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Observations require an statistical approach:
Evolution of  (rms)  variance    ξ2 = < δ2>    instead ofinstead of      δδ

Or power spectrum P(k)= < δ2(k)> => ξ2 = ∫ dk P(k) k2  W(k) dk

Initial Gaussian distribution of density fluctuations:

  ξξp p (V) = < (V) = < δδPP>>  ==    0  0  for allfor all          p p ≠≠22
Perturbations due to gravity generate non-zero  ξξpp

−> ξ3  = S3 ξ2
2   with   S3(m)= 34/7 (time invariant)

IC problem: Linear Theory δ = a δ0

 ξ2 = < δ2> = D2 < δ0
2>  

Normalization σ8 2  ≡ < δ2(R=8)>   

To find D(z) -> Compare rms at two times or find evolution invariants
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Local spectral index P(k) ~ kn   (initial spectrum + transfer function)

  ξ2[r]= ∫ dk P(k) k2  W(k) dk ~ r-(n+3)

n ~ -2 => ξ2 [r] ~  r -1 (1D fractal ) equal power on all scales (Ωm~0.2)
n ~ -1 => ξ2 [r] ~  r -2 (2D fractal ) less power on large scales (Ωm~1.0)

 n ~ 1

 n ~ -1

CMB        Superclusters     Clusters       Galaxies

σ8

Ωm

SCDM

ΛCDM

 n ~ -2

 n ~ -1

 n ~ -2

Horizon @ Equality

Ωm~0.2 Ωm~1.0
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Observations require an statistical approach:
Evolution of  (rms)  variance    ξ2 = < δ2>    instead ofinstead of      δδ

Or power spectrum P(k)= < δ2(k)> => ξ2 = ∫ dk P(k) k2  W(k) dk

Initial Gaussian distribution of density fluctuations:

  ξξp p (V) = < (V) = < δδPP>>  ==    0  0  for allfor all          p p ≠≠22

Perturbations due to gravity generate non-Gaussian statistics  ξξpp

−> ξ3  = S3 ξ2
2   with   S3(m)= 34/7 (time & Cosmo invariant)

IC problem: Linear Theory δ = a δ0

 ξ2 = < δ2> = D2 < δ0
2>  

Normalization σ8 2  ≡ < δ2(R=8)>   

To find D(z) -> Compare rms at two times 
or find evolution invariants
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Predictions of Inflation

- Flat universe
- scale invariance IC:  n~1
 + CDM transfer funcion: P(k) = kn  T(k)
=> Gaussian IC
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Perturbation theory:
ρ = ρb ( 1 + δ)     =>  Δρ = (ρ - ρb ) = ρb δ

 ρb = Μ / V  =>  ΔΜ /M =  δ

 With :  δ’’ + H δ’ - 3/2 Ωm H2 δ = 0   in EdS linear theory: δ = a δ0

Gravitation  potential:

 Φ = - G M /R   => ΔΦ = G ΔM / R = GM/R  δ

in EdS linear theory: δ = a δ0 => ΔΦ = GM (δ/ R) = GM (δ0/ R0)  !!

Δφ   is time (and scale!) invariant
 even when density fluctuations grow!
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ΔT/T=(SW)= ΔΦ /c2

 ΔΦ  = GM (δ/ R) /c2

ΔT/T = Ωm /2  (Η0R/c)2 δ  ∼  Ωm/2  (R/3000Mpc)2 δ

<ΔT/T> rms ∼ 10−5 σσ8 8        for     (R~8 Mpc , <δ>∼1)

ΔT/T= G ρm 4/3 π (R/c)2 δ

PRIMARY CMB ANISOTROPIES
Sachs-Wolfe (ApJ, 1967)

ΔT/T(n) = [Φ (n) ]i
f

Temp. F. = diff in  N.Potential (SW)

Φi Φf



Hu, Sugiyama, Silk(Nature,1995)



BOOMERANG

MAXIMA-1
2x BBN!?







Dipole   l=1
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Non-Gaussian Conclusions
 EG, & J.Wagg  Phys.Rev.D68p021302 (2003)

• WMAP team (Komatsu astro-ph/0305467) measured
bispectrum and find: -58 < fNL < 134 (95%)

Where:      Φ = ΦL + fNL  ΦL 2  (curvature)

• We find Cosmic variance domination: Δd3 ~ 1
where d3 ~  w3/ w2

3/2  (dimensionless scaling)

•  Hierarchical scaling: q3 ~  w3/ w2
2  comes from:

ΔT = ΔTL + fNLT  ΔTL 2  with    fNLT = q3/2  (non-

linear effects, including lensing, ISW or point-source).

• q3 = 19 ± 141 @ 0.5-1 deg  collapse

•  q3 = 336 ± 218 @ 0.5-1 deg for non-collapsed

• SW: fNL ~  q3 /6   Acoustic: fNL ~  q3 /30
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Non-linear Evolution

- Spherical Collapse model
- Non-linear Perturbation Theory
- N-body simulations

Most of the volume of the universe is filled with
small fluctuations that slowly  evolve in the
linear regime (growth ~1000). Once these
fluctuations reach a critical point (δ ~ 1) they
start a very rapid non-linear evolution (~1030)
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 δ =  δL  + ν2  δL
2   + ...

 Weakly non-linear Perturbation Theory  (Spherical average)

  δ3  = δL
3  + 3 ν2  δL

4   + ...

 < δ3 > = < δL
3  > +  3 ν2  < δL

4  > + ...
 < δL

3  > = a3 <δ0
3>= 0

  < δL
4  > = < δL

 2 >2

Gaussian Initial conditions

 < δ3 > =   3 ν2  < δL
2  >2  + ...

   S 3 ≡ < δ3 > / < δ2  >2   =  3 ν2  =  34 / 7

 High order statistics -> vertices of non-linear growth!
gravity?
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 n ~ -2

 n ~ -1

 n ~ -2

 n ~ -1

Depends on local spectral index P(k) ~ kn   (not on Ωm)
  ξ2[r]= ∫ dk P(k) k2  W(k) dk ~ r-(n+3)

n ~ -2 => ξ2 [r] ~  r -1 (1D fractal ) equal power on all scales (Ωm~0.2)
n ~ -1 => ξ2 [r] ~  r -2 (2D fractal ) less power on large scales (Ωm~1.0)
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Where does Structure in the Universe come From?
How did galaxies/star/molecular  clouds form?

IC + Gravity+ Chemistry = Star/Galaxy  (tracer of mass?)

time

Initial
overdensed
seed background

Overdensed region

Collapsed region

 H2

dust

STARS

D.Hughes
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Hogg & Blanton
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Bias:   lets take a very simple model.

rare peaks in a Gaussian field (Kaiser 1984, BBKS)

Linear bias “b”:      δδ  (peak) = b  (peak) = b  δδ(mass)(mass)     with    b=      with    b= ν/σ   (ν/σ   (SC:  ν=δc/σ

−> −> ξξ2 2 (peak) =  b(peak) =  b22  ξξ2 2 (m)(m)

Threshold ν
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The Science Case for the
Dark Energy Survey
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The Dark Energy Survey

• We propose to make precision measurements
of Dark Energy

– Cluster counting, weak lensing, galaxy
clustering and supernovae

– Independent measurements
• by mapping the cosmological density field to

z=1
– Measuring 300 million galaxies
– Spread over 5000 sq-degrees

• using  new instrumentation of our own
design.

– 500 Megapixel camera
– 2.1 degree field of view corrector
– Install on the existing CTIO 4m


