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“my god, it’s full of stars!”
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of  the western spiral arm of  the Milky Way Galaxy”
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Cosmology explain this!

“a small blue-green planet
in the uncharted backwaters of  the unfashionable end
of  the western spiral arm of  the Milky Way Galaxy”

“the infinite improbability drive,
a wonderful new method of  crossing interstellar 

distances in a mere nothingth of  a second”
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Space, the final frontier?

our solar system

Proxima Centauri

4 lighyears (ca. 40.000.000.000.000 km)
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2=Proxima Centauri

Space, the final frontier!

ca. 100000 lightyears
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Space, the final frontier!

The Local Group of  Galaxies

how many galaxies are there in the Universe?
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Sept. 2003 - Jan. 2004:

ca. 10000 galaxies

Space, the final frontier!

let’s map all galaxies in the Universe...
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Space, the final frontier!

5-year mission 2245-2250:
to boldly go where no man has gone before...
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Space, the final frontier!

5-year mission 1997-2002:

AAT @ Siding Springs

2dF Galaxy Redshift Survey
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Space, the final frontier!

5-year mission 1997-2002:

AAT @ Siding Springs

the only mission?
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Euclid satellite launched 2023 and...

... designed to explore the composition
     and evolution of  the dark Universe.
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Origin and Evolution of  the Universe

galaxies

and

their large-scale structure distribution

Cosmology is…

galaxy zoo!?
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Origin and Evolution of  the Universe

Cosmology is…

neutral hydrogen ionized hydrogen

explain this!
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the first stars and galaxies Origin and Evolution of  the Universe

Cosmology is…
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the dark ages Origin and Evolution of  the Universe

Cosmology is…
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cosmic microwave background radiation
Origin and Evolution of  the Universe

Cosmology is…
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Cosmology explain this!

baryogenesis

Quarks:  58%
Force Carriers:  29%
Electron-like Particles: 9%
Neutrinos:  5%
Higgs-Bosons:  1%

Origin and Evolution of  the Universe

Cosmology is…
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Origin and Evolution of  the Universe

Cosmology is…

cosmic inflation



H
is

to
ry

 &
 P

ri
n

c
ip

le
s

46 3. Thermal History

Event time t redshift z temperature T

Inflation 10�34 s (?) – –

Baryogenesis ? ? ?

EW phase transition 20 ps 1015 100 GeV

QCD phase transition 20 µs 1012 150 MeV

Dark matter freeze-out ? ? ?

Neutrino decoupling 1 s 6⇥ 109 1 MeV

Electron-positron annihilation 6 s 2⇥ 109 500 keV

Big Bang nucleosynthesis 3 min 4⇥ 108 100 keV

Matter-radiation equality 60 kyr 3400 0.75 eV

Recombination 260–380 kyr 1100–1400 0.26–0.33 eV

Photon decoupling 380 kyr 1000–1200 0.23–0.28 eV

Reionization 100–400 Myr 11–30 2.6–7.0 meV

Dark energy-matter equality 9 Gyr 0.4 0.33 meV

Present 13.8 Gyr 0 0.24 meV

Table 3.1: Key events in the thermal history of the universe.

show that choosing natural values for the mass of the dark matter particles and their

interaction cross section with ordinary matter reproduces the observed relic dark matter

density surprisingly well.

• Neutrino decoupling. Neutrinos only interact with the rest of the primordial plasma

through the weak interaction. The estimate in (3.1.10) therefore applies and neutrinos

decouple at 0.8 MeV.

• Electron-positron annihilation. Electrons and positrons annihilate shortly after neu-

trino decoupling. The energies of the electrons and positrons gets transferred to the

photons, but not the neutrinos. In §3.2.4, we will explain that this is the reason why the

photon temperature today is greater than the neutrino temperature.

• Big Bang nucleosynthesis. Around 3 minutes after the Big Bang, the light elements

were formed. In §3.3.4, we will study this process of Big Bang nucleosynthesis (BBN).

• Recombination. Neutral hydrogen forms through the reaction e
�+p

+ ! H+� when the

temperature has become low enough that the reverse reaction is energetically disfavoured.

We will study recombination in §3.3.3.

Cosmology explain this!
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Cosmology explain this!
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in space and time...

...covering all fields of  physics!



H
is

to
ry

 &
 P

ri
n

c
ip

le
s

Cosmology explain this!

…explains the origin and evolution of  the Universe

…is based upon certain principles

…is a respectable field of  science (and not science-fiction…)
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§  explain this!

§  principles

§  cosmology – science or science fiction?

§  cosmological structure formation
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• weak equivalence principle

m d 2r
dt2

= −mGM
r2

• weak equivalence principle
• strong equivalence principle
• cosmological principle
• strong cosmological principle
• principle of relativity

Newton’s 2nd law of  motion: 

m = “resistance to force”

Newton’s law of  gravity: 

m = “gravitating mass”
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principlesCosmology

• weak equivalence principle

“gravitational and inertial masses are equal”

m d 2r
dt2

= −mGM
r2

Newton’s 2nd law of  motion: 

m = “resistance to force”

Newton’s law of  gravity: 

m = “gravitating mass”

weak principle of  equivalence:

m = m

• weak equivalence principle
• strong equivalence principle
• cosmological principle
• strong cosmological principle
• principle of relativity
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15.2. THE STRONG EQUIVALENCE PRINCIPLE 661

Stationary elevator in a
gravitational field at the

surface of a planet

Elevator accelerated in
interstellar space far from

gravitating masses

Figure 15.2: The Einstein elevator.

15.2 The Strong Equivalence Principle

Einstein extended this idea to the modern equivalence principle (some-
times called the strong principle of equivalence).

Elevator illustrated in Fig. 15.2: unable to distinguish an acceleration
of the elevator at some point in space where no gravitation fields act
from the effect of a stationary elevator sitting in a planetary gravita-
tional field.

