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Recap of Lecture 7 

 Primordial Nucleosynthesis: comparing BBN results with CBM data

- mass fraction of primordial 4𝐻𝑒: 𝑌𝑝 = 0.245 ± 0.003 from blue compact dwarfs

- primordial deuterium 𝑑 from Lyman-𝛼 −lines (´forest´) at high-𝑧 gas clouds

- difficult assessment of 7𝐿𝑖 −abundance from halo stars (´ 7𝐿𝑖 −anomaly ´)

- comparison of 4𝐻𝑒 − value (𝑌𝑝) from BBN with value of Ω𝐵 from the CMB 

- number of light 𝜈 −generations: 𝑁𝜈 = 2.92 ± 0.36 agrees with SM (3.045)

- BBN light element yields: measurement of baryon density Ω𝐵 = 0.042…0.048
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3.2 Cosmic microwave background radiation: essentials

 The earliest view: thermal universe pictured at a time 𝒕 = 𝟑𝟖𝟎 𝟎𝟎𝟎 𝒚𝒓𝒔
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CMB: classification & cross connections

 overview

- 𝑇 −fluctuations:

seeded in the era of

quantum gravity at

𝑡 ~ 10−43𝑠

- photon-freestreaming:

over 𝑡 ~ 13.8 ∙ 109 𝑦𝑟,

up to present era of

dark energy
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Cosmic microwave background: history

 The ´classical´ phase up to the mid-1960s: speculation & first detection

1941: (then unexplained) observation of excitation of interstallar

𝑪𝑵 molecules from the direction of gas cloud z Ophiuchi

( rotational bands of 𝐶𝑁)

1946: G. Gamow et al. – hot Big Bang should have resulted in a 

cosmic microwave background radiation (today: 𝑻~ 𝟓 𝑲)

1964: A. Penzias & R. Wilson – detection of the CMB at Holmdel 

at 𝝀 = 𝟕 𝒄𝒎 (Nobel prize 1978)
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Cosmic microwave background: history

 The ´intermediate´ phase up to the end of the millenium: gearing up!

1989: start of the NASA satellite mission COBE

- measurement of the spectral form of the CMB

with FIRAS (J. Mather): is it really a thermal spectrum? 

1992 : 4 𝑦𝑟 measurement with NASA satellite mission COBE

- detection of tiny fluctuations of the CMB temperature 𝑇

with DMR (G. Smoot): is there a seed of galaxies? 

1968: first detection of fluctuations of the CMB temperature 𝑇

at small scales: what is the topology of the universe? 



G. Drexlin – Cosmo #8 Exp. Teilchenphysik - ETPDec 20, 20227

Cosmic microwave background: history

 The ´intermediate´ phase since the end of the millenium: further gearing up!

2001: start of the NASA satellite mission WMAP

- first detection of the CMB-polarization (DASI) 

2003 : first analysis of data from NASA satellite WMAP

- start of the precision age of cosmology

2006: Nobel prize for J. Mather and G. Smoot
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Cosmic microwave background: history

 The ´present´ phase in the last decade: further gearing up with Planck!

2009: start of the ESA satellite mission Planck

- aim: ´ultimate´ precision via bolometers

2013 : improved analysis of data from ESA satellite Planck

- extension of multipole down to small angles

2020: final data from Planck published at

Planck 2018 results - V. CMB power spectra and likelihoods (aanda.org)

https://www.aanda.org/articles/aa/pdf/2020/09/aa36386-19.pdf
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CMB – an unintended, accidential detection

 Robert Dicke & David Wilkinson at work in Princeton, NJ (1964)

Dicke

radiometer

Dicke-switch (s. COBE)

´I have long believed that an experimentalist should 

not be unduely inhibited by theoretical untidiness´

- 1964: R.H. Dicke & D. Wilkinson (Princeton) perform a dedicated search for the

CMB at microwave-ranges, based on ´CMB re-invented´ by J. Peebles & him

WMAP*

*WMAP = Wilkinson Microwave Anisotropy Probe
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CMB – an unintended, accidential detection

