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           Dark energy candidates 

 

 
 The simplest candidate:  Cosmological constant  

If the cosmological constant originates from the vacuum energy,  

its energy scale is enormously larger than the dark energy scale.   

 Dynamical dark energy models 

Quintessence, k-essence, chaplygin gas, coupled dark energy, 

f (R) gravity, scalar-tensor theories, Braneworld, Galileon, … 

 Apparent acceleration 

Inhomogeneous models, metric backreaction  

Equation of state  



Dynamical dark energy models  

1. Modified matter models  

2. Modified gravity models  

Such as 

e.g. Dilatonic ghost condensate: 

        



Most general single-field scalar-tensor theories with second-order 

equations of motion (4 dimensions) 

Horndeski (1974)  

Deffayet et al (2011) 

Charmousis et al (2011) 

This action covers most of the dark energy models proposed in literature.  

  

 Quintessence and K-essence:  

  

 

 Galileon 

  LCDM:  

f(R) gravity and scalar-tensor gravity:  

is the scalar degree of freedom. 



Conditions for the avoidance of ghosts and Laplacian instabilities  

In the presence of two fluids (radiation and matter) we expand the Horndenki’s action  

up to second-order with the perturbed metric  

The second-order action for tensor perturbations is given by,  

 Kobayashi, Yamaguchi, Yokoyama (2011)  

Gao and Steer (2011) 

De Felice and S.T. (2011) 

 where 

The conditions for the avoidance of scalar ghosts and Laplacian instabilities are 

where 

De Felice and S.T.,  

(2011) 



                               Particular theories 

K-essence (including Quintessence) 

Automatically satisfied 

This requires that  

f(R) theories 

where 

Automatically satisfied 

The mass squared of the scalar degree of freedom is  

Viable f(R) models satisfy these conditions, e.g.,  

(Hu and Sawicki, 2007) 



Friedmann equations in the flat FLRW background 

__ __ 
Non-relativistic  

matter 

Radiation 

The background equations of motion are  

The equation of state of dark energy is given by   



         Dark energy equation of state: modified matter models 

(1)  LCDM 

(2) Quintessence 

(a) Freezing models  

. 

(b) Thawing models 

. 

e.g. axions 

(3) k-essence 



                                      Quintessence 

(a) Freezing models  

Tracker  

solutions 

(B) Thawing models  

In general thawing models can satisfy observational constraints 

easier than freezing models. 



Observational constraints on dark energy at the background level 

One can constrain the dark energy equation of state from 

a number of independent observations.  

1. Supernovae (type Ia) 

Luminosity distance: (for the flat  

 Universe) 

2. CMB shift parameter 

3. BAO distance  

with 

(Komatsu et al, 2010) 

(Percival et al, 2010) 

 



Observational constraints (SNIa, CMB, BAO, HST)  
 Suzuki et al (2011) 

. . 

LCDM model 

(within 1 sigma)  

Freezing model with 

Thawing models 

Under observational 

pressure! 

Allowed in  

current observations 



Dark energy equation of state: modified gravity models 

(1)  f(R) gravity 

Viable f(R) dark energy models are constructed to satisfy local  

gravity constraints in the region of high density.  

Dark energy equation of state 

where 



(2) Galileons 

But the DGP model is plagued by the ghost problem. 

This problem can be evaded by considering more general field self 

interactions respecting the Galilean symmetry:   

(in the Horndeski’s 

action) 

There is a tracker solution with 

However the tracker is disfavored from the 

joint data analysis of SNIa, CMB, BAO. 

Only the late-time tracking solution  

is allowed observationally. 

(Nesseris, De Felice, S.T., 2010) 



Discrimination of models from density perturbations 

In order to place constraints on dark energy models from the observations of  

large-scale structure, weak lensing, CMB (ISW effect) etc, we need to study  

the evolution of density perturbations.  

Perturbed metric: 

LSS CMB 
Weak lensing  

Non-relativistic matter:   

with the four velocity 



Density perturbations in the Horndeski’s theory 

where 

where 

There are other perturbation equations. 

See De Felice, Kobayashi, S.T. (2011). 

The growth rate of matter perturbations 

is related with the peculiar velocity. 

We introduce the gauge-invariant density contrast: 



Quasi-static approximation on sub-horizon scales 

and 

where 

The effect of modified gravity 

manifests itself. 

De Felice, Kobayashi,  

S.T. (2011). 



Gravitational potentials 

where  

______ __ 
Modified Modified 



Brans-Dicke theories (including f(R) gravity) 

On sub-horizon scales one has 



Constraints from large-scale structure  
 

The galaxy power spectrum in the redshift space can be modeled as 

The real space 

galaxy power 

spectrum 

The cross power 

spectrum 

The real space 

velocity power 

spectrum 



Blue data come from WiggleZ (Blake et al, 2011) 

LCDM 



Covariant Galileon (late-time tracking solution) 

 

Preliminary! 



Summary of current status of dark energy models 

   

  

(1) Cosmological constant   

Observationally favored, but theoretically further progress is required.  

(2)  Modified matter models 

 Quintessence, k-essence: Thawing models are fine, but the freezing  

                                                  models tend to be in tension with observations. 

 Chaplygin gas                     × Excluded from the observations  

of large-scale structure. 

(3)  Modified gravity models 

 f(R) gravity, Brans-Dicke theories:  The cases with largest deviation from  

                                                              GR are in tension with recent observations.  

 DGP braneworld: × 
 Covariant Galileon:  It is likely that the future LSS observations           

                                      can rule out this model.   

Ruled out from the observations and  

the ghost problem. 


