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•  Outstanding challenges (GR + Quantum Field Theory) 
–  Singularity Problem 
–  Cosmological Constant Problem 
–  Underlying particle physics theory for Inflation  

•  Theory provides in the context of the homogeneous and isotropic Big 
Bang model to successfully describe 
–  Nucleosynthesis               (             ,                                    ) 
–  Cosmic Microwave Background Radiation 
–  Large Scale Structure 
–  Gravitational lensing 
–  … 

•  Missing links: 
–  Dark Matter 
–  Dark Energy 

Cosmological Tests of General Relativity 



•   Evidence:  
      Dimming of type Ia Supernovae with z > 0.35  
      Accelerated expansion (negative deceleration parameter): 
                        [Perlmutter et al. 1998; Riess et al. 1998, …] 

•    Homogeneous and isotropic expanding geometry 
      Driven by the vacuum energy density ΩΛ and matter density ΩM  

       Equation of state:   

•   Friedmann and Raychaudhuri equations imply:  

     q0 < 0 suggests an invisible smooth energy distribution 

•   Candidates:  
     Cosmological constant, quintessence, more complex equations of state, 

etc. 

Dark Energy 



   Supernova Legacy Survey (SNLS) 

[Astier et al., astro-ph/0510447]  



      WMAP 5 Year Results 
E. Komatsu et al., 0803.0547 [astro-ph] 





Large Dark Energy Surveys 

Supernovae     Standard Candles 
                          Luminosity Distance 

Cosmic Shear  Evolution of DM perts.  

Baryon Acoustic Oscillations   
                               Standard ruler 
                               Angular diameter distance 

SNAP, DUNE… 



SNLS - SDSS 

[Riess et al. 2004] 

[Astier et al. 2005] 



                                              Dark Energy -- Dark Matter 

“Quintessential Inflation” 
[Peebles, Vilenkin 99; Dimopoulos, Valle 02; Rosenfeld, Frieman 05, O.B., Duvvuri 06, …] 

Dark Energy – Dark Matter interaction 
[Amendola 2000, ..., O.B., Gil Pedro, Le Delliou 2007] 

Dark Energy – Dark Matter Unification 
[Kamenschik, Moschella, Pasquier 2001]  

[Bilic, Tupper, Viollier 2002; Bento, O.B., Sen 2002] 
[O.B., Rosenfeld 2007] 

Λ 

Inflation Dynamics 

DM 

DE 



•   Evidence: 

      Flatness of the rotation curve of galaxies 
      Large scale structure  
      Gravitational lensing  
      N-body simulations and comparison with observations 
      Merging galaxy cluster 1E 0657-56 
    Massive Clusters Collision Cl 0024+17 
       Dark core of the cluster A520 

•  Cold Dark Matter (CDM) Model  

  Weakly interacting non-relativistic massive particle at decoupling 

•  Candidates:  

     Neutralinos (SUSY WIMPS - LHC), axions, scalar fields, self-interacting scalar 
particles (adamastores), etc. 

Dark Matter 



Merging Galaxy Cluster 1E 0657-56  
[Clowe et al., astro-ph/0608407] 

“Bullet” Cluster 



Massive Clusters Collision Cl 0024+17  
[Jee et al., astro-ph/0705.2171] 

Ring-like dark matter structure 



Dark core of the Abell 520  
[Mahdavi et al., 0706.3048(astro-ph)] 

Collisional dark matter ?  



Generalized Chaplygin gas model 

Generalized Chaplygin gas 

          : Chaplygin gas 

Dust           : stiff  matter De Sitter 

•  Unified model for Dark Energy and Dark Matter 

Generalized d-brane 

          : d-brane 

                                 [Bento, O.B., Sen 2002] 



Generalized Chaplygin Gas Model 
–   CMBR                 [Bento, O. B., Sen 2003, 2004; Amendola et al. 2004, Barreiro, O.B., Torres 2008] 

–   SNe Ia                                                               [O. B., Sen, Sen, Silva 2004; Bento, O.B., Santos, Sen 2005] 

–   Gravitational Lensing                                                                                                              [Silva, O. B. 2003] 

–  Structure Formation * 

        [Sandvik, Tegmark, Zaldarriaga, Waga 2004; Bento, O. B., Sen 2004; Bilic, Tupper, Viollier 2005; …] 

–  Gamma-ray bursts                                                                                                                     [O. B., Silva 2006] 

–  Cosmic topology                                                                                     [Bento, O. B., Rebouças, Silva 2006] 

–  Inflation                                                                                                                      [O.B., Duvvuri 2006] 

–  Coupling with electromagnetism                                                         [Bento, O.B., Torres 2007] 

–  Coupling with neutrinos                                                                                   [Bernardini, O.B. 2008] 

Background tests:  

Structure formation and BAO: 



•   Evolution equations:  
     (                                    ) 

•    For                                    :                                         

•   From which follows:    

•   Bias parameter:  

Dark Energy – Dark Matter Interaction (I) 
[O.B., Gil Pedro, Le Delliou, Phys. Lett. B654 (2007); 07053118 (astro-ph)] 

GCG: 