 Arno Penzias & Robert Wilson at work in Holmdel, NJ (1964/65) in 𝒅 = 𝟓𝟎 𝒌𝒎

- A. Penzias & R. Wilson (Bell Labs) are testing a new antenna at Holmdel (NJ) 

for satellite-based communication (US-Europe) at 𝝀 = 𝟕. 𝟑𝟓 𝒄𝒎 / 𝜈 = 4 𝐺𝐻𝑧

- remove ´dielectric white material´ from dish

- excess noise signal: 

it is isotropic

- Princeton group explains it to them as

the signal of CMB they were searching for
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CMB – an unintended, accidential detection

 Groups (Holmdel: discovery, Princeton:explanation) publish joint papers

…

- R. Dicke

´Boys, we've

been scooped.´

- Nobel prize 1978 for Penzias & Wilson

- Nobel prize 2019 for J. Peebles (theory) 

http://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?bibcode=1965ApJ...142..419P&db_key=AST&page_ind=0&data_type=GIF&type=SCREEN_VIEW&classic=YES
http://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?bibcode=1965ApJ...142..419P&db_key=AST&page_ind=2&data_type=GIF&type=SCREEN_VIEW&classic=YES


G. Drexlin – Cosmo #8 Exp. Teilchenphysik - ETPDec 20, 202212

CMB – a (perfect?) thermal black body radiation

 Photons released after neutralization of the primordial plasma

- initial phase (𝑡 < 380000 𝑦𝑟): photon interactions with free 𝑒− of hot plasma

 thermodynamical equilibrium
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CMB – a (perfect?) thermal black body radiation

 Photons released after neutralization of the primordial plasma

- RECAP: Planck distribution of a perfect black body has

1 free parameter only
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CMB – a (perfect?) thermal black body radiation

 CMB parameters at 𝒕 = 𝟏𝟑. 𝟖 ∙ 𝟏𝟎𝟗 𝒚𝒓 and 𝑻 = 𝟐. 𝟕𝟐𝟔 𝑲

- cosmological expansion since

decoupling of photons shifts

CMB to microwave-band 
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- wavelength: 𝜆 = 0.5…𝑓𝑒𝑤 𝒎𝒎

- frequency: 𝜈 = 10…𝑓𝑒𝑤 ∙ 102 𝑮𝑯𝒛

we used 𝜆 = 7.35 𝑐𝑚
with our Horn antenna!

*unit Jansky (1 𝐽𝑦 = 10−26 𝑊 𝑚−2 𝐻𝑧−1)
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CMB – a (perfect?) thermal black body radiation

 CMB parameters vs. commercial frequencies

- CMB at 10…𝑓𝑒𝑤 ∙ 102 𝑮𝑯𝒛

- WLAN:

𝟐. 𝟒 𝑮𝑯𝒛, 5 𝐺𝐻𝑧, 6 𝐺𝐻𝑧, 60 𝐺𝐻𝑧

- Bluetooth:

𝟐. 𝟒…𝟐. 𝟒𝟖 𝑮𝑯𝒛

- UHF:

𝟎. 𝟑…𝟑 𝑮𝑯𝒛

- radar:

𝟎. 𝟑…𝟑𝟎𝟎 𝑮𝑯𝒛

example: M-band ~80 𝐺𝐻𝑧 for

´automotive radar´



G. Drexlin – Cosmo #8 Exp. Teilchenphysik - ETPDec 20, 202216

CMB – a (perfect?) thermal black body radiation

 CMB parameters at 𝒕 = 𝟏𝟑. 𝟖 ∙ 𝟏𝟎𝟗 𝒚𝒓 and 𝑻 = 𝟐. 𝟕𝟐𝟔 𝑲
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wave number ෥𝝂 = 𝝀−𝟏(𝑐𝑚−1)

