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Main Goals of my Lectures

Convince you that future CMB distortions science will
be extremely exciting!

Explain in detail how distortions evolve and thermalize

Definition of different types of distortions

Computations of spectral distortions (you should be able
to do this yourself afterwards!)

Provide an overview for different sources of primordial
distortions

Show you why the CMB spectrum provides a
complementary probe of inflation and particle physics



Structure of the Lectures (at least in theory)

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

Formulation of the thermalization problem



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



Structure of the Lectures (cont.)

Lecture lll:
Overview of different sources of distortions
Dissipation of acoustic modes

Decaying particles



Structure of the Lectures (cont.)

Lecture lll:
Overview of different sources of distortions
Dissipation of acoustic modes

Decaying particles

Lecture |V:

Recombination physics and why it is important

The cosmological recombination radiation

Sunyaev-Zeldovich effect and what the signals could tell us



References for the Theory of Spectral Distortions

Original works

- Zeldovich & Sunyaev, 1969, Ap&SS, 4, 301
- Sunyaev & Zeldovich, 1970, Ap&SS, 7, 20
- lllarionov & Sunyaeyv, 1975, Sov. Astr., 18, 413
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Overview and Motivation






Some of the Big Questions of Cosmology

What is the Universe made of?

What are the initial conditions?

Where do all the structures come from?
Why do things look the way they do?
Dark energy & dark matter?
Gravitational Waves?

Physics beyond the standard model?



Cosmic Microwave Background Anisotropies
helped us to answer these questions!

Planck all sky map « CMB has a blackbody spectrum in every direction

« tiny variations of the CMB temperature AT/T ~ 10-°




CMB Sky - Cosmology
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Other cosmological Dataset:

small-scale CMB, Supernovae, large-scale structure/
BAO, Lyman-o forest, lensing, ...



Dependence of the Power Spectrum on the Main
Cosmological Parameters

wml (a) Curvature

Hu & Dodelson, 2002, ARAA

~ (b) Dark Energy

Total density (curvature)
— positions of peaks

dark energy
— ISW at large scales

Baryon density
— damping tail / ratio of
peaks

dark matter

— gravitational driving /
enhancement of third
peak over second

spectral index ns
— tilt of the overall power
spectrum

Thomson optical depth 7

— large scale E-mode
polarization
— damping tail



Cosmic Microwave Background Anisotropies
helped us to answer these questions!

Planck all sky map « CMB has a blackbody spectrum in every direction

« tiny variations of the CMB temperature AT/T ~ 10-°




Cosmic Microwave Background Anisotropies
helped us to answer these questions!

Multipole moment, /
500 1000 1500

Huge compression of
information to a few
hundred numbers!

Planck Collaboration, 2013, paper XV
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Planck all sky map « CMB has a blackbody spectrum in every direction

« tiny variations of the CMB temperature AT/T ~ 10-°




CMB anisotropies clearly taught us a lot about

Precision cosmology

SUMMARY OF THE COSMOLOGICAL PARAMETERS OF ACDM MODEL

the Universe we live In!

WMAP 7yr 3
ACBAR 1
QuabD ¢

WMAP at L2

£

100 500 1000 1500 2000

Multipole Moment (/)
Pie-chart of the Universe

TABLE 1 Tiny error bars!

WMAP+BAO+Hy Mean

Class Parameter WMAP 7-year ML*
Primary 10082 h% 2.270
Q. h? 0.1107
S.’,\ 0.738
ns 0.969
7 0.086
_\j;\. (ko )" 2.8 % 10
Derived s 0.503
Ho 71.4 km/s/Mpc
L 0.0445
2. 0.217
0.1334
Zrebo 10.3
to® 13.71 Gyr

O

WMAP+BAO+Ho ML, WMAP 7-year Mean®

2.246
0.1120
0.728
0.961
0.087
245 x 10°°
0.807
70.2 km/s/Mpc
0.0455

0.227

oy |

0.1344

10.5
13.78 Gyr

(2.43 £ 0.11) x 10

+0.057

2.258 0.0546
0.1109 £ 0.0056
0.734 £0.029
0.963 = 0.014
0.088 = 0.015

0801 =0.030

71.0 £ 2.5 km/s/Mpc

0.0449 = 0.0028
0.222 £ 0.026
¢ + 0. 0056
0.13347 " oone
10.5+1.2
13.75 + 0.13 Gyr

*Larson et al. (2010). “ML" refers to the Maximum Likelihood parameters.

bLa

confidence levels (CL).

