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Basic information

LINK TO ZOOM:

• Theory: Each Wednesday from 14:00 - 16:00 h  (~14 lectures) 

• Exercises: Approx. every two weeks, starting the week 15.03-19.03 
[Date to be decided] (~6 sheets) 

• Exam: Wednesday 9th of June, 14:00 - 16:00 h

Lecturer: Francisco Torrenti 
                  f.torrenti@unibas.ch  -  Skype: tsocap  - Office: 4.15, PH

Lecturer: Kenneth Marschall 
                 kenneth.marschall@unibas.ch  -  Skype: ken.marschall  -  Office: 4.15, PH

https://unibas.zoom.us/j/94958214553?
pwd=RXdpUWcxWTJKd3NLSXBzQ0JHbnJLdz09

mailto:f.torrenti@unibas.ch
mailto:kenneth.marschall@unibas.ch
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• Physical Foundations on cosmology, V. Mukhanov.

• Modern cosmology, S. Dodelson.
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BOOKS:

PREREQUISITES: General relativity, Quantum Field Theory
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1. Geometry and Dynamics of the Universe

Contents of the course

2. Thermal History of the Universe

3. Cosmological Perturbation Theory and structure formation

4. Inflation

FLRW metric, distances, Friedmann equations…

Equilibrium distributions, energy and entropy, Boltzmann equations, CDM, 
recombination, BBN…

Perturbed equations, initial conditions, curvature perturbation, DM 
clustering, CMB…

Homogenity and flatness problems, slow-roll inflation, quantum 
fluctuations, reheating…



COSMOLOGY: an overview on the 
contents of the course
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What is cosmology?

• COSMOLOGY: 

Astrophysics:  
Uses laws of physics to 
explain the nature of 

those objects

Astronomy:  
Studies individual objects 

(eg. stars, planets, galaxies), 
normally with observations

Astrology: 
Pseudoscience

- The scientific study of the origin, evolution, and 
large scale structure of the universe. 

- Treats the universe as a whole

• COSMOLOGY is NOT:
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MODERN COSMOLOGY 
based on

(HOT) BIG BANG MODEL INFLATION

• Provides the initial 
conditions for the hot 
Big Bang model

• Describes the evolution of 
the Universe from a fraction 
of a second until today

Modern cosmology
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MODERN COSMOLOGY 
based on

(HOT) BIG BANG MODEL

Modern cosmology

INFLATION

• Provides the initial 
conditions for the hot 
Big Bang model

• Describes the evolution of 
the Universe from a fraction 
of a second until today



Theoretical Cosmology - FS 2021 - U. Basel        9

COSMOLOGICAL PRINCIPLE:  
The Universe is homogeneous and isotropic at large scales.

Cosmological principle

HOMOGENEITY  
is a global property: 

there are no preferred 
points in space

ISOTROPY 
is a local property: 

Universe looks the same 
at all directions
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ds2 = dt2−a2(t)[ dr2

1−kr2
+ r2dΩ2]

The only 4D metric compatible with the cosmological principle is the
FRIEDMANN-LEMAITRE-ROBERTSON-WALKER (FLRW) METRIC

k: spatial curvature

CLOSED

OPEN

FLAT

k = − 1

k = 1

k = 0

a(t): scale factor
It gives the size of the spatial 
slices, and depends on time: 

the Universe  
expands or contracts 

The FLRW metric
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A. Friedmann G. Lemâitre H. Robertson A. Walker

• FLRW 
• FRW 
• RW 
• FL

• The main results of the FLRW models where derived by Friedmann (1925) and, 
independently, by Lemâitre (1927).

https://en.wikipedia.org/wiki/Friedmann–Lemaître–Robertson–Walker_metric

• Robertson and Walker proved rigorously that the FLRW metric is the only 
homogeneous and spatially isotropic metric (1935).

The FLRW metric
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Cosmological principle + General Relativity

(
·a
a )

2

=
8πG

3
ρ−

k
a2

+
Λ
3

··a
a

= −
4πG

3
(ρ + 3p + Λ)

FRIEDMANN EQUATIONS

CONTENT OF THE 
UNIVERSE

EXPANSION / 
CONTRACTION

The Friedmann equations

ρ(t): energy density
p(t): pressure

Λ: cosmological constant

k: spatial curvature
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ΛCDM model: parametrization of the Big Bang

We only understand 
4% of the content of 

the Universe!

Ordinary 
matter

Cosmological constant 
(vacuum energy?)

Beyond-the-SM particle?

The ΛCDM MODEL
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The ΛCDM MODEL

Ωm ≡
8πG
3H2

0
ρm ΩΛ ≡

Λ
3

Ωk ≡
−k

a2
0 H2

0
Ωm + Ωk + ΩΛ = 1

A “Big Bang” ~13700 
millions of years ago

An exponential 
expansion at late times



T ∝
1

a(t)

T ≈ 2.73K

The Universe was much 
hotter in the past!!

