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Maps of the World 

Kosmas  IV c. a.C. 
SDSS XXI c. a.C. 

1.6 billion yrs 
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Outline 
 

 
• Lecture 1 Discovery of Acceleration 
• Lecture 2 Dark Energy  
• Lecture 3 Testing Dark Energy 
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Texts 
 

• Dodelson, Modern Cosmology 
• Amendola & Tsujikawa, Dark Energy. Theory 
    and Observations, CUP 
• Euclid Theory WG, Cosmology and Fundamental Physics  

with the Euclid Satellite, arXiv 1206.1225 
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Not covered here but you can talk to me about… 
 

• Modification of gravity (Horndeski, bimetric) 
• CMB, B-mode polarization, Large scale structure 
• Statistical methods (Bayesian methods, robustness,  
     non gaussian Fisher matrices) 
• Euclid mission 
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• Baryons 
• Dark Matter 
• Dark Energy 

 
 

Where’s the matter? 
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Dark matter freeze-out 
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BBN predicted abundances 

Deuterium to  
Hydrogen 
ratio 
 
 
 
Lithium to  
Hydrogen 
ratio 

Fraction of  
baryonic  
mass in He4 

baryon/photon ratio 

h = H0/(100 km/sec/Mpc) 

Light  
Element  
abundances  
depend  
mainly on  
the density  
of baryons 
in the  
Universe 
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BBN & the Baryon Density 

Light element abundances are concordant if the baryon 
(neutron+proton) to photon ratio is about  
 
         η = nb/nphoton = 6 x 10-10       or        Ωbh2

 = 0.02 
 
(We can make the conversion from η to Ωb h2 since we know 
the present density of CMB photons,  
 
                           nphoton = 420 per cm3,  
 
very precisely from the CMB Temperature.) 
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Spectrum of the Cosmic Microwave Background Radiation   
Photon energy 20 years of CMB 

COBE 
1990 

WMAP 
2007 
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Maps of Planck  
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Acoustic peaks probe space curvature 

Ωtot  = 1.02 ± 0.02 
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WMAP+Planck  
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A Flat World… 
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So…where’s the matter? 

    

Ωtot = 1  

So far we have measured two precious numbers 

Ωb= 0.04 Baryon density 

Total matter density 

What makes up 96% of the stuff? 
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Typical rotation speed ~200 km/sec and visible disk size ~ 10 kpc 
Mass ~ 1011 Msun 

Observed: flat, M ~ d 

Keplerian: v ~ d-1/2 

blueshift 

redshift 

Dark halo 

Dark matter 
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blueshift 

Dark matter 
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Clusters of Galaxies: Size ~  Megaparsec (Mpc)  
Mass ~ 1015 Msun      
Largest gravitationally bound objects: galaxies, gas, dark matter 
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Current evidence: 

Galaxy kinematics Cluster baryons 

• fb ~ 10-20% 
•  Ωb h2 = 0.02 (BBN/CMB) 
•  Ωm ~ 0.3 

X-ray gas Lensing 

Ωm ~ 0.3 

Where’s the matter? 

Azores 2014 20 



                                                                                      

Baryons 4% 

Dark matter 26% 

Massive neutrinos: 0.1% 

Spatial curvature: very close to 0 

Cosmology Executive Summary 

 

Something else: 70%  
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Back to the classics 
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Λ
Einstein 1917 
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name density EOS w 
baryons 0.04 ≈ 0 
CDM 0.26 ≈ 0 

radiation 0.0001 1/3 
Massive neutrinos <0.05 ≈ 0 

Cosm. const. 0.70 -1 
curvature <0.03 -1/3 
Other ? ? ? 

Cosmic Inventory 
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Curves of constant luminosity distance 
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Lighthouses in the dark 

2

4
Ld

fπ
=

5log 25Lm M d− = +Supernovae Ia 

47 Azores 2014 



48 

Phillips, Hamuy, et al.  
1993, 1995  



Hubble diagram 

1997 

1998 

2010 

m
ag

ni
tu

de
 

redshift 
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Bug or feature? 

Evolution in time: 
standard candles 

The SNIa are dimmer 
than expected  in a 
ordinary matter 
universe! 
 
 
BUT: 
 
- Dependence on 

progenitors? 
- Contamination? 
- Environment? 
- Host galaxy? 
- Dust? 
- Lensing? 
- Unknowns? 
 

Ordinary matter 
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Cosmological explanation 

Evolution in time: 
standard candles 

There is however a simple cosmological solution 

∫=
)(

)(
zH

dzzr
0

)(
H
zzr =

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

a(t) 

time 

Local  
Hubble 
law 

Global  
Hubble 

law 

now 
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Fit with 
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From Dark Energy to Dark Force 

The two problems of the cosmological constant: 
 
1. The fine tuning problem 

 
2. The coincidence problem 
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Why now? 
 
 
The coincidence problem 

rad mat 

field 
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Why now? 
 
