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Black body radiation

• A hot body is brighter than a cool one  (LµT4,  
Stefan-Boltzmann’s law)

• A hot body’s spectrum is bluer than that of a 
cool one (lmaxµ1/T, Wien’s law)
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Extragalactic Backgrounds
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Extragalactic backgrounds

• Pointing at an ‘empty’ place on the sky one observes 
“background” light
– origins:

• radio sources

• CMB
• Cosmic IR

background

• Optical
• UV
• X-ray
• γ-ray
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Extragalactic backgrounds

• CMB is the highest intensity
• X-rays and γ-rays are unresolved sources à AGN
• CIB is coming 

from dust
• Optical/UV:

unresolved 
galaxies and

stars

after Bethermin et al. (2010)

5

TUM WS19/20 Cosmology 8 Wolfgang Hillebrandt and Bruno Leibundgut 6

WMAP
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Cosmic Microwave Background

• Relic radiation from the Big Bang
• Direct observation of the early universe
• Fantastic source of cosmological information
• The number density of photons in the black 

body radiation

𝑛" 𝜈 𝑑𝜈 =
8𝜋𝜈(𝑑𝜈

𝑒
*+
,-" − 1

Several 100 
photons/cm3

today! 
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Invariance of black body

What happens to the black body radiation when 
the photons decouple?
• Consider the change in frequency

𝜈 𝑡 = 𝜈
𝑎 𝑡
𝑎 𝑡2

the new number density then becomes

𝑛 𝜈, 𝑡 𝑑𝜈 =
𝑎 𝑡2
𝑎 𝑡

4

𝑛" 56 𝜈
𝑎 𝑡
𝑎 𝑡2

𝑑 𝜈
𝑎 𝑡
𝑎 𝑡2

(the cubic factor is the increase in volume) 
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Invariance of black body

This leads to 

𝑛 𝜈, 𝑡 𝑑𝜈 =
8𝜋𝜈(𝑑𝜈

𝑒
*+
,7" − 1

= 𝑛" 5 𝜈 𝑑𝜈

with

𝑇 𝑡 = 𝑇 𝑡2
𝑎 𝑡2
𝑎 𝑡

The photon number density maintains the black 
body distribution and the temperature simply 
decrease with (1 + 𝑧)
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Balloon experiments

Move above 
the atmosphere

Boomerang before Mt. Erebus

300m 3m 3cm0.3mm 3μm 30nm 3Å 3pm 30fm 300am
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Black body

Blackbody radiation measured to        
exquisite accuracy with COBE

Cobe (1996)
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Energy density

• Energy density is the integral of the photon energy 
times the number density

=
>

?
ℎ𝜈 𝑛 𝜈 𝑑𝜈 = 𝜎B𝑇C

with 𝜎B =
DEF,7G

HI*JKJ = 7.56577 ⋅ 10RHI erg cm3 deg-4

• The energy density today is then 
𝜎S> = 𝜎B𝑇S>C = 4.64 ⋅ 10R4C g cm-3

• compared to the critical density this is 

ΩS ≡
𝜌S>
𝜌KXY5,>

= 2.47 ⋅ 10RI ℎR(

(𝜌KXY5,> ≈ 10R(\ 𝑔 𝑐𝑚R4; 𝐻> = 70 𝑘𝑚 𝑠RH 𝑀𝑝𝑐RH)
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Radiation density
• If we want to account for all relativistic particles, we 

need to include the neutrinos and the radiation density 
becomes

𝜌f> = 1 + 3
7
8

4
11

C
4
𝜌S> = 7.80 ⋅ 10R4C 𝑔 𝑐𝑚R4

and the total radiation density

Ωf ≡
𝜌f>
𝜌KXY5,>

4.15 ⋅ 10RI ℎ(

• This is the reason that Ω𝑅 is often neglected for the 
distance calculations today
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Photon number

The photon number is the integral over the density 

𝑛S> = =
>

? 8𝜋𝜈(𝑑𝜈

𝑒
*+
,7" − 1

=
30𝜁 3
𝜋C

𝜎B𝑇4

𝑘B
= 0.3702

𝜎B𝑇4

𝑘B
= 20.28 ⋅ 𝑇4 𝑐𝑚R4

with the 𝜁 function from the integral (used: 𝜁 3 = 1.202057).

