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Goal 

 We investigate cosmological 
scenarios in a universe where dark 
sectors are allowed to mutually 
interact 

 Note: 

  A consistent or interesting cosmology 
is not a proof for the consistency of 
the underlying gravitational theory 
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Why Modification? 

Knowledge of Physics: Standard Model 
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Why Modification? 

Knowledge of Physics: Standard Model + General Relativity 
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Why Modification? 
    Universe History: 
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Modified Gravity 

Non-minimal gravity-
matter coupling 
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Scalar-Tensor Theories 

 Add a scalar field: 

     

 
 

     Conformal Transf. to Jordan frame: 
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Scalar-Tensor Theories 

 Add a scalar field: 

     

 
 

     Conformal Transf. to Jordan frame: 

 

 Redefinition of     : 
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Scalar-Tensor Theories 

 Field equations: 
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 For Brans-Dicke: 

 

 PPN parameters: 

 

 Newton’s constant:                             with     
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 Brans-Dicke Cosmology 

 Friedmann-Robertson-Walker metric: 
 

 Friedmann equations: 

 

 

 

 

 Scalar-field equation: 

 

 

 

 Matter equation: 
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 Inflation in Brans-Dicke Cosmology 
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E.N.Saridakis – 9th Aegean, Sifnos. Sept 2017 



 

 

 

 

 

 

  

 

12 

 Dark Energy in Brans-Dicke Cosmology 

 Effective Dark Energy sector: 
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Horndeski Theories 

 Most general 4D scalar-tensor theories having second-order field equations:      

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  





5

2i

iH LL

),(][2 XKKL 

  ),(][ 333 XGGL

      
 

2

,4444 ),(][ XGRXGGL

            











  2)(3
6

1
),(][

3

,5555 XGGXGGL

   [G. Horndeski, Int. J. Theor. Phys. 10 ]  

2/ 
 X

E.N.Saridakis – 9th Aegean, Sifnos. Sept 2017 



14 

 

 

14 

Horndeski Theories 

 Most general 4D scalar-tensor theories having second-order field equations:      

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

   [Nicolis, Rattazzi, Trincherini, PRD 79]  





5

2i

iH LL

),(][2 XKKL 

  ),(][ 333 XGGL

      
 

2

,4444 ),(][ XGRXGGL

            











  2)(3
6

1
),(][

3

,5555 XGGXGGL

   [G. Horndeski, Int. J. Theor. Phys. 10 ]  

 Coincides with Generalized Galileon theories 
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Horndeski Cosmology (background) 

 Field Equations: 

 In flat FRW:  
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Horndeski Cosmology (perturbations) 

 Scalar perturbations: 
 

 No-ghost condition:  

 

 No Laplacian instabilities condition: 
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Inflation in Horndeski Theories 
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Inflation in Horndeski Theories 

   

 

 

 

 

 

 

 

 

 

 

 

 

 G-Inflation (Shift-symmetric):  
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Dark Energy in Horndeski Theories 

    

 

 

 Background evolution: Universe thermal history 
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Dark Energy in Horndeski Theories 

    

 

 

 Background evolution: Universe thermal history 

 

 

 

 

 
 Perturbations:                    

      with 
                        

 Clustering growth rate: 
 

       γ(z): Growth index.     
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Fab Four 
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Nonminimal Derivative Coupling 

   
 

 

 In flat FRW: 
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Nonminimal Derivative Coupling – Dark Energy 

   
 

 

 In flat FRW: 
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Nonminimal Derivative Coupling - Inflation 

 New Higgs Inflation: 
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Beyond Horndeski Theories 

 Beyond Horndeski, free from Ostrogradski instabilities but still propagating 2+1 dof’s:      
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Bi-scalar Theories 

 Modified gravity propagating 2+2 dof’s 
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Bi-scalar Theories 

 Modified gravity propagating 2+2 dof’s 
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Dark Matter –  Dark Energy Interaction 

 Theoretical argument: In principle, since the underlying 
theory and the microphysics of both dark energy and 
dark matter is unknown, possible mutual interactions 
cannot be excluded.  
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Dark Matter –  Dark Energy Interaction 

 Theoretical argument: In principle, since the underlying 
theory and the microphysics of both dark energy and 
dark matter is unknown, possible mutual interactions 
cannot be excluded.  