energy density of CMB today

𝑢𝛾 = 4.39 ∙ 10−14 Τ𝐽 𝑚3

𝜌𝛾 = Τ𝑢𝛾 𝑐2 = 4.65 ∙ 10−31 Τ𝑘𝑔 𝑚3

𝜌𝛾 ∙ 𝑐
2 = 0.261 Τ𝑀𝑒𝑉 𝑚3

Ω𝛾 = 5.05 ∙ 10−5

𝑁𝛾 = 411 𝛾´𝑠 𝑐𝑚−3
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CMB origin: matter – antimatter annihilation

 annihilation* of nucleons: 𝒑, 𝒏, ഥ𝒑, ഥ𝒏

- at 𝑇 ~ 150 𝑀𝑒𝑉: QCD-

phase transition to bound

quarks (nucleons)
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*see also lecture #5, pages 26-30 

CMB

nnpp

- annihilation processes

(at somewhat later 𝑡):

 observed baryon-

asymmetry 𝜼 of the

universe

´baryogenesis´
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CMB origin: matter – antimatter annihilation

 annihilation of nucleons: 𝒑, 𝒏, ഥ𝒑, ഥ𝒏
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nnpp

CMB

nnpp
𝜼 =

𝒏𝑩 − 𝒏 𝑩

𝒏𝜸

𝜂 = (6.14 ± 0.24) ∙ 10−10
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CMB origin: matter – antimatter annihilation

 We need to explain the asymmetry between matter and anti-matter
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- 3 necessary conditions for

successful baryogenesis
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#2: processes which are

violating baryon-

number conservation

(𝜟𝑩 ≠ 𝟎)

Dec 20, 202220

CMB origin: matter – antimatter annihilation

 3 Sakharov conditions for successful baryogenesis
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#1: 𝑪𝑷 − and 𝑪 − violating

processes

#3: no thermodynamic

equilibrium

Andrei Sakharov
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CMB origin: matter – antimatter annihilation

 Sakharov condition #1: 𝑪𝑷 − and 𝑪 − violating processes (origin??)
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- hadronic origin?

decay amplitudes of

kaons, 𝑏 − quarks
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CMB origin: matter – antimatter annihilation

 Sakharov condition #1: 𝑪𝑷 − and 𝑪 − violating processes (origin??)
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- leptonic origin?

decay amplitude of

heavy neutrinos,

neutrino mixing…
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CMB origin: matter – antimatter annihilation

 Sakharov condition #2: 𝑩 − violating processes
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- GUT*-scenarios predict

violation of 𝐵 (while they

are conserving (𝐵 − 𝐿)

*Grand Unified Theory

𝑩 =
1

3
∙ 𝑁 𝑞 − 𝑁(ത𝑞)

𝑁 𝑞 ,𝑁 ത𝑞 :

number of quarks/

antiquarks

baryon number

𝑝

𝑋

𝜋0

𝑒+

proton decay
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CMB origin: matter – antimatter annihilation

 Sakharov condition #2: 𝑩 − violating processes

e
n
e

rg
y
 (
𝑒𝑉
)

1010

106

102

10-2

time 𝑡 (𝑠)

10-7 10-3            101             105             109             1013

- simulated 𝑝 − decay

in Super-Kamiokande

𝑒+

𝜋0 → 𝛾𝛾

𝑒+
𝜋0

𝑝

𝛾

𝛾

Cherenkov rings
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CMB origin: matter – antimatter annihilation
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- expansion rate 𝐻 𝑡

is larger than reaction

rate Γ 𝑡 responsible

for 𝐵 − violation

*see also lecture #5, pages 43-48 

equilibrium

𝑡

𝐵

𝑇

𝑯 𝒕 =
𝜞(𝒕) baryogenesis

 Sakharov condition #3: interactions out of thermal equilibrium*

end of baryongenesis:

huge radiation bath

(CMB still coupled

to plasma)
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 Phase transition: photons decouple

