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The First Billion Years
The cosmic 
microwave 
background 
is emitted

Most distant 
galaxies 
observed so 
far

First galaxies 
stars and 
black holes 
form!
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Direct Observational Evidence

Khochfar & Silk 2011Dutton et al 2010
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Dutton et al 2010

Stellar assembly rate

Ṁgrow =
M∗
tdf

Approximating stel lar 
mass growth due to 
equal mass mergers by: 

At z > 6 one equal mass merger 
can grow the stellar mass more 
than constant SF over the next 
~0.6 Gyr. Mergers could be 
more important to the evolution 
of the mass function than star 
formation depending on their 
frequency.
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Simulation
GADGET-2 version used for 
the OWLS project (Schaye et 
al. 2010): SF; metal 
enrichment; metal line cooling 
from 11 elements; BH growth 
and feedback; SN feedback 

Added molecular networks 
and cooling

Added POPIII formation and 
evolution, seed BHs 

Added dust from PISN, AGB 
& SNII; thermal sputtering 

Inclusion of Lyman-Werner 
background (11.3 - 13.6 eV)

Coupled to radiative transfer 
scheme SIMPLEX in post-
processing

(Ωm,Ωb,ΩΛ, h) = (0.258, 0.742, 0.0441, 0.719)

mgas = 890M⊙h
−1

mDM = 4375M⊙h
−1

V = (8Mpc)3

Khochfar et al 2012

N = 2× 13683
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The Mass Function

Khochfar et al. (2007)
Ryan et al (2007)

α ∼ −1.65

Khochfar et al. 2012
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Star formation

Khochfar et al. 2012

SFR ∝ M0.9
∗
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Star formation
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Star formation histories

Khochfar et al. 2012

Mass
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SN-Feedback

Movie: C. Dalla Vecchia

Density + Temp Metallicity
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Reionization

Galaxies in haloes below 
108 Msun are able to 
reionize the Universe 
initially

Massive haloes only host  
dominant sources of 
photons at later times 

J.-P. Paardekooper, SK, Dalla Vecchia  2012

in the ionised IGM
17

. The volume fraction of ionised hydrogen, QH II is then given by

dQH II

dt
=

Ṅion

n̄H,0
−QH IICn̄H,0α(T )(1 + z)3, (1)

where n̄H,0 = 1.90641 × 10−7 cm−3
is the current mean number density of hydrogen in the IGM,

α(T ) is the recombination coefficient of hydrogen, which is a function of the IGM temperature T ,

C ≡ �n2

H
�/�nH�2 is the clumping factor of the gas in the IGM and z is the redshift. We assume that

the ionised gas in the IGM has a temperature of 20,000 K, while we compute the clumping factor

of the IGM gas from the simulation, using only gas with overdensity ∆ < 100, thus excluding gas

inside dark matter haloes (because recombinations in that gas are already taken into account in the

escape fraction calculations). The Thomson optical depth, which is the quantity measured by the

WMAP satellite, can then be obtained from QH II by integrating over all redshifts:

τe =

� zrec

0

dz

����
dt

dz

����QH II(z)n̄H,0(1 + z)3σT, (2)

with σT the cross section for Thomson scattering.

In Fig. we show the evolution of QH II and τe with redshift. Reionisation is complete at

redshift 10.5, with a duration (defined as the redshift interval in which QH II changes from 20% to

80 %) of ∆z ≈ 2.1. This is consistent with the lower limit of the end of reionisation set by the

measurements of quasar spectra. The dashed curve shows the reionisation history including only

proto-galaxies residing in < 107 M⊙ haloes, which do not produce enough photons to reionise the

Universe. However, proto-galaxies in haloes with masses below 108 M⊙ do, as the dotted curve

shows. We therefore conclude that the bulk of ionising photons during this period is produced

inside haloes with masses between 107 M⊙ and 108 M⊙. Reionisation is only delayed by ∆z ≈ 0.5
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SimpleX code 
including H + He 
ionization, following 10 
frequency bands 
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Sources Reionizing the Universe

J.-P. Paardekooper, SK, Dalla Vecchia  2012
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Escape fractions
Escape fraction 
are a strong 
function of time

Feedback 
increases the 
escape fraction

Low mass galaxies 
have higher 
escape fraction 
due to a more 
dramatic effect of 
feedback J.-P. Paardekooper, SK, Dalla Vecchia  2012
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Dark Matter Profiles

Davis, SK et al 2012 
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Distribution of profiles

Davis, SK 2012 

Roughly 50% of 
massive haloes at 
z~6 show a 
density decrement, 
with a long tail to 
density 
enhancements.

decrement

enhancement
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Baryon-DM connection

Enhancement of 
baryons leads to 
dark matter 
response, but not 
always! Some haloes 
have less dark 
matter in them even 
if the baryon fraction 
is increased. 
Adiabatic contraction 
is clearly not working 
in those cases.

Davis, SK 2012 
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Adiabatic contraction:
riMi = rf (Mi +∆M)
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Feedback impact on the halo

SFR
DM-enh.
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Off-set galaxies

Galaxies show an off-
set with respect to 
the DM potential 
minimum. Systematic 
larger off-set in 
haloes with reduced 
dark matter fraction. 

Galaxies could heat 
dark matter halo via 
dynamical friction

Davis, SK 2012 

enhancement
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Conclusions	
The Universe is initially reionized by baby galaxies and 
kept ionized by massive galaxies.

Baby galaxies with M* <106 Msun can reionize the 
Universe due to higher escape fraction then massive 
galaxies

SN-feedback drives the escape fractions

Dark matter haloes can contract due to the presence of 
baryons consistent with AC

‘Offset’ galaxies can create cores in DM haloes due to 
the exchange of angular momentum

Inner dark matter profiles have transient feature 
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