 

 Phenomenological argument: Alleviate the coincidence 
problem: Why are the DE and DM densities nearly equal 
today, although they scale independently through the 
expansion history 
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DM – DE Interaction 

   
 

 

 

 

 Assume that DE and DM are effectively described by perfect fluids. 
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DM – DE Interaction 

   
 

 

 

 

 Assume that DE and DM are effectively described by perfect fluids. 

 

 

 

 Equations give only the total conservation, namely 
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DM – DE Interaction 

 However, it is not forbidden to assume DM – DE interaction by arbitrarily 
splitting as: 

 

 

 

    with      a phenomenological descriptor of the interaction (positive          

     corresponds to energy transfer from DE to DM and vice versa).  
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DM – DE Interaction 

 However, it is not forbidden to assume DM – DE interaction by arbitrarily 
splitting as: 

 

 

 

    with      a phenomenological descriptor of the interaction (positive          

     corresponds to energy transfer from DE to DM and vice versa).  

 

 

 Despite possible pathologies (curvature perturbation blowing up in super-
Hubble scales [Valiviita,Majerotto,Maartens, JCAP 0807]) it leads to interesting 
cosmological behavior. 
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Phenomenological Models 

 I)  
 

 II) 
   

 III) 

 etc… 
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Phenomenological Models 

 I)  
 

 II) 
   

 III) 

 etc… 

 Obtain late time attractors with  
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More general phenomenological models 

                               with                 .                  known    
 

 
   

 

 

 

 

 

 

 

 

 Solve coincidence problem, can lead to intermediate acceleration  
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Observational constraints 

 Impose SNIa, BAO and CMB observational constraints 
 

 
   

 

 

 

 

 

 

 

 

 

 Incorporate relativistic effects in the large-scale power spectrum. 
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E.N.Saridakis – 9th Aegean, Sifnos. Sept 2017 

   [Duniya, Bertacca, Maartens, PRD 91]  



38 

 

 

38 

Another approach to phenomenological models 

 If Q=0 then                        . Instead of imposing Q one can parametrize its effect 
assuming:    

                                 (perturbations can also be studied; obtain matter overdensity) 
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Another approach to phenomenological models 

 If Q=0 then                        . Instead of imposing Q one can parametrize its effect 
assuming:    

                                   (perturbations can also be studied; obtain matter overdensity) 

 

 

 

 

 

 

 

H0+SNIa+BAO+CMB 

 Slight tendency towards interacting DE 

      δ<0 implies energy flow DM  ->  DE 
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Lagrangian? Covariant formulation? 

 Microscopic Lagrangian of DM-DE interaction is unknown. Effective Lagrangians are 
also absent.  
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Lagrangian? Covariant formulation? 

 Microscopic Lagrangian of DM-DE interaction is unknown. Effective Lagrangians are 
also absent.  

 Two interacting fluids: 

 

 

 Covariant approach (two “not-tilted” fluids, i.e with common 4-velocity): 

 

 
 

                  is a current energy density that describes the energy transfer between the fluids                 

                       (time dependent due to spacial isotropy) 
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Lagrangian? Covariant formulation? 

 Microscopic Lagrangian of DM-DE interaction is unknown. Effective Lagrangians are 
also absent.  

 Two interacting fluids: 

 

 

 Covariant approach (two “not-tilted” fluids, i.e with common 4-velocity): 

 

 
 

                  is a current energy density that describes the energy transfer between the fluids                 

                       (time dependent due to spacial isotropy) 

 Imperfect fluids with 

 

 Hence, not a robust Lagrangian description for imperfect fluids  
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Lagrangian? Covariant formulation? 

 Inspired by the Lagrangian formulation of classical dissipative oscillator we can remove 
the “imperfectness” by transforming the metric as: 
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Lagrangian? Covariant formulation? 

