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Goals of this course
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➡ Present the relevance and importance of CMB research, having you 
in mind as the future researcher who will take this field further


➡ Describe how CMB has shaped our understanding of cosmology 
and gave us the ‘concordance model’ (CMB temp power spectrum)


➡ Show the current frontiers of CMB research (CMB polarization and 
spectral distortions) and describe their scientific goals


➡ Illustrate how CMB is used as a “backlight” to learn about the 
intervening universe (my personal favourite)


➡ Give you an idea on CMB data analysis: what are the tools and how 
different foreground emissions are handled
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Practical matters
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➡ We use these lecture slides as the primary source of information, but will also do blackboard 
work. Slides will be posted on eCampus before the lectures (probably the night before 😉 ) 


➡ We have a lecture script, which is being completed as we go along. Please check the eCampus 
page for the latest version of this PDF script.


➡ We can use the eCampus forum to discuss everything related to this course (and ask questions)


Lecturer: 

Kaustuv Basu (AIfA room no. 1.006)

kbasu@uni-bonn.de

Tutors: 

Subarna Chaki s89schak@uni-bonn.de

Lynn Hansen s88lhans@uni-bonn.de

Need to decide on the day & time of 

the tutorial class(es)

mailto:kbasu@uni-bonn.de
mailto:s6adlahi@uni-bonn.de
mailto:s6adlahi@uni-bonn.de
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Exercises, Exercises!
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A few analytic calculations, few more coding and plotting, all simple

Expect 6 or 7 exercise 
sheets, some will have 

two weeks to finish them

You will need to attempt or solve at least 70% of 
the exercises to get into the final exam.
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How much cosmology do we need?
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Hubble parameter and the Friedmann equations: 

Boltzmann equations for scalar perturbations:

FRW metric:
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Please ask questions at any time!
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You can also email me or ask questions  
in our eCampus Forum
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What is the CMB?
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What is the CMB?
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Where is the CMB?
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Where is the CMB?
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Where is the CMB?
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Where is the CMB?
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• CMB dominates the radiation content of the universe by far

• It contains nearly 93% of the radiation energy density and 99% of all the 
photons (410 CMB photons per cubic centimeter!)

~ 400 photons per cm3

~0.3 eV/cm3

(From Bradt, Astrophysical Processes, CUP)
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Where is the CMB?
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~ 1%

The same is true for FM radio: The “hiss” you hear 
between switching from one station to another partly 

comes from the Cosmic Microwave Background!
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Recognition for precision cosmology
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5

TCMB = 2.726 ± 0.001 K
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Is CMB science dead?  Absolutely not!
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There has been a widespread belief among non-cosmologists that CMB science 
is practically over. Indeed, CMB research has been victim of its own success!

6-parameter ΛCDM cosmology is excellent fit to data 

@1994 @2015
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Frontiers of CMB research today
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1. The thermal (blackbody)         
spectrum and its distortions as a 
cosmological probe

2. Polarization anisotropies and 
the search for the primordial 
gravitational waves

3. Secondary anisotropies and 
the study of the growth of large-
scale structure
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Slide from Eiichiro Komatsu

there
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Use the CMB as a cosmic backlight
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https://arxiv.org/abs/1909.01592

https://arxiv.org/abs/1909.01592
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Two decades of CMB measurements
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1998 (credit: Max Tegmark)

2018: Planck Legacy Results

2006: Hinsaw et al. (WMAP)

Two decades of increasingly accurate observations

From temperature to polarization, to lensing and the 
SZ effect, and more..
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Discovery of the CMB

McKellar (1940)

20

• In 1940, Andrew McKellar discovers CN molecules in interstellar 
space from their absorption spectra (one of the first IS-molecules)

• From the CN and CH excitation line ratios, he infers the “rotational 
temperature of interstellar space” to be 2.3° K (1941, PASP 53, 233)

• In his 1950 book, the Nobel prize-winning spectroscopist Gerard 
Herzberg remarks: “From the intensity ratio of the lines with K=0 and 
K=1  a  rotational  temperature of 2.3° K follows, which has of 
course only a very restricted meaning.” 
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McKeller’s discovery (1940)
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McKeller died in 1960 at the 
age of 50, so he did not have 
a chance to know the true 
significance of his discovery.
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Discovery of the CMB
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The results of these calculations were first announced in a letter to 
The Physical Review, April 1, 1948. This was signed Alpher, Bethe, 
and Gamow, and is often referred to as the ‘alphabetical article’. 
It seemed unfair to the Greek alphabet to have the article signed 
by Alpher and Gamow only, and so the name of Dr. Hans A. Bethe 
(in absentia) was inserted in preparing the manuscript for print. 
Dr. Bethe, who received a copy of the manuscript, did not object, 
and, as a matter of fact, was quite helpful in subsequent 
discussions. There was, however, a rumor that later, when the 
alpha, beta, gamma theory went temporarily on the rocks, Dr. 
Bethe seriously considered changing his name to Zacharias.

George Gamow, “The Creation of The Universe”

• Alpher,  Bethe  &  Gamow,  in  their 
1948  paper,  first  proposed  the  very 
hot  and  dense  early  phase  of  the 
Universe  (later  termed  derisively  as 
“Big  Bang”  by  Fred  Hoyle).  They 
mistakenly concluded that all elements 
were produced in this hot early phase.
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Discovery of the CMB
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• After the “α-β-γ paper”, Alpher & Herman 
(1948, picture on left) predict 5 K radiation 
background as by-product of their theory of 
the nucleosynthesis in the early universe (with 
no suggestion of its detectability).