“FAR(k) = k* Pr(k)/(2x2) and ko = 0.002 Mpc™!.
4%“Redshift of reionization,” if the universe was reionized instantancously from the neutral state to the fully ionized state at

Zrelon- Note that these values are somewhat different from those in Table 1 of Komatsu et al. (2009b), largely because of the
changes in the treatment of reionization history in the Boltzmann code CAMB (Lewis 2008).

“The present-day age of the universe.

2.260 = 0,053

0.1123 £ 0.0035

n 7o +0.015
O.7zs 0.016

0,963 + 0,012
0.087 = 0.014

(2.441%5055) x 109

0.509 £ 0.024
70.4° : :' km/s/Mpc
0.0456 £ 0.0016
0.227 £ 0.014
0.1349 £ 0.0036
104 £1.2

13.75 £ 0.11 Gyr

rson ct al. (2010). “Mean” refers to the mean of the posterior distribution of each parameter, The quoted errors show

74% Dark Energy

o Atoms

e.g. Komatsu et al., 2011, ApJ, arXiv:1001.4538
Dunkley et al., 2011, ApJ, arXiv:1009.0866



CMB anisotropies clearly taught us a lot about
the Universe we live in!

Calabrese et al. 2013

combined TT power spectrum

100 500 1000 2000 3000

- . _ TABLE I. Standard ACDM parameters from the combination
w3 of WMAP9, ACT and SPT.

::l::: - Parameter WMAP9 WMAPY WMAPY
woukeal # +ACT +SPT +ACT+SPT
] ' 10091 29260 = 0.041 2231 £0.034 2.245 + 0.032
10092, h* 11.46 + 0.43 11.16 +0.36 11.23 + 0.36
o _ N £ ‘ - | 1008 4 1.0396 + 0.0019 1.0422 4+ 0.0010 1.0420 + 0.0010
0.0210  0.0225 0.0240 0.100 A1 A3 1.035 1.040 1.045 T 0.000 +£0.014  0.082+0.013  0.085+0.013
Qh/,-’ _ 1006, n, 0.973 £0.011 0.9650 £ 0.0093 0.9678 £+ 0.0088
10°A% 2.22 +0.10 2.15 %+ 0.10 2.17 +£0.10
1% 0.716 £0.024 0.737£0.019 0.734 = 0.019
os 0.830 £ 0.021 0.808 £0.018 0.814 +0.017
to 13.752 £ 0.096 13.686 + 0.065 13.682 + 0.063
Ho 69.7 = 2.0 7T1.5+ 1.7 71.2+1.6
1000, / Dv o 57 7.50 =017 7.65 =0.14 7.65+0.14
1000, /Dvoas  11.29 4 0.31 11.56 4+ 0.26 11.55 4+ 0.26

0.05 0.10 015 094 007 100 31 3 best fit x* 7596.0 7617.1 7660.0

. T 0 . log|( I()“)Aﬁ )
Amazing consistency between different experiments! =




Standard parameters

Foregrounds and secondaries

Derived parameters

Parameter
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Q. ..
1 OO
e
In(10"°A,)

Ps
"‘iuc

Hy .
Age/Gyr
100,

Farag

Planck Collaboration, 2013, paper XV

Precision Cosmology with Planck

Planck+WP
Best fit 68% limits
0.022032 0.02205 = 0.00028
0.12038  0.1199 £ 0.0027
1L.O4119 1.04131 £ 0.00063
0.0925 0.089°3 013
09619 09603 £ 0.0073

Jomd

3.0980 3.089° 0%

152 171 £ 60

-

633 54 =10
7+ 2
107 %
< 10.7
27.2 20*%
6.80
0916 > 0.850

0.406 042022

+0.13

0.601 0.53%; 53
0.03
09

OIS

0.6817 0.6857 01

0.8347 0.829 « 0.012
1.1+ 1.1
673412
13.817 £ 0.048
104147 = 0.00062

14749 £ 059

Yanck+W P+highL

Best fit 68% limits
0.022069 0.02207 + 0.00027
0.12025  0.1198 4+ 0.0026
1.04130 1.04132 4+ 0.00063