 Inspired by the Lagrangian formulation of classical dissipative oscillator we can remove 
the “imperfectness” by transforming the metric as: 

 

 

 Hence:  
 

 Describes a perfect fluid with                             and           in spacetime  metric     

 

 

                        : Lagrangian description in a fictitious metric that depends on the fluid 

 

 Still not ideal for multiple fluids. 
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Another approach to phenomenological models 

 Matter fluid: 
 

                   are Lagrange multipliers, and       are the Lagrange coordinates of the fluid  

            vector-density particle-number flux 
 

 Dark Energy is described by a scalar field:  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

  

  

 A

AM sJsngL 
  ,,,),( 

A ,, A

J









 )(

2

1
 

 VgL

E.N.Saridakis – 9th Aegean, Sifnos. Sept 2017 



46 

 

 

46 

Another approach to phenomenological models 

 Matter fluid: 
 

                   are Lagrange multipliers, and       are the Lagrange coordinates of the fluid  

            vector-density particle-number flux 
 

 Dark Energy is described by a scalar field:  
 

 DM-DE interaction: 

     Algebraic coupling: 
   

     Derivative Coupling:  

 
 

 Al. coupl.:  
 

 Der. Coupl.: 
 

 Perturbations, structure formation, quasi-static limit etc 
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Dark energy - dark matter interaction/unification 
from generalized Galileons 

 Most general 4D scalar-tensor theories having second-order field equations:      
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 Coincides with Generalized Galileon theories 
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Dark energy - dark matter interaction/unification 
from generalized Galileons 

 Field Equations In flat FRW:  
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Dark energy - dark matter interaction/unification 
from generalized Galileons 

   
 

 

 
 In flat FRW: 
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Dark energy - dark matter interaction/unification 
from generalized Galileons 

 We can rewrite as:  
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Dark energy - dark matter interaction/unification 
from generalized Galileons 

 Shift symmetry allows to write:  
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Dark energy - dark matter interaction/unification 
from generalized Galileons 

 Shift symmetry allows to write:  
 

 

 
      with                                                                and  
    

 Allows for a unified description of universe evolution. 
 (Generalized) Chaplygin gas: 
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 Simplest case: 

 Model I :  
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Dark energy - dark matter interaction/unification 
from generalized Galileons 
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Dark energy - dark matter interaction/unification 
from generalized Galileons 

 Simplest case: 

 Model I :  
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 Model II :  
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Dark energy - dark matter interaction/unification 
from generalized Galileons 
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 Model II :  
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Dark energy - dark matter interaction/unification 
from generalized Galileons 
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 Model II :  
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Dark energy - dark matter interaction/unification 
from generalized Galileons 

   [Koutsoumbas,Ntrekis,Papantonopoulos,Saridakis,   1704.08640]  
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 Model II :  
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Dark energy - dark matter interaction/unification 
from generalized Galileons 
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Dark energy - dark matter interaction/unification 
from generalized Galileons 

 Scalar perturbations: 
 

 No-ghost condition:  

 

 No Laplacian instabilities condition: 
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 Model II :  
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Dark energy - dark matter interaction/unification 
from generalized Galileons 

   [Koutsoumbas,Ntrekis,Papantonopoulos,Saridakis,   1704.08640]  
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Healthy scalar perturbations. Necessary to see tensor perturbations, and the speed of gravitational waves. 
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Conclusions 

 i) Modification of our knowledge is probably required for the explanation 
of cosmological evolution.   
 

 ii) There is a huge variety of modifications.  
 

 iii) Dark Energy (or Modified Gravity) - Dark Matter  interaction cannot 
be excluded, and it can alleviate the coincidence problem. 
 

 iv) Many phenomenological approaches. Can become Covariant. A full 
Lagrangian description is still missing. 
 

 v) DE - DM interaction/unification from generalized Galileons with shift-
symmetry. Unified universe evolution. 
 

 vi) SN Ia data OK. Necessary: Confront with CMB, BAO, and LSS data. 
Need to add baryonic matter separately. Perform full perturbation 
analysis, confront with data. 
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