The Principle of Equivalence: For an observer in free
fall in a gravitational field, the results of all local exper-
iments are independent of the magnitude of the gravita-
tional field.

principlesCosmology

• strong equivalence principle

“there is no observable distinction between the

local effects of  gravity and acceleration”
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• weak equivalence principle
• strong equivalence principle
• cosmological principle
• strong cosmological principle
• principle of relativity
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ü time dilation

ü light deflection

ü gravitational red- & blueshift
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• principle of relativity
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• strong equivalence principle

“there is no observable distinction between the

local effects of  gravity and acceleration”
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principlesCosmology

• strong equivalence principle

“there is no observable distinction between the

local effects of  gravity and acceleration”

v(t1)

light ray

Δy

€ 

Δx

v(t2)

consequences:

ü time dilation

ü light deflection

ü gravitational red- & blueshift

• weak equivalence principle
• strong equivalence principle
• cosmological principle
• strong cosmological principle
• principle of relativity
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• strong equivalence principle

“there is no observable distinction between the

local effects of  gravity and acceleration”

consequences:

ü time dilation

ü light deflection

ü gravitational red- & blueshift

light ray

€ 

Δx

Δy

a

• weak equivalence principle
• strong equivalence principle
• cosmological principle
• strong cosmological principle
• principle of relativity
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• strong equivalence principle

“there is no observable distinction between the

local effects of  gravity and acceleration”

consequences:

ü time dilation

ü light deflection

ü gravitational red- & blueshift

light ray

€ 

Δx

Δy

a

g€ 

Δx
Δy

light ray also feels gravity!

• weak equivalence principle
• strong equivalence principle
• cosmological principle
• strong cosmological principle
• principle of relativity
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• cosmological principle

“the Universe is homogeneous & isotropic

in space”

• weak equivalence principle
• strong equivalence principle
• cosmological principle
• strong cosmological principle
• principle of relativity
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principlesCosmology

• cosmological principle

“the Universe is homogeneous & isotropic

in space”

homogeneous

(translational invariance)

isotropic

(rotational invariance)

• weak equivalence principle
• strong equivalence principle
• cosmological principle
• strong cosmological principle
• principle of relativity



H
is

to
ry

 &
 P

ri
n

c
ip

le
s

principlesCosmology

• cosmological principle

“the Universe is homogeneous & isotropic

in space”

homogeneous

(translational invariance)

isotropic

(rotational invariance)

• weak equivalence principle
• strong equivalence principle
• cosmological principle
• strong cosmological principle
• principle of relativity

SDSS galaxies CMB monopole
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principlesCosmology

• cosmological principle

“the Universe is homogeneous & isotropic

in space”

homogeneous & isotropic

• weak equivalence principle
• strong equivalence principle
• cosmological principle
• strong cosmological principle
• principle of relativity
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principlesCosmology

• weak equivalence principle

• strong equivalence principle

• cosmological principle

• strong cosmological principle

• principle of  relativity
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principlesCosmology

• strong cosmological principle*

“the Universe is homogeneous & isotropic

in space and time”

time

• weak equivalence principle
• strong equivalence principle
• cosmological principle
• strong cosmological principle
• principle of relativity

*sometimes also referred to as the ‘perfect cosmological principle’
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principlesCosmology

• strong cosmological principle

“the Universe is homogeneous & isotropic

in space and time”

time

• weak equivalence principle
• strong equivalence principle
• cosmological principle
• strong cosmological principle
• principle of relativity

the Universe expands! (more later…)
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principlesCosmology

• weak equivalence principle

• strong equivalence principle

• cosmological principle

• strong cosmological principle

• principle of  relativity
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principlesCosmology

• principle of  relativity

“the equations describing the laws of  physics

have the same form

   irrespective of  the coordinate system”

• weak equivalence principle
• strong equivalence principle
• cosmological principle
• strong cosmological principle
• principle of relativity
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§  explain this!

§  principles

§  cosmology – science or science fiction?

§  cosmological structure formation

Cosmology
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46 3. Thermal History

Event time t redshift z temperature T

Inflation 10�34 s (?) – –

Baryogenesis ? ? ?

EW phase transition 20 ps 1015 100 GeV

QCD phase transition 20 µs 1012 150 MeV

Dark matter freeze-out ? ? ?

Neutrino decoupling 1 s 6⇥ 109 1 MeV

Electron-positron annihilation 6 s 2⇥ 109 500 keV

Big Bang nucleosynthesis 3 min 4⇥ 108 100 keV

Matter-radiation equality 60 kyr 3400 0.75 eV

Recombination 260–380 kyr 1100–1400 0.26–0.33 eV

Photon decoupling 380 kyr 1000–1200 0.23–0.28 eV

Reionization 100–400 Myr 11–30 2.6–7.0 meV

Dark energy-matter equality 9 Gyr 0.4 0.33 meV

Present 13.8 Gyr 0 0.24 meV

Table 3.1: Key events in the thermal history of the universe.

show that choosing natural values for the mass of the dark matter particles and their

interaction cross section with ordinary matter reproduces the observed relic dark matter

density surprisingly well.

• Neutrino decoupling. Neutrinos only interact with the rest of the primordial plasma

through the weak interaction. The estimate in (3.1.10) therefore applies and neutrinos

decouple at 0.8 MeV.

• Electron-positron annihilation. Electrons and positrons annihilate shortly after neu-

trino decoupling. The energies of the electrons and positrons gets transferred to the

photons, but not the neutrinos. In §3.2.4, we will explain that this is the reason why the

photon temperature today is greater than the neutrino temperature.

• Big Bang nucleosynthesis. Around 3 minutes after the Big Bang, the light elements

were formed. In §3.3.4, we will study this process of Big Bang nucleosynthesis (BBN).