0.0927 0.091*5513
09582 0.9585 4+ 0.0070

3.0959 3.090 £ 0.025
212+ 50
738

59+ 10

-

3.24 £ 0.83

49650

19

2.54¢
0.825 0.823*2°%0
1.0000 > 0.930
0.674 0.638 + 0.081

0.000 < 0409

0.89 53472

0.6830 0.6850 01

08322  0.828 +0.012
.1+l
673212

138170 13813 £ 0.047

104146 104148 + 0.00062

147.35 147.47 £ 059

Planck+lensing+WP+highL

Best fit 68% limits
0022199 0.02218 + 0.00026
011847  0.1186 £ 0.0022
14146 1.04144 + 0.00061
0.0943 0.090°3 011
09624 09614 + 0.0063
3.0047 3.087 £ 0.024
204 213+ 50
722 72+8
60.2 58+ 10
3.25 324 £+ 0.83
523 500+49
4.64 25113
0814 0825+ 0071
1.0000 > 0.928
0.656 0.643 + 0.080
0.000 < 0.389

1.14

0.6939 0.693 + 0.013
0.8271 0.8233 + 0.0097
1142 Jd+ L1
67.94 794+ 1.0
137914 3.794 « 0.044
LO4161 104159 £+ 0.00060

147 .68 147.67 + 0.50

Planck+WP+highL+BAO
Best fit 68% limits
0.022161 0.02214 = 0.00024
011889 0.1187 <« 0.0017
104148 1.04147 £ 0.00056
0.0952 0092 £0.013
09611 0.9608 + 0.0054

3.097: 3.001 =0.025

204

0.824 0.823 £ 0.070
1.0000 > 0930
0.667 0.639 = 0.081
0.000 <0410

1.58 5.34°2%

0.6914 0.692 £ 0.010
0.8288 0.826 +«0.012
11.52 113+

67.77 67.80 +

13.7965 13.798 « 0.037
104163  1.04162 £ 000056

147,611 147.68 4+ 0.45

Massive amount of

information! (close to 30
Planck papers in March 2013)

Impressive consistency
between different
experiments!

Amazing confirmation
of ACDM

Planck Satellite



CMB constraints on Nett and Y,

[ Excluded by Serenelli & Basu (2010)

[ constraints from
- metal-poor HIl regions
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Planck Collaboration, 2013, paper XV

Helium determination from CMB
consistent with SBNN prediction

CMB constraint on Nett competitive!
Partial degeneracy with Y, and running
Some tension between different data sets

R ' ! I ! ' ! |
- W Planck+WP+highL

Y, fixed using SBBN
relations

—

- Aver et al. (2012)...-

0.020 0.022
W

[.ikelihood

Calabrese et al.




All kind of fun new science with the CMB anisotropies!

Power spectrum of
the lensing potential

Planck Collaboration, 2013, paper XXVII

Non-Gaussianity (test of inflation models)
Topology
CMB anomalies

CIB and Galactic science

Planck Collaboration, 2013, paper XXIV



CMB anisotropies as probe of Inflation

ACDM++running _ ACDM-+-tensors
ACDM++running+tensors ACDM+-running+tensors

0.98 1.00 ' 0.94
Planck Collaboration, 2013, paper XVI

Big goal/hope: detection of B-polarization

Plenty of progress over the next few years:

ground/balloon: BICEPZ2, SPTpol, ACTpol, Spider, ...
space: Planck, LiteBIRD, PIXIE, COrE+, ...?