T ≈ 109K
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2. Abundances of light 
elements

1. Expansion of  
the Universe

3. Cosmic Microwave 
Background

4. Formation of galaxies 
and large-scale structure

Observational 
evidences of the 
Big Bang theory

Big Bang theory
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Modern data:Results from Hubble (1929):

H0 ≈ 500 km/s/Mpc

v = H0dFLRW metric HUBBLE LAW:

“Effective velocity” 
inferred by the expansion

Expansion of the Universe

Planck (2018):

H0 ≈ 67.66 ± 0.42 km/s/Mpc
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• Chain of nuclear reactions:

• At T ≈ 109 K (t ≈ 3 min), the temperature is small enough that 
new atomic nucleons start forming from protons and neutrons.

Big Bang nucleosynthesis (BBN)

• Predicted ratio:
nHe

nH
≈

1
4

• After 20min, the Universe is cool enough that the chain of reactions 
stops: there is no creation of elements heavier than Be.
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Abundance of nuclear elements in the solar system

Light elements H, He: 
produced in BBN

Big Bang nucleosynthesis (BBN)

Poorly synthesised 
in both BBN and stars

Elements 
produced 

in stars nuclei
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Recombination

Recombination (t≈380000 years, T≈1eV):  

• These photos are now detected in the microwave spectrum: the COSMIC 
MICROWAVE BACKGROUND (detected in 1965).

charged electrons and protons first become bound to form  
electrically neutral hydrogen atoms

T>>1eV

• The photons were able to propagate large distances: the Universe becomes 
transparent.

T≈1eV
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T ≈ 2.73K

Cosmic Microwave Background



Theoretical Cosmology - FS 2021 - U. Basel        27

Source: nasa.gov

Cosmic Microwave Background

CMB 
anisotropies!
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T = 2.7260 ± 0.0013K

PLANCK 2018:

Cosmic Microwave Background
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“Base ΛCDM model”, 
parameter  constraints 

(Planck 2018):

Precision cosmology

Cosmic Microwave Background
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Large scale structure

• Observations of star formation, galaxy and quasar distributions and 
larger structures, agree well with Big Bang simulations of the formation 
of structure in the universe.

• First galaxies formed about a billion years after the Big Bang.

• After that, larger structures have been forming: galaxy clusters and 
superclusters.

• Populations of stars age and evolve: distant galaxies (observed as they 
were shortly after the Big Bang) appear very different from nearby 
galaxies (observed in a more recent state).
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Large scale structure

Source: http://cosmicweb.uchicago.edu/filaments.html
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MODERN COSMOLOGY 
based on

(HOT) BIG BANG MODEL INFLATION

• Provides the initial 
conditions for the hot 
Big Bang model

• Describes the evolution of 
the Universe from a fraction 
of a second until today

Modern cosmology
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Particle horizon: Casually connected regions

T = 2.7260 ± 0.0013K

1. The horizon problem

··a
a

< 0Universes dominated by matter and/or radiation

Problems of Big Bang theory

These points were never in 
casual contact before.  

Why do they have the same 
temperature??
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2. The flatness problem

Problems of Big Bang theory

Ωk ≈ 10−62

Ωk ≈ 1

t ≈ mPl

t ≈ now

Ωk = 0 is a point of unstable 
equilibrium in the Friedmann 

equations

0

k ≡ − k /H2
0
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Inflation

··a
a

> 0
The observable Universe is within the horizon

Ωk = 0 is a point of stable equilibrium
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• Inflation can be realized by a scalar field φ (the inflaton) with potential 
energy V(φ), as long as V(φ) obeys certain conditions.

Inflation

a(t) ≃ tq

50-60 efolds of  
inflation solves flatness  
and horizon problems

a(t) ≃ eHt
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Planck  
constraints 

(2018):

• Inflation generates a (quasi) scale-invariant spectrum of primordial 
metric perturbations: scalar and tensor fluctuations (GWs).

• These perturbations get imprinted in the CMB.

Inflation

Different V(φ) 
give different 

predictions



Theoretical Cosmology - FS 2021 - U. Basel        41

1. Geometry and Dynamics of the Universe

Contents of the course

2. Thermal History of the Universe

3. Cosmological Perturbation Theory and structure formation

4. Inflation

FLRW metric, distances, Friedmann equations…

Equilibrium distributions, energy and entropy, Boltzmann equations, CDM, 
recombination, BBN…

Perturbed equations, initial conditions, curvature perturbation, DM 
clustering, CMB…

Homogenity and flatness problems, slow-roll inflation, quantum 
fluctuations, reheating…



Let’s start!