• Recombination. Neutral hydrogen forms through the reaction e
�+p

+ ! H+� when the

temperature has become low enough that the reverse reaction is energetically disfavoured.

We will study recombination in §3.3.3.

Cosmology

orders of  magnitude 

in space and time...

...covering all fields of  physics!

science or science-fiction?
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Cosmology

Quantum Field Theory

General Relativity

Thermodynamics

kB

h c e

…is a combination of  all fields in physics:

science or science-fiction?

G
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Cosmology

…is a combination of  all fields in physics:

science or science-fiction?

fundamental constants in Nature:

Quantum Mechanics h Planck constant 

Special Relativity  c speed of  light 

General Relativity  G gravitational constant

Thermodynamics  kB  Boltzmann constant

kB
δhαcβGγ
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Cosmology

…is a combination of  all fields in physics:

science or science-fiction?

fundamental constants in Nature:

Quantum Mechanics h Planck constant 

Special Relativity  c speed of  light 

General Relativity  G gravitational constant

Thermodynamics  kB  Boltzmann constant

€ 

Gh
c3

≈ 1.7×10−33cm

Gh
c5

≈ 10−43 sec

hc
G

≈ 2.5×10−5g

hc5

G
≈ 1.2×1019GeV

kB
−1 hc5

G
≈ 1.4 ×1032K

scale

time

mass

energy

temperature
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Cosmology

…is a combination of  all fields in physics:

science or science-fiction?

fundamental constants in Nature:

Quantum Mechanics h Planck constant 

Special Relativity  c speed of  light 

General Relativity  G gravitational constant

Thermodynamics  kB  Boltzmann constant

€ 

Gh
c3

≈ 1.7×10−33cm

Gh
c5

≈ 10−43 sec

hc
G

≈ 2.5×10−5g

hc5

G
≈ 1.2×1019GeV

kB
−1 hc5

G
≈ 1.4 ×1032K

scale

time

mass

energy

temperature

Planck units
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Cosmology

…started with General Relativity:

science or science-fiction?

fundamental constants in Nature:

Quantum Mechanics h Planck constant 

Special Relativity  c speed of  light 

General Relativity  G gravitational constant

Thermodynamics  kB  Boltzmann constant

€ 

Gh
c3

≈ 1.7×10−33cm

Gh
c5

≈ 10−43 sec

hc
G

≈ 2.5×10−5g

hc5

G
≈ 1.2×1019GeV

kB
−1 hc5

G
≈ 1.4 ×1032K

scale

time

mass

energy

temperature
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Cosmology science or science-fiction?

Albert Einstein:

1905 special relativity

1915 general relativity
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Cosmology science or science-fiction?

Albert Einstein:

1905 special relativity

1915 general relativity

€ 

Rµν −
1
2
gµνR + gµν Λ =

8πG
c 4

Tµν
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Cosmology science or science-fiction?

Albert Einstein:

1905 special relativity

1915 general relativity

€ 

Rµν −
1
2
gµνR + gµν Λ =

8πG
c 4

Tµν

matter tells space how to curve…
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Cosmology science or science-fiction?

Albert Einstein:

1905 special relativity

1915 general relativity

€ 

Rµν −
1
2
gµνR + gµν Λ =

8πG
c 4

Tµν

space tells matter how to move…
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Cosmology science or science-fiction?

Albert Einstein:

1905 special relativity

1915 general relativity

€ 

Rµν −
1
2
gµνR + gµν Λ =

8πG
c 4

Tµν

permits a static solution…

(more in a few slides)
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Cosmology science or science-fiction?

Albert Einstein:

1905 special relativity

1915 general relativity:
permits singularities in space-time
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Cosmology science or science-fiction?

€ 

Rµν −
1
2
gµνR + gµν Λ =

8πG
c 4

Tµν

and what about solutions in general?

Albert Einstein:

1905 special relativity

1915 general relativity:
permits singularities in space-time
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Cosmology science or science-fiction?

€ 

Rµν −
1
2
gµνR + gµν Λ =

8πG
c 4

Tµν

and what about solutions in general?

Albert Einstein:

1905 special relativity

1915 general relativity:
permits singularities in space-time

homogeneous and isotropic 3D space →
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Alexander Friedmann:

1922 Friedmann equation*

Cosmology science or science-fiction?

*derived under the assumption of the Cosmological Principle and without a cosmological constant (cf. FRW lecture)

𝑎̇! =
8𝜋𝐺
3

𝜌𝑎! − 𝑘𝑐!
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Alexander Friedmann:

1922 Friedmann equation

Cosmology science or science-fiction?

𝑎̇! =
8𝜋𝐺
3

𝜌𝑎! − 𝑘𝑐!

a(t) measures change of  distance scale in Universe
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Cosmology science or science-fiction?

𝑎̇ ≠ 0

Alexander Friedmann:

1922 Friedmann equation

𝑎̇! =
8𝜋𝐺
3

𝜌𝑎! − 𝑘𝑐!

a(t) measures change of  distance scale in Universe
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Cosmology science or science-fiction?

the Universe itself  began in a singularity!?

Alexander Friedmann:

1922 Friedmann equation

𝑎̇! =
8𝜋𝐺
3

𝜌𝑎! − 𝑘𝑐!
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Cosmology science or science-fiction?

the Universe itself  began in a singularity!?

Fred Hoyle: “big bang”

Alexander Friedmann:

1922 Friedmann equation

𝑎̇! =
8𝜋𝐺
3

𝜌𝑎! − 𝑘𝑐!
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Cosmology science or science-fiction?

Alexander Friedmann:

1922 Friedmann equation

the Universe itself  began in a singularity!?

Fred Hoyle: “big bang”

Albert Einstein: revision of  general relativity (L-term, 1917)

𝑎̇! =
8𝜋𝐺
3

𝜌𝑎! − 𝑘𝑐!
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Cosmology science or science-fiction?