Polarization from Thomson scattering

Quadrupole
Anisotropy
| Y
Thomson
> Scattering
[Linear
Polarization

Temperature
perturbation

Thomson scattering of anisotropic
radiation (quadrupole part) creates
linear polarization signal

signal is small, since quadrupole
part of the radiation field is
scattering with 1/10 probability of
the monopole

Thomson scattering only creates
E-mode polarization at lowest
order in perturbation theory

generation of polarization at
recombination & reionization

B modes

“Divergence free” “Curl free”



WMAP Polarization Measurements

reionization
bump

WMAP 3yr, Page et al., 2007

Multipole moment (1)

From TE and EE power
spectra constraint on
Thomson optical depth

~0.1 to reionization

upper limit on B-mode
polarization

—> |limits tensor to scalar ratio
— energy-scale of inflation
—> gravity waves

Lots of experiments are
trying to go for this:

PLANCK, LITEBIRD, SPIDER,
CLASS, BICEP2, KECKarray,
PIXIE, COrE+, Stage IV-CMB



dust?”

O
-~
-~

o

-

-

o
—

75

S
©

O
I~

(11

Simulation: E from lensed-ACDM-+noise

BICEP2: E signal

4
-

/4N
=2/ NN~ 1 -

et s/ oSN\

NI R

a~/
s
=
NN 7//701 VN~

N\

Y

72N
~

i

7 N\N\~=z70—- .
e ANNT ez oINS LL

SSNN /70NN
SANNS /8NN 7

Simulation: B from lensed-ACDM-+noise

0 00wo o - oo

. .

B R R
Se s SNV L NNNN T 7o

\\ NNz
- 1z 0 -
e/ 7=~\]

v/
“eer oS\
Nsez o=\

BICEP2: B signal

=N

e 7 TANS

1 1 1 1
o Lo} o 19
T % 9

[‘Bap] uoneulpsQq

Right ascension [deg.]

BICEP2 collaboration, 2014

—0.05

r — O.Q—I_O'O?

B2xKeck (preliminary)

[ 1] 2270 10 (1+1)

Multipole




Cosmic Microwave Background Anisotropies

Planck all-sky
temperature map

* CMB has a blackbody spectrum in every direction

« tiny variations of the CMB temperature AT/T ~ 10-°




Cosmic Microwave Background Anisotropies

Planck all-sky
temperature map

* CMB has a blackbody spectrum in every direction

« tiny variations of the CMB temperature AT/T ~ 10-°




CMB provides another independent piece of information!

DSOUTE measurement requirea.

ne Nas I1C g}y Ko .)l#d‘;\ -

Mather et al., 1994, ApJ, 420, 439

Iljxsen ezto‘:)'g 1:95’ 5A9F:1J,61/73, 576 « CMB monopole is 10000 - 100000 times
ixsen, , ApJ, , i
Fixsen, 2009, ApJ, 707, 916 larger than the fluctuations




COBE / FlRAS (Far InfraRed Absolute Spectrophotometer)

SPECTRUM OF THE CosMic

MicrRowAVE BACKGROUND
Frequency (GHz)

100 200 300 400 500

Theory and Observations

ﬁ Error bars a small fraction
' @ of the line thickness!
2 o
- NPT .
1, =2.725+0.001 K = i B g 4
_ Average spectrum
| < 1.5%x107
yi=1. Nobel Prize in Physics 2006!
-5
Ml = 9x10 0.1 0.07
Mather et al., 1994, ApJ, 420, 439 MAP990045 Wavelength (cm)

Fixsen et al., 1996, ApJ, 473, 576
Fixsen et al., 2003, ApJ, 594, 67



Standard types of primordial CMB distortions

Compton y-distortion Chemical potential u-distortion

=

radiation
¢—3.3°K Bose-Einstein
radiation with m 0.3
d—spectrum predicted
by formula (3),
T-3.3°K, m=0.3,
€03

/T Blackbody

restored
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Sunyaev & Zeldovich, 1980, ARAA, 18, 537

also known from thSZ effect

up-scattering of CMB photon
important at late times (z<50000)

scattering inefficient

Wavelength (cm)
Sunyaev & Zeldovich, 1970, ApSS, 2, 66

important at very times (z>50000)
scattering very efficient



COBE / FlRAS (Far InfraRed Absolute Spectrophotometer)

SPECTRUM OF THE CosMic

MicrRowAVE BACKGROUND
Frequency (GHz)

100 200 300 400 500

Theory and Observations

ﬁ Error bars a small fraction
' @ of the line thickness!
2 o
Q:) N3 %/ '
4+ S o~
1, =2.725+0.001 K = i B g 4
_ Average spectrum
| < 1.5%x107
yi=1. Nobel Prize in Physics 2006!
-5
Ml = 9x10 0.1 0.07
Mather et al., 1994, ApJ, 420, 439 MAP990045 Wavelength (cm)

Fixsen et al., 1996, ApJ, 473, 576
Fixsen et al., 2003, ApJ, 594,67 QOnly very small distortions of CMB spectrum are still allowed!



