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Why testing gravity?

we only directly test gravity within the solar system, at the
present time, and with “baryons™

size (cm) B [ !m\ ers
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On Space and Time, Edited by Shahn Majid
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Bug or feature?

Conclusion: SNIa are

dimmer than expected ina &
matter universe ! S
: HE et
= I
= 22
BUT: étl‘:’iii?&’;‘y
é‘“ 20 H Project
o
- Dependence on %
progenitors? < 18
) Lo
Contamination? ; — Redshift ~ 1
- Environment? (Hamuy eral
: § AJ. 1996)
- Host galaxy?
- Dust?
- Lensing? Ordinary matter
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Cosmological explanation

4_4

There 1s however a simple cosmological solution

dz Global

Local . (Z) Z . , (Z) f ob
Hubble = = Hubble
law H 0 H (Z ) law

If H(z) in the past is smaller (i.e. acceleration), then r(z) is larger:
larger distances (for a fixed redshift) make dimmer supernovae

A
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Time view
44

matter
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Prolegomena zu einer

jeden kiinftigen Dark Energy physik -

OKant

Isotropy Abundance

Observational
requirements

Slow Weak
evolution clustering



Classifying the unknown

l.
2.
3.
4.
5.
6.
7.
8.
9.

Cosmological constant
Dark energy w=const
Dark energy w=w(z)
quintessence
scalar-tensor models
coupled quintessence
mass varying neutrinos
k-essence

Chaplygin gas
Cardassian
quartessence
quiessence

phantoms

f(R)

Gauss-Bonnet
anisotropic dark energy
brane dark energy
backreaction
degravitation

TeVeS

oops....did I forget your model?
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The past ten years of dark energy models

fdx“\/E [R + %%W‘ +V(P)+ L, s ]
[dx* =g [f(¢)R 208"V DF L, ]
fax' g [ F@R+KC0, 8"V 4V @)+ Ly, ]

4 1 v 1
[dx' =g [f<¢, L0 IR G P+ KCDH" 4V D Ly ]
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The Horndeski Lagrangian

The most general 4D scalar field theory with second order equation of motion

fdx*\-g [}; L +me]

Ly, = K(o.X),

L:;; = —C:;I:O. X :l:]O.

Ly = G4, X)R+ Gy x [(_:]f::)") —(V.V.,0) (VEVY9)],

L; = Gs5(0,X) G (VFVY0) — =G5.x [(O6)* — 3(0) (V. V) (VFVY6) + 2(VH Vo) (VEV30) (VPV 10)] .

6

v’ First found by Horndeski in 1975

v rediscovered by Deffayet et al. in 2011

v" no ghosts, no classical instabilities

v’ it modifies gravity!

v it includes f(R), Brans-Dicke, k-essence, Galileons, etc etc etc
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The next ten years of DE research

Combine observations of background, linear
and non-linear perturbations to reconstruct
as much as possible the Horndeski/bimetric model

... or rule it out!
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Then we can measure H(z) and

D(z) = smh(H NP f H( )

H,

and therefore we can reconstruct the
full FRW metric

2
ds = di* —— 4 _(dx +dy* +dz)]
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Two free functions

ds® = a*[(1+ 29)dr’ — (1 +2®)(dx + dy* +d=*)]

At linear order we can write:
2 AnGa’p O
= Poisson equation VWV =471Ga 0,0,

" 7ero anisotropic stress
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Two free functions

ds® = a*[(1+ 2@)dt* — (1+ 2®)(dx” +dy’ +dz>))]

At linear order we can write:

2 2
» modified Poisson equation VW =4xGa’Y (k . Cl) jom ém

D

" non-zero anisotropic stress n(k . Cl) = ——

4
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Modified Gravity at the linear level

: Y(k,a)=1
= standard gravity
n(k,a)=1
Y(a) = G 2AF+F") Boisseau et al. 2000
= scalar-tensor models FG,,, 2F +3F" Acquaviva et al. 2004
) Schimd et al. 2004
n(a)=1+ ' L.A., Kunz &Sapone 2007
F+F"
kK’ k*
" f(R) G l4m—p moip Bean et al. 2006
Y(a)= =, n@)=l+——"+ Hu et al. 2006
FGcav,O 1 + 3m L 1 + 2m L TSUjikawa 2007
a’R a’R
1
Y(a)=1-—; B =1+2Hrw,,
= DGP 38
Lue et al. 2004;
n(a) 1+ 2 Koyama et al. 2006
38 -1
. . . Y(a)=...
" massive bi-gravity é )) see F. Koennig and L. A. 2014
n(a)=...
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Modified Gravity at the linear level