Alexander Friedmann:

1922 Friedmann equation

𝑎̇! =
8𝜋𝐺
3

𝜌𝑎! +
1
3
Λ𝑐!𝑎! − 𝑘𝑐!
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Vesto Slipher:

1916 galaxies in our vicinity
              are receding from us

Cosmology science or science-fiction?

Milky Way
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George Lemaitre:

1927 galaxies further away recede faster

Cosmology science or science-fiction?

𝑣 = 𝐿!𝑟
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George Lemaitre:

1927 galaxies further away recede faster:

  expansion of  the Universe!?

Cosmology science or science-fiction?

apparent velocity v

distance r

𝑣 = 𝐿!𝑟

𝐿0 = 625
𝑘𝑚
𝑠 /𝑀𝑝𝑐
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George Lemaitre:

1927 galaxies further away recede faster:

  expansion of  the Universe!?

Cosmology science or science-fiction?

apparent velocity v

distance r

first only published in French*,

later translated by Arthur Eddington to English

and published in MNRAS in 1931

*Annales de la Societe Scientifique de Bruxelles

𝑣 = 𝐿!𝑟

𝐿0 = 625
𝑘𝑚
𝑠 /𝑀𝑝𝑐
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Edwin Hubble:

1929 expansion of  the Universe

Cosmology science or science-fiction?

€ 

H0 = 500 km /s /Mpc

(published in the Proceedings of  the National Academy of  Sciences of  the USA)

apparent velocity v

distance r

𝑣 = 𝐻!𝑟
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Cosmology science or science-fiction?

Edwin Hubble:

1929 expansion of  the Universe

€ 

H0 : present-day expansion rate
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Cosmology science or science-fiction?

Edwin Hubble:

1929 expansion of  the Universe

€ 

H0 : present-day expansion rate

𝑎̇! = 𝐻"!
Ω#
𝑎$ +Ω%there was a “big 

bang”!
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Cosmology science or science-fiction?

Edwin Hubble:

1929 expansion of  the Universe

€ 

H0

there was a “big 
bang”!

the “fireball” of  the big bang is still visible today!

: present-day expansion rate
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Penzias und Wilson 1965

Penzias & Wilson worked 1965 for Bell-Labs and

…investigating radio emission from the Milky Way

…discovering “strange noise”

The Fireball of  the Big Bang

Cosmology science or science-fiction?
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Penzias und Wilson 1965

Penzias & Wilson worked 1965 for Bell-Labs and

…investigating radio emission from the Milky Way

…discovering “strange noise”

Cosmology science or science-fiction?

discovery of  the “cosmic microwave background radiation”

The Fireball of  the Big Bang



H
is

to
ry

 &
 P

ri
n

c
ip

le
s

Penzias und Wilson 1965

Cosmology science or science-fiction?

The Fireball of  the Big Bang

spectacular announcement?!
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Penzias und Wilson 1965

Cosmology science or science-fiction?

The Fireball of  the Big Bang

spectacular announcement?!

“Fireball” with T~3.5K!?
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Penzias und Wilson 1965

Cosmology science or science-fiction?

The Fireball of  the Big Bang

spectacular announcement?!

“Fireball” with T~3.5K!?

Bell Labs
Princeton University
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Penzias und Wilson 1965

Cosmology science or science-fiction?

The Fireball of  the Big Bang

spectacular announcement?!

“Fireball” with T~3.5K!?

Bell Labs
Princeton University
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Penzias und Wilson 1965

Cosmology science or science-fiction?

The Fireball of  the Big Bang

spectacular announcement?!

“Fireball” with T~3.5K!?

Bell Labs
Princeton University

theoretical explanation in same volume…
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Penzias und Wilson 1965

Cosmology science or science-fiction?

The Fireball of  the Big Bang

€ 

E =
hc
λ

expanding space - the principle of  “redshift”:
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Penzias und Wilson 1965

Cosmology science or science-fiction?

The Fireball of  the Big Bang

€ 

E =
hc
λ

€ 

λ

€ 

λ

expanding space - the principle of  “redshift”:
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Penzias und Wilson 1965

Cosmology science or science-fiction?

€ 

T ≈ 2.76K

The Fireball of  the Big Bang

expanding space - the principle of  “redshift”:

𝑇 = 𝑘"#$
ℎ𝑐%

𝐺 ≈ 1.4×10&'𝐾
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Penzias und Wilson 1965

Cosmology science or science-fiction?

The Fireball of  the Big Bang

do we really see the

fireball of  the Big Bang?€ 

T ≈ 2.76K

€ 

T ≈1032K

expanding space - the principle of  “redshift”:
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Penzias und Wilson 1965

Cosmology science or science-fiction?

The Fireball of  the Big Bang

photons cannot travel freely

in early Universe!

← big bang

primordial plasma
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Penzias und Wilson 1965

Cosmology science or science-fiction?

The Fireball of  the Big Bang

release of  CMB photons

after “recombination”

← big bang

primordial plasma
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Penzias und Wilson 1965

Cosmology science or science-fiction?

The Fireball of  the Big Bang

release of  CMB photons

after “recombination”

← big bang

primordial plasma neutral Hydrogen
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Penzias und Wilson 1965

Cosmology science or science-fiction?

The Fireball of  the Big Bang

release of  CMB photons

after “recombination”

← big bang
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Penzias und Wilson 1965

Cosmology science or science-fiction?

The Fireball of  the Big Bang

release of  CMB photons

after “recombination”

!= 1032K

← big bang
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Penzias und Wilson 1965

Cosmology science or science-fiction?

