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  Energy densities in 
the Universe: 
◦  Radiation (from CMB 

temperature):  
Ωr ≈ 5×10-5 

◦  combine SNe & CMB: 
  matter: Ωm ≈ 0.28 

(baryons: ≈ 0.04; [BBN/
CMB] 

  cosmological constant: 
ΩΛ ≈ 0.72 
(space is close to flat) 
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Union II analysis 



 Most general form of  Einstein’s 
equations of  gravity contains 
cosmological constant 

  “density” ΩΛ in cosmological constant 
stays constant  

 cosmological constant → accelerated 
expansion 
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  “Expected” value 
from Planck scale:  
ρΛ ≈ 1078 (GeV)4  

  Measured value 
ρΛ ≈ 10-45 (GeV)4 

  Why is  Λ << (TeV)4 ? 
  Why ΩΛ ≈ Ωm ? 
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cosmological constant ≅ vacuum energy (Zel’dovich) 



  dynamical dark energy 
◦  general fluid 
◦  scalar field (Quintessence, k-essence, ...) 
◦  elastic (formerly known as solid) dark energy 

  modifications of  General Relativity on large 
scales 
◦  Extra dimensions and brane worlds (DGP) 
◦  f(R) 
◦  more exotic modifications: f(R, RµνRµν, RµνρσRµνρσ) 

  apparent effect; “backreaction” from 
small scale inhomogeneities 
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simple fluid: p = wρ 

Hence accelerated expansion for w<-1/3 ! 

Deceleration parameter (flat Universe, only DE): 

Cosmological constant: w=-1 
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Dynamical dark energy 

Equation of  state of  scalar field: 
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but: attractor in regime: Ωde < Ωm !  

1st try (Wetterich, Ratra and Peebles 1988,  
Ferreira and Joyce 1998): 
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2nd try (Steinhardt, Caldwell et al. 1998): 

tracker solution ! 

Zlatev et al. 1998 
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w = p/ρ 

scalar field dark energy models (quintessence) 

All models 
ad hoc 
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Parameterization: 
w = w0+wa(1-a) 
   = w0+waz/(1+z) 
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w = -0.997±0.051 
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w = w0+wa(1-a) 
   = w0+waz/(1+z) 
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New particle: Scaleron; tiny mass evolves with time 
COUPLED TO ALL MATTER! 

m -> ∞: std. gravity 



 Arbitrary dark energy model with 
suitable chosen equation of  state w
(a) can mimic expansion history of  
any modified gravity model 
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Example: Dvali, Gabadadze, Porrati (2000) 

modified Friedmann eqn. 
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From large scale structure point of  view 
G is varying in time on large scales 

δ: overdensity modified gravity 



  Growth can break 
degeneracy 
between mDGP 
and dark energy 

  Possible growth 
probes 
◦  weak lensing 
◦  galaxy cluster 

counts 
◦  redshift space 

distortions 
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all angular scales 
α<0.86 (95% C.L.) α<0.91 (95% C.L.) 

DGP marginally ruled out 

Thomas, Abdalla, Weller 08 

17 NAM March 2012 

New CFHT results: Heymans talk on Friday 



 Large Scale Structure related to 
perturbations in the metric: 

 Poisson Equation 

 Anisotropic Stress 
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Amendola, Kunz and Sapone, 2007 

std. gravity 
Q=1 

std. gravity 
η=0 
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with K=k/(aM(a)) 

as useful parameterization: 

Appleby, Thomas, 
Weller 2011 

Euclid 

tight: including 
non-linear scales 
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f(R) = −16πGρΛ − fR0
R̄2

0

R

see also Beynon talk Thursday afternoon, COS4 



  galaxy correlations: 
Pgal (k,z) ~ (1+ βμ2)b2 δ2(k,z) 
β=δ`/δb 

  Correlation of  galaxy ellipticities (weak lensing): 
Pellipt(k,z) ~ (Φ+ψ)2  

  Correlation of  galaxy velocities: 
Pz~ (1+ βμ2)Pr 

  Three combinations can be measured for 5 
quantities (velocity, bias, density perturbation, 2 
potentials) and two theoretical relations are 
available: Poisson eqn. and Anisotropic stress: At 
linear order we can test gravity models 

  see Fergus Simpson talk in afternoon (COS4) 
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Galaxy-Galaxy lensing, galaxy clustering and galaxy velocities 
Reynes et al. 2010 



  MG number counts for σ8 = 
0.75, n=1, Mlim=1.7×1014h-1M 

  mock data assuming Poisson 
errors 

  mimic DE model 

significant difference between 
mimic DE and MG 
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Lombriser, Slosar, 
Seljak & Hu 2010 

SNe, BAO, Hubble 
CMB, WL, galaxy flows 
galaxy-galaxy lensing 
Cluster counts 
of  MaxBCG clusters and 
groups: three mass bins 
and two redshift bins 

Uses SDSS maxBCG catalog 

B0 ~ m-1 mass of  additional scalar degree 
of  freedom of  gravity 



 Current constraints are homing in 
on cosmological constant (at the 
5-10% level) 

 Currently only weak constraints on 
the evolution of  the equation of  
state 

 Constraints on modification of  
gravity are not very strong 
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  Next Generation Dark Energy Probes (like 
DES, PanStarrs) will push constraint on w 
below 2% and begin to constrain 
evolution in w 
(Nichol, Mohr and Farrow talk, Friday 
afternoon) 

  Euclid (2019) will allow to differentiate 
different cosmic acceleration scenarios 
and dark energy models (evolution in w, 
different growth)(see Tom 
Kitching talk, Friday 
morning)  
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