ARCADE

(Absolute Radiometer for Cosmology, Astrophysics and Diffuse Emission)

v J
8e N web gl ' T .
" -

Kogut et al. 2006, New Astronomy Rev., 50,925 ..~~~ s

Kogut et al., 2011, ApJ, 734,9 Btoe i T e U | A S 1 '

Fixsen et al., 2011, ApJ, 734, 11 ' AT N e A A ' o o B e
Seiffert et al., 2011, ApJ, 734, 8 T et i T R ¥ ) :



ARCADE

(Absolute Radiometer for Cosmology, Astrophysics and Diffuse Emission)

Distortion constraints:
0.3

o
=t Gl
‘ {"Jree—F‘ﬁeeu idog
‘,‘y:p.c r2 xmlo"’ Yff | < 10
Froapected Sgnal N No*limit on y-parameter

Blackbad

N

COBE/FIRAS

“ Chemical Potential
Reliec Deca
u=98x10

Thermodynamic Temperature (K)

5

10
Frequency (GHe)

;

Kogut et al. 2006, New Astronomy Rev., 50, 925
Kogut et al., 2011, ApJ, 734, 9

Fixsen et al., 2011, ApJ, 734, 11

Seiffert et al., 2011, ApJ, 734, 8



ARCADE

(Absolute Radiometer for Cosmology, Astrophysics and Diffuse Emission)

2 Found some low frequency excess
2.8 Spectrum:
T(y) = (24.1 & 2.1)K(V/VO)—2.599:|:0.036
Vo = 310 MHz

¢
Origin of excess unclear

an ?

tenS|on with TRIS results? ( )

N
A

S
)
-
D)
-
O
—
)

Q.
)
|_

o ulation of radio sources?
e atlc effect?

Kogut et al. 2006, New Astronomy Rev., 50, 925
Kogut et al., 2011, ApJ, 734, 9

Fixsen et al., 2011, ApJ, 734, 11

Seiffert et al., 2011, ApJ, 734, 8



TRIS and Other Low Frequency Measurements

Ground-based radio antenna
Grand Sasso Lab, Italy
Frequencies v = {0.6, 0.82, 2.5} GHz

TABLE |
A Summary oF Low-FreQuency CMB Assorute TEMPERATURE
MEASUREMENTS COLLECTED STARTING FROM THE 1980s

(GHz) References

2.7+ 1.6
3454+ 0.78
2.11 £0.38
2.65'0%
226 +0.19
2554+0.14
. o - L | 5 262 +0.25
Distortion constraints: 20, 279 4 0.15
) 2504+ 0.34

1l <6 107 —— | |E=

’ 3. 2.71 £0.07
—6.3x107° < Yg < 1.3x107° : s | 2uzen
NO neW Iimit On y-parameter (too |OW V) Reremences.— (1) Sironi et al. I‘N.(l.'ll)SunnicilRuuhun;ﬂlmn&

Subrahmanyan 2000; (4) Levin et al. 1988; (5) Stagg? . 1996; (6) Bensadoun
ctal, 1993;(7) Bersanclh et al. 1994; (8) Sirom ¢t al. 1984; (9) Sironmi & Bonelh

Zannoni et al- 2008, ApJ, 688, 12 1986; (10) De Amici et al. 1988; (11) De Amici et al. 1990; (12) De Amici et al,
Gervasi et al_, 2008, ApJ, 688, 24 1991; (13) Mandolesi et al. 1984; (14) Mandolesi et al. 1986.
Tartari et al., 2008, ApJ, 688, 32




No primordial distortion found so far!? Why are we
at all talking about this then?