The Fireball of  the Big Bang

release of  CMB photons

after “recombination”

!= 1032K

we will not be able

to see the Big Bang

← big bang
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Penzias und Wilson 1965

Penzias & Wilson worked 1965 for Bell-Labs and

…investigating radio emission from the Milky Way

…discovering “strange noise”

Cosmology science or science-fiction?

discovery of  the “cosmic microwave background radiation”

The Fireball of  the Big Bang

1978 noble prize in physics
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Penzias und Wilson 1965

Penzias & Wilson worked 1965 for Bell-Labs and

…investigating radio emission from the Milky Way

…discovering “strange noise”

Cosmology science or science-fiction?

discovery of  the “cosmic microwave background radiation”

The Fireball of  the Big Bang

1978 noble prize in physics

followed by numerous Nobel prizes in Cosmology/Astrophysics →
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nobel prizes related to cosmology...

Cosmology science or science-fiction?

2XXX: => explanation for dark energy
20XX: => discovery of  dark matter

2020: Penrose and Genzel & Ghez
     => relativity and black holes

2019: Peebles and Mayor & Queloz
     => physical cosmology and exoplanets

2017: Weiss, Barish & Thorne
     => discovery of  gravitational waves

2011: Perlmutter, Schmidt & Riess
     => discovery of  accelerated expansion of  the Universe

2006: Smoot & Mather
     => discovery of  anisotropies in the CMB

2002: Giacconi
     => discovery of  cosmic X-ray sources

1978: Penzias & Wilson
     => discovery of  CMB
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nobel prizes related to cosmology...

Cosmology science or science-fiction?

2XXX: => explanation for dark energy
20XX: => discovery of  dark matter

2020: Penrose and Genzel & Ghez
     => relativity and black holes

2019: Peebles and Mayor & Queloz
     => physical cosmology and exoplanets

2017: Weiss, Barish & Thorne
     => discovery of  gravitational waves

2011: Perlmutter, Schmidt & Riess
     => discovery of  accelerated expansion of  the Universe

2006: Smoot & Mather
     => discovery of  anisotropies in the CMB

2002: Giacconi
     => discovery of  cosmic X-ray sources

1978: Penzias & Wilson
     => discovery of  CMB

twice for CMB!?
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nobel prizes related to cosmology...

Cosmology science or science-fiction?

2XXX: => explanation for dark energy
20XX: => discovery of  dark matter

2020: Penrose and Genzel & Ghez
     => relativity and black holes

2019: Peebles and Mayor & Queloz
     => physical cosmology and exoplanets

2017: Weiss, Barish & Thorne
     => discovery of  gravitational waves

2011: Perlmutter, Schmidt & Riess
     => discovery of  accelerated expansion of  the Universe

2006: Smoot & Mather
     => discovery of  anisotropies in the CMB

2002: Giacconi
     => discovery of  cosmic X-ray sources

1978: Penzias & Wilson
     => discovery of  CMB

twice for CMB!?

€ 

T ≈ 2.76K
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nobel prizes related to cosmology...

Cosmology science or science-fiction?

2XXX: => explanation for dark energy
20XX: => discovery of  dark matter

2020: Penrose and Genzel & Ghez
     => relativity and black holes

2019: Peebles and Mayor & Queloz
     => physical cosmology and exoplanets

2017: Weiss, Barish & Thorne
     => discovery of  gravitational waves

2011: Perlmutter, Schmidt & Riess
     => discovery of  accelerated expansion of  the Universe

2006: Smoot & Mather
     => discovery of  anisotropies in the CMB

2002: Giacconi
     => discovery of  cosmic X-ray sources

1978: Penzias & Wilson
     => discovery of  CMB

twice for CMB!
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nobel prizes related to cosmology...

Cosmology science or science-fiction?

2XXX: => explanation for dark energy
20XX: => discovery of  dark matter

2020: Penrose and Genzel & Ghez
     => relativity and black holes

2019: Peebles and Mayor & Queloz
     => physical cosmology and exoplanets

2017: Weiss, Barish & Thorne
     => discovery of  gravitational waves

2011: Perlmutter, Schmidt & Riess
     => discovery of  accelerated expansion of  the Universe

2006: Smoot & Mather
     => discovery of  anisotropies in the CMB

2002: Giacconi
     => discovery of  cosmic X-ray sources

1978: Penzias & Wilson
     => discovery of  CMB

twice for CMB!
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nobel prizes related to cosmology...

Cosmology science or science-fiction?

2XXX: => explanation for dark energy
20XX: => discovery of  dark matter

2020: Penrose and Genzel & Ghez
     => relativity and black holes

2019: Peebles and Mayor & Queloz
     => physical cosmology and exoplanets

2017: Weiss, Barish & Thorne
     => discovery of  gravitational waves

2011: Perlmutter, Schmidt & Riess
     => discovery of  accelerated expansion of  the Universe

2006: Smoot & Mather
     => discovery of  anisotropies in the CMB

2002: Giacconi
     => discovery of  cosmic X-ray sources

1978: Penzias & Wilson
     => discovery of  CMB

twice for CMB!

Cosmology is science 
(and not science-fiction)
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Cosmology science or science-fiction?

General Relativity*

€ 

Rµν −
1
2
gµνR + gµν Λ =

8πG
c 4

Tµν

*Einstein did not receive the Nobel prize for GR!
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Cosmology science or science-fiction?

Friedmann equation

cosmological principle (cf. FRW lecture)

General Relativity

€ 

Rµν −
1
2
gµνR + gµν Λ =

8πG
c 4

Tµν

𝑎̇! =
8𝜋𝐺
3 𝜌𝑎! +

1
3Λ𝑐

!𝑎! − 𝑘𝑐!
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Cosmology science or science-fiction?

Friedmann equation

cosmological principle (cf. FRW lecture)

General Relativity

€ 

Rµν −
1
2
gµνR + gµν Λ =

8πG
c 4

Tµν

𝑎̇! =
8𝜋𝐺
3 𝜌𝑎! +

1
3Λ𝑐

!𝑎! − 𝑘𝑐!

