
University of Durham 

Institute for Computational Cosmology 

Yakob Zel’dovich   (1914 – 1987) 



University of Durham 

Institute for Computational Cosmology 

Carlos S.  Frenk 
  Institute for Computational Cosmology, 

Durham 

Simulations of the cosmic web 



University of Durham 

Institute for Computational Cosmology 

www.ann-phys.org

annalen 
der 

OCT 201 2
ad

p

ISSN 0003-3804 · Ann. Phys. (Berlin), 524, No 9-10 (October), 479-618 (2012)

            physik

New in
 2012

an
n

alen
 d

er physik
Volum

e 524 · 2012 · N
um

ber 9-10

more than 200 years
of fi rst-class publishing

Five good reasons 
to choose AdP 
! New content: best fundamental physics, top applied physics  
 and hot topics.
! Additional sections: Rapid Research Letters, brief historical  
 essays, Expert Opinion.
! New team: Editor-in-Chief Guido W. Fuchs, supported   
 by a new Advisory Board and an in-house Editorial Offi ce  
 guarantee high quality standard.
! Modern layout: new front cover, new article layout, new  
 everything.
! Rapid publication times: effi cient reviewing and subsequent  
 fast online publication.

Submit your work online now: 
http://mc.manuscriptcentral.com/andp

Advisory Board
B. Allen, Hannover, GER / D. D. Awschalom, Santa Barbara, USA / 
C. W. J. Beenakker, Leiden, NL / K. Blaum, Heidelberg, GER / 
I. Bloch, Munich, GER / Ch. Bruder, Basel, CH / A. Caldwell, Munich, 
GER / F. Capasso, Cambridge, USA / I. Cirac, Garching, GER / 
G. Dvali, Munich, GER / N. Gisin, Genève, CH / R. Fazio, Pisa, IT / 
R. Frésard, Caen, FR / T. Hänsch, Munich, GER / S. Hell, Göttingen, 
GER / A. Imamoglu, Zurich, CH / C. Kiefer, Cologne, GER / P. Kim, 
New York, USA / J. Mannhart, Stuttgart, GER / M. Orrit, Leiden, NL / 
G. Schön, Karlsruhe, GER / M. Schreiber, Chemnitz, GER / Y. Tokura, 
Tokyo, JP / V. Vedral, Oxford, UK / I. A. Walmsley, Oxford, UK / 
H. Zohm, Garching, GER / P. Zoller, Innsbruck, AT

Scope
The journal covers the physics of 
! Condensed Matter / Solid State / Materials 
! Optics / Photonics / Quantum Information 
! Cosmology / Gravitation / Relativity 
! High Energy / Particles / Nuclear 
! Atoms and Molecules / Plasma  
! Biophysics / Biological and Medical Applications 
! Geo / Climate / Environment

“Annalen der Physik is more than a journal, it is an 
inspiration! As author you can rely on an individualized, 
unbiased, fair and fast publication procedure. As editor 
I will count on your creativity and richness of ideas to 
make the journal grow even further!” 

Guido W. Fuchs, Editor-in-Chief AdP (2012)

Contact Annalen der Physik
WILEY-VCH Verlag GmbH & Co. KGaA
Rotherstraße 21, 10245 Berlin, Germany 
E-mail: ann-phys@wiley.com

NEW RENEWED IN 2012

210 x 279 mm_4c.indd   1 15.09.2011   22:03:27

Dark Matter
Edited by Matthias Bartelmann 
and Volker Springel



University of Durham 

Institute for Computational Cosmology 

Cosmological simulations: prehistory 

•  Press & Schechter 1974 –        n=0 and n=-1;   N=1000 

•  Peebles & Groth 1976   –          n=0;   N= 500-2000 

•  White 1976 – Coma cluster –    n=0;   N=700 

•  Aarseth, Gott & Turner 1979  –  n=0;   N=1000 - 4000 

•  Efstathiou & Eastwood 1979 –   n=0;   N=2000 

|δk|2 α kn	

 Ω = 1 

19
81
MN
RA
S.
19
4.
.5
03
E

Efstathiou & Eastwood ‘79 



Dark matter 

Cosmic inflation  
à initial conditions 

Two revolutionary ideas were 
proposed in 1980  
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For the first time in Cosmology à a well-
defined theory of the initial conditions for 

the formation of cosmic structure 
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The dark matter power spectrum 