•   Generalized Cosmic Virial Theorem (Layzer-Irvine eq.):  

 where                                                                             

                                                                              (         - auto-correlation function) 

•  Abell cluster A586 – spherical and close to stationary equilibrium: 

•   Moreover:  

Cosmic Virial Theorem and the Abell cluster A586 
[O.B., Gil Pedro, Le Delliou, Phys. Lett. B654 (2007)] 



•  X-ray, velocity dispersion and weak gravitational lensing (WGL):  

•  WGL concerns a spherical region with 422 kpc radius and NGal=25 galaxies  
   (within a 570h70

-1 kpc region with 31 galaxies); hence with the known coords.: 

                                (                                                         ) 

and therefore: 

•   From which we get:                                                 

Estimates 
[O.B., Gil Pedro, Le Delliou, Phys. Lett. B654 (2007)]  

[Cypriano, Neto, Sodré, Kneib 2005] 



•   Interaction requires:   

•    For                                                                                                              :                                         

•  GCG:    

•  Data is consistent with interaction ! 

•  Same methodology used for 33 relaxed galaxy clusters (optical, X-ray, 

gravitational lensing) suggests evidence for the interaction of DE and DM                                         

                [Abdalla, Abramo, Sodré, Wang, arXiv: 0710.1198(astro-ph)] 

Dark Energy – Dark Matter Interaction (II) 
[O.B., Gil Pedro, Le Delliou, Phys. Lett. B654 (2007)] 



•  Bias parameter evolution indicates a possible violation of the EP  

Dark Energy – Dark Matter Interaction and the 
Equivalence Principle (EP) 

[O.B., Gil Pedro, Le Delliou, Phys. Lett. B654 (2007)]    



Dark energy-gauge field interaction: variation of the fine structure “constant” 

                                            [Olive, Pospelov 2002; Gardner 2003; …] 
 [O.B., Lehnert, Potting, Ribeiro 2004; Bento, O.B., Santos 2004, Bento, O.B., Torres 2007] 



Oklo Meteorites 

[Bento, O.B., Santos 2004] 



•   Consider the coupling to the GCG scalar field for a single neutrino flavour:   

•  GCG relevant eqs.: 

Dark Energy – Neutrino Interaction:  
mass varying neutrinos 

[Bernardini, O.B., Phys. Lett. B662 (2008); Phys. Rev. D77 (2008)] 



Taking the time-derivative of 

We describe the Dark Energy sector 
using a scalar field with potential         . 
From the energy-momentum tensor   for   
we obtain the energy and the pressure 
of the scalar field 

Taking into account the energy conservation of the coupled MaVaN - DE 
system, we find that the evolution of the scalar field is described by the 
modified Klein-Gordon equation, 



In the non-relativistic limit                   ... 

X 



Quintessence 
Potentials! 

Good candidate potentials grow as small fractional 
powers or logarithms of the neutrino mass! 

 n ∝ a-3 



Equation of State 

It is apparently consistent ! But ... 



Perturbative Approach – Our proposal 
We depart from na equation of motion for an unperturbed scalar field 

and we assume that the effect of the coupling of the neutrino fluid to 
the scalar field fluid is quantified by a linear perturbation 





Solutions 







•   Higgs Portal: mixing of a singlet with the Higgs boson   
                  Invisible decay of the Higgs into two singlet bosons   

     [Binoth, van der Bij 1997, ...; Schabinger, Wells 2005; Patt, Wilczek 2006] 

•  Self-interacting dark matter coupled with the Higgs 
        [Bento, O.B., Rosenfeld, Teodoro 2000; Bento, O.B., Rosenfeld 2001] 

•  A singlet complex scalar field: 

•  Mixing angle with a light scalar induces long range Yukawa type interactions:    

Dark Energy and the Higgs Portal (I)  
[O.B., Rosenfeld, arXiv:0708.1784 [hep-ph]] 



•  A non-relativistic particle in a gravitational field: 

•  Test bodies with distinct composition will experience different accelerations: 

•  From the observational limit:                                  

                                             [Dvali, Zaldarriaga 2002] 

Dark Energy and the Higgs Portal (II)  
[O.B., Rosenfeld, arXiv:0708.1784 [hep-ph]] 



•  Coupling of the Higgs with quintessence ? 

Dark Energy and the Higgs Portal (III)  
[O.B., Rosenfeld, arXiv:0708.1784 [hep-ph]] 

- quitessence potential  

Viable only if                           !   

Higgs portal is virtually closed for DE … 



Conclusions 
• Experiments in space to observe SNe (SNe “factories”), gamma-ray bursts,  
gravitational lensing, cosmic shear, etc, should be vigorously pursued in order to  
characterize the properties of DE and DM 

• DE interaction with other fields might open new obervational windows: 

- DE-DM interaction seems to imply deviation from the virial equilibrium of 
the A586 cluster 

- DE interaction to the electromagnetic field imply the variation of the fine 
structure “constant” 

- Interaction of DE to neutrinos in the context of the Chaplygin gas model is 
free  from difficulties associated with the so-called stationary condition and can  be made 
consistent with all phenomenological constraints     

- Interaction of DE to the Higgs is unlikely to be experimentally accessible at  
accelerators 


