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•  curvature perturbations for λ>RH 
•  time-independent (no entropy perturbations) 
•  nearly gaussian and scale-invariant 

inflation RD (radiation domination) MD (matter domination) dark energy domination 

gravity / photon pressure  
 

acoustic oscillations of γ , b 
inside horizon 

gravity only  
 

gravitational clustering of b, CDM 
inside horizon 
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single field  

slow-roll inflation : 

AS 

k 
amplitude ↔ V3/2/V’ 

tilt (1-nS) ↔ (V’/V)2 , V’’/V 
+ next-order corrections  

  (running of the tilt, …) 

AT 

k 
amplitude ↔ V1/2 

tilt nT  ↔ (V’/V)2 
+ next-order corrections   

   (running of the tilt, …) 

φ


V 

φ*




0 

0.2 

0.4 

0.6 

0.8 

r 

 1 0.9 
n 

Tensor-to-scalar ratio: 
energy scale of inflation,  

mPV’/V ~ mP/φ
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Small field models :  
φ«mP 
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monomial 

Loop correction 

monomial potentials V=(...) φα


Hybrid inflation 

new inflation 
V=V0 [1- (…) φα +...] 

n 



0 

0.2 

0.4 

0.6 

0.8 

r 

 1 0.9 

monomial 

Loop correction 

monomial potentials V=(...) φα


Hybrid inflation 

new inflation 
V=V0 [1- (…) φα +...] 

n 

WMAP+SN+BAO  
(no running) 

WMAP  
(no running) 



Observable window of inflaton potential allowed by WMAP+SDSS 

rescaled to common φ*                 rescaled to common extremities 



Attempts to fit inflation within: 
  most sophisticated HEP framework: SUSY, string theory, large 

extra-D         Lyth et al., Quevedo et al., Linde et al., …  

 Latest trends: brane dynamics along throat of Calabbi-Yau, inflation in 

landscape… 

  minimal HEP framework: MSSM with non-minimal coupling of 

Higgs with gravity          Shaposhnikov & Bezrukov 08, 09 

… any model fitting observation  

is degenerate with many others … 



  Tensor amplitude/tilt (CMB, direct detection?) 
  Energy scale, self-consistency, blue tilt? 

  Primordial non-gaussianity (CMB)          
  Predictions of 2nd order perturbation, non-perturbative approaches, … 

  Non-trivial issues with detection 

  entropy perturbations (CMB+LSS) 
  features in the primordial spectrum (CMB+LSS) 
  contribution of topological defects (CMB) 





  CMB, LSS, SN, BAO point to Ωdmh2~0.1 

  Compatible with standard CDM (dust: negligible <v>, no 

electromagnetic interactions, no entropy perturbations) 

  CDM structure formation in N-body can be accomodated 

with astrophysical data 

  If DM=CDM, cosmology can say nothing more… 

    (apart from observation of caustics due to single-flow in 

phase space ?                                                                                     ) 



•  Non-cold : sizeable velocity dispersion: 
•  affects stucture formation on scales ≤  (<p>/m) RH 
•  Visible in (CMB), LSS, non-linear structures 

•  Non-dark : tiny electromagnetic coupling 

•  Non-adiabatic : fraction of entropy perturbations 
•  Non-thermal, multiple dof’s in early universe 

•  Non-matter : just modified gravity 



•  Non-cold : sizeable velocity dispersion: 
•  affects stucture formation on scales ≤  (<p>/m) RH       active neutrinos 
•  Visible in (CMB), LSS, non-linear structures          WDM candidates 

•  Non-dark : tiny electromagnetic coupling 

•  Non-adiabatic : fraction of entropy perturbations   PQ axion 
•  Non-thermal, multiple dof’s in early universe            Hamann et al. 09 

•  Non-matter : just modified gravity                             MOND 



linear growth factor set by density of total matter/clustering matter 

P(k,a)/a2 

= 
(1+z)2 P(k,z) 

sCDM               (δρ/ρ)m increases like a 

sCDM (no DE, no mν) 



P(k,a)/a2 

= 
(1+z)2 P(k,z) 

DE+CDM             scale-independent linear growth factor 

sCDM (no DE, no mν) 

DE+CDM (no mν) 

linear growth factor set by density of total matter/clustering matter 



P(k,a)/a2 

= 
(1+z)2 P(k,z) 

DE+CDM+mν             scale-dependent linear growth factor 

sCDM (no DE, no mν) 

DE+CDM+HDM 

linear growth factor set by density of total matter/clustering matter 
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LSST 

SNAP Planck+DUNE 
Kitching et al 08 

Perotto et al. 06 
Lesgourgues et al. 05 

Song & Knox 2003 

Pritchard & Pierpaoli  
2008 

21cm 

 Komatsu et al. 08 
CMB + SNIa / BAO 

to total neutrino mass 





2)  mixed CDM+WDM   (same particle? gravitino, axino: thermal + LSP, 

                                       resonantly produced sterile neutrino) 

λfs max 

Shi & Fuller 99, Laine & Shaposhnikov 08 

Covi et al., Rozkowski et al. 



3)  mixed WDM+HDM  (non-resonantly produced keV sterile 

                                      neutrino + ordinary neutrinos) 



4)    mixed CDM+WDM+HDM     (resonantly produced keV sterile 
                                                 neutrino + ordinary neutrinos) 





  Modified gravity, e.g. massive gravity:                             Dvali et al., …  

                                 (still far from phenomenology)       see however Blas et al. 09 

  Dark energy:  

  scalar field (fine-tuned) 

  scalar field coupled with dark matter/neutrinos (fifth force -> nuggets)   Mota et al. 

  exotic fluids/species: Chaplygin gas, network of defects… (perturbations wrong)  

  beyond FLRW: 

  Tolman-Bondi, local voids, swiss cheese (distorsions of CMB)               Valkenburg 09 

  backreaction of non-linear stuctures (no GR simulations of structure formation) 

                                                                                                             Buchert; Rasanen 



  Linear growth factor depends  on 

    background evolution + DE perturbations 

        background: w(t)=p/ρ


        perturbations: cs
2(t,x)=δp/δρ   (+ maybe shear)  

    different from each other (e.g. for scalar field) 

  Observable with weak lensing tomography, Lyman-alpha, cluster 

mass function… 







  Challenge for astrophysicists: higher resolution (race for large-k, 

low-z), more realistic implementation of baryons/gas 

  Cosmologists whish to implement: free-streaming dark matter 

matter (neutrinos, WDM), other exotic types of DM, perturbed DE, 

etc. 

  Brute force (CPU time and algorithmic)                

                                                                   Zürich, Durham, Munchen… 

  New ideas: e.g.: mixed simulations with CDM particles + smooth 

neutrino grid evolved with linear theory             Brandbyge et al. 09 



  Inspired from QFT: Feynman diagrams, renormalization group 

equations… 

                                  Scoccimarro et al., Pietroni et al., Shoji & Komatsu 09 

  Equations heavy, computational time very small w.r.t. N-body…  

  Possible implementation of neutrinos and others 

                                                              Wong 08, JL et al. 09 

  Work only in limited range of (k,z) 

                                                               Carlson et al. 09 