Free streaming à 

  λcut  α mx
-1              

for thermal relic 

  mCDM ~ 100GeV 
susy; Mcut ~ 10-6 Mo  

 mWDM ~ few keV  
sterile ν; Mcut~109 Mo 

  mHDM ~ few eV     
light ν; Mcut~1015 Mo  

 

The linear power spectrum (“power per octave” ) 
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-7- LUBIMOV

*HAS THE NEUTRINO A NON-ZERO REST MASS?
(Tritium a-Spectrum

In real life things are more complicated. The apparatus reso-
lution R(E,E') strongly affects the spectrum endpoint and rather
weakly affects the spectrum slope.

V. Lubimov, E. Novikov, V. Nozik, E. Tretyakov
Institute for Theoretical and Experimental Physics, Moscow, U.S.S.R.

ABSTRACT
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Fig. 3. Realistic Kurie plot.

Eo can still be obtained by extrapolation. However, we are unable
to get E

k.
If Mv > R, then once again the lack of counts near the

endpoint would indicate that O. If Mv S R, the changes due to
non-zero mass and the influence of R are indistinguishable. For M
determination the knowledge of R is compulsory. The background
termines the statistical accuracy near the endpoint, i.e., in the
region of the highest sensitivity to the v mass. So: 1) R s20ul d
be K), 2) the smaller Mv is, the smaller jhe background
must be and the higher the statistics ) must be. For example,
suppose that for = 100 eV we need resolution R, background Q, and
statistics s. If Mv = 30 eV, to achieve the same they should
be R/3, QjlO, and N x 3D, respectively.

The shorter the B-spectrum, the less it is spread due to R (as
R a const.). A classical example is 3H B-decay, which has
1) the smallest E 18.6 keY, 2) an allowed B-transition. simple
nucleus, and simpYe theoretical interpretation, 3) highly reduced
radioactivity. The first experiments with 3H were by S. Curran
et al. (1948) and G. Hanna, B. Pontecorvo (1949). Using 3H gas in
a proportional counter, they obtained s 1 keY. Further progress
required magnetic spectrometer development. This allowed the reso-
lution to be improved considerably, and L. Langer and R. Moffat
(1952) obtained s 250 eV. The best value was obtained by
K. Bergkvist (197Z): R 50 eV and 55 eV.

The ITEP spectrometer is of a new type: ironless, with toroi-
dal magnetic field (E. Tretyakov, 1973). The principle of the tor-
oidal magnetic field focusing systems was proposed by V. Vladimirsky
et at . (An example is a "Horn" of v-beams.) It turns out that a
rectilinear conductor (current) has a focusing ability for particles
emitted perpendicular to the rotation axis. This system has infinim
periodical focusing structure. The ITEP spectrometer is based on
this principle.
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Fig. 2. Kurie plot for M,) O.

EK-EO

Fig. 1. Kurie plot for Mv =O.

tp.JS

*Paper presented by Oleg Egorov.

V. 1C0sik
Institute of Molecular Genetics, Moscow, U.S.S.R.

The method for the neutrino mass measurement is to obtain Eo from
the extrapolation and obtain from the spectrum intercept. Then
:4v a E _ Ek' Qualitatively, Mv 0 if the B-spectrum near the end-
point below the extrapolated curve.

Fifty years ago Pauli introduced the neutrino to explain the
:-spectrum shape. Pauli made the first estimate of the neutrino
mass (E

3
max =nuclei mass defect): it should be very small or

maybe zero. Up to now the study of the a-spectrum shape is the
!nost sensitive, direct method of neutrino mass measurement.