In the quasi-static limit, every Horndeski and massive bigravity
model is characterized at linear scales
by the two functions

1+k°h
k,a)=nh ’ _
77( ) 2 1 + kz h5 k = wavenumber

h; = time-dependent
1+ k2 hs functions

1+ k°h,

Y(k,a)=h,

De Felice et al. 2011; L.A. et al.,arXiv:1210.0439, 2012
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Modified Gravity at the linear level

_ H? 2wiw,H — wiwy + 4wywatiy — 2wi(iby + pr)
¢ r 2 Daprl
2XM 2w
2 2 . - .
H? 2wiH?— wowaH + 2wiiiH + wawiy — wy (2 + pm)
2X M2 uy
2 v | 2 . s 2 ¢ = \
H* 2wiH*— wowyH + 4w H + 2w, ° — wy (b2 + pm)

2X M? s

wy =1+4+2(Gy —2XGy x + XGp s — dXHGy x) ,
w2 = — 26 (XGax — Gap — 2XGaex)
+2H (wy — 4X (Gy.x +2XGy xx — Ggs — XGrux)) -
— 24 XH3(3G; x +2XGCx xx) ,
wa =3X (Kx +2XKxx —2CGas — 2XGasx) + 186X H (2Ga.x + XGaxx)—
— 18¢H (G4 + 5XGyex +2X Cagxx) —
—18H? (14 G4 —TXGyx —16X%Gyxx —4X*Gyxxx) —
— 18XH?(6G5 4 + 9X Gy ax + 2X2Cs gxx )4
| o-,;!-,.\'u“[:'15(;5__\. F18XCs xx +2X*Crxxx)

Wy =1+2 {(1‘; - \(1‘3,: - .\.(1‘5_'\' -,‘n} .

De Felice et al. 2011; L.A. et al.,arXiv:1210.0439, 2012
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The Yukawa correction

Every Horndeski model induces at
linear level, on sub-Hubble scales, a Newton-Yukawa potential

Y(r)=- e (1+pe™)

where G, B and A depend on space and time
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Reconstruction of the metric
44

ds® = @*[(1+ 2W)dt* - (1+ 2D)(dx> + dy* + dz*)]

Non-relativistic particles respond to ¥

Relativistic particles respond to ®-Y¥ € '.'-. " e . ',‘ '
,Q 5 T
A .
a=(V,, (¥-d)d D oK
0‘ " ' . g .
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Expansion rate
Amplitude of the power spectrum
Redshift distortion of the power spectrum
Weak lensing

as function of redshift and scale!

How to combine observations to test the theory?
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B redshift distortion

Redshift distortion/Amplitude P

amplitude
Lensing/Redshift distortion Pz _ lensmg
redshift distortion
Redshift distortion rate P, = rate of redshift distortion
Expansion rate E = expansion rate
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Testing the entire Horndeski Lagrangian

A unique combination of model independent observables

3 2
3PZ(1+2)E' —1=77=h2(1+k2h4)
E
Observables

Heidelberg 2014 L.A.etal. 1210.0439
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Euclid in a nutshell —

Simultaneous (i) visible imaging (i1) NIR photometry (iii) NIR spectroscopy
15,000 square degrees

70 million redshifts, 2 billion images
Median redshift z =1

PSF FWHM ~0.18"’

>1000 peoples, >10 countries

Wide Extragalactic
20,000 deg?

Galactic Plane

Dee Euclid
‘ 3 Orzlegz satellite

arXiv Red Book 1110.3193
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Three Messages

1
If DE 1s not a Horndeski field or massive gravity, then...

2
k-binned data are crucial for model-indep tests!
¢.g. growth factor, redshift distortion parameter

3
Only by combining galaxy clustering and lensing
can DE be constrained (or ruled out!) in a model-independent way
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1
Universal coupling?

2
unknown matter properties (sound speed)?

3
window between sound-horizon and non-linearity?

4
quasi static limit?
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