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Einstein equations:

Cosmological Constant

Robertson-Walker metric:

Friedmann equations:

Continuity:
(from Bianchi identities)

open

closed



  

Hubble (1929): Universe is expanding

2nd Friedmann equation:

Riess et al. (1998): … and actually is accelerating

From redshift of distant galaxies

from supernovae type Ia
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Equation of state
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Known kinds of matter cannot 

explain the accelerated 

expansion of the universe!

Non-relativistic matter

Radiation



  

To understand structure formation, we need to study the metric (scalar) perturbations 

     Newtonian potentials 

And the matter density perturbations:

Density perturbation
Velocity potential 

Join the two:

Effective Newton's constant in Modified Gravity. For GR, Geff/GN=1

Disclaimer: Valid only in subhorizon scales (k^2>>H^2 a^2) and in (certain) metric theories with an FLRW metric, eg f(R), ~f(G), f(T), Scalar-Tensor etc. Other terms and conditions may apply.



  

Model 1: ΛCDM

Model 2: w(a)=w0+w1 (1-a) 

Model 3: f(R)

         ...

Model n: ???

Model 1: ΛCDM (w=-1)

Test a variety of models, eg



  

• Eg, SnIa data are given in terms

 of the distance modulus:

• Theoretical prediction:
 (flat universe)

• Minimize to find the best 
fit parameters:

• DE is described by w(z)



  

And the 
winner is... 

ΛCDM
Everything else

Problems:

1) Model bias (interpretation of the results depends on 
chosen models+assumptions)

2) Limited number of tested models (finite number of 
theories, impossible to test everything)

Can we find a more general and straightforward way to test the fundamental 

assumptions of our theories??? 

+

Bayesian Voodoo



  

A null test is a consistency relation that has to be true for all z and

 usually equal to zero or some constant value! Examples:

1) The Ωκ test of Clarkson et al:

 (arXiv:0712.3457)

2) The Om statistic of Shafieloo et al:

 (arXiv: 0807.3548,  1004.0960)

Can we find a null test for the growth rate???



  

The answer is yes!!!

Notes:

i) O(z) should be 1 at all z!!!!

ii) Independent of the DE model used (GR)

iii) Doesn't contain derivatives! (derivatives of noisy data are bad!!!)

iv) Deviations from unity could be: New physics (MoGs, DE perts), 
deviation from FRLW or tension in the data (H and fσ8).
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Goal: Find a conserved quantity for the growth-rate. 
Hint: create a Lagrangian that produces the ODE for growth and check for symmetries 

Start with:

     “time” “position”

“velocity”

Euler-Lagrange equations:



  

Ansatz:

Use E-L eqs:

“kinetic term”

“potential”

Compare

to ODE:



  

Lagrangian:

Hamiltonian:

Depends on “time”, not conserved!

Find f1, f2

Use the above to find conserved quantities for the ODE!



  

Examples:

Symmetries                 Conserved quantities

      

Momentum px is conserved 

1) Lagrangian independent 

of time, ie t->t+δt

Hamiltonian is conserved  
(constant energy)

2) Lagrangian independent 

of position, ie x->x+δx



  

In general, given an infinitesimal transformation X such that 

Goal:Find α(a), such that Σ is conserved, ie demand the 
existence of a conserved quantity and determine the 
symmetry! (standard method used to “guess” analytical solutions)  

Then, the quantity Σ is conserved:

Easy to prove with the EL equations as well!

SN, S. Capozziello and L. Perivolaropoulos arXiv: 0705.3586 



  

Solve the equations:

Solution:

Introduce growth rate:



  

Introduce fσ8(a):

New version:

i) 100% equivalent

ii) Necessary as surveys measure fσ8 form  (Euclid: f(a)???)



  

Finally, the null test:

Notes:

i) O(z) should be 1 at all z!!!!

ii) Independent of the DE model used (GR)

iii) Doesn't contain derivatives! (derivatives of noisy data are bad!!!)

iv) Deviations from unity could be: New physics (MoGs, DE perts), 
deviation from FRLW or tension in the data (H and fσ8).



  

Reconstruct the null test with : 

Does the null test really work? How well???

mock data (H(z) & fσ8(z))

real data (H(z) & fσ8(z))

The reconstruction can be done with : 
binning

Modeling (ΛCDM)



  

ΛCDM, Ωm=0.3 



  

ΛCDM, Ωm=0.3, H0=70 km/s/Mpc 

Passively evolving galaxies

Radial BAO



  

1) ΛCDM (w=-1), Ωm=0.3, H0=70 km/s/Mpc, σ8=0.8 

2) wCDM (w=-0.8), Ωm=0.3, H0=70 km/s/Mpc, σ8=0.8 

3) f(R) Ωm=0.3, H0=70 km/s/Mpc, σ8=0.8 (exactly ΛCDM at background) 



  

4) f(G) Ωm=0.3, H0=70 km/s/Mpc, σ8=0.8 (exactly ΛCDM at background) 

5) LTB model (void)



  

Different expansion rates in different directions:

1) Longitudinal

2) Transverse

Matter density profile: important parameters for the model

5) LTB model (void) (continues...)

Finally:

Mocks: z->[0,2], dz=0.1, errors according to a Euclid-like and LSST-like survey 



  

Real data: 3 or 4 bins

Mock data: DE, f(R), f(G)                                      LTB



  

Real data: fit with ΛCDM (left) and wCDM (right)



  

Real data: fit with f(R) SnIa (left) and H(z) (right)



  

ΛCDM mock: 

DE perturbations mock: 

Consistent! 

Consistent! 



  

f(R) mock: 

f(G) mock: 

Consistent at ~2σ Not consistent at ~9σ!  

Not consistent at ~9σs!  



  

LTB mock: 

Not consistent at >>σs!  

RESULTS:

The null test (with ΛCDM) can:  detect f(R), f(G), LTB                              
                                             confirm ΛCDM

                                                       cannot discriminate DE perturbations



  

Introduced the null test O(z) 

It can successfully detect MoG & LTB at

many σs, but not DE perturbations           
                       (effect too small??)  

Results of real data are in good

 agreement with ΛCDM (~2σ)
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