Cosmic Microwave Background Radiation

After end of ete™ creation-annihilation leave the lepton era;
since neutrinos decouple about the same time (also nucleosynthesis),

enter photon era.

Photon gas in thermal equilibrium from XX — v+ and remains so

from free-free and bremsstrahlung: ey — ey.

Processes freeze out at 2 ~ 10° (¢ ~ 1500 y), leaving only equilibrium
scattering (no energy change), so spectrum fixed by thermalization epoch

= cosmic photosphere (analogy to star).

Spectrum

Thermal equilibrium = Planck or blackbody spectrum




characterized by temperature 7', with energy density p, number density n,
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With expansion v ~ a~!, T ~ a~! so spectrum remains blackbody.

Peaks today in microwave region.
Spectral distortion

Arise if out of equilibrium energy inputs (e.g. decaying particles, ex-
plosions). At z > 4000 energy shared by many photons so photon number

~conserved — like chemical potential:
Bose — Einstein distortion: u=14AE/E < 9x107°.

At z < 4000 no time to Compton cool (ey — e7) so get

Comptonization: AE/E =e% — 1~ 4y

y = /th = JT/dtne(Te/me) <1.5x107°

FIGURE of Planck and distortions
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FIGURE of FIRAS spectrum
Last Scattering Surface

After decoupling (I'ey < H) photons free stream since last interac-

tions (electron scattering) done.

Not instantaneous though. Optical depth from scattering

to
7':/ neo dt.
t
.

Since Poisson process then probability for scatter is 1 —e™".

Visibility function gives probability of scattering between z, z + dz

d ., _,dar
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defining the last scattering surface. Well fit by Gaussian with mean z;55 =

1055 and thickness Az = 150.

FIGURE 7.1 showing X, tau, p vs. z
Summary of Recombination Epochs

e Equality: energy density of matter and radiation equal; transition

from radiation to matter dominated expansion behavior
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e Recombination: (hydrogen) atoms form as ionization-recombination

reactions fall out of equilibrium; free electron abundance freezes out

e Decoupling: electron-photon (Thomson) scattering reactions freeze

out; matter and radiation lose contact

e Last Scattering: photons free stream

Recombination Epoch Parameters

Zeqg = 23900 Q,, h? teq = 1500(2,, %) ~3/2y Teq =10eV =10 K
Zree = 1300 tree =2 % 10°y Trec = 0.3V = 3600 K
Zdee = 1100 tgee = 3 X 10%y Taec = 0.25eV = 3000 K

21ss = 1055 =75

Reionization

If electrons reheat after decoupling epoch (z ~ 1100) then get Compton

distortion — probe of galaxy/star formation energetics.
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Optical depth from scattering

to z
T(z) = O'T/ dtn. = O'T/ dz (dt/dz)ny(ne/n.)
t(z) 0

:JTHo_lnn%o/dz(l—{—z)(l—I—Qz)_1/2
14\
h~ Q=1
~ < 121 ) (=1

So universe unlikely to have significant optical depth after decoupling.

(Local version called Sunyaev-Zel’dovich effect).

Cosmological Origin of Blackbody Radiation

e 5 times the energy density of galactic light
e Would require 109n,,; in discrete sources to match isotropy

e Direct detection at z > 0.54 from SZ effect; indirect out to z = 1.97 by

atomic excitation

e Predicted by Big Bang; consistent with nucleosynthesis

Temperature, Expansion, and Velocity

Expansion gives scaling

T(z) = Tp (1 + 2)



Observed to 13% at z < 1.97 (upper limits at z < 4.38) from radiative

excitations of CI, CII, CO.

Velocity gives Doppler shift

T =Ty (1+ vcosbh) dipole anisotropy

Motion with respect to isotropic CMB frame. Detected
AT/T =1.23 x 1073 AT = 3.356 mK

vg = 369 km g1 Vgal = 550 km s~ 1

This motion gives probe of mass distribution. Dipole offset of CMB from

local peculiar velocity field depends on Q2:°.



