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However, there was a strange observational fact:

This could not be explained with an eternal and infinite universe

Before the 20th century, the Universe was a quiet place. Not much seem to happen.

Most physicists assumed the Universe to be infinite in space and time.

The Universe

It is dark at night.

Introduction to Cosmology



Olber’s "Paradox"

Heinrich Wilhelm Olbers (1823)

If the universe is endless and uniformly populated with luminous stars, 
then every line of sight must eventually terminate at the surface of a star.

Formally:

Each shell contributes ~ r2

The light decreases with  ~1/r2

Light contribution from  each shell = constant

Consequence:

The Universe did not exist forever, or ...

The Universe has a finite size, or ...

Both

Universe
1823



Equivalence Principle

Universe

Acceleration (inertial mass) is indistinguishable from 
gravitation (gravitational mass)

1907

"The happiest thought of my life" (Albert Einstein)



Albert Einstein (1912-15) : General Relativity

Matter tells Space how to curve

Space tells Matter how to move

George Lemaitre (1927)

1915
Universe

Light rays define the shortest path in space. 
Accelerated elevator: light follows follows a parabolic path
Gravitational field: light path must be bent !
Space and time must be curved 

The whole Universe expands

A ‘hot primordial atom’ ?



Friedmann described the expansion 
of the Universe
using a scale factor a(t)

His equation relates the average
energy density "ρ" and the curvature

factor K with the expansion rate

1915
Expansion of the Universe



The crucial question was the mass of the Universe. In principle, it could be anything. 
However - there is a 'critical energy density'.
If the average energy density is larger, the Universe will stop expanding and fall 
back into a big crunch one day ('deceleration' parameter)

Geometry of the Universe ?



Universe (1921)

Einstein did not like the idea of a 'dynamic' Universe. 

He believed in an eternal and static Universe.

But his own equations predicted something else.

Therefore he decided to tinker with them, by adding a term named 

'cosmological constant'



Einstein concedes: cosmological constant 'my biggest blunder'

Edwin Hubble (1929)

Mt. Palomar telescope

Universe (1929)

Recession speed of galaxies
increases proportional 

to their distance



Observation of many stars and galaxies revealed an amazing fact:

The Universe is the same in every direction, at any distance ...

Hydrogen ~ 75 %

Helium-4 ~ 25 %

He-3 ~ 0.003 %

Deuterium ~ 0.003 %

Li-7 ~ 0.00000002 %

There must be a reason ...

Universe



The Universe started from an extremely hot initial state

Then it expanded rapidly, while cooling down

In very early times, the Universe was mostly radiation

Radiation produced particles (protons, neutrons, electrons)

• In the first few minutes, there was just enough time to create 

the lightest elements

• There should be an ‘echo’ in form of a uniform black-body 

radiation (T ~ 5 K)

11948: The 'Big Bang' model* of the beginning of the Universe

Universe

George Gamov

* The name 'Big Bang' was used by Fred Hoyle to ridicule
Gamov's idea. Later Fred Hoyle was ridiculed.

1948



Universe

Big Bang Nucleosynthesis



Universe (1960)

Age of cosmic objects
less than ~ 12-13 billion yr
Sun ~ 4.7 billion yr

Universal Ratio H:He ~ 3:1
Snapshot at t ~ 3 min

Cosmic Microwave Background ?
Predicted (Gamov), ~ 5 K

Today: H = 70±3 km s-1 Mpc -1

Hubble age (H-1) ~ 13.4 billion years

By 1960, it was known 

that:



Universe

The discovery of the 'Cosmic Microwave Background' (1963)

Penzias and Wilson 

The Universe is a perfect ‘black body’ with T = 2.73 K



Der heutige Wert der Hubble-”Konstanten”

Today: H = 70±3 km s-1 Mpc -1

Hubble age (H-1) ~ 13.4 billion years



In der Vergangenheit war das Universum viel homogener als heute:



Universe

How was the cosmic background radiation produced?

(this was possible when the average energy per photon was smaller than the H binding energy)

By the recombination of free electrons and nuclei



Universe

Back to the Beginning



Universe

What WMAP measured



Microwave image of our entire Universe

Wilkinson Microwave Anisotropy Probe



Universe

The most precise observation today (WMAP)



Analysis of inhomogeneities reveals the composition of the 

Universe



Universum

The strange composition of the Universe



+

Heute: Standard-Modell der ...

Teilchenphysik Allgemeine Relativitätstheorie

= ‘Standard-Modell der 

Kosmologie”



Universe

Evidence for Dark Matter (1933)



Universe



Universe

MORE EVIDENCE FOR “DARK MATTER”

One central mass (Sun)

Orbital speed vs Distance from center 

(Kepler - expect r-1/2 dependence)

Milky Way



Universe

GRAVITATIONAL LENSING

AND EVEN MORE EVIDENCE FOR “DARK MATTER”



Universe

EXPERIMENTS DEEP UNDERGROUND

HOW TO DETECT DARK MATTER PARTICLES ON EARTH



Universe

Evidence for Dark Energy



Size of the visible Universe x 100

At t = 1/1,000 000 000 000 000 000 000 000 000 000 000 s

Energy ~ 1072 J

What are the Laws of Nature here?

Universe

The beginning ?



Universe
Guth/Linde (1980) 

solves two big problems:
1) the flatness of the Universe
2) the horizon problem

The Universe went through a phase of superluminal expansion, 
driven by an ‘inflaton’ field (related to ‘dark energy’)



Start: 10-35 sec, duration ~ 10-32 sec, T= 1010 GeV 

Ultrafast expansion by factor 1020 - 1030

k

The ‘wrinkles’ of space are ironed out





Multiverse ?



History in short





Universe

Big Bang evolution 

Time (sec) Temperature (eV/K) Phase

10-43 s 1019 GeV Grand Unified Theory ?

10-35 s 1015 GeV Inflation (GUT breaking) ?

10-10 s 102  GeV
Electroweak symmetry breaking 

(W/Z mass)

10-5 s 300 MeV
Quarks form hadrons (neutrons, 

protons, etc)

1-3 min 0.3 MeV Nucleosynthesis (H, He, Li)

105 yrs 0.4 eV = 4000 K
Recombination of nuclei and 

electrons (transparent!)

109 yrs 10 K
Stars, Galaxies; Supernovae 

produce heavy elements

1010 yrs 3 K Today



Universe

Particle Physics  pushes the limit of knowledge towards shorter times

t=0 t~10 µs t~1 ms

LHC will tell us how the Universe looked at 

0.000 000 000 001 sec after the Big Bang


