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� 

ΩM = 0.27 ± 0.03
ΩΛ = 0.73 ± 0.03
Ω0 = 1.002 ± 0.005
ΩB = 0.0445 ± 0.0018
H0 = 72 ± 3km/s/Mpc
t0 = 13.6 ± 0.4 Gyr

  “Precision 
 Cosmology”  
errors < few% 

EdS 

Age Universe 

SMC 





What [the h...] 
is Dark Matter 

and 
Dark Energy?  



DARK MATTER 

Gravitational attraction 
Slows down expansion 
of the Universe 



DARK ENERGY 

Something makes galaxies 
escape from eachother 



Back to  
Basics… 



Big Bang Theory 

General Relativity (Weyl form) 

� 

Gµν = Rµν −
1
2
Rgµν + Λgµν = 8πG Tµν

Homogeneity and Isotropy (FLRW) 

� 

ds2 =− dt 2 + a2(t) dr2

1− Kr2
+ r2dΩ

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

Geometry               Matter 



Spatial 3-Curvature 

Flat Open Closed 

“radius of curvature” 

constant 



Perfect Fluid (isotropic in rest frame) 

� 

Tµν = p(t)gµν + ρ(t) + p(t)( )UµUν

� 

DµT µ
ν = 0 ⇒ ˙ ρ (t) + 3

˙ a 
a

ρ(t) + p(t)( ) = 0

Energy density conservation: 

Matter Content 



Einstein-Friedmann equations 

� 

˙ a 
a

⎛ 
⎝ 

⎞ 
⎠ 

2

=
8π G

3
ρ−

K
a2 +

Λ
3

� 

[ ij + 00 ]

� 

˙ ̇ a 
a

= −
4π G

3
ρ + 3p( ) +

Λ
3

� 

[ 00 ]

Equation of state of matter 

� 

p(t) = w ρ(t) barotropic fluid



Friedmann equation (Λ=0) 

� 

1
2

m ˙ a 2 − GMm
a

= −
mK
2

� 

M =
4π
3

ρ a3 = const.

� 

test mass m



Einstein-de Sitter model 

� 

T +V = E

� 

recollapse

� 

ac

  

� 

ac =
3GM
Λ

⎛ 
⎝ 

⎞ 
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1/ 3

coasting
point

(unstable)

� 

1

� 

K = 0



The 
accelerating 

universe 





 Saul Perlmutter   Brian P. Schmidt   Adam G. Riess 

The Nobel Prize in Physics 2011 

"for the discovery of the accelerating expansion of the 
Universe through observations of distant supernovae" 





The redshift-
distance 
relation 



star-forming  
galaxies 

population II 
galaxies 

geometric 
methods 



Hubble Space Telescope 



M100 
HST-WFP  

NGC 5584 
HST-WFP 



HST Key Project 



Hubble (1929) 

Dominated by  
systematics! 

HST (1999) 







SN1994d 

















Supernovae 
Lightcurves  

SN-Ia as 
Standard 
Candels 



36 

SDSS SN Photometry Holtzman etal (2008) 



Taylor expansion scale factor to higher order 

  

� 

a(t)
a0

= 1+ H0(t − t0) −
q0
2!
H0
2(t − t0)

2 +
j0
3!
H0
3(t − t0)

3 + …

To very good approximation: 

  

� 

dL (z) =
cz
H0

1+
1
2
1− q0( ) z − 16 1− q0 − 3q0

2 + j0( ) z2 + …⎡ 
⎣ ⎢ 

⎤ 
⎦ ⎥ 

� 

q0 = −
˙ ̇ a 

aH 2 (t0) =
1
2

(1 + 3wi) Ωi
i
∑ =

1
2
ΩM − ΩΛ

� 

j0 =
˙ ̇ ̇ a 

aH 3 (t0) =
1
2

(1 + 3wi)(2 + 3wi)
i
∑ Ωi = ΩM + ΩΛ



Union-2  SNe 
Amanullah et al. (2010) 

Constant acceleration, q0<0, j0=0 

Constant deceleration, q0>0, j0=0 

Coasting, q(z)=0 

Constant acceleration, q0<0, j0=0 

Constant deceleration, q0>0, j0=0 

Coasting, q(z)=0 



� 

w = −0.997−0.054
+0.050 (stat)−0.082

+0.077(stat + syst)