For allowed a-transitions, if My a 0, then S = (E_EQ)2. The
Kurie plot is then a straight line wlth the only kinematlc parameter
being E

k
= Eo (total B-transition energy). If 0, then

S = The Kurie plot is then distorted, especially
near the endpoint.

The high energy part of the a-spectrum of tritium in the valine
molecule was measured with high precision by a toroidal a-spectro-
meter. The results give evidence for a non-zero electron anti-
neutrino mass.

b _

1981 
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Early cosmological simulations 
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Early cosmological simulations 

Klypin & Shandarin 1983 

“Pancake” model Power spectrum 
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“Poisson” models (n=0) 

“Pancake” models (neutrinos) 

CfA redshift survey  
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Neutrino (hot) dark matter 

Frenk, White & Davis ‘83 

CfA redshift 
survey 

Ων=1 (mν = 30 ev)	



Zf=0.5 Zf=2.5 

Free-streaming 
length so large that 
superclusters form 

first and galaxies are 
too young 

Neutrinos cannot 
make an appreciable 
contribution to Ω and 

mν<< 10 ev 
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The `Gang of Four’  - 1983 
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Non-baryonic dark matter 
cosmologies 

In CDM structure 
forms hierarchically 

Early CDM N-body 
simulations gave 
promising results 

Davis, Efstathiou, 
Frenk & White ‘85 

HDM 
Ω=1 CfA redshift 

survey 

ΛCDM 
Ω=0.2 

Neutrinos 
Ω=1 

Davis, Efstathiou, 
Frenk & White ‘85 

Neutrino DM à  
unrealistic clust’ing 

Neutrinos cannot 
make appreciable 
contribution to Ω 
à mν<< 10 ev 

Frenk, White 
& Davis ‘83 
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Non-baryonic dark matter 
cosmologies 

Davis, Efstathiou, 
Frenk & White ‘85 

HDM 
Ω=1 CfA redshift 

survey 

ΛCDM 
Ω=0.2 

Davis, Efstathiou, 
Frenk & White ‘85 

Frenk, White 
& Davis ‘83 

How can we make 
Ω=1 give 

acceptable 
clustering? 

Λ was 
inconceivable in 

1985 
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Davis, Efstathiou, 
Frenk & White ‘85 

HDM 
Ω=1 CfA redshift 

survey 

ΛCDM 
Ω=0.2 

Davis, Efstathiou, 
Frenk & White ‘85 

CDM  
Ω=1 How can we make 

Ω=1 give 
acceptable 
clustering? 

Λ was 
inconceivable in 

1985 

Frenk, White 
& Davis ‘83 

Non-baryonic dark matter 
cosmologies 
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Ω = 1 CDM 

If galaxies trace mass, right clustering à too large pec. velocities!  

DEFW ‘85 

Dark matter 

“Biased galaxy formation” 
(after Kaiser ’84) 
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Biased galaxy formation 
… or how to rescue Ω=1 ! DEFW ‘85 

Dark matter Galaxies 

Gals->	
 peaks 
of density 

field 
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White, Frenk, Davis, Efstathiou ‘87 

SCDM compared to CfA-2 z-survey 
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• Balatonfured: East meets West  
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(15-19) /June/1987 
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 by Vera Rich 
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CDM rules 1987 
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Angular 2-pt correlation function 

Ω = 1 CDM under strain 

Maddox, Efstathiou, Sutherland & Loveday ‘90 
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Nature 1992 

DEFW ‘92 
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Angular 2-pt correlation function 

DEFW ‘92 
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The end of standard (Ωmatter =1) CDM  
… or why Ωmatter  cannot be 1 
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X-ray emission from hot plasma in clusters 

X-rays  ⇒ gas mass 

Photometry  ⇒ stellar mass 
Gas in hydrostatic equilibrium so X-rays  

 (or lensing) ⇒ total gravitating mass 

Perseus (z=0.0183) 
A2052 (z=0.0348) 

Images from David Buote 

About 90% of  baryons in clusters are in hot gas   

1' (z=0.054)	