 
The coincidence problem 
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Energy-momentum tensor 
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Klein-Gordon equation 
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Time view 
We know so little about the evolution of the universe!   

matter 

DE 

radiation 

BBN CMB 
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Gravity: what and what not 

 Gravity is universal, long range and unscreened 
 Is the force responsible for the structure and 

evolution of the Universe  
 is governed by the well-tested Einstein theory 
 is a force mediated by a spin-2 massless particle 

universally coupled to all fields 
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Is that all? 
 However, we only directly test gravity within the solar 

system, at the present time, and with “baryons” 
 

On Space and Time, Edited by Shahn Majid 

...and we have yet to catch a graviton! 

http://www.amazon.com/Space-Time-Shahn-Majid/dp/052188926X/ref=sr_1_1?ie=UTF8&s=books&qid=1272253967&sr=1-1


Testing Gravity 

Schlamminger et al 2008 

β

λ
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Observations: 
 

  Isotropy  
 

  Large abundance       
 

  Slow evolution 
 

  Weak clustering       

A systematic approach to testing MG 

Theory:  
 

  Scalar field? 
 

  ΩDE ≈ Ωm    
 

  weff  ≈ -1 
 

  cs  ≈ 1   



The past ten years of DE research 

4 ,
,

1 ( )
2 matterdx g R V Lµ

µφ φ φ − + + +  ∫

4 ,
,
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Cosmological constant, Dark energy w=const, Dark energy w=w(z),quintessence, scalar-tensor model, coupled 
quintessence, k-essence,   f(R), Gauss-Bonnet,   Galileons, KGB,  



  First found by Horndeski in 1975 
  rediscovered by Deffayet et al.  in 2011 
  no ghosts, no classical instabilities 
  it modifies gravity! 
  it includes f(R), Brans-Dicke, k-essence, Galileons, clustering DE etc etc 
 Invariant under conformal and disformal transformations  

4
i matter

i
dx g L + L 

−  
 
∑∫

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

The Horndeski Lagrangian 
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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 & Massive Gravity model  

… or to rule them out! 
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The Great Horndeski Hunt 

Let us assume we have only 
 
1) a perturbed FRW metric 
 
2) pressureless matter  
 
3) the Horndeski field   
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Standard rulers 

θ 

0 0
0 0

1( ) sinh( )
( )k

k

R dzD z H
H zHθ

= = −Ω
−Ω ∫

R
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Standard rulers 

( ) dzH z
R

=

R
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BAO ruler 

Charles L. Bennett 

Nature 440, 1126-1131(27 April 2006) 
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Background: SNIa, BAO, … 

Then we can measure H(z) and   
    

0 0
0 0

1( ) sinh( )
( )k

k

dzD z H
H zH

= −Ω
−Ω ∫

and therefore we can reconstruct the 
full FRW metric 
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Two free functions 

)])(21()21[( 222222 dzdydxdtads ++Φ+−Ψ+=  
At linear order we can write: 

 

 Poisson’s equation 
 
 

 
 anisotropic stress 
 
 
 

 
 
 

 
 
 

1 Ψ
= −

Φ

The most general linear, scalar metric  

2 4 m mGπ ρ δ∇ Ψ =



Two free functions 

)])(21()21[( 222222 dzdydxdtads ++Φ+−Ψ+=  
At linear order we can write: 

 

 Poisson’s equation 
 
 

 
 anisotropic stress 
 
 
 

 
 
 

 
 
 

0 Φ + Ψ
=

Ψ
( , )k aη Φ

= −
Ψ

The most general linear, scalar metric  
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Modified Gravity at the linear level 

 scalar-tensor models 
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Lue et al. 2004; 
 Koyama et al. 2006 

Bean  et al. 2006 
Hu et al. 2006 
Tsujikawa 2007 

 massive bi-gravity 
 

see F. Koennig and L. A.  2014 
( ) ....
( ) ....

Y a
aη

=
=

Boisseau et al. 2000 
Acquaviva et al. 2004 
Schimd et al. 2004 
L.A., Kunz &Sapone 2007 
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Modified Gravity at the linear level 

In the quasi-static limit, every Horndeski model is  
characterized at linear scales   

by the two  functions 
  

2
4

2 2
5

2
5

1 2
3

1( , )
1

1( , )
1

k hk a h
k h

k hY k a h
k h

η
 +

=  + 
 +

=  + 
De Felice et al. 2011; L.A. et al.PRD,  arXiv:1210.0439, 2012 
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Modified Gravity at the linear level 

De Felice et al. 2011; L.A. et al.,PRD, arXiv:1210.0439, 2012 
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Yukawa Potential 
2

4
2 2

5

2
5

1 2
3

1( , )
1

1( , )
1

k hk a h
k h

k hY k a h
k h

η
 +

=  + 
 +

=  + 

De Felice et al. 2011; L.A. et al.PRD,  arXiv:1210.0439, 2012 
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Momentum space 

Real space 
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Quasi-static approximation 

From a wave equation:  

To a “Poisson” equation:  