� 

⇒ Dark Energy = Λ



DARK ENERGY 

Something makes galaxies 
escape from eachother 



Normal Matter 

Vacuum Energy 



Cosm. Const. = Vacuum Energy 

� 

Rµν −
1
2
Rgµν + Λgµν = 8πGTµν

Tµν = pvac gµν ⇒ Λ = 8πGρvac

  

� 

ρvac = d3k 1
2
ϖ i0

ΛUV∫ (k)
i
∑ =

ΛUV
4

64π 2 + Ο(m2Λ2)

� 

ΛUV ≈ MPl ⇒ ρvac
th ≈10120 10−3eV( )4 = 10120ρvac

obs

ΛUV ≈ MEW ⇒ ρvac
th ≈1065ρvac

obs Higgs

+ +  … 

� 

ρvac = + 





decelerated 
expansion 

accelerated 
expansion  
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t0
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Big Bang
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What is the acceleration 
of the universe today? 

� 

˙ ̇ a 
a

= −
4π G

3
ρ + 3p( ) +

Λ
3

Friedmann
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˙ ̇ a 0 = −
ΩM

2
+ ΩΛ

⎛ 
⎝ 

⎞ 
⎠ a0H0

2

= 0.5863 a0t0
−2

= 9.2 ×10−10 ms−2





So, what is 
 Dark 

Energy? 



    There are many alternatives: 

•  Cosmological constant Λ (vacuum energy) 
•  Scalar field (quintessence, tachyon,…) 
•  Relativistic Ether fluids ( Chaplygin gas, VDE,…)  
•  Modifications of GR on UV scales ( f(R), GB ) 
•  Weyl gravity, Horava gravity, massive graviton 
•  Extra dimensions ( DGP, KK, …) 
•  Effective interactions ( Chameleon, Galileon,…) 
•  Inhomogeneous universes ( backreaction, 
  LTB large Voids,…) 



What are the physical quantities? 
•  Matter content  (lensing)  ΩM(a) 
•  Rate of expansion   H(a) 
•  Luminosity distance (SNIa)   dL(a) 
•  Angular diameter distance (BAO)  dA(a) 
•  Number counts (clusters)   dN/dΩ(a) 
•  Deceleration parameter   q(a) 
•  Cosmic shear    Σ(a) 
•  Density contrast growth function    f(a),  γ(a) 
•  Jeans length of perturbations     cs

2(a) 
•  Anisotropic stresses of matter     η(a)  



What are the observables? 
•  Matter power spectrum    P(k,z) 
•  SN distance modulus   µ(a) 
•  BAO scale   ΘBAO(a) 
•  Cluster number counts   dN/dΩ(a) 
•  Galaxy mass function   dn/dM(<M) 
•  Lensing magnification and convergence  µ, κ 
•  Redshift Space Distortions    β(z), b(z) 
•  CMB anisotropies     Cl(TT, TE, EE, BB)  
•  Integrated Sachs-Wolfe, Sunyaev-Zeldovich  
•  Fractal dimension of space time   n(r)     



What can the different groups 
contribute with for a joint effort? 

•  LSS :     Pgal(k,z), θBAO(z), Ωm(z), fRSD(z) 
•  SN :    dL(z), H(z), w(z) 
•  Lensing :    Cl(z), bias(z), Σ(z)      
•  Cluster :   dN/dΩ(a),  n(<M) 
•  Photo-z :   systematics, covariances 
•  Simulation :   validation 
•  Spectroscopy :   consistencies  
•  Galaxy evolution :   constraints, systematics   



There is a limit to what we can say 
about the physics responsible for 
acceleration from observations.  

•  How many parameters can we constrain? 
•  What is the optimal parametrization of the       
    linear perturbation equations  (Ψ, Φ) ? 
•  How much can we extract from nonlinear regime? 
•  Can we interpolate between super-horizon scales,      
sub-horizon mildly-nonlinear, and full NL scales? 
•  Can we parametrize wide classes of models? 
•  What is the role of systematics on uncertainties?  