Physical mechanisms that lead to spectral distortions

Cooling by adiabatically expanding ordinary matter Standard sources

(JC, 2005; JC & Sunyaev 2011; Khatri, Sunyaev & JC, 2011) Of dISl‘OI’tlonS

Heating by decaying or annihilating relic particles

(Kawasaki et al., 1987; Hu & Silk, 1993; McDonald et al., 2001; JC, 2005; JC & Sunyaev, 2011; JC, 2013; JC & Jeong, 2013)

Evaporation of primordial black holes & superconducting strings

(Carr et al. 2010; Ostriker & Thompson, 1987; Tashiro et al. 2012; Pani & Loeb, 2013)

Dissipation of primordial acoustic modes & magnetic fields

(Sunyaev & Zeldovich, 1970; Daly 1991; Hu et al. 1994; JC & Sunyaeyv, 2011; JC et al. 2012 - Jedamzik et al. 2000; Kunze & Komatsu, 2013) A

Cosmological recombination radiation

(Zeldovich et al., 1968; Peebles, 1968; Dubrovich, 1977; Rubino-Martin et al., 2006; JC & Sunyaev, 2006; Sunyaev & JC, 2009)

pre-recombination epoch

,high“ redshifts

Jow“ redshifts

Signatures due to first supernovae and their remnants

(Oh, Cooray & Kamionkowski, 2003)

Shock waves arising due to large-scale structure formation Y

(Sunyaev & Zeldovich, 1972; Cen & Ostriker, 1999)

post-recombination

SZ-effect from clusters; effects of reionization

(Refregier et al., 2003; Zhang et al. 2004; Trac et al. 2008)

more exotic processes

(Lochan et al. 2012; Bull & Kamionkowski, 2013; Brax et al., 2013; Tashiro et al. 2013)



Dramatic improvements in angular resolution and
sensitivity over the past decades!

Planck 20,

~ 7 degree

beam LE FIGARO-fr

~ 0.3 degree ~ 0.08 degree
beam beam



Cosmic Microwave Background Anisotropies with ACT
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Cosmic Microwave Background Anisotropies with ACT

Measurements of the CMB energy spectrum on the other v
hand are stlll m the same state as some ~20+ yrs ago!
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ACT - collaboration, 148 GHz Map, Hajian et al. 2010 ~ 0.02 degree beam!




PIXIE: Primordial Inflation Explorer

Angular Scale (Deg)
90 30 10

Capotared 400 spectral channel in the frequency
- - PIXIE | range 30 GHz and 6THz (Av ~ 15GHz)
E! about 1000 (!!!) times more sensitive than
2 COBE/FIRAS
3 B-mode polarization from inflation (r = 10-3)
g om, 7 Improved limits on y and y

was proposed 2011 as NASA EX mission
(i.e. cost ~ 200 M$)
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Enduring Quests
Daring Visions NASA 30-yr Roadmap Study

NASA Astrophysics in the Next Three Decades

published Dec 2013)

How does the Universe work?

"Measure the spectrum of the
CMB with precision several orders
of magnitude higher than COBE
FIRAS, from a moderate-scale
mission or an instrument on CMB
Polarization Surveyor."

New call from NASA expecte
~2-3 years from now
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Polarlzed Radlatlon lmagmg ands ectroscopy MISSIOVIg Instruments:

* L-class ESA mission
* White paper, May 24th, 2013
- Imager:

- polarization sensitive

- 3.5m telescope [arcmin resolution
at highest frequencies]

- 30GHz-6TH2z [30 broad (Av/iv~25%)
and 300 narrow (Av/v~2.5%) bands]

» Spectrometer:
- FTS similar to PIXIE
- 30GHz-6THz (Av~15 & 0.5 GHz)

Some of the science goals:

+ B-mode polarization from
inflation (r = 5x10-4)

- count all SZ clusters >10"* Msun
ClB/large scale structure

+ Galactic science

CMB spectral distortions
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) - }‘ "3 ' at highest frequencies]
WS - e - 30GHZz-6THZz [30 broad (Av/iv~25%)
e SO Tk and 300 narrow (Av/v~2.5%) bands]
| ' S | Spectrometer:
. M4 proposal to ESA currently under ‘ _FTS similaria==iXIE
: discussion but spectrometer ' - 36GHZ-6THZ (Av~15 & 05-CHz)
presently not part of basellne . Gl

Some of the science goals:

