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Cosmological parameters. WMAP9

TABLE 2
Maxmvum LikeLiHoop ACDM PARAMETERS®

Parameter Symbol WMAP data Combined data®

Fit ACDM parameters
Physical baryon density Qph? 0.02256 0.02240
Physical cold dark matter density Q.h2 0.1142 0.1146
Dark energy density (w = —1) Qa 0.7185 0.7181
Curvature perturbations, ko = 0.002 Mpc~! IUQA.:;—\» 2.40 2.43
Scalar spectral index ns 0.9710 0.9646
Relonization optical depth T 0.0851 0.0800
Derived parameters
Age of the universe (Gyr) to 13.76 13.75
Hubble parameter, Hy = 100k km/s/Mpc Hy 69.7 69.7
Density fluctuations @ 8h~! Mpe o8 0.820 0.817
Baryon density /critical density 93 0.0464 0.0461
Cold dark matter density /critical density Q. 0.235 0.236
Redshift of matter-radiation equality 3273 3280
Redshift of reionization Zreior 10.36 9.97

2 The maximum-likelthood ACDM parameters for use in simulations. Mean parameter values,
with marginalized uncertainties, are reported in Table 4.

b “Combined data” refers to WMAP+eCMB+BAO+H,.

Hinshaw et al. 2012




Cosmological parameters. WMAP9

TABLE 9
NON-FLAT ACDM CONSTRAINTS®

Parameter WMAP +eCMB +eCMB+BAO +eCMB+ Hy +eCMB+BAO+H,

New parameter
q+0.044 . . N naa+0.0041 - . ~ nnas+0.0039
Qp —0.037 5 042 —0.001 £0.012 —-0.00497 0.5 0.0049 & 0.0047 —0.00277 5 5038

Related parameters
ot 1.03710-0%3 1.001 £0.012  1.0049150047  0.9951 + 0.0047 1.002710-00%2
m < 095 (95% CL) 0273+0.049  0.29240.010 0.252 £ 0.017 0.28551D-000%

270

Qm Z
< < 0.79 (95% CL) 0.727 = 0.038 0.713 £ 0.011 0.743 £ 0.015 0.717 £ 0.011

2
Ho (km/s/Mpc) 38 < Ho < 84 (95% CL) 71.246.5 68.0 + 1.0 73.4%22 68.9210-2%
148+15 13.71 + 0.65 13.99 4+ 0.17 13.46 £ 0.24 13.88 +0.16

)/

to (Gyr)
® A complete list of parameter values for this model may be found at http://lambda.gsfc.nasa.gov/.

Hinshaw et al. 2012




CMB global properties

Blackbody with T,=2.725+-0.001
T=T,(1+z) preserving blackbody
Energy density is u=40T4/c ~ (1+z)*

In critical units  (QYSITT NIRRT
This is the majority of

— the background density

— energy content of the universe in relativistic
particles (neutrinos add a litte)




Basic Thermodynamics Recap

* Dilute weakly intereacting quantum gas in
thermal equilibrium has the following number
and energy density




Basic Thermodynamics Recap

* Non relativistic case (KT<<mc?)




Basic Thermodynamics Recap

 Relativistic case (KT>>mc?2; kT>>)




CMB global properties

* The CMB has lots of photons

* Approximately a billion photons/baryon!

* |n terms of energy this is about 1Mev per
baryon (c.f. converting H->He gives about
4Mev) and the number grows with (1+z)




Basic thermal history
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Basic thermal history
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Recombination




Recombination

* Why does it happen at kT<<12eV?

— Qualitatively: a billion photon/baryon, it is
sufficient to be in the tail of the distribution to
keep H ionized [see Longair]

— Quantitatively, Saha’s equation [blackboard]




Optical depth for Thompson scattering

of the CMB by free electrons

dt
drp = opNe(z)dr = opNe(2)c—dz
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Optical depth for Thompson scattering
of the CMB by free electrons

* |n practice at z>>1000 the universe is opaque
to CMB photons, last scattering surface

 There is some optical depth from lower

redshift, after so-called cosmic reionization
[see previous slides table by Hinshaw et al]




Radiation dominated era — thermal
coupling of baryons and photons

* At first baryons and radiation are coupled

e After recombination they decouple and each
expands adiabatically

— Photons T~ 1/a
— Baryons T~ 1/a?

e Also recall that momentum scales as 1/a and therefore
to conserve maxwell boltzmann




Radiation dominated era — thermal
coupling of baryons and photons

e At first baryons and radiation are coupled

* Heat capacity of CMB is much higher so changes
in T electrons occur on timescales

T

— 74102745

~ AT /dt

* Shorter than age of the universe




After recombination

The fraction of free electrons is tiny ~1e-5

Energy exchange between H and photons is
suppressed by free electrons fraction

Decoupling happens at z~150




The end