Back  
To  

Basics 



  

� 

uµ ≡
dxµ

dτ
, normalization : uµu

µ = −1

signature metric: 

geodesic eq. � 

gµν = diag(−,+,+,+)

geodesic deviation 

  

� 

D2V µ

dτ 2
≡ R νλρ

µ uνuρ V λ tidal forces

Basic notions of geometry 



Congruence of geodesics 

describes how neighbouring geodesics 
deviate from remaining parallel 

  

� 

Θ = Dµu
µ trace

  

� 

σ µν = Θ(µν ) −
1
3
Θ Pµν symmetric traceless

  

� 

ωµν = Θ[µν ] antisymmetric

  

� 

Θ expansion of congruence   

� 

σ µν shear of congruence

  

� 

ωµν vorticity of congruence



� 

D
dτ

Θµν = uσDσDν uµ = uσDνDσ uµ + uσR µνσ
λ uλ

= −Θ ν
σ Θµσ − Rλµσν u

σuλ

The evolution of the congruence 

Raychaudhuri Eq. (pure geometry)  

  

� 

σ µνσ
µν ≥ 0, ωµνω

µν ≥ 0, spatial tensors

trace: 



  

� 

H(t,x ) ≡ 1
3
Θ =

1
3

Dµ uµ Hubble parameter  

For an Expanding Universe 

  

� 

q = −1+ uµDµ H
−1 deceleration parameter

  

� 

Raych.⇒ qH 2 =
1
3
(σ µνσ

µν −ωµνω
µν ) +

1
3
Rµν u

µuν

� 

Rµν u
µuν = 8πG(Tµν −

1
2
gµνT)u

µuν = 4πG (ρ + 3p)

  

� 

qH 2 = −
˙ ̇ a 
a

=
4π G

3
(ρ + 3p) Homogeneous Universe  

Einstein Eqs. Perfect Fluid 

FRW 



Conditions for acceleration (q<0) 
One of the following must be violated: 

1. The Strong Energy Condition: 

2. Gravity is described by General Relativity: 

3. The universe is homogeneous and isotropic: 

� 

T µν = p(t)gµν + [ρ(t) + p(t)] uµuν



Conditions for acceleration 
Usually one drops assumptions 1. or 2. 
1. Strong EC for a homogeneous universe: 

2. Modified Gravity on large scales (e.g. DGP) 
Dark Energy violates SEC:  

� 

Rµν u
µuν = f (Rµν ,Tµν ,Gµν ,DµDνΦ)u

µuν < 0

Assumption 3. is only approx. valid in our Universe,   
and deviations are small on large scales 

Both unsatisfactory (ad hoc new physics) 
No other experimental evidences in favour 



SDSS 
Large Voids Sloan Great Wall 



Voids and Superclusters in SDSS	



50 Mpc 

Granett et al. (2008) 



Stochastic Inflation 



φ

Eternal stochastic inflation 
Vmax

non-perturbative jump 

diffusion + drift 
CMB anisotropies 

Supervoids 

Linde & Mezhlumian (1995) 



Infloid = Lemaitre-Tolman-Bondi Model	



Einstein-deSitter 

Linde & Mezhlumian (1995) 



Could the Cold Spot in CMB be an “infloid” ? 

A large void, approximately 2 Gpc in size	



Cruz et al. (2006) 



The Lemaître-Tolman-Bondi Model	



● Describes a space-time which has spherical symmetry  
    in the spatial dimensions, but with time and radial 

dependence: 

● From the 0-r part of the Einstein-Equations we get: 

● One can recover the FRW model setting: 

Celerier (1999), Tomita(2000), Moffat (2005), Alnes et al. (2005) 



The Lemaitre-Tolman-Bondi Model	


● Matter content: 

● The other Einstein equations give: 

● Integrating the last equation: Enqvist & Mattsson(2006) 



The Lemaitre-Tolman-Bondi Model	


● All we need to specify: 

● Then the Hubble rate can be integrated to give A(r,t): 

García-Bellido & Haugbølle (2008) 



Density profile	



EdS 

LTB 



Light Ray Propagation	


● By looking at the geodesic equation, we can find the 

equation of motion for light rays: 

  where N = ln(1+z) are the # e-folds before present time. 
● The various distances as a function of redshift are: 



●  If we assume asymptotic 
flatness, then the model 
has 5 parameters 

●  If we require a 
homogeneous Big Bang 
then the model has 4 
parameters  

The LTB-GBH model	



García-Bellido & Haugbølle (2008) 



●  If we assume asymptotic 
flatness, then the model 
has 5 parameters 

●  If we require a 
homogeneous Big Bang 
then the model has 4 
parameters  

The LTB-GBH model	



García-Bellido & Haugbølle (2008) 



FRW:  shearless  

A new observable: cosmic shear 

normalized shear 

García-Bellido & Haugbølle (2009) 



Alonso, JGB, Haugbølle, Vicente, PRD 82 (2010) 123530 



Constraining Cosmological Data	


● Type Ia Supernovae:   307 SNIa   Union Supernovae 

Simple to do since we just fit against  dL(z) 