• With the CMB temperature today (𝑇 = 2.725𝐾) this 
becomes

𝑛S> ≈ 410 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑐𝑚R4
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Photon number

Compare this to the number of nucleons

𝑛B> =
3ΩB𝐻>(

8𝜋𝐺𝑚m
= 1.123 ⋅ 10RIΩBℎ( 𝑛𝑢𝑐𝑙𝑒𝑜𝑛𝑠 𝑐𝑚R4

Both number densities vary with time as 𝑎R4(𝑡)
and hence this ratio has not changed since the 
photons decoupled.
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Temperature of Equality

The photon energy density is proportional to
𝜌f ∝ 𝑎RC,

while the matter density scales with the volume 
(𝜌q ∝ 𝑎R4). 

• Hence the ratio rs
rt

∝ 𝑎RH ∝ 𝑇

• The temperature when the two energy densities 
were equal is then

𝑇uv = 𝑇S>
Ωq
Ωf

= 6.56 ⋅ 10C 𝐾×Ωqℎ(
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Equilibrium between photons and 
electrons

• Interaction on free electrons is through 
Thomson scattering ΛS = 𝜎"𝑛y𝑐
with 𝜎" = 6.66525 ⋅ 10R(I cm-2 the Thomson 
scattering cross section

• Temperature still high enough that all atoms 
are fully ionised, i.e. the number of electrons is 
equal to the number of protons

– count the protons (remember in H and He)
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Equilibrium between 𝛾 and 𝑒
• Ratio of number densities 

– (76% H and 24% He)
𝑛y
𝑛B

= 0.76 +
0.24
2

= 0.88

• Density scales with 𝑇3 thus 

𝑛y = 0.88 𝑛B = 0.88 𝑛B>
𝑇
𝑇S>

4

• Hence the scattering rate is

ΛS = 0.88 𝑛B>
𝑇
𝑇S>

4

𝜎"𝑐 = 1.97 ⋅ 10RH\ 𝑠RH × ΩBℎ(
𝑇
𝑇S>

4

• Important is the momentum exchange between 𝛾 and 𝑒
which is ∝ ,7"

|}
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Equilibrium between 𝛾 and 𝑒

• The rate of the momentum exchange is then

ΓS ≅
𝑘B𝑇
𝑚y

ΛS ≈ 9.0 ⋅ 10R(> 𝑠RH
𝑇
𝑇S>

(

• As long as this is faster than the expansion rate 
(radiation-dominated)

𝐻 =
�̇�
𝑎
= 𝐻> Ωf

𝑇C

𝑇S>C
= 2.1 ⋅ 10R(> 𝑠RH

𝑇
𝑇S>

(

• Equality between rate and expansion is 

𝑇�Xyy�y =
1.5 ⋅ 10C 𝐾

ΩBℎ(
(≈ 10I𝐾)
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Equilibrium between 𝛾 and 𝑒
• Although no momentum is exchanged any longer 

the photons still scatter on the free electrons
• At lower temperatures the expansion is matter-

dominated and hence

𝐻 = 𝐻> Ωq
𝑇4

𝑇S>4
= 3.3 ⋅ 10RHD 𝑠RH Ωqℎ(

𝑇
𝑇S>

�4 (

• Equality here would be at

𝑇 = 18 𝐾
Ωq

�H 4

ΩB
�( 4
≈ 130 𝐾

• However there is more physics to be considered 
à see following

20



12/13/19

11

TUM WS19/20 Cosmology 8 Wolfgang Hillebrandt and Bruno Leibundgut 21

Before recombination: The Universe is opaque
After recombination:  The Universe is transparent

Transition ~ 300 000 years after the Big Bang
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Last scattering surface

transparent

opaque

22
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Uncovering the CMB
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Uncovering the CMB

Planck

24
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Comparison with a familiar 
surface

Cobe                                                    Planck
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Foregrounds

CMB signal is hidden behind Galactic foregrounds

A&A 571, A1 (2014)

Fig. 25. RMS fluctuations (in µKRJ) of the di↵use components: the “high-frequency Galactic component”, in blue; the “low-frequency Galactic
component”, in green, and the CMB in red, as obtained by the Commander algorithm (Sect. 8.2.1). The maps have been smoothed to 350 resolution.
The RMS is calculated at high galactic latitudes, outside two masks covering 23% and 42% of the sky around the galactic plane. Point sources in
the PCCS at 30 and 353 GHz have also been masked. An uncertainty envelope is indicated, estimated from the di↵erence of the half-ring-based
foreground maps. For reference, the average RMS level in the plane (i.e., using the complement of these masks) is 20⇥ higher. The grey shaded
areas represent the frequency coverage of the Planck bands, based on equivalent-noise bandwidths.

