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Structure of the Lectures (at least in theory)

Lecture I:
Overview and motivation
Simple blackbody radiation warm-ups

Formulation of the thermalization problem
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Figure 3.8: Comparison of the Comptonization and Compton cooling time-scale with the Hubble expansion time-scale.



Formulation of the thermalization problem
(double Compton process)



Enhancement of DC emission by motion of electrons
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Figure 3.11: Enhancement of the DC emissivity due to thermal motions of the electrons. The approximation Eq. (3.49)
works extremely well even to high temperatures. The figure is taken from Chluba et al. [10].
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Suppression of DC emission with photon energy
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Figure 3.12: Suppression of the DC emissivity for larger incoming photon energy wg = hvy/me

Eq. (3.50) works extremely well even to large energies. The figure is taken from Chluba et al. [10].
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Figure 3.13: Double Compton Gaunt factor for Planckian photons at a temperature 6, and electrons at temperature
6. = p 6,. Approximation Eq. (3.51) represents the full numerical result extremely well, especially for 6, ~ 6.. The figure

18 taken from Chluba [4].
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Figure 3.14: Gould factor for different incoming photon energies but 6, = 0. For larger wy = 22, recoil corrections

mec2 b

become important and the high frequency photon transfers energy to the electrons. The cusp is roughly at w =~ 1/(1+2wy).
The figure 1s taken from Chluba [4].
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Figure 3.15: Gould factor for different different temperatures and wy = 0.05. For increasing 6, electrons transfer some
energy to the high frequency photon due to Doppler boosts, leading to scattering correction to the Compton process. The
figure is taken from Chluba [4].
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Figure 3.16: Effective double Compton correction factor Hy.(x). We compare the result from a full integration of a
blackbody spectrum with the approximation given by Eq. (3.53). For comparison, we also show the approximation
Hy.(x) = e™*/? given by Burigana et al. [1]. Close to the maximum of the CMB blackbody spectrum the differences are
~ 20% — 40% and at high frequencies the expression of Burigana et al. [1] overestimates the DC emission significantly.
The figure 1s taken from Chluba & Sunyaev [11].
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Structure of the Lectures (at least in theory)

Lecture I:
Overview and motivation
Simple blackbody radiation warm-ups

Formulation of the thermalization problem

Lecture II:
Analytic description of the distortions
Distortion visibility function

Fast computation of the distortions



Analytic solutions and definition of u and y
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Intensity in units of 1,(T)
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Figure 4.2: Bose-FEinstein spectrum for large chemical potential u = 0.5 and T; = Ty = 2.726 K. Only energy was added to
the photon field, but the number of photons was not changed with respect to the initial CMB spectrum. For large chemical
potential, the cross over frequency shifts towards higher frequencies according to v, = 124 GHz (1 — 0.304 ulnu) =
158 GHz. The figure was taken from Chluba [10].
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y - distortion u—y transition u - distortion
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y units

AN in arbitra
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Figure 4.4: Time-evolution of AN, = v?*An for different values of the y-parameter but neglecting stimulated scattering.
The left panel shows the case, for an initially narrow line which was injected at x. o = 1072, while the right panel shows
the solution for injection at x.o = 107!. In both figures, we present the results as obtained by numerically solving the

Kompaneets equation. In addition, we give the analytic solution according to Zeldovich & Sunyaev [59], Eq. (4.18). The

figure is taken from Chluba & Sunyaev [15].
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Figure 4.5: Time-evolution of AN, = v?*An for different values of the y-parameter including the effect of stimulated
scattering in the blackbody ambient radiation field. The left panel shows the case, for an initially narrow line which was
injected at frequency x.o = 1072, while the right panel shows the solution for injection at x. = 10~!. In both figures we
show the results as obtained by numerically solving Kompaneets equation with 7', = T.. In addition, we give the analytic
solutions of the linearized problem, Eq. (4.25), according to Eq. (4.26). The figure is taken from Chluba & Sunyaev [135].



matter-radiation equality — u-y transition
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Figure 4.6: Dependence of the y-parameters, y, and y., on redshift. After recombination the y-parameters drop strongly
since the number of free electrons decreases exponentially. At late times, electrons drop out of equilibrium with the
photons so that y. < y,. Around zx = 5 X 10*, we have y, =~ yy = 0.1. The line-broadening, Av/v = 24/y, In2, is also
illustrated. After recombination it becomes much smaller than Av/v ~ 1073,
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Figure 4.7: Absorption optical depth for BR at different redshifts and frequencies x. Atlow frequencies, the rough scaling
is ¢ = x72. For x ~ 107*, the Universe becomes transparent (tq =~ 1) around recombination. For x ~ 1073 this transition
happens around z ~ 1700 and for x =~ 0.01 itis z =~ 10°.
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Figure 4.8: Critical frequency, x. as a function of z. Photon transport is inefficient below z
distortion visibility function quickly approaches unity. DC temperature corrections become noticeable at z > 10°. The
approximations are from Eq. (4.38) and (4.39). The figure is taken from Chluba [10].
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Figure 4.9: Distortion visibility function. We compare Jpc(zn), SBr(zn) and the numerical result obtained with Cos-
moTHERM. DC emission significantly change the thermalization efficiency. Deviations from the numerical result can be
captured by adding several effects, as discussed in Sect. 4.6.



Improved picture for the formation of distortions
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