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•  Alternative theories of gravity  
•  Pulsars and other astrophysical tests  
•  Gravitational wave detectors  
•  Gravity at short distances 
•  Quantum gravity and black holes 
•  Cosmological tests - CMB, large scale structure  

… 



This talk 

•  Motivation 

•  What can we test? 

•  Observational tests today and in the future 

•  The choice of theoretical priors 

•  Reconstructing unknown functions from data 

•  Summary 

Based on work with R. Crittenden, A. Hojjati, K. Koyama, A. Silvestri, G.-B. Zhao 



Why test Gravity on Cosmological Scales? 

•  Because we can 
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•  Because we can 

•  Is there a reason to expect modifications of GR? 

A popular viewpoint A different viewpoint 

GR has, so far, passed all 
experimental tests 

The LCDM model assumes GR and is 
in good agreement with observations 

Alternative models tend to create more 
problems than they solve 

GR is yet to be seriously tested on 
scales beyond our solar system 

We do not know what is causing 
Cosmic Acceleration 

We do not know how the vacuum 
gravitates 

We do not know what Dark Matter is 



What does Cosmology test? 

Initial conditions 
(Inflation) 

Content:  
CDM, baryons, photons, neutrinos, Λ  + 

Conservation Equations 
Einstein’s Equations 

for the background and small perturbations 

Observables: statistics of CMB, galaxy distribution, …  

FRW 
Metric + 



Questions we could ask about gravity 

1.  Is data consistent with equations of GR? 

–  Apply conventional measures of goodness of fit 
–  Apply specially designed consistency tests 

(!) Consistency does not necessarily rule out the alternatives 



Questions we could ask about gravity 

1.  Is data consistent with equations of GR? 

–  Apply conventional measures of goodness of fit 
–  Apply specially designed consistency tests 

(!) Consistency does not necessarily rule out the alternatives 

2.  What are constraints on alternative theories? 

–  Constrain specific modified gravity models 
–  Develop a more general framework, akin to PPN, that 

a)  includes the answer to Question 1 
b)  maps onto parameters of “reasonable” theories 



Borrowed from Tessa Baker’s PhD Thesis 



Cosmologists’ Dream Modified Gravity Theory 

•  Behaves like GR during BBN and recombination 
•  Behaves like GR on small scales (solar system) 
•  Explains cosmic acceleration without Dark Energy 
•  Avoids ghosts and instabilities 
•  Explains dark matter (?) 
•  Solves the old cosmological constant problem (*) 
•  Has observable differences from GR 

(*) too difficult, therefore, not a priority 



The testing ground 



Linear perturbations in FRW universe: 
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Linear perturbations in FRW universe: 

Einstein’s Eq + matter 



Things we can agree to keep 

FRW background with small perturbations: 

Conservation of matter energy-momentum: 

(!) Need two additional equations to close the system of four variables 



GR+ΛCDM 

Modified field equations 



Example: scalar-tensor models of chameleon type 
     Khoury & Weltman, astro-ph/0309300, PRL’04 
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Example: scalar-tensor models of chameleon type 
     Khoury & Weltman, astro-ph/0309300, PRL’04 

GR+ΛCDM 

Modified field equations 



L.P. and A. Silvestri, PRD (2008) 

The growth of cosmological perturbations in f(R) 

LCDM f(R) 



An alternative choice of modified functions 



An alternative choice of modified functions 



An alternative choice of modified functions 

A smoking gun of new gravitational physics: 



Massless particles “feel”  

Massive particles “feel”  

Weak Lensing of distant images 

Redshift space distortions  
due to peculiar motion       

The observational handle 



1011.2106, PRD’11 

CFHTLS-Wide T003 (Fu et al, 2008), SDSS DR7 



1212.3339, MNRAS’13 



A direct consistency test: 
Zhang et al, 0704.1932, PRL’07 



So far, data is consistent with GR 

Today’s data may weakly constrain one or two numbers  
(depending on the assumptions) 

What about tomorrow? 



Euclid, ESA, 2019 launch 

•  L2 Orbit 
•  5-6 year mission 
•  galaxy shapes, photo-z’s, redshifts 

Dark Energy Survey (DES) 
began in 2012 

•   Blanco 4-meter telescope  
•  5 years 
•  galaxy shapes, photo-z’s, 

redshifts, SNe 



•    8.4 meter mirror 
•    half of the sky to redshift z=3 
•  galaxy shapes, photo-z’s, SNe 



Today 

CMB 
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Today 

CMB 

SDSS 



Today 
Matter Spectrum (SDSS) 

CMB 

SDSS 



Tomorrow 

CMB 
Temperature 

& Polarization  

Weak Lensing of galaxies, CMB lensing 

Galaxy Counts and Peculiar Velocities through several epochs 
21 cm Intensity mapping 



How many modified gravity parameters 
can we measure in the future? 

•  Constraining unknown functions, such as µ(a,k) and γ(a,k),  
  is challenging in practice: 

     
o  what parameters should we fit to data? 



How many modified gravity parameters 
can we measure in the future? 

•  Constraining unknown functions, such as µ(a,k) and γ(a,k),  
  is challenging in practice: 

     
o  what parameters should we fit to data? 