Planck Collaboration VI (2014), the zero level of these maps
can be set such that there is no dust emission where there is no
atomic H i gas column density (according to the LAB survey,
Kalberla et al. 2005).

The dust temperature Td is determined by multi-frequency
fitting of a greybody SED for optically thin thermal dust, I⌫ =
⌧⌫B⌫(Td), where ⌧⌫ is the dust optical depth of the column of ma-
terial and B⌫(Td) is the Planck function for Td. In the Planck dust
model there are three parameters, Td, ⌧353 at 353 GHz, and �, the
exponent of the assumed power-law frequency dependence of ⌧⌫.
Conversion of ⌧353 to EB�V is established by correlating the sub-
millimetre optical depth with SDSS reddening measurements of
quasars, a very similar approach to the one adopted by Schlegel
et al. (1998).

All-sky maps of Td and ⌧ from Planck were first presented
by Planck Collaboration XIX (2011) using a fixed �. In the new
Planck dust model (Planck Collaboration XI 2014), the maps
of Td and ⌧353 are at 50 resolution, while � is estimated at 350.
This provides a much more detailed description of the thermal
dust emission than the Finkbeiner et al. (1999) model, which
assumed constant � and used a Td map with an angular resolution
of several degrees.

The high resolution of Planck is a major improvement that
results in a much more detailed mapping of column density
structure, especially in denser regions of the ISM where the

equilibrium temperature of big dust grains changes on small an-
gular scales due to attenuation of the radiation field and also,
it appears, to changes in the intrinsic dust opacity and its abil-
ity to emit. Because of the increase in sensitivity, better con-
trol of systematic e↵ects, and the combination of four intensity
maps at 50 resolution spanning the peak of the SED and into the
Rayleigh-Jeans region, the new Planck EB�V product also pro-
vides a precise estimate of the dust column density even in the
di↵use ISM where Td does not vary as strongly on small scales.

8.2.3. Polarized emission from Galactic dust

As described in Sect. 1.3, Planck polarization data are in a less
mature state than temperature data, especially at low multipoles.
Nevertheless, strong polarized synchrotron and thermal dust
emission from the Galaxy can already be imaged with high sig-
nificance. A first set of Galactic polarization papers will be pub-
lished shortly. These papers will report results on the degree of
dust polarization (P/I) over the whole sky, comparisons with
maps of synchrotron polarization and Faraday rotation, the struc-
ture of the Galactic magnetic field and its coupling with inter-
stellar matter, as well as turbulence in the di↵use ISM. With
an angular resolution of 50, the maps also reveal the magnetic
field structure in molecular clouds and star forming regions, and
can be used to study which grains contribute to the observed

A1, page 34 of 48
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Recombination and last scattering
• The free electrons are removed when they form 

atoms with the nuclei formed in the Big Bang
• Consider the Maxwell-Boltzmann density 

distribution

𝑛Y =
𝑔Y
2𝜋ℏ 4 e

��
,7"∫ 𝑒R

|��
�(
(|�

,7" 𝑑4𝑝

• Particles of interest are photons, electrons, 
baryons,hydrogen atoms at different excitation 
states (1s, 2d, 3p, etc.) 
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Recombination