𝑎(𝑡)
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Cosmology science or science-fiction?

Friedmann equation...describes the evolution of  the Universe as a whole:

a(t)
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Cosmology science or science-fiction?

Friedmann equation

𝑎̇! =
8𝜋𝐺
3 𝜌𝑎! +

1
3Λ𝑐

!𝑎! − 𝑘𝑐!
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Cosmology science or science-fiction?

Friedmann equation

𝑎̇! =
8𝜋𝐺
3 𝜌𝑎! +

1
3Λ𝑐

!𝑎! − 𝑘𝑐!

depending on various things...
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Cosmology science or science-fiction?

Friedmann equation*

𝑎̇!

𝑎! = 𝐻"!
Ω#,"
𝑎% +

Ω&,"
𝑎' +

Ω(,"
𝑎! +Ω),"

*in its most memorable form (derivation in FRW lecture)
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Cosmology science or science-fiction?

Friedmann equation

a = measure for radius of  Universe

a = measure for expansion rate

𝑎̇!

𝑎! = 𝐻"!
Ω#,"
𝑎% +

Ω&,"
𝑎' +

Ω(,"
𝑎! +Ω),"
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present expansion rate

Cosmology science or science-fiction?

Friedmann equation

𝐻!" =
𝑎̇!"

𝑎!"

𝑎̇!

𝑎! = 𝐻"!
Ω#,"
𝑎% +

Ω&,"
𝑎' +

Ω(,"
𝑎! +Ω),"
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present expansion rate

Cosmology science or science-fiction?

Friedmann equation

𝐻!" =
𝑎̇!"

𝑎!"

𝑎̇!

𝑎! = 𝐻"!
Ω#,"
𝑎% +

Ω&,"
𝑎' +

Ω(,"
𝑎! +Ω),"

present radiation content
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present expansion rate

Cosmology science or science-fiction?

Friedmann equation

𝐻!" =
𝑎̇!"

𝑎!"

𝑎̇!

𝑎! = 𝐻"!
Ω#,"
𝑎% +

Ω&,"
𝑎' +

Ω(,"
𝑎! +Ω),"

present radiation content
present matter content
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present expansion rate

Cosmology science or science-fiction?

Friedmann equation

𝐻!" =
𝑎̇!"

𝑎!"

𝑎̇!

𝑎! = 𝐻"!
Ω#,"
𝑎% +

Ω&,"
𝑎' +

Ω(,"
𝑎! +Ω),"

present radiation content
present matter content

present cosmological constant
(“dark energy”)
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present expansion rate

Cosmology science or science-fiction?

Friedmann equation

𝐻!" =
𝑎̇!"

𝑎!"

𝑎̇!

𝑎! = 𝐻"!
Ω#,"
𝑎% +

Ω&,"
𝑎' +

Ω(,"
𝑎! +Ω),"

present radiation content
present matter content

present cosmological constant
(“dark energy”)

present curvature
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present expansion rate

Cosmology science or science-fiction?

Friedmann equation

𝐻!" =
𝑎̇!"

𝑎!"

𝑎̇!

𝑎! = 𝐻"!
Ω#,"
𝑎% +

Ω&,"
𝑎' +

Ω(,"
𝑎! +Ω),"

present radiation content
present matter content

present cosmological constant
(“dark energy”)

present curvature

only 3 of  the 4 density parameters are independent as 1 = Ω( +Ω) +Ω* +Ω+
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present expansion rate

Cosmology science or science-fiction?

Friedmann equation

𝐻!" =
𝑎̇!"

𝑎!"

𝑎̇!

𝑎! = 𝐻"!
Ω#,"
𝑎% +

Ω&,"
𝑎' +

Ω(,"
𝑎! +Ω),"

present radiation content
present matter content

present cosmological constant
(“dark energy”)

present curvature

?

1 = Ω( +Ω) +Ω* +Ω+only 3 of  the 4 density parameters are independent as 
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Cosmology science or science-fiction?

cosmological parameters

𝐻!, 	 Ω",! , 	 Ω$,! ,	 Ω%,!
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determination
via

observations!

Cosmology science or science-fiction?

cosmological parameters

𝐻!, 	 Ω",! , 	 Ω$,! ,	 Ω%,!
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determination
via

observations!

Cosmology science or science-fiction?

cosmological parameters

𝐻!, 	 Ω",! , 	 Ω$,! ,	 Ω%,!
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science

: Hubble-Lemaitre Parameter

€ 

H0

€ 

H0 = 70 km /sec
Mpc

distance

apparent escape velocity

Cosmology
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science

: Hubble-Lemaitre Parameter

€ 

H0

€ 

H0 = 70 km /sec
Mpc

distance

apparent escape velocity

Cosmology

?
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determination
via

observations!

Cosmology science or science-fiction?

cosmological parameters

𝐻!, 	 Ω",! , 	 Ω$,! ,	 Ω%,!
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: radiation content

scienceCosmology

𝛀𝒓,𝟎

Penzias und Wilson 1965

Ω#,! ≈ 10%&

(this is why we mostly ignore Wr when dealing with present-day structures)
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determination
via

observations!

Cosmology science or science-fiction?

cosmological parameters

𝐻!, 	 Ω",! , 	 Ω$,! ,	 Ω%,!
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“Dark Matter” already proposed by Fritz Zwicky in 1933:

galaxy cluster

scienceCosmology

𝛀𝒎,𝟎 : matter content
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.

.

“Dark Matter” already proposed by Fritz Zwicky in 1933:

galaxy cluster

gravity

.
.
.

.
... velocity

dispersion. .
.. .

.=>

scienceCosmology

𝛀𝒎,𝟎 : matter content
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.

.