- at 𝑇𝑑𝑒𝑐 = 3000 𝐾 (𝑒𝑉)

at 𝒕𝒅𝒆𝒄 = 𝟑𝟕𝟖 𝟎𝟎𝟎 𝒚𝒓

(redshift 𝑧𝑑𝑒𝑐 = 1100)

plasma → atoms

 neutral atoms form

different opacity for 𝛾´𝑠
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atoms

Freeze-out of the thermal radiation: much later!

plasma

)()( tHt 

photon scattering

rate off 𝑒− in plasma
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 Phase transition: CMB photons free-stream
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Freeze-out of the thermal radiation

𝒑 + 𝒆− → 𝑯+ 𝜸

- matter & radiation are

no longer coupled via

Thomson scattering:

only gravity acts on matter 

- at 𝑇𝑑𝑒𝑐 = 3000 𝐾 (𝑒𝑉)

at 𝒕𝒅𝒆𝒄 = 𝟑𝟕𝟖 𝟎𝟎𝟎 𝒚𝒓

(redshift 𝑧𝑑𝑒𝑐 = 1100)

universe = transparent

to photons (radiation)



G. Drexlin – Cosmo #8 Exp. Teilchenphysik - ETPDec 20, 202228

Decoupling of radiation from matter

 A closer look with M. Saha on the transition from plasma to neutral state

- Saha ionisation equation: describes the fraction of ionised atoms (𝐻,𝐻𝑒) as

function of the temperature 𝒌𝑩𝑻 of the universe
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recombination

M. Saha

- universe became

transparent at a

temperature

𝑇~ 3000 𝐾 (𝑧 = 1100)

plasma
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Before the freeze-out: a transition from 𝛀𝜸 to 𝛀𝑴

 From a radiation-dominated (𝛀𝜸) to a matter-dominated (𝛀𝑴) universe

- time 𝑡𝑒𝑞 of equality

𝝆𝜸 𝒕 = 𝝆𝑴 𝒕

(radiation – matter

matter-dominated

3/2~ ta

3/2~ tTkB

radiation-dominated

2/1~ tTkB

2/1~ ta

scale parameter 𝒂(𝒕)

𝜌𝑀 𝑡 ~ Τ1 𝑎𝟑(𝑡)

𝜌𝛾 𝑡 ~ Τ1 𝑎𝟒(𝑡)
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𝝆
𝒕
[𝐥
𝐨
𝐠
.]

𝑡𝑒𝑞 ≈ 30000 𝑦𝑟

𝑧𝑒𝑞 ≈ 1500

- decoupling of

matter & radiaiton

at 𝑡 = 378000 𝑦𝑟

occurs later!

𝑡𝑒𝑞
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Before the freeze-out: a transition from 𝛀𝜸 to 𝛀𝑴

 From a radiation-dominated (𝛀𝜸) to a matter-dominated (𝛀𝑴) universe

- after decoupling

matter can (finally)

clump together

matter-dominated

scale parameter 𝒂(𝒕)

d
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n
s
it
y
𝝆
𝒕
[𝐥
𝐨
𝐠
.]

𝑡𝑑𝑒𝑐 = 378000 𝑦𝑟
𝑧𝑑𝑒𝑐 ≈ 1100

- also important:

speed of sound

(density waves)

changes considerably

radiation-dominated
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Radiation- and matter- dominated universe

 Properties of the phase transition from a plasma to neutral atoms

- sound speed 𝒗𝑺
before (plasma) &   

after (neutral atoms)  

recombination:

neutral atoms

scale parameter 𝒂(𝒕)

d
e
n
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it
y
𝝆
𝒕
[𝐥
𝐨
𝐠
.]

plasma

rarefication
compaction

sound wave

- plasma: very fast!