•  Principal Component Analysis can be used as a forecast tool 



Principle Component Analysis (PCA) forecast  
of constraints on µ(a,k) and γ(a,k) for LSST+Planck+… 

•   discretize µ and γ on a (z,k) grid 

•   treat each pixel, µij and γij, as a  
   free parameter  

•   discretize w(z) on the same z-grid  
   and treat wi as free parameters, 
   along with Ωc, Ωb, h, ns, As, τ and bias  

•   calculate the Fisher Matrix for 800+ parameters 

•   diagonalize to find principal components of µ and γ	


•   PCA provides variances of uncorrelated parameters αm	


Zhao, LP, Silvestri, Zylberberg, 0905.1326, PRL’09; Hojjati, Zhao et al, 1111.3960, PRD’11 



The best constrained eigenmodes 

Zhao, LP, Silvestri, Zylberberg, 0905.1326, PRL’09; Hojjati, Zhao et al, 1111.3960, PRD’11 



PCA is a useful forecast tool 

•   Tells us the features of functions that can be measured best 

•   Offers a way to compare different observational probes 



PCA is a useful forecast tool 

•   Tells us the features of functions that can be measured best 

•   Offers a way to compare different observational probes 

But … 

•   Which eigenmodes are physically meaningful?  

- e.g. the k-dependence cannot be arbitrary 

•   Which parameters should we fit to data?  



Let’s face reality:  

o  theoretical priors are subjective but unavoidable 

Theoretical Priors 



Let’s face reality:  

o  theoretical priors are subjective but unavoidable 

Theoretical Priors 

Make them explicit: 

o  let theory fix the k-dependence 

o  use explicit smoothness priors on time-dependence 



LCDM Models with new scalar DOFs 

Poisson 

Anisotropy 

Extra scalars                N/A 

Linear order field equations 



LCDM Models with new scalar DOFs 

Poisson 

Anisotropy 

Extra scalars                N/A 

Linear order field equations 

Quasi-Static Approximation 

Silvestri, LP, Buniy, 1302.1193, PRD’13 



The Quasi-Static Approximation 

Two assumptions: 

 1) Time derivatives are much smaller than space derivatives 
   
 2) The sub-horizon limit: 

(!) 2 implies 1 in LCDM 



The Quasi-Static Approximation 

Two assumptions: 

 1) Time derivatives are much smaller than space derivatives 
   
 2) The sub-horizon limit: 

(!) 2 implies 1 in LCDM 

Q:  Are non-QS features detectable? 

A:  Not in known viable models 

Example: “scalaron” oscillations in f[R] 



Poisson: 

Anisotropy: 

EOM for extra scalar fields: 

Quasi-Static Approximation 

Silvestri, LP, Buniy, 1302.1193, PRD’13 
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Poisson: 

Anisotropy: 

EOM for extra scalar fields: 

Quasi-Static Approximation 

same 

Silvestri, LP, Buniy, 1302.1193, PRD’13 

•  Ratios of polynomials with only even powers of k  
  for scalar DOF on isotropic backgrounds 

•  Second order in k  
  if only one scalar DOF with 2nd order EOM 



A fairly general ansatz 

Two functions 
of two variables 

µ(a,k) and γ(a,k)   

Five functions 
of one variable 
pi(a), i=1,…5 

•  Applies to 2nd order theories with a single scalar – the general Horndeski action 

•  pi(a) can be mapped onto parameters of specific models  

•  Not all pi(a) are independent in specific models – can adopt additional priors 



Things one can do with  



1)  Forecast the number of observable eigenmodes of pi(a) 

Things one can do with  



3)  Assume parametric forms for pi(a) (e.g. a power law) and  
 fit parameters to data 

Things one can do with  

2)  Check for consistency of data with this k-dependence 
   

            Amendola, Motta, Kunz, Saltis, Sawicki, 1305.0008; 1210.0439 



3)  Assume parametric forms for pi(a) (e.g. a power law) and  
 fit parameters to data 

Things one can do with  

2)  Check for consistency of data with this k-dependence 
   

            Amendola, Motta, Kunz, Saltis, Sawicki, 1305.0008; 1210.0439 

4)  Try reconstructing pi(a) from data : 

         use the example of w(a) 

Crittenden, Zhao, LP, Samushia, Zhang, 1112.1693, JCAP’12; 1207:3804, PRL’12 



true w(z) 

MCMC 
using many w-bins 



true w(z) 

MCMC 
using many w-bins 

reconstructed w(z) 

no prior 

o  MCMC will not converge 

o  large variance 

o  zero bias 



true w(z) 

MCMC 
using many w-bins 

reconstructed w(z) 

Excessively strong prior 

o  tiny error bars (small variance) 

o  large bias 



true w(z) 

MCMC 
using many w-bins 

reconstructed w(z) 

reasonable prior 

o  moderate variance 

o  insignificant bias 



•  Smooth features (well constrained by data)  
  are not biased by the prior  

•  Noisy features (poorly constrained by data)  
  are determined by the prior 

What is reasonable? 

•  Introduce an explicit prior that favors smoothness 

 All reconstructions involve such a prior, but it is often implicit 

Crittenden, Zhao, LP, Samushia, Zhang, 1112.1693, JCAP’12 



Reconstruction of w 

2.5σ 2.3σ 

1.8σ 1.9σ 

Zhao, Crittenden, LP, Zhang, 1207:3804, PRL’12 



Summary 

•  Future data will map cosmological perturbations and test validity of   
  Einstein’s equation 

•  A key test: compare the “dynamical” mass to the “lensing” mass 

•  Tests of GR require a framework to model the alternatives 

•  General frameworks involve unknown functions and, inevitably, 
  must be supplemented by priors to eliminate unphysical solutions  
  and to define parameters that can be fit data 

•  Tests on linear cosmological scales are only a part of the whole story:      
   they should be considered in conjunction with astrophysical, solar  
   system and terrestrial tests of gravity 
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