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Cosmology

TUM WS 2019/2020

Lecture 7
Wolfgang Hillebrandt and Bruno Leibundgut

(http://www.eso.org/~bleibund/Cosmology)
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Recap of previous lecture

D. Baumann Nucleus Binding Energy 
(MeV)

neutron 1.29

Deuterium D (or 2H) 2.22

Tritium (3H) 6.92

Helium (3He) 7.72

Helium (4He) 28.3
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pp-reaction chain

• Formation of D, He and Li
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Nucleosynthesis

Formation of elements as a function of 
time

Burles et al. 1999
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Big Bang Nucleonsynthesis

Summary of the 
expected 
abundances of light 
elements formed in 
the Big Bang

– He (Y)

– D and 3He

– 7Li
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Measuring Deuterium

Done in damped Lyman-α systems

Pettini & Cooke 2012
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Measuring Deuterium

Slight wavelength 
offset due to 
different nucleus 
mass
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pp-reaction chain

• Formation of 
D, He and Li

Fields 2011
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Lithium Problem

Fields 2011
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Baryogenesis
• What could create this imbalance?
• Sakharov: 3 conditions required

1. violate conservation of baryon (and 
lepton) number

2. violate the invariance of C (charge) and 
CP (charge and parity), maintain CPT 
(charge, parity, time) invariance

• observed in the K (kaon) decays and B 
meson decays

• time invariance is violated by expansion 

3. violate thermal (and chemical) equilibrium
• can happen at phase transitions
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Dodelson

Horizon problem
Structures observed today were not 
causally connected in the early universe

– there should be about 104 separate regions 
in the sky

– 𝐷ு ൎ 𝐻଴
ିଵ 1 ൅ 𝑧 ି

య
మ

– 𝐷஺ ൎ 𝐻଴
ିଵ 1 ൅ 𝑧 ିଵ

–
஽ಹ

஽ಲ
ൎ 1 ൅ 𝑧 ି

భ
మ

– at z=1100 this 
corresponds to 
~1.6° on sky!
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Flatness and Monopole 
problems

• Curvature today close to 0 
– not 105 or some other large number

• Since Ω𝐾 goes with 𝑎ିଶ at early times 
the space has had to be exceedingly flat 
to maintain this until today

• Symmetry breaking in grand unified 
theories should leave local topological 
defects
– about one monopole per nucleon
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“Solution”

• Rapidly expand (“inflate”)
the space
– removes monopoles

– creates flat geometry

– solves horizon problem

• Inflation is based on the 
fact that the expansion 
in a constant density
universe is 𝑎 𝑡 ∝ 𝑒ு௧

Dodelson
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Inflation
• Comoving horizon (see lecture 2)

𝜂 ൌ න
𝑑𝑎ᇱ

𝑎ᇱ

1
𝑎ᇱ𝐻 𝑎ᇱ

௔

଴

• Hubble radius 𝑎𝐻 ିଵ defines causally 
connected region

• To decrease the Hubble radius ௗమ௔

ௗ௧మ ൐ 0, 

i.e. an accelerated expansion 
• Expansion rate since the early universe 

(ignore matter dominated for the moment) 

𝑎௘ ൎ
𝑇଴

10ଵଽ  𝐺𝑒𝑉 ൎ 10ିଶ଼
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Inflation

• The current universe is 1028 comoving 
Hubble radii larger than in the early 
universe. Corresponds to 60 e-foldings.

Dodelson
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“New perspectives on our place in the universe”

Peebles: “for theoretical discoveries in physical cosmology”

Mayor & Queloz: “for the discovery of an exoplanet orbiting a solar-type star”
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Let the festivities begin…
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Nobel Explanations

https://www.nobelprize.org/uploads/2019/10/advanced-physicsprize2019-3.pdf
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Our current picture of (the history of) 
the Universe 

Primordial Nucleosynthesis

Cosmic Microwave Background

Structure formation

Late-time clustering 
(of galaxies)

Dark Matter

Cosmological 
Constant

Years active: 1964-Now
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Cosmic Microwave Background
Discovery by Penzias and Wilson (1965)

Explanation by Dicke and Peebles
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Thermal history in 1965
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He abundance
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He abundance

Peebles 1966
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Fluctuations
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Fluctuations

Peebles & Yu 1970
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(Cold) Dark Matter
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Matter/Baryon Density
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Cosmological Constant