• Tigran Shmaonov (1957) reports a uniform 
noise temperature of 4±3 K at λ=3.2 cm in 
his PhD thesis.

• Doroshkevich & Novikov (1964, pictures on 
left) emphasize the detectability of this 
radiation, predict that the spectrum of the 
relict radiation will be a blackbody, and also 
mention that the twenty-foot horn reflector at 
the Bell Laboratories will be the best 
instrument for detecting it.

• All along this time, nobody really noticed or 
remembered the significance of McKeller’s 
discovery with CN molecular line (besides Fred 
Hoyle..)
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Discovery of the CMB
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Discovery of the CMB
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• Originally  wanted  to 
measure Galactic emission at 
λ=7.3 cm (1964-65)

• Found  a  direction-
independent  noise  (3.5±1.0 
K) that they could not get rid 
of, despite drastic measures

• So  they  talked  with 
colleagues..

• Explanation of this “excess 
noise”  was  given  in  a 
companion paper  by  Robert 
Dicke and collaborators
 

(Dicke’s famous remark after 
hearing  about  the  Bell  Labs 
result  on  telephone:  “Well 
boys, we’ve been scooped”)

Measured Jul 1964 - Apr 1965, publ. May 1965
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Discovery of the CMB
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(in Munich)
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Recorder

Horn antenna

Calibrator, 
cooled to 5 K 

by liquid helium

Amplifier
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You can help to protect the antenna!
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As of 9. October, 2023
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The importance of learning CMB

(even when it’s not your main area of research)
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The importance of learning CMB:
Example 1
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The importance of learning CMB:
Example 2
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Conformal Cyclic Cosmology (CCC) 
proposed by R. Penrose

Jow & Scott (2020)
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The importance of learning CMB:
Example 3
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(a certain Vavryčuk, published in the MNRAS)

Some people still think CMB can be explained as 
thermal emission from interstellar dust grains..

Viero et al. (2019), CMB-CIB cross spectra
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Let’s meet the experiments
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Credit: TheLittlePlanetFactory / WMAP globe (£45)
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COBE satellite
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Launched on Nov. 1989 on a Delta 
rocket.

DIRBE:  Measured the absolute sky 
brightness in the 1-240 μm 
wavelength range, to search for the 
Infrared Background

FIRAS: Measured the spectrum of the 
CMB, finding it to be an almost perfect 
blackbody with T0 = 2.725 ± 0.002 K 

DMR:  Found “anisotropies” in the 
CMB for the first time, at a level of 1 
part in 105 

2006 
Nobel 

prize in 
physics

Credit: NASA



An Introduction to the CMB 01: History, context & course intro

The CMB blackbody
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2006 Nobel Prize in Physics!

Result of first few minutes 
of FIRAS observation!
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Measurement of TCMB
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Ground  and  balloon  based 
experiments  have  been 
measuring  CMB  temperature  for 
decades with increasing precision

but it was realized that one has to 
go  to  the  stable  thermal 
environment of outer space to get 
a  really  accurate  measurement 
(and observe in the Wien part).

Measured blackbody spectrum of the CMB,
with fit to various data

Credit: D. Samtleben

Credit: Ned Wright
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COBE DMR Measurements
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COBE DMR results
First announced in Smoot et al. (1992)

Credit: Archeops team

2006 Nobel Prize in Physics 
for George Smoot
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Relikt-1
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Launched July 1983 (6 yr before COBE)
Single frequency (37 GHz) radiometer

Strukov et al. (1992)

Analysis seriously delayed by the breakup of the USSR..

A 1992 paper reported a temperature decrement of 
-71 ± 43 μK at large angles at 90% confidence, 

including systematics.
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Anisotropies seen by BOOMERANG
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Boomerang launch Dec 1998
(Balloon Observations Of Millimetric 

Extragalactic Radiation ANd Geophysics)
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WMAP: 2001-2010
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Note the same dual receivers as COBE. 
This  design,  plus  the  very  stable 
conditions at the L2, minimizes the “1/f 
noise” in amplifiers and receivers.

Thus after 7 years, the data could still 
be added and noise lowered (of course, 
the improvement gradually diminishes).

Credit: NASA
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WMAP results after 1st year
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Internal Linear Combination map

(Credit: WMAP Science Team)

Obtaining this map will be one of 
the exercises in our course!
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Planck satellite (2009-2013)
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Credit: ESA
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PLANCK launch: May 2009
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Destination L2: 
The second

Lagrangian point

Credit: ESA
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Planck transformed the CMB science
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l<26, θ~7°

l<780, θ~0.2°

l<2160, θ~0.1°
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CMB sky seen from Planck
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Temperature measurement from Planck, dipole and Galaxy subtracted.
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CMB state-of-the-art (mid-2018)

48

Cosmic 
variance 
limited 

measurement
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Launch 2027
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Slide courtesy: E. Komatsu
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Future space-missions/concepts
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Cosmic Origins Explorer (COrE)

Voyage-2050 Mission Concept
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Selection of CMB science for Voyage 2050
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https://www.esa.int/Science_Exploration/Space_Science/
Voyage_2050_sets_sail_ESA_chooses_future_science_mission_themes

July 2021
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Current/recently concluded 
ground-based experiments
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Evolution of CMB detector assembly
(bolometer arrays)
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Evolution of the SPT detector assembly

(Credit: SPT collaboration)
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Example of a modern CMB telescope (ACT)
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Upcoming ground-based experiments
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https://www.simonsfoundation.org/series/the-eternal-sky/

Starting in 2023
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CCAT-prime: A submillimeter CMB 
experiment with Bonn University as partner
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Starting 2024-25
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Questions?
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Feel free to email me or ask questions  
in our eCampus Forum


