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Perlmutter et al. 1999, Riess et al. 1998 

The “Hubble diagram” of Type Ia supernovae tells us that matter is not 
enough… 
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… i.e. that to reproduce the observed expansion history H(z) : 

we need to add an extra component  with equation of state wx = p/ c2  = -1, 
corresponding to a cosmological constant  with density  3m  
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which in turn, from the second equation 

 IMPLIES ACCELERATION (as soon as  > m/2 – which is the case)   
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Add dark energy Modify gravity theory 
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  The growth equation (and thus the growth rate) depends not only on the expansion 
history H(t) (and thus on w) but also on the gravitation theory (e.g. Lue et al. 2004)   

which has a growing solution: 
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˙ ̇ δ + 2H (t) ˙ δ = 4πG ρ δ
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f ≡ d lnD
d lnafrom which we define a growth rate 

 How to distinguish between these two options, observationally? 

Growth of linear density fluctuations =/ in the expanding Universe (in GR): 



How do we 
measure f(z)? 

For a wide variety of 
models 

f(z)=[m(z)] !

(Wang & Steinhardt 1998, 
Amendola et al. 2005, Linder 
2005) 

e.g. 
=0.55 for standard '
=0.68 for DGP braneworld'
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COSMOS: Massey et al. 2007 



But growth is just mass moving towards minima of the potential… Growth produces motions: galaxy peculiar velocities 



 real space 

Eke & 2dFGRS 2003 

Peculiar velocities manifest 
themselves in galaxy redshift 
surveys as redshift-space 
distortions 



 redshift space 

Line of sight to 
observer 

Peculiar velocities manifest 
themselves in galaxy redshift 
surveys as redshift-space 
distortions 



rp 

2dFGRS, z~0.1 

Low-redshift 

Sensitive ~only 
to m0 

Compression 
parameter 
=0.49±0.09 

Peacock et al. 2001,  
Hawkins et al. 2003 
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f = bLβ







Fully public  
(Garilli et al. 2008, A&A, 

submitted) 



A maximum likelihood fit of (rp,) with 
Kaiser-Hamilton distortion model gives 

• VVDS-Wide F22 field: 4 deg2 
• IAB<22.5 
• 0.6<z<1.2 --> 5988 redshift 
• Effective <z>=0.77 

=0.70±0.26 

The signature of linear growth at z~1 
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DGP: Lue et al. 2004 

DM+DE models:  Di Porto & 
Amendola 2007 

VVDS-Wide @ z=0.77:  

f=0.91±0.36 
€ 

f = bLβ

Bias estimates: 

•  from higher-order 
clustering (2dFGRS) 

•  using WMAP 8 
normalization (VVDS, 
Marinoni et al. 2005) 



Distribution of the two free parameters  ( and 
12) from 100 experiments on F22 mock “light 
cones” built from Millennium Run + semi-
analytic (Pierleoni et al. 2008, in prep.) 

- NO SIGNIFICANT SYSTEMATIC ERROR (at this 
statistical accuracy): we recover the value of  
known from the simulation within 3% 
(=0.628 vs  =0.649 expected at the 
effective z=0.77)  

- SCATTER DOMINATED BY: 

  COSMIC VARIANCE AMONG THE FIELDS 

  UNCERTAINTY ON THE REAL-SPACE 
CORRELATION FUNCTION USED IN THE MODEL 
FOR (rp,): green points are obtained by using 
the “known” a priori (r) from the simulation, 
giving an error which is a factor of 3 smaller 

Error on  obtained from fully realistic Montecarlo experiments 





Need more work: 

 Characterize full dependence of errors on survey parameters (forecasts for future) 

 Improve estimators (Pierleoni et al. 2008) 

 Is galaxy bias an issue?  More work is definitely needed, however: 

a)  Given a cosmological model and the power spectrum normalization from CMB, 
then bL for a given sample becomes in fact a prediction of the model. 

b)  From sufficiently large surveys, bL can be estimated from higher-order 
moments (Verde et al. 2001, bL to 10% error in 2DFGRS). 

c)  In larger surveys, classes of objects with different bias factors bL can be used 
to measure  (e.g. Luminous Red Galaxies, X-ray clusters) and obtain 
independent estimates of the growth rate at the same redshift.  Relative bias 
between samples (measured, b2

12=1/2) will provide an additional constraint. 

 Systematics in future high-precision measurements 



Summary: 

 Models with the same expansion history H(z) but different gravitation theory a 
different growth rate of structure  f(z)    

 A discrepancy between the measured growth rate and that predicted (assuming 
General Relativity) from H(z) would be a smoking gun for new gravitational physics 

 We need to measure both f(z) and H(z) to break the degeneracy between models 
that predict exactly the same expansion history [and thus identical  w(z)],  but are 
based on completely different physics 

 We have shown that measurements of redshift-space distortions at different 
redshifts represent a promising tool to measure f(z) from future deep/wide redshift 
surveys (DETF recommendation: use complementary probes. 

 These results indicate that massive redshift surveys of galaxies will remain a 
primary tool for understanding our Universe over the next decade: several plans for 
ground-based and space-borne surveys (see talk on SPACE mission on Thursday) 