• Relevant factors
– fermions à half spins: 𝑔� = 𝑔y = 2

• Hydrogen 1s ground state has two hyperfine 
states (spin 0 and 1): 𝑔H� = 4

• In ionization equlibrium the chemical potential is 
the sum of the individual

𝜇H� = 𝜇� + 𝜇y
• The integrals work out to be

1
2𝜋ℏ 4 =𝑑

4𝑝 𝑒R
��

(|,7" =
𝑚𝑘B𝑇
2𝜋ℏ(

⁄4 (

28
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Recombination

Because of 𝜇H� = 𝜇� + 𝜇y the ratio of the number 
densities becomes

𝑛H�
𝑛y𝑛�

=
𝑚y𝑘B𝑇
2𝜋ℏ(

R4(
𝑒
B�
,7"

with 𝐵H = 𝑚� +𝑚y −𝑚� = 13.6 𝑒𝑉 the energy of 
the ground state of Hydrogen. 
Since the universe is charge neutral, we have the 
same amount of electrons and protons 𝑛y = 𝑛�.
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Recombination

• It is also okay to assume that the hydrogen is 
in its ground state
– the number density of excited states scales

with 𝑒
R ��
�7� and the excitation from 𝑛 = 1 to 

𝑛 = 2 is 10.6 𝑒𝑉. Hence for 𝑇 < 4200 𝐾 the 
exponential is < 6 ⋅ 10RH4

• Assume 24% in Helium we find 
𝑛� + 𝑛H� = 0.76𝑛B

with 𝑛𝐵 the baryon density

30
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Recombination

The hydrogen ionisation fraction is 𝑋 ≡ ��
������

then described by the Saha equation

𝑋 1 +
𝑛� + 𝑛H� 𝑛H�

𝑛�(
𝑋 = 𝑋 1 + 0.76𝑛B𝑋

𝑚y𝑘B𝑇
2𝜋ℏ(

R4(
𝑒
B�
,7" = 1

The second term describes the ionisation 
state as a function of temperature and with 
𝑛B = 𝑛B>

"
"��

4
the transition can be written as 

a function of baryon density. 
(See next table)
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Recombination

Change of H ionisation as a function of 
temperature (and baryon density)
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Trecombination
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Recombination –
a complication

Recombination rate in hydrogen depends on the 
density. The transition from 2p to 1s creates a 
photon (Lyman α for astronomers), which can 
immediately excite another hydrogen atom to the 
2p state. This means that hydrogen gets trapped 
in an ionised state and these need to be taken 
into account.

34
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Ionisation structure of H
• Grotrian diagram of Hydrogen

l=0 l=2l=1 l=3

35
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Recombination –
a complication

Conditions to be considered
– rapid transitions, which means thermal equilibrium, 

except for the 1s ground state, which is slow. 
Number density is  

𝑛�� = 2𝑙 + 1 𝑛(�𝑒
B�RB�
,7"

– net rate of population of 1s state is given by the rate 
of radiative decays from 2s and 2p states minus the 
rate of excitation from the 1s state

– radiative processes much faster than the reduction 
in density due to the expansion

36



12/13/19

19

TUM WS19/20 Cosmology 8 Wolfgang Hillebrandt and Bruno Leibundgut 37

Recombination

• These effects change the ionisation rates and 
hence modify the Saha equation

• Exact calculation tedious involving the details of 
the radiative decays and excitations 
– e.g. 2-photon decay from 2s to 1s state, which is 

strongly suppressed 

• Following table is the result of a more exact 
calculation
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Recombination

Due to the 
atomic 
transitions in 
hydrogen the 
suppression of 
the Lyman α
photons leads 
to modification 
of the ionisation 
fraction

38



12/13/19

20

TUM WS19/20 Cosmology 8 Wolfgang Hillebrandt and Bruno Leibundgut 39

Recombination
The effect is that at low redshifts the fraction of 
free electrons is approaching a constant level

Dodelson

39

TUM WS19/20 Cosmology 8 Wolfgang Hillebrandt and Bruno Leibundgut 40

Recombination ‘shell’ 

40
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Anisotropy

• CMB extremely uniform
• only at 3.35mK is there

a dipole visible
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Dipole anisotropy

• Due to Earth’s motion relative to the CMB a 
dipole is induced
– blueshift in direction of motion
– redshift in opposite direction

• Measured dipole is Δ𝑇 = 3.346 ± 0.017 𝑚𝐾 as 
measured by the Wilkinson Microwave 
Anisotropy Probe (WMAP) 

• Velocity is then

𝑣 =
Δ𝑇
𝑇 𝑐 =

0.00335
2.725 ⋅ 3 ⋅ 10I𝑘𝑚 𝑠RH ≈ 370 𝑘𝑚 𝑠RH
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