“Dark Matter” already proposed by Fritz Zwicky in 1933:

galaxy cluster

gravity

.
.
.

.
... velocity

dispersion. .
.. .

.=>

equilibrium requires more matter
than is seen

scienceCosmology

𝛀𝒎,𝟎 : matter content
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“Dark Matter” needed to explain Vera Rubin’s galactic rotation curves in 1975/80:

scienceCosmology

𝛀𝒎,𝟎 : matter content
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30% of  the Universe consists of  matter...

...but only 17% of  this matter is visible!

Ωm = 30%

scienceCosmology

𝛀𝒎,𝟎 : matter content
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30% of  the Universe consists of  matter...

...but only 17% of  this matter is visible!the majority of  the matter in the Universe is

“dark matter”

scienceCosmology

Ωm = 30%

𝛀𝒎,𝟎 : matter content
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What You See Is What You Get?

scienceCosmology

𝛀𝒎,𝟎 : dark vs. luminous matter
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What You See Is What You Get?

scienceCosmology

𝛀𝒎,𝟎 : dark vs. luminous matter
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30% of  the Universe consists of  matter...

scienceCosmology

Ωm = 30%

𝛀𝒎,𝟎 : dark vs. luminous matter
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30% of  the Universe consists of  matter...

what about the remaining 70%?

scienceCosmology

Ωm = 30%

𝛀𝒎,𝟎 : dark vs. luminous matter
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30% of  the Universe consists of  matter...

what about the remaining 70%*?

scienceCosmology

Ωm = 30%

*                          : the remaining 70% could be either curvature, dark energy, or a mix of both𝟏 = 𝛀𝐦 +𝛀𝐤 +𝛀𝚲

𝛀𝒎,𝟎 : dark vs. luminous matter
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determination
via

observations!

Cosmology science or science-fiction?

cosmological parameters

𝐻!, 	 Ω",! , 	 Ω$,! ,	 Ω%,!
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ΩΛ = 70%

scienceCosmology

𝛀𝚲,𝟎 : dark energy
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Einstein’s “biggest blunder”:

introduction of  cosmological constant
to counter-balance gravity...

scienceCosmology

cosmological
constant gravity

ΩΛ = 70%

𝛀𝚲,𝟎 : dark energy
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scienceCosmology

light-emitting objectobserver on Earth

𝛀𝚲,𝟎 : dark energy
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scienceCosmology

observer on Earth light-emitting object
supernovae as standard candles

𝛀𝚲,𝟎 : dark energy
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scienceCosmology

observer on Earth

supernova explosion

light-emitting object
supernovae as standard candles

𝛀𝚲,𝟎 : dark energy
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scienceCosmology

observer on Earth light-emitting object

𝛀𝚲,𝟎 : dark energy
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scienceCosmology

observer on Earth light-emitting object

𝛀𝚲,𝟎 : dark energy
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scienceCosmology

observer on Earth

only that simple, if space is not curved!

light-emitting object

𝛀𝚲,𝟎 : dark energy
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scienceCosmology

observer on Earth

only that simple, if space is not curved!

...but matter and dark energy(!) bend space!

light-emitting object

𝛀𝚲,𝟎 : dark energy
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scienceCosmology

distance (measured via redshift z)

distance (measured via redshift z)

observer on Earth light-emitting object

...but matter and dark energy bend space!

𝛀𝚲,𝟎 : dark energy
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scienceCosmology

observer on Earth light-emitting object

...but matter and dark energy bend space!

distance (measured via redshift z)

distance (measured via redshift z)

luminosity

(measured via m)

𝛀𝚲,𝟎 : dark energy



H
is

to
ry

 &
 P

ri
n

c
ip

le
s

scienceCosmology

observer on Earth light-emitting object

€ 

m(z) = M + 5log10
c(1+ z)

k
γ k 1+ # z ( )2 1+Ωm # z ( ) − # z 2 + # z ( )ΩΛ[ ]

−1/ 2
d # z 

0

z

∫
( 

) 
* 

+ 

, 
- 

( 

) 
* * 

+ 

, 
- - 

(derivation of m(z) in lecture Observations I: ‘cosmological distances’)

...but matter and dark energy bend space!

distance (measured via redshift z)

distance (measured via redshift z)

luminosity

(measured via m)

𝛀𝚲,𝟎 : dark energy
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scienceCosmology

observer on Earth light-emitting object

€ 

m(z) = M + 5log10
c(1+ z)

k
γ k 1+ # z ( )2 1+Ωm # z ( ) − # z 2 + # z ( )ΩΛ[ ]

−1/ 2
d # z 

0

z

∫
( 

) 
* 

+ 

, 
- 

( 

) 
* * 

+ 

, 
- - 

(derivation of m(z) in lecture Observations I: ‘cosmological distances’)

...but matter and dark energy bend space!

distance (measured via redshift z)

distance (measured via redshift z)

luminosity

(measured via m)

𝛀𝚲,𝟎 : dark energy



H
is

to
ry

 &
 P

ri
n

c
ip

le
s

scienceCosmology

ΩΛ = 70%

𝛀𝚲,𝟎 : dark energy
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the dark side of  the Universe

€ 

ΩΛ€ 

Ωm

scienceCosmology
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the Universe as a whole...

& observationstheory

scienceCosmology
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scienceCosmology

the Universe as a whole...

&𝑎̇' = 𝐻!'
Ω(,!
𝑎)

+
Ω*,!
𝑎'

+ Ω+,!

(neglecting radiation as today TCMB ~ 3K)
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scienceCosmology

the Universe as a whole...

&𝑎̇' = 𝐻!'
Ω(,!
𝑎)

+
Ω*,!
𝑎'

+ Ω+,!
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§  explain this!

§  principles

§  cosmology – science or science fiction?