B-mode polarization from
inflation (r = 5x104)

count all SZ clusters >10"* Msun
ClB/large scale structure
Galactic science
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Simple blackbody radiation warm-ups
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Figure 2.2: Blackbody spectrum for different temperatures. The intensity maximum is roughly at V. ~ 58.8 GHzK™! T,
which for the CMB blackbody today is vpax =~ 160 GHz or at 2 mm wavelength. For 7' ~ 10* K the intensity maximum
is in the visible part of the electromagnetic spectrum.
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Figure 2.3: Blackbody spectrum and the spectrum of a temperature shift, 767 B, = Io(T) x*G(x) = —1y(T) x*d,np(x). For
convenience, we plot the spectrum as a function of x = hv/kT and normalize the left y-axis by Io(T) = 2h/c*) (kT /h)’ =
270 MJy st (T /2.725K)? [the shown curves are basically x*/(e* — 1) and x’G(x)]. The maximum of the blackbody is at
x ~ 2.821 (= 160GHz), while the maximum of the temperature shift is at x ~ 3.830 (= 217GHz). The upper x-axis and
right y-axis also gives the corresponding frequency and spectral intensity for 7' = 2.725 K.



Formulation of the thermalization problem
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Nuclei Decompose Plasma

Recombines

Matter and Radiation in Equilibrium

Figure 3.1: Sketch of the thermal history of our Universe from the paper of Dicke et al. [14], published in the same
issue with the CMB discovery paper of Penzias & Wilson [30] in 1965. Parts of this picture were already worked out
by Gamow, Alpher and Herman years earlier, but the value of 7) ~ 3.5 K fixed the energy scale for radiation. Neutrinos
decoupled at a temperature k7', = 1.5 MeV -2 MeV, while electron-positron annihilation finished around kT, ~ 0.5 MeV.
The light elements produced in the Big Bang Nucleosynthesis (BBN) era froze out at kT, < 0.1 MeV.
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The dimensionless emissivity F(x =107°, ) =5 (x, 0) x/(n,n,cric) in the soft photon limit
(x < 6). The process and nn, for each curve are +—: e*e” bremsstrahlung, n.n_; ep: ep bremsstrahlung,
(n.+ n_)np; ee: etet bremsstrahlung, n? +n?; DCW: double Compton from a Wien distribution,
ny(@m.+n.); DCDC: double Compton from a double Compton distribution, Nyns +n_); DCWE:
double Compton in pair-dominated Wien equilibrium, n2; 3QA: three quantum annikilation, n,n_; RPP:
radiative pair production in Wien equilibrium, n.n_, respectively. F(x, 8) depends on x (logarithmically)

for bremsstrahlung only. See Appendix A for definition of N and further details.
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Figure 3.4. Comparison of the Thomson scattering time-scale with the Hubble expansion time-scale.



Stepney, MNRAS, 202,467, 1983
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Two-body relaxation time-scales (putting N = Ny, In A = 20). (a) Electron —proton relaxation,

Tp = Te. (b) Electron—proton relaxation, Tp = mpT e/me. (c) Pure Coulomb proton—proton relaxation.
(d) Proton—proton relaxation including nuclear scattering. (e) Electron—electron relaxation.




Compton Kernel for different temperatures
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Figure 3.7: Compton scattering kernel for E = hv = 6.7keV photons. The left panel shows cases for cold (hy > kT.)
electrons. In this case the redistribution process has significant contributions from recoil, although even for k7, ~ 0.01/v
the Doppler broadening already becomes important. The right panel shows examples for hot (hv <« kT.) electrons, where
the redistribution 1s dominated by Doppler broadening and boosting. Dashed lines show analytic approximations for the
kernel. The figure was taken from Sazonov & Sunyaev [36].
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Figure 3.8: Comparison of the Comptonization and Compton cooling time-scale with the Hubble expansion time-scale.



Bremsstrahlung Gaunt factors (ltoh et al 2000)
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Figure 3.10: Thermally averaged Gaunt factor in the non-relativistic limit. Here, u = kth and y? = 221‘57T9X105K. The figure

is taken from Itoh et al. [22] and a modern version of computations by Karzas & Latter [24].



Final Set of evolution equations (sneak preview)
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