● Acoustic peak in the CMB:  dC(zrec), sound horizon rs(z) 

● Baryon Acoustic Oscillations: 
Sound horizon 

● Other constraints: 
● fgas = ρb / ρm = ωb / (Ωm h2) 
● HST+Cepheids (Riess): H0 = 74±3 km/s/Mpc  (1σ) 
● Globular cluster lifetimes (tBB > 11.2 Gyr) 

3 distances 



SN Ia 

BAO 

CMB 

Zumalacárregui, JGB, P. Ruiz-Lapuente, arXiv:1201.2790 (2012)  





Background and  
perturbations 



Euclid Consortium 
Theory WG 
Review Doc 

arXiv:1206.1225 





Five main classes of models 

Model (and representative): 
•  Fiducial ( ΛCDM ) 
•  Scalar field ( wCDM ) 
•  Modified Gravity ( f(R) ) 
•  Extra dimensions ( DGP ) 
•  Inhomogeneous universes ( LTB - large Voids ) 

Their background evolution does not 
differ much but their perturbations do! 



Ω  Matter 



H(z) 



wΛCDM  growth factor γ(a) 



w(a)CDM  growth factor γ(a) 



DGP  growth factor γ(a) 



Starobinsky - f(R)  growth factor γ(a) 



LTB  growth factor γ(a) 

exact solution: 



w(a) and γ(a) parametrization 



� 

w(a)



� 

γ (a)



� 

γ (a) = γ 0 + γ a (1− a)



•  We have a whole array of tools at our disposal for studying the 
Universe with increasing detail. 

•  It allows us to disentangle the astrophysics from the cosmology 
and from fundamental physics. 

•  We are now learning how to deal with systematic errors 
inherent to observations. 

Four main observational probes: 
•  Gravitational lensing 
•  Supernovae 
•  Clusters of galaxies 
•  Baryon Acoustic Oscillations 



Purely geometric 
phenomenon,  
only depends on the 
distribution of matter 
between the source  
and us.  

Allows us to model the 
mass distributions and 
measure their content.  

It is a clean and reliable 
probe. 



Stars that explode violently and whose light can be seen at 
great distances. They can now be calibrated and used as 
standard candles.  

� 

w = −0.997−0.054
+0.050 (stat)−0.082

+0.077(stat + syst)

� 

⇒ Energia Oscura = Λ



The largest virialized 
structures in the 
Universe.  

Their X-ray emission 
allow us to estimate 
their mass. 

Help determine the 
Halo Mass Function 

Their number 
density in the  
Universe is very 
sensitive to 
cosmological 
parameters. 

DARK MATTER 

Gravitational Attraction 
slows down the expansion 
of the Universe 

DARK ENERGY 

Something makes galaxies 
escape from each other 



The plasma before photon 
decoupling has fluctuations 
that propagate like sound 
waves. 

At decoupling there is a 
characteristic scale, the 
sonic horizon, that can be 
used as a standard ruler.  

Its evolution with redshift 
since then is an excellent 
cosmic probe. 



Telescopio 4m 
Blanco 
Cerro Tololo 
Chile 

500 million galaxies 
5000 deg sq. 
Δzphoto = 0.05 (1+z) 
20 bins z range [0.2,1.5] 

Coste: 100M$ 

Dark Energy Survey 



PAU photometric survey 

100 million galaxies 
200 – 1000 deg sq. 
Δzphoto = 0.0035 (1+z) 
100 bins z range [0.2,1.5] 
“Tomography” 

Coste: 10M$ 



Spectroscopic survey 

Imaging survey 

100 million galaxies 
15,000 sq. deg 
Δzspec = 0.001 (1+z) 
8 bins z range [0.5,2.1] 

Coste: 1B$ 

1000 million galaxies 
15,000 deg sq. 
Δzphoto = 0.05 (1+z) 
5 bins z range [0.5,3.0] 



Forecasts using Fisher Matrix approach 
Matter power spectrum (normalized w.r.t. a ref. model) 

Growth factor         Bias         RSD                        shot noise  

Assuming a Gaussian likelihood function 





Forecast results for Euclid-like survey 



  

Euclid  



Euclid  



Forecast    γ(z) 



Towards 
the 

FUTURE 







The fate of the universe: 
Three scenarios 

Dark energy weakens 
and matter causes the  
Universe to collapse 

Strengthening dark energy 
speeds up the Universe,  
causing it to break apart The Universe expands 

Gradually, in balance 
With gravity 



Thank 
you! 