𝑣𝑆
2 =

𝜕𝑝

𝜕𝜌
=
𝑐2

3

- neutral matter:

𝑣𝑆
2 ≈ 0
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Radiation- and matter- dominated universe

 Decoupling of radiation from matter: structure formation starts!

scale parameter 𝒂(𝒕)

d
e
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y
𝝆
𝒕
[𝐥
𝐨
𝐠
.]

structure

formation

neutral matter:

density contrast

increases

plasma state:

´acoustic´

oscillations

- plasma: 

small fluctuations

∆ Τ𝑇 𝑇  (BAO)

´Baryon Acoustic

Oscillations´

- neutral matter:

gravity amplifies

local overdensities

to the current Large-

Scale Structures (LSS)

baryons

radiation
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3.3 Cosmic Microwave Background: experiments

 The first space-based CMB mission: COsmic Background Explorer (COBE)

- NASA mission 1989-1993, two goals: 

- is CMB a perfect black body spectrum?

- does CMB exhibit fluctuations Τ∆𝑻 𝑻?
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COBE mission: the FIRAS instrument

 John Mather investigates the spectral form of the CMB with FIRAS

- Far InfraRed Absolute 

Spectrophotometer

(FIRAS) 

FIRAS horn

- a classical Michelson-

interformeter using 𝐿𝐻𝑒 −
cooled bolometers

- principle: 

compare CMB from horn with 7° opening

angle with a 𝐿𝐻𝑒 − cooled reference

black-body radiator
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FIRAS: first results already after 𝟗𝒎𝒊𝒏.

 FIRAS reveals: BBR is a perfect

black-body radiator

- FIRAS operation ended when

650 ℓ 𝐿𝐻𝑒 − dewar was empty

(1990)

𝑇 𝐶𝑀𝐵 = 2.72548 ± 0.00057 𝐾

9 𝑚𝑖𝑛. for

my Nobel
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COBE mission: the DMR instrument

 George Smoot is hunting tiny CMB temperature fluctuations ∆ Τ𝑻 𝑻 with DMR

- Differential Microwave Radiometer - DMR 

- principle: 

compare Τ∆𝑇 𝑇 of the

CMB from 2 spots at   

60° relative to each

other with two horn

antenna integrating

over a 7° opening

angle of the sky

- key to success: 

Dicke switch*

*oups, Dicke scooped again…
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DMR: stat. significant results only after 𝟒 𝒚𝒓𝒔.

 DMR reveals: BBR shows tiny

fluctuations temperature Τ∆𝑻 𝑻

- DMR operation ended in 1993

(data do not depend on cooling

by 𝐿𝐻𝑒-dewar)

4 𝑦𝑟𝑠. for

my Nobel

few 𝜇𝐾 warmer galactic emission:

a noise signal

few 𝜇𝐾 colder

we had to integrate the

data over four years… 
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DMR: stat. significant results only after 𝟒 𝒚𝒓𝒔.

 DMR r signaleveals: BBR signal needs to be separated from the galactic

noise via their respective frequency dependence

- galactic plane is a strong radio

source: noise signal for CMB

avoid the

galactic plane

we had to cut out the

galactic plane … 

thermal emission:

cold dust clouds

synchrotron

radiation of 𝒆−

𝑁

𝑆
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DMR: stat. significant results only after 𝟒 𝒚𝒓𝒔.

 DMR reveals: BBR shows tiny

fluctuations temperature Τ∆𝑻 𝑻

- DMR operated at 3 different

frequencies: 31.5 − 53 − 90 𝐺𝐻𝑧

consistent

results!!

we had to compare hot & cold

spots at 3 frequencies: good match! 

31.5 𝐺𝐻𝑧

90 𝐺𝐻𝑧

35 𝐺𝐻𝑧

−100 𝜇𝐾 +100 𝜇𝐾
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DMR: stat. significant results only after 𝟒 𝒚𝒓𝒔.

 DMR reveals: BBR shows tiny

fluctuations temperature Τ∆𝑻 𝑻

- DMR operated at 3 different

frequencies: 31.5 − 53 − 90 𝐺𝐻𝑧

31.5 𝐺𝐻𝑧

90 𝐺𝐻𝑧

35 𝐺𝐻𝑧
consistent

results!!

