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 butbut
      dark matter?dark matter?
      darkdark  energy?energy?
 andand
      veryvery  early times?early times?

need quantum gravity + unified theoryneed quantum gravity + unified theory

general relativity + particle physics:general relativity + particle physics:
expanding 4D universe modelexpanding 4D universe model



 removes the infinities of QFTremoves the infinities of QFT

 and includes the gravitonand includes the graviton

 but  the price is but  the price is ––    9 space dimensions9 space dimensions
          Why donWhy don’’t we see the extra-dimensions?t we see the extra-dimensions?

String theoryString theory



 Kaluza-KleinKaluza-Klein
 Internal extra dimension is too small to be seenInternal extra dimension is too small to be seen

 BraneworldBraneworld
 Matter fieldsMatter fields are restricted are restricted
   to lower dimensional brane   to lower dimensional brane

 External bulk felt onlyExternal bulk felt only
     through     through  gravitygravity
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Extra-dimension changes law of gravityExtra-dimension changes law of gravity
   Current constraints on deviations from   Current constraints on deviations from
   Newton   Newton’’s laws law

4D gravity4D gravity
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How to recover 4D gravity?How to recover 4D gravity?
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Brane world model 1Brane world model 1
--Localization of gravity-Localization of gravity-



 Warped geometryWarped geometry
 Extra-dimension shrinksExtra-dimension shrinks
   toward infinity   toward infinity

 curvature scalecurvature scale

4D GR is recovered4D GR is recovered
on large scaleson large scales
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Cosmic expansion = movement of the braneCosmic expansion = movement of the brane
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 Brane is moving in static coordinateBrane is moving in static coordinate
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Deviations from 4D GR in the early universeDeviations from 4D GR in the early universe
      Two high energy effectsTwo high energy effects
 Modified Friedmann equationModified Friedmann equation

        forfor

 Gravity leakageGravity leakage
    gravity becomes 5D    gravity becomes 5D
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 4D theory4D theory
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 BraneworldBraneworld
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 Tensor perturbationsTensor perturbations
     evolution of a mode that enters horizon at     evolution of a mode that enters horizon at
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Resulting spectrumResulting spectrum

  radiation dominated universe radiation dominated universe
      effect from modified Friedmann equation iseffect from modified Friedmann equation is
    exactly canceled by effect from gravity leakage    exactly canceled by effect from gravity leakage

 Spectrum depends on wSpectrum depends on w

   cf.   cf.
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 Metric perturbations on large scalesMetric perturbations on large scales
At high energies, GR solution                      is largely modifiedAt high energies, GR solution                      is largely modified

However,However,  at late times,at late times,
GR solution is recoveredGR solution is recovered

No modification toNo modification to
CMB from the evolutionCMB from the evolution
after inflationafter inflation
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Scalar perturbationsScalar perturbations



Primordial fluctuationsPrimordial fluctuations

 Modified Modified FriedmannFriedmann equation equation

   slow-roll becomes easy   slow-roll becomes easy

    closer to scale invariantcloser to scale invariant
  tensor-scalar ratio is suppressed  tensor-scalar ratio is suppressed
  (for a given potential)  (for a given potential)

2

2 2 3

52 6

5

,
3 36

pl

pl

H M M
M M

! !
= + = !

!



 Gravity leakageGravity leakage
  inflaton perturbations are strongly coupled to the  inflaton perturbations are strongly coupled to the
  5D perturbations  5D perturbations

  the classical behaviour is affected dramatically  the classical behaviour is affected dramatically

  However, particle production is suppressed  However, particle production is suppressed
  by slow-roll parameter  by slow-roll parameter
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Brane world model 2Brane world model 2
--induced gravity-induced gravity-



DGP modelDGP model

 Crossover scaleCrossover scale

                  4D Newtonian gravity                  4D Newtonian gravity
                  5D Newtonian gravity                  5D Newtonian gravityc
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Cosmology of DGPCosmology of DGP

 Friedmann equationFriedmann equation

    early times                  4D     early times                  4D FriedmannFriedmann

    late times    late times

   As simple as LCDM model   As simple as LCDM model
   and as fine-tuned  as LCDM   and as fine-tuned  as LCDM
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   4D de Sitter =hyperboloid in 5D Minkowski
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 Linear metric perturbations under horizon scalesLinear metric perturbations under horizon scales

 Scalar tensor theory with  Scalar tensor theory with BransBrans-Dick parameter-Dick parameter

Gravity on small scalesGravity on small scales
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Consistent with local experiments?Consistent with local experiments?

 Small scales gravity is not described by GRSmall scales gravity is not described by GR
                 :4D Newtonian but not 4D GR!                 :4D Newtonian but not 4D GR!
            (Scalar-Tensor theory                  )(Scalar-Tensor theory                  )

 Non-linear shieldingNon-linear shielding
        theory becomes GR attheory becomes GR at

     solar-system     solar-system
     constraints can be evaded  if     constraints can be evaded  if
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Cosmology as a probe of DGPCosmology as a probe of DGP
gravitygravity
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Caveat  - a ghostCaveat  - a ghost

 Negative BD parameterNegative BD parameter

In Einstein frame, kinetic term for the scalarIn Einstein frame, kinetic term for the scalar
if           the scalar becomes a ghostif           the scalar becomes a ghost

 Fatality of the DGP model?Fatality of the DGP model?
    Validity of the linearized analysis?    Validity of the linearized analysis?
    Fate of the ghost instability?    Fate of the ghost instability?
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(Luty, Porrati, Rattazzi; Nicolis, Rattazzi)



ConclusionConclusion
   5D models  - RS model and DGP model5D models  - RS model and DGP model

   A new picture of our universe  A new picture of our universe
     4D Expanding universe = moving 4D brane    4D Expanding universe = moving 4D brane
     The way how 4D brane is embedded in high-dim bulk    The way how 4D brane is embedded in high-dim bulk
       affects intrinsic curvature inside 4D brane       affects intrinsic curvature inside 4D brane

                                  alternative to dark energyalternative to dark energy

   Inherently higher dimensional effects  Inherently higher dimensional effects
 Gravity leakageGravity leakage

           now well understood for cosmological perturbations           now well understood for cosmological perturbations
           non-linear dynamics is still less known           non-linear dynamics is still less known
             (BH solutions, non-linear dynamics in DGP)             (BH solutions, non-linear dynamics in DGP)



 Beyond 5D toy modelsBeyond 5D toy models
  6D models -regularizations 6D models -regularizations

  String theory String theory

Compact Non-compact + induced  intersecting  