§  cosmological structure formation

Cosmology
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structure formationCosmology

structure formation within cosmological framework
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Cosmology

a(t)

structure formation

structure formation within cosmological framework
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Cosmology

structure formation within cosmological framework

a(t)

+ non-linear

structure formation

structure formation
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Cosmology

a(t)
1. map as much and as accurately as possible of  the (large-scale )structure 
objects…

structure formation

structure formation within cosmological framework

+ non-linear

structure formation
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Cosmology

a(t)

structure formation

structure formation within cosmological framework

+ non-linear

structure formation

2. theoretically model (and explain!) the observed structures

1. map as much and as accurately as possible of  the (large-scale )structure 
objects…
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Cosmology

a(t)

structure formation

structure formation within cosmological framework

+ non-linear

structure formation

2. theoretically model (and explain!) the observed structures

1. map as much and as accurately as possible of  the (large-scale )structure objects…
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out on a five-year mission…
to explore strange new worlds,

to seek out new life and civilizations,
to boldly go where no man has gone before!

structure formation - observedCosmology
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structure formation - observedCosmology
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structure formation - observedCosmology

Hubble Space Telescope (1990++)

2.4m mirror
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structure formation - observedCosmology

2.4m mirror

Euclid satellite launched 2023
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structure formation - observedCosmology

James Webb Space Telescope (2022++)

6.5m mirror
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structure formation - observedCosmology

6.5m mirror

Imperial Star Destroyer (1593 ad)

😯

James Webb Space Telescope (2022++)
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structure formation - observedCosmology
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structure formation - observedCosmology

non-linear

structure formation!?
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Cosmology

a(t)

structure formation

structure formation within cosmological framework

+ non-linear

structure formation

2. theoretically model (and explain!) the observed structures

1. map as much and as accurately as possible of  the (large-scale )structure 
objects…



H
is

to
ry

 &
 P

ri
n

c
ip

le
s

Cosmology structure formation - modeled

time

§expansion of  homogeneous & isotropic Universe…

…does not give rise to any structures!
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Cosmology structure formation - modeled

homogeneous & isotropic
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Cosmology structure formation - modeled

homogeneous & isotropic

?

homogeneous & isotropic

w/ small perturbations
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Cosmology structure formation - modeled

homogeneous & isotropic

?

homogeneous & isotropic

w/ small perturbations:

T = 2.725K DT/T ~ 10-5K

temperature fluctuations are reflecting

underlying matter fluctuations
(more in CMB Lectures)
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Cosmology structure formation - modeled

homogeneous & isotropic

?

homogeneous & isotropic

w/ small perturbations:

T = 2.725K DT/T ~ 10-5K

temperature fluctuations are reflecting

underlying matter fluctuations
(more in CMB Lectures)

Nobel prize in 1978 Nobel prize in 2006
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Cosmology structure formation - modeled

homogeneous & isotropic

?

homogeneous & isotropic

w/ small perturbations:

T = 2.725K DT/T ~ 10-5K

but where do these

matter fluctuations come from?

temperature fluctuations are reflecting

underlying matter fluctuations
(more in CMB Lectures)
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Cosmology structure formation - modeled

§  origin of  matter perturbations

•  quantum fluctuations:

   “empty space” is a sea of  virtual particles winking in and out of  existence
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Cosmology structure formation - modeled

§  origin of  matter perturbations

•  quantum fluctuations:

   “empty space” is a sea of  virtual particles winking in and out of  existence

•  inflation:

   the early Universe underwent a phase of  rapid expansion

(more details in Inflation lecture…)
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Cosmology structure formation - modeled

§  origin of  matter perturbations

•  quantum fluctuations:

   “empty space” is a sea of  virtual particles winking in and out of  existence

•  inflation:

   the early Universe underwent a phase of  rapid expansion

quantum fluctuations, 

magnified to cosmic size during “inflation”,

become the seeds for structures in the Universe



H
is

to
ry

 &
 P

ri
n

c
ip

le
s

Cosmology structure formation - modeled

§  growth of  matter perturbations

temperature fluctuations
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Cosmology structure formation - modeled

§  growth of  matter perturbations

temperature fluctuations
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Cosmology structure formation - modeled

§  growth of  matter perturbations

k (h/Mpc)�
�
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…are reflecting underlying matter fluctuationstemperature fluctuations
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Cosmology structure formation - modeled

§  growth of  matter perturbations

k (h/Mpc)�
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Cluster�
 abundance�
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COBE�
�

temperature fluctuations

P(k)?

…are reflecting underlying matter fluctuations
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Cosmology structure formation - modeled

§  growth of  matter perturbations

k (h/Mpc)�
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Cluster�
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matter fluctuationsδ(!x, t) = ρ(
!x, t)− ρ(t)
ρ(t)

P k( ) = δ̂(
!
k )

2

|
!
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§  growth of  matter perturbations
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structure formation threshold dc

cosmic evolution of  individual overdensity peak?
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structure formation - modeled
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structure formation - modeled

time

Initial

Seed

Expansion (Hubble Flow)

Overdensity

Collapsed Region
(a galaxy)

decoupling

of  perturbation

‘cosmic structure’
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Cosmology

§  growth of  matter perturbations

•  analytically: LSS lecture

•  numerically: Computational Cosmology lecture

structure formation - modeled
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Cosmology

§  growth of  matter perturbations – simulations…

structure formation - modeled
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§  explain this!

§  principles

§  cosmology – science or science fiction?

§  cosmological structure formation

Cosmology
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Cosmology

Cosmology is…

…the Science of

the Origin and Evolution

of  the Universe
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Cosmology

Cosmology Course…

Inflation

Baryogenesis
Thermal History

Big Bang Nucleosynthesis

Cosmic Microwave Background Radiation
Cosmic Dawn
Large-Scale Structure

Observational Cosmology

Gravitational Waves

Open Problems