Dr. Sheldon 

Cooper, ok?
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COBE mission: important CMB results

 J. Mather and G. Smoot are awarded the Nobel prize in physics in 2006

"for their discovery of the blackbody form and anisotropy 

of the cosmic microwave background radiation."

2006
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Scientific legacy of COBE for cosmology

 Legacy #1: to first order at the 𝒔𝒖𝒃 − 𝑲 −scale, the universe is isotropic

isotropy

- homogenous & isotropic universe

with Robertson-Walker metrics

- cosmological origin of CMB

- what is the origin of the isotropy

of the CMB on the 𝑠𝑢𝑏 − 𝐾 − scale?

𝑻 = 𝟐. 𝟕𝟐𝟔 𝑲,without causal contact

> 2°

- horizon problem: all scales larger than

𝟐° have never been in causal contact! 
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Scientific legacy of COBE for cosmology

 Legacy #1: to first order at the 𝒔𝒖𝒃 − 𝑲 −scale, the universe is isotropic

isotropy

𝑻 = 𝟐. 𝟕𝟐𝟔 𝑲,without causal contact

- inflationary theory addresses this by

an exponential growth of 𝒂 𝒕 at

𝒕 = 𝟏𝟎−𝟑𝟔…𝟏𝟎−𝟑𝟐𝒔

> 2°
- increase of scale factor 𝑎 𝑡 by

more than 𝟏𝟎𝟐𝟐 (or 𝑒60 − fold)

- inflation would smooth out variations

in the 𝑇 −distribution of the CMB 

(down to the 10−5 level observed)

- expansion driven by inflaton field



G. Drexlin – Cosmo #8 Exp. Teilchenphysik - ETPDec 20, 202244

Scientific legacy of COBE for cosmology

 Legacy #1: to first order at the 𝒔𝒖𝒃 − 𝑲 −scale, the universe is isotropic

𝑻 = 𝟐. 𝟕𝟐𝟔 𝑲,without causal contact

- rapid expansion should have resulted in 

the emission gravitational waves, but

no signal has been measured* (yet?)  

> 2°

*see ATP-2 in summer 2023
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Scientific legacy of COBE for cosmology

 Legacy #2: at the 𝒎𝑲−scale, the dipole anisotropy manifests

- Dipole anisotropy: a Doppler effect,

caused by motion of solar system

relative to CMB radiation field

−3.3 𝑚𝐾 +3.3 𝑚𝐾

hotter CMB:

we fly to this spot

colder CMB:

we fly away from this spot

- Doppler amplitude:

∆𝑇 𝜃 = 𝑇0 ∙ 1 +
𝑣

𝑐
∙ cos 𝜃

= 3.365 ± 0.0275 𝑚𝐾

 𝑣 = 371 Τ𝑘𝑚 𝑠

- CMB is an absolute reference

system, but not distinguished in SR* 

*Special Relativity
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Scientific legacy of COBE for cosmology

- temperature fluctuations Τ∆𝑻 𝑻 are

anti-correlated to fluctuations of the

density Τ∆𝝆 𝝆 of specific regions

 Legacy #3: at the 𝝁𝑲 −scale, temperature fluctuations Τ∆𝑻 𝑻 manifest 

colder = denser

region

warmer = less

dense region

- amplitude at the level ~ 10−5

(10…20 𝜇𝐾): agrees with inflation

∆𝑇

𝑇
=  -

∆𝜌

𝜌
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Scientific legacy of COBE for cosmology

 Legacy #3: fluctuations Τ∆𝑻 𝑻 as seeds for (much later) structure formation

colder = denser

region

warmer = less

dense region

low density

average density

large density

hot region

intermed. region

cold region
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Legacy of cosmology

 Happy Holidays & a happy New Year 2023

FROHE FESTTAGE UND EIN GUTES NEUES JAHR


