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Note: Slight change in hand‐in 
problem

Outline

Covers chapter 11 & 12 in Ryden + extra stuff

Walls, Filaments, Voids

Cosmic epochs
Matter-radiation

decoupling

Jeans length I
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Jeans length II

Sound speed in 
overdense region

Mean density of
overdense region

Jeans mass

Intermission: What is this?
Collapse in an expanding Universe

Time

Overdense region 
expanding along 
with the Universe

Turn-around

Collapse and 
star formation

Structure Formation WithoutNon‐Baryonic 
Dark Matter

Time

Baryon-photon
fluid

Baryons

Photons

tdecoupling

Problem: Too slow structure formation – fails to explain 
the observed structures at high and low redshift

Structure Formation WithNon‐Baryonic Dark 
Matter

Time

Non-baryonic 
dark matter

Baryons

tdecouplingteq
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Hot & cold dark matter I
Hot & cold dark matter II

Cold dark matter Cold + hot dark matter

HDM Top‐down structure formation
CDM  Bottom‐up 
structure formation

Dissipation inside dark matter halos



Isolated dark matter halo with
baryons (gas) inside

The baryons cool (dissipate)
by radiating photons and sink 
towards the centre. The dark 

matter halo contracts slightly due to
the changes in the gravitational field  
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Intermission: What is this?
The Matter Power Spectrum

Most inflation models predict an adiabatic, 
power-law spectrum of Gaussian perturbations

Wave numberAmplitude

BaryonAcoustic Oscillations

•The 160 Mpc radius serves as a standard ruler

BaryonAcoustic Oscillations II

BaryonAcoustic Oscillations III

The 160 Mpc galaxy overdensity cannot be seen with the naked eye,
but can be extracted using statistical analysis methods 

Cosmological parameters can be derived

BaryonAcoustic Oscillations IV
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Star Formation and Feedback



Stars form
in the cooled gas

Feedback from star formation kicks in.
Young, hot stars ionize part of the 

gas. Stellar winds and supernovae 
blow the gas outwards – some of it 

may leave the halo 

Intermission: What is this?

Reionization
When did reionization take place?

WavelengthWavelength

Flux

z<6 z>6

Quasar Ly spectra (The Gunn—Peterson test)

What caused reionization? Quasars
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Quasars as Sources of Lyman Continuum 
Radiation at High Redshift

Redshift

Quasars/Gpc3

30

???

Probably too few…

Starburst Galaxies

Why Do Starburst Galaxies Produce Lots of 
Lyman Continuum Photons?

Hot star
Cool star



Flux

UV IR

Blue: Ionized hydrogen
Red/White: Partially ionized hydrogen
Yellow: Galaxies

What is this?
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Starburst galaxies
Additional caveat: Starburst galaxies must
have significant Lyman continuum escape

fractions to contribute to reionization

No leakage Truncated Strömgren 
sphere  leakage

Holes in the gas 
leakage

Neutral 
hydrogen

Strömgren sphere 
of ionized hydrogen

Rare situations…
Does this ever happen in reality?

Haro 11 –
The first 
detection
of Lyman 
continuum
leakage in
the local 
Universe

Population III stars
Intermission: What is this?

Hubble Extreme Deep Field

The most distant galaxies – so far

Snapshots of galaxies as they were about 500 million 
years after the Big Bang
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The end of the Dark Ages

First galaxies
z  10-15

tUniv  300-500 Myr

First stars
z  20-30

tUniv  100-200 Myr Dark ages

Intermission: What is this?

Cold Dark Matter 
Hierarchical galaxy formation

Dark matter halos
with some star formation

Hierarchical merging into
bigger and bigger halos 
and galaxies.  Mergers 
induce new star formation.

Today

The first stars and galaxies

Minihalos

First stars
(in minihalos)

First galaxy

Pop III stars forming in minihalos

Metal-free gas in a 
105-106 Msolar halo 
(“minihalo”) at z=20-30

Radiative cooling 
gas collapses towards
the center

Small number of 
pop III stars formed 
(possibly just one)

Lack of metals at high z  Star formation relies on molecular cooling
Limited fragmentation  Pop III stars very massive (10-100 Msolar)

Intermission: What is this?
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Hunting for the first stars and galaxies

HST VLT

JWST (2019) ELT (2024)

Now

Future

Infrared – the prime wavelength
range for studying the first galaxies

Wavelength range
of the most sensitive 

JWST camera

z = 1

z = 6

z = 10

Optical

Gravitational telescopes

Foreground galaxy
cluster magnifies
background objects 
Objects otherwise too
faint to be detected
can be seen

High‐Redshift Objects as Probes of Cosmology: 
Ages

M=0.3, =0.7

M=0.2, =0.8

M=1.0, =0

1.5

Example: Discovery of an 
object at z=4 with an age of 
1.5 Gyr rules out the M=1.0, 
=0 scenario

Spectroscopic  age determinations of 
galaxies

N
or

m
al

iz
ed

 F
Young 

galaxy

Old 
galaxy

Stars typically become redder when they grow older 
The shape of the spectrum of a galaxy (containing 

billions of stars) is indicative of the age 

Recap: Unsolved problems


