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Outline

Cosmic Acceleration:     ?  Modified Gravity ? Dark Energy?!

Can we distinguish between them?  

Large Scale Structure!

Searching for modified growth patterns

  Principal Component 
Analysis !! 

(on the line of what is done for w(z))



Cosmic Acceleration

Modified Gravity

modification of GR on large 
scales, admitting self-
accelerating solutions

G̃µ! =
1

M2
P

Tµ!

A very good fit to all these data is a Universe in which 
70% of the energy budget is in the COSMOLOGICAL 

CONSTANT,  LCDM

 Anyhow it is important to explore the whole space 
of explanations that fit these data and could have 

testable features...

 Dark Energy

Gµ! =
1

M2
P

T̃µ!

X matter fields with 
dynamics such as to cause 

the late universe to 
accelerate (quintessence, 

k-essence, ...)

Generalized Dark Energy
+

Modified Gravity
vs. LCDM

(or uncoupled DE)
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ISW, P(k), ISW-galaxy & WL 

Degeneracy
 While at the background level viable alternatives closely 

mimic LCDM, the difference in their prediction for the 
growth of large scale structure can be significant

The modifications overall contribute a slip between the Newtonian 
potentials and the growth is enhanced typically by a the fifth-force

Most models of modified gravity and generalized dark energy introduce a 
scalar d.o.f. which sets a transition scale, inducing a characteristic scale-

dependent growth pattern



  

Dynamics of Linear Perturbations
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Scalar perturbations in Newtonian gauge
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Dynamics of Linear Perturbations

In LCDM μ=1=ϒ,   however in other models in general 
they are functions of time and space. 

For instance in scalar-tensor gravity:
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We expect them to differ from unity in:

Scalar-tensor theories (e.g. f(R), Chameleon)

DGP and  higher-dimensional gravity

LCDM + massive neutrinos

DE which clusters and/or carries anisotropic stress

(Afshordi et al.,  Lue et al., Song et al., Cardoso et al., Koyama et al., Maartens et al. )

(Brax et al., Amendola, L., Song et al., Pogosian et al., Bean et al., Tsujikawa)

(Lesgourgues et al., Brookfield et al., Hannestad et al., Melchiorri et al., Pettorino et al.)

(Koivisto et al., Bean et al., Mota et al.)



Searching for modified growth patterns

What is the potential of current and 
upcoming tomographic surveys to 

detect departures from GR 
(LCDM,quintessence) in the growth of 

structure?

i.e. to constrain the functions μ and ϒ ? 



Future Surveys
Upcoming and future tomographic surveys will map the 

evolution of matter perturbations and gravitational potentials 
from the matter dominated epoch until today. 

They will therefore offer the possibility to test GR on large 
scales, i.e. to test the relationships between matter 

overdensities, local curvature and the Newtonian potential

 Weak Lensing (WL) surveys (DES, LSST):
maps of (Φ+Ψ) at different epochs 

Galaxy Number Counts (GC) (DES, LSST): 
maps of δ at different epochs

Galaxy Number Counts x CMB: 
           ISW effect: (Φ+Ψ)’ at different epochs



Forecasting Constraints

PRINCIPAL COMPONENT ANALYSIS
(A.J.S.Hamilton and M.Tegmark, astro-ph/9905192, MNRAS’00

D.Huterer and G.Starkman, astro-ph/0207517, PRL’03)

We want to determine how many d.o.f. of  μ and ϒ can be constrained by 
upcoming surveys and also in which regions of (k,z) data are most sensitive 

to departures from LCDM (i.e. “sweet spots”):

Procedure:

discretize μ and ϒ on a (k,z) grid  

treat their values in each pixel,       and      , as free parametersµij !ij

discretize w on the same grid and treat     as free parameters  wi

vary the 6 “vanilla” parameters and linear bias parameters 
(one for each bin)

calculate the Fisher Matrix to forecast the covariance 
of ~ 840 parameters



invert the full Fisher Matrix to obtain the covariance matrix

consider only its μ block and diagonalize it to find uncorrelated combinations  
of       : the eigenmodes, i.e. the Principal Componentsµij

each eigenmode represents a surface in the (k,z) space

they form an orthonormal basis for the function μ:

µ(k, z)! 1 =
!

m

!mem(k, z)

the eigenvalues of the PCs correspond to the inverse-variances of 
the expansion coefficients

!m =
!
"2(#m)

"!1

Principal Components of μ
...marginalizing over the other parameters...
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What if we want to constrain ANY departure 
from LCDM?

So far we have determined how well we can separately 
constrain μ and ϒ. 

Therefore we have thrown away all the information that 
cannot distinguish between them.

To determine how well we can constrain any departure 
from LCDM we can keep that info and find the combined 

eigenmodes of μ and ϒ. 



Combined eigenmodes of μ and ϒ

informative

constrained

well-constrained

current data

DES

LSST



Conclusions

This model-independent analysis shows that future surveys will offer 
a wealth of information on the relations between mass, gravitational 

potential and curvature of space  

We have analyzed the constraints on modifications of GR that one 
can expect from future data sets in comparison to existing data.

We find that data is somewhat more sensitive to scale-dependent 
than time-dependent  modifications of growth

It will be a challenge to constrain the two functions, μ and ϒ, 
individually, but LSST will come close. However, DES will already 

give at least 10 well-measured combined modes of the two.



THANK YOU!


