speed of light

2
Cobs

giving the duality relation ; = (14 2)%dy

Cemit
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Cosmology

Take universal conformal coupling to matter; baryons to be disformally
decoupled whilst CDM and photons have the same coupling

details are very technical and not displayed, see 1411.721

Impose the Friedmann equation and the no-ghost relation between parameters.

defining  gefs = G
TN

. H\ . 3 .
8§ 4 (2 + F) 5 — 5”"""/'6 = ()

the growth of structure becomes

and impose the sound speed (f% > () to avoid instabilities

Exploring the parameter space we find
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There is an
attractor
solution., On
the attractor
we can
constrain 15

C¢; and C3
such that

Geffr < 0.2

1.0

on the attractor,
given by the
shaded region

Note the allowed 0.5
parameter space is
highly restricted
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The Speed of Gravitons

An effect of Galileon theory is to change the speed
of gravitons compared to that of light

There are severe constraints

if e < ¢ relativisitic cosmic rays emit gravitons
by Cerenkov radiation, suppressing
them unless

1 - L <1077
.

K cr > c then the period of binary pulsars
: would be affected unless

cr :
= _-1<10°*
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The speed of gravitons will be effected whenever
the Einstein Hilbert term is changed in any way.

This occurs whenever Cy # 0

Typically we are interested in the emission of spherical waves in a
time-dependent cosmological background; the graviton wave
equation takes the form

wz((.',l = (:‘.1‘_\' (,")2) = 2(4)]\.'(;:)(.),-(,’) - l\'z((r',l " (r',|“\’((‘),-(.-'))2) =0

The speed of gravitational Gix ~0
waves is screened when "

when the effect would be Vainshtein screened
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In this case

Q

2 _1 :-\'(I"I..\' If Gyx

“1 o R
then C7p

Q

We find that time derivatives are smaller than spatial derivatives when

Ry Hy > 1

which is violated for around a solar mass,

Il)\'il[] ~ I” 7

and Vainshtein screening will not
reduce the speed of gravitational waves
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o

Subdominant Galileons

Consider the cubic galleon

~ 14 4c4Q2, cy <4.107°
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Can we really have gravity waves faster than the speed of light at the percent
level?

If gravitons go faster than the speed of light, they can
decay into two photons.

For astrophysical sources, the decay time is much
longer than the age of the Universe.
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Time Delay a smoking gun?

Gravitons are expected to arrive before
photons/neutrinos by

At
T — A('T

For supernova SN 1987A the difference in emission times between neutrinos and gravitational
waves is about |/1000s.With bounds from binary pulsar for Ac¢y = 10~ gives gravitational
waves arriving 1700 years in advance, and for sources |kpc away this is 30years!

If we detect both neutrinos and gravitons from a supernova |kpc away
with a time delay of 1/1000s this would constrain

Acp < 107 M
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A tighter constraint?

The recent detection of gravitational waves does not give a bound on their speed.

T T T T
Inspiral Merger Ring
) down
1.0 ‘I
" 05 (Ll -
2 6.0 I %;»
% - f 1] (l
5-0.5 "f | If
v |
-1.0 Numerical relativity U ‘
Em Reconstructed (template)
I I L 1 py
— T T T N
So6 14 =
é‘ 0.5 [— :‘B:Jt- :n lt unp.:mltuml N | 3 é
_é 04 = Black hole relative W‘O(\-.r' i g
> 03E L L 1 Lo &
0.30 0.35 0.40 0.45

Time (s)
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If the gamma ray burst detected by the Fermi experiment is from the same source

GBM detectors at 150914 09:50:45.797 +1.024s

5600 i .
Nal+BGO SNR = 5.1

5400 } 1

wn
M
(=
L=
T

flux [counts/s]

-4 -2 0
relative time [s]

A(-.I. < 10 17 Cosmological galileons would be cubic and
- subdominant for the acceleration of the universe
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L

Ly

L

(

Shape Dependence

with Jolyon Bloomfield and Clare Burrage

Vainshtein screening usually considered for spherical
symmetry. For both astrophysical bodies and for laboratory
tests one needs to consider general symmetry

2
2 1P

L4 14

)

y P X (r')r)]""
(0¢) 12(0e) = 2D, D, D" D"p — R~

(00)* [(De)* — 3(0p) D, D, D" D" ¢ + 2D, DY D, D D, D" ¢
6D, pD" D" O D" (|

(96) — T500(09)* — T5La— T5Ls+ Y =T =3 200,600,641

Page 51/57



Planar case we find

;i/)() 2
24“’]' -

Jpn:n(_ -'-'n) »
Mp \" 2 "

F f
I'a /

Cylindrical case gives

Spherical case gives

/3 1/3 28 M 1/3
e\ 7w MpA?

) 2
F(JJ) . 4 2 'l'

; = ()g")) 5
f*(; Iy
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What next!?

Cosmological galileons with a Minkowski limit can’t lead to the
acceleration of the universe on their own since they lead to too large a
deviation in the speed of gravitons compared to the speed of light.

If subdominant they can still lead to deviations
which could be detectable eg in  Casimir
experiments like Cannex, or other lab experiments.

Astrophysically, what about planar objects being
unscreened and cylindrical objects less screened?

Relax the requirement of Minkowski limit?

For me this is a no no
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L= —5(00) - 1500(00)° -

Galileon employs Vainshtein Screening and highly non-linear Lagrangian, but
equations of motion only have second order time derivatives

) coP

Cq
2 AG

r i i

Ly —

4

!

where C(jand C(7 are the conformal and disformal couplings

A 2, oy
we take A" = Hgmp) to be of cosmological interest

and 2 > 0 5 avoid ghosts in Minkowski space
9

The coupling to the metricis G, = A'(¢) gy 4 I,”,f'),‘c‘if')m’i. with A'(0) = 14 -~

Tip
: Pl

. ‘ 2 2 1 ] ) ”-IJ]E 8
L4 =(09)" |2(0¢)" - 2D, D, D" D" 3 : these are the remaining
terms and play a role

cosmologially

Ly =(0¢)* [(O)* — 3(00) D, D, DY D' $ + 2D, D" 6D, D¢ D, D" &
6D, 6D" D" pD"6G,,,|

t",r| C + ,1* (.2; .) I') ...[.”,PI
5 P E o, pd,plL;
AEJ —~ mp) . .\-l / {
i
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