 Reconstruction of the metric 

dzperp )( Φ−Ψ∇= ∫α

massive particles respond to  Ψ  

massless particles respond to Φ-Ψ 

2 2 2 2 2 2[(1 2 ) (1 2 )( )]ds a dt dx dy dz= + Ψ − + Φ + +

2''' (1 ) 'H
H

δ δ

δρδ
ρ

+ + = ∇ Ψ

=
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 Peculiar velocities 

. 

r = v/H0  

Real space Redshift space 
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 Peculiar velocities 

'
b

δβ
δ

=

redshift distortion parameter 

2 2(1 )z rP Pβµ= +

Kaiser 1987 

Azores 2014 



 Reality check 
)])(21()21[( 222222 dzdydxdtads ++Φ+−Ψ+=

),( zkPmatter

),(),(2 zkPzkb matter

),(),()cos),(1( 222 zkPzkbzk matterθβ+

Matter power spectrum 

Galaxy power spectrum 

Galaxy power spectrum 
in redshift space 

Density fluctuation in space  ),(2 zkPk =δ0

0

( )xρ ρδ
ρ

−
=
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Deconstructing the  galaxy power spectrum 

Redshift distortion 
  

Galaxy 
clustering 

Present  
mass power  

spectrum 
 

Galaxy 
 bias Growth  

function 

Line of sight 
angle 
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normalization 
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Three  linear observables: A, R, L 

μ=0 
Amplitude 

 A 
  

μ=1 
Redshift distortion 

R 
  

Lensing 
L 
  

clustering 

lensing 

(1 )Y ηΣ = +

8 ,0( , ,0) ( )gal mk z Gb k Aδ σ δ= ≡

8 ,0( , ,1) ( )gal mk z G f k Rδ σ δ= ≡

2 2
8 ,0

3( ) ( )
2lens m mk k G k Lσ δΦ = Ψ − Φ = − Σ Ω ≡



The only model-independent ratios 

Redshift distortion/Amplitude  
  

Lensing/Redshift distortion 
  

1
R fP
A b

= =

0
2

(1 )m YLP
R f

ηΩ +
= =

Redshift distortion rate 
  3

' 'R fP f
R f

= = +

How to combine them to test the theory? 
  

0

HE
H

=Expansion rate 
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Summarizing…. 

Matter conservation equation 
independent of gravity theory  

0
2

(1 )m YLP
R f

ηΩ +
= = 3

' 'R fP f
R f

= = +
0

HE
H

=

Observables  
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The anisotropic stress is directly observable 

A unique combination of model independent observables 

Observables 
  

Theory 
  

3
2

2
3

3 (1 ) 1'2 ( 2 )

P z
EE P
E

η+
− =

+ +
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Testing the entire Horndeski Lagrangian 

A unique combination of model independent observables 

Observables 
  

Theory 
  

3 2
2 4

2 2
2 5

3

3 (1 ) 11' 12 ( 2 )

P z k hhE k hE P
E

η
 + +

− = =  + + +

Azores 2014 
L.A., M. Motta, I. Sawicki,  
M. Kunz, I. Saltas,  1210.0439 
1305.0008 



Horndeski Lagrangian: not too big to fail 

L.A., M. Motta, I. Sawicki,  
M. Kunz, I. Saltas,  1210.0439 

2
, , ,2 3( ) 0k kkk kkg g g− =

2

2

( ) '( , ) REag z k
LEa

≡

If this relation is falsified, the Horndeski theory is rejected* 
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Euclid Surveys 
– Simultaneous (i) visible imaging (ii) 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 

 Euclid in a nutshell 

Euclid  
satellite 

arXiv Red Book 1110.3193 Azores 2014 arXiv Theory Review 1206.1225 



Euclid forecasts... 

Combining galaxy clustering, weak lensing and SN....  
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100k SN (LSST) 



A cosmological exclusion plot 
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Model 4: η has the  Horndeski form 
Error on   h2, (h4-h5) in h/Mpc 

2
4

2 2
5

1
1

k hh
k h

η
 +

=  + 

Potentially 
excluded by Euclid 



 The fourfold way to gravity screening 

* (1 )m rG G e ϕα −= +

,mϕ α { depend on time 
depend on space 
depend on local density 
depend on species   
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 Screening mechanisms  

* (1 )
( )

m rG G e
m m

ϕα
φ

−= +
=

The field ϕ obeys a   
Poisson equation 

2 2 1/2mφ φ α ρδ∇ + =
So the solution is something like 

( ) (local density)φ φ ρδ φ= =

( )* (1 )m rG G e ϕ ρα −= +

A density-dependent range! 
Khoury Weltman 2003 Azores 2014 



 Screening mechanisms  

Small density, small mass 
1range m−=

(mass increases with the local density) 

Long range 
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 Screening mechanisms  

Large density, large mass 
1range m−=

(mass increases with the local density) 

Short range 
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Under the carpet.. 
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Problem of non-linearity:  
screening effects mix linear and non-linear scales 

same density contrast 

different physics 
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