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Today's picture of the universeToday's picture of the universe

3 independent 3 independent 

data sets coincidedata sets coincide

Concordance cosmological model!Concordance cosmological model!
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Dark energy dominates in the (flat) Dark energy dominates in the (flat) 
universeuniverse

Εnergy in the universeΕnergy in the universe

==

Matter 27% Matter 27% 

(baryons 4% & cold dark matter 23%)(baryons 4% & cold dark matter 23%)

++

Dark energy 73%Dark energy 73%
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Dark energy equation of state w  Dark energy equation of state w  

 Theory :              w  <  - 1/3Theory :              w  <  - 1/3

 Observations :       -1.2  <  w  <  -0.8Observations :       -1.2  <  w  <  -0.8
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Μagnitude versus red-shiftΜagnitude versus red-shift

 Several Several 
theoretical curvestheoretical curves

 Observational Observational 
datadata

 Best fit when dark Best fit when dark 

energy ~3/4energy ~3/4
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What is dark energy?What is dark energy?

Cosmological constant: the simplest caseCosmological constant: the simplest case

 Introduced by Einstein Introduced by Einstein 
for a static universefor a static universe

 Allowed by all Allowed by all 
symmetriessymmetries

 ΛCDM agrees with dataΛCDM agrees with data

 The cosmological and The cosmological and 
coincidence problemscoincidence problems
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Cosmological constantCosmological constant



 Fluid with w=-1Fluid with w=-1

 Very different evolutionVery different evolution

 Value much lower than Value much lower than 
expectedexpected
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Field equations for gravityField equations for gravity

 Observation: accelerated expansionObservation: accelerated expansion

 Theory: with matter or radiation Theory: with matter or radiation →→ decelerated  decelerated 
expansionexpansion

 DisagreementDisagreement between theory and observation between theory and observation
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Two choicesTwo choices

 GeometricalGeometrical dark energy dark energy

 Modify Modify leftleft hand side hand side

→→  new gravitational theorynew gravitational theory

 DynamicalDynamical dark energy dark energy

 Modify Modify right right hand sidehand side    →→ new dynamical  new dynamical 
componentcomponent
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Q: Why Ωs of matter and dark energy are Q: Why Ωs of matter and dark energy are 
so similar in magnitude ?so similar in magnitude ?

 First answerFirst answer

 Special initial conditionsSpecial initial conditions: current universe : current universe finite finite 
point in phase-spacepoint in phase-space

 Second answerSecond answer

 Because of Because of values of parametersvalues of parameters: current universe : current universe 
close to a close to a fixed pointfixed point
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Not so simple to realize !Not so simple to realize !

 Cosmology of typeCosmology of type

 WithoutWithout energy exchange energy exchange

 WithWith energy exchange energy exchange
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  Interacting (dynamical) dark energyInteracting (dynamical) dark energy
(Quintessence)(Quintessence)

 CC problemCC problem  OKOK ( (not vaccum energynot vaccum energy any more) any more)

 Why now problemWhy now problem →  → Interaction between DE & DMInteraction between DE & DM

 Usually assume source                        (Usually assume source                        (linearlinear))

 Model with                            (0911.3089, Model with                            (0911.3089, quadraticquadratic))

 Our ideaOur idea: : Lagrangian descriptionLagrangian description &  & comparison to datacomparison to data
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Our modelOur model

 Dark energyDark energy → Canonical scalar field      ( → Canonical scalar field      (QuintessenceQuintessence))

 Dark matterDark matter →  → FermionFermion  

 Self-interaction potentialSelf-interaction potential  

 InteractionInteraction → Lagrangian  → Lagrangian mass term for dark mattermass term for dark matter
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Equations of motionEquations of motion

 For dark matterFor dark matter

 For scalar fieldFor scalar field

 The source Q isThe source Q is
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Require Require 

 ForFor  

→ → 

 ForFor

→ → 
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Phase-space analysisPhase-space analysis

Define new dimensionless variablesDefine new dimensionless variables
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New dynamical equations INew dynamical equations I
(exponential)(exponential)
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New dynamical equations IINew dynamical equations II
(inverse power-law)(inverse power-law)
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Stable fixed point → acceleration Stable fixed point → acceleration 

 For For exponentialexponential case   case  

 For For inverse power-lawinverse power-law case case

and for and for all values of the parametersall values of the parameters
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Comparison with dataComparison with data

 SupernovaeSupernovae                                            

 CMBCMB                                                                    

 BAOBAO



G. Panotopoulos 22UniverseNet, Lecce 2010

  Global           analysisGlobal           analysis

 SupernovaeSupernovae

 CMBCMB

 BAOBAO
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Numerical Results INumerical Results I

    Exponential, SN alone                 Exponential, totalExponential, SN alone                 Exponential, total



G. Panotopoulos 24UniverseNet, Lecce 2010

Numerical Results IINumerical Results II

                                          

                                          Inverse power-law, totalInverse power-law, total
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ConclusionsConclusions

 Cosmic acceleration → Dark energyCosmic acceleration → Dark energy

 Interaction between DE & DM is possibleInteraction between DE & DM is possible

 Model with quadratic coupling from aModel with quadratic coupling from a

LagrangianLagrangian
 Phase-space analysis          attractor, accelerationPhase-space analysis          attractor, acceleration

      
 Comparison against data from SN,CMB,BAOComparison against data from SN,CMB,BAO

 Allowed parameter space is shown in figures Allowed parameter space is shown in figures 


