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CMB spectrum

T=2.726±0.010 K



Density fluctuations in CMB
P(k) ∝ kn, n~1
P(k,z)=D(z)knT(k)
Fluctuation ⇒ CMB 
at z~1000
CMB multipoles
ΔT/T=∑lmalmYlm
or if symmetric
<(ΔT/T)2>
=∑lCl(2l+1)/4π



Paradigms in cosmology

1. Hot Big Bang and subsequent 
Friedman expansion

2. Cold dark matter dominates the 
universe today 

3. Inflation in some early period

1 has many evidences.
2,3 are rather hypothetical.



Hubble constant

HST Key Project (Cepheids < 20Mpc)
H0=(70-75)±10 km/s/Mpc
Max. brightness of SNe Ia is not standard
H0=64±3 km/s/Mpc
Surface brightness fluctuation
H0=77±7, 74±4, 71±7, 74±7 km/s/Mpc
M.F.’s summary: 
H0=(71± 7)×(1.15-0.95) km/s/Mpc



Cosmic age

Turn off point in the HR diagram of 
globular clusters
Uncertainty comes from LMC 
distance
(longer LMC distance ⇒ shorter age)
Min. 12±1 Gyr – Max. 18±2 Gyr



Ω and λ
H0-t0 matching: t0=f(Ω,λ)/H0 ⇒ Ω<0.8-0.9
M/L ration of galaxies ⇒ Ω=0.2-0.5
Peculiar velocity – overdensity relation ⇒ Ω=0.2-
0.5
SN Ia Hubble diagram⇒ Ω=0.8 λ -0.4±0.4
Gravitational lensing frequency⇒ λ <0.8
Shape parameter of the transfer function ⇒
Ω∼0.35
Matching of the cluster abandance ⇒ Ω<0.5
Multipoles of CMB temperature ⇒ Ω+ λ∼1
Evolution of cluster abandance ⇒ Ω=0.2-0.45 
and ∼1
M.F.’s conclusion: Ω=0.2-0.5 and finite λ



New CMB experiments -1

Beam size 10’
(smaller than COBE)

BOOMERanG
(Antarctia)
MAXIMA
(northern sky)



New CMB experiments -2



New CMB experiments -3

CMB data + 
Large scale 
structure
Ω=0.4±0.2
H0=75±15
λ=1- Ω+(+0.2,-0.1)

On-going 
experiments
DASI, CBI, MAP…



Matter content: baryons

Nucleosynthesis (D, 4He, 7Li)
⇒ Ωbh2=0.00367((nb/nγ)/10-10)

Olive et al.: 0.04-0.010 and 0.015-0.023
Tytler: 0.019-0.021

Relative height of even and odd peaks in CMB 
multipole
⇒ Ωbh2>0.019
Stars
⇒ Ωstar=0.004±0.002

at h=0.7



Matter content: dark matter
WIMPs:
Neutralino (tan β>3, 
Mχ>50GeV)
Massive neutrino:
CMB-cluster abandance
matching ⇒ ∑mν<4eV
(solar ν+direct meas.
0.05< ∑mν <8.4eV)

SIMPs:
N-body sim w/CDM 
predict singular core of 
halo



Matter content: MACHO

Massive Astrophysical Compact Halo 
Objects as CDM
Aborted stars or stellar remnants
Observable through magnitute
amplification by gravitational lensing
Observation by MACHO, EROS, MOA
⇒ Events corresponding to 0.1-1Msun
⇒ 0.2 or <0.4 of halo matter



Theory of λ and inflation

Cosmological constant
• Time varying λ
• Exact symmetry
• Anthropic principle
Inflation
• Φα potential
• V0(1-(ϕ/μ)p) type potential
• Hybrid (two fields)



Conclusion
H0=62-83 
km/s/Mpc
Ω=0.25-0.48
λ=0.75-0.52
Poorly 
understood:
• vacuum energy
• CDM
• scaler fields  
(inflation)
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