Hydra A 

Galaxy clusters 

⇒  Baryon fraction, fb 
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Ω from the baryon fraction in clusters 

€ 

fb =
Mb

Mtot

= γ
Ωb

Ωm
where  γ=1 if fb has the universal value 

€ 

Ωm =
Ωbγ
fb

= 0.31± 0.12

White, Navarro, 
Evrard & Frenk 

Nature 1993  

X-rays+lensing à  fb = (0.060h-3/2 +0.009) ±10% 

BBNS, CMB     à  Ωbh2 = 0.019 ± 20% 

HST             à  h = 0.7 ±10% 

simulations       à  γ = 0.9 ±10% 

Allen et al ‘04 

baryon fraction in clusters  ≈  baryon fraction of universe 

White, Navarro, 
Evrard & Frenk ‘93 

èFlat geometry (inflation) requires  Λ=0.7 
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The CMB 

1992 
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Evidence for a flat universe  
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1993 
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(Some) evidence for dark energy 
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Evidence for Λ from high-z 
supernovae 

Distant SN are fainter than expected 
if expansion were decelerating  

Riess et al ‘98 
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Planck temp anisotropies in CMB 

Planck collaboration ‘13 

Amplitude of fluctuations at z~ 1000 

ΛCDM  The data confirm  
the theoretical 
predictions     
(linear theory)  

Peebles ’82; Bond & 
Efstathiou ‘80s 
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Planck Collaboration: Cosmological parameters

Planck+WP Planck+WP+highL Planck+lensing+WP+highL Planck+WP+highL+BAO

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits Best fit 68% limits

⇤bh2 . . . . . . . . . . 0.022032 0.02205 ± 0.00028 0.022069 0.02207 ± 0.00027 0.022199 0.02218 ± 0.00026 0.022161 0.02214 ± 0.00024

⇤ch2 . . . . . . . . . . 0.12038 0.1199 ± 0.0027 0.12025 0.1198 ± 0.0026 0.11847 0.1186 ± 0.0022 0.11889 0.1187 ± 0.0017

100⇥MC . . . . . . . . 1.04119 1.04131 ± 0.00063 1.04130 1.04132 ± 0.00063 1.04146 1.04144 ± 0.00061 1.04148 1.04147 ± 0.00056

⇧ . . . . . . . . . . . . 0.0925 0.089+0.012
�0.014 0.0927 0.091+0.013

�0.014 0.0943 0.090+0.013
�0.014 0.0952 0.092 ± 0.013

ns . . . . . . . . . . . 0.9619 0.9603 ± 0.0073 0.9582 0.9585 ± 0.0070 0.9624 0.9614 ± 0.0063 0.9611 0.9608 ± 0.0054

ln(1010As) . . . . . . . 3.0980 3.089+0.024
�0.027 3.0959 3.090 ± 0.025 3.0947 3.087 ± 0.024 3.0973 3.091 ± 0.025

APS
100 . . . . . . . . . . 152 171 ± 60 209 212 ± 50 204 213 ± 50 204 212 ± 50

APS
143 . . . . . . . . . . 63.3 54 ± 10 72.6 73 ± 8 72.2 72 ± 8 71.8 72.4 ± 8.0

APS
217 . . . . . . . . . . 117.0 107+20

�10 59.5 59 ± 10 60.2 58 ± 10 59.4 59 ± 10

ACIB
143 . . . . . . . . . . 0.0 < 10.7 3.57 3.24 ± 0.83 3.25 3.24 ± 0.83 3.30 3.25 ± 0.83

ACIB
217 . . . . . . . . . . 27.2 29+6

�9 53.9 49.6 ± 5.0 52.3 50.0 ± 4.9 53.0 49.7 ± 5.0

AtSZ
143 . . . . . . . . . . 6.80 . . . 5.17 2.54+1.1

�1.9 4.64 2.51+1.2
�1.8 4.86 2.54+1.2

�1.8

rPS
143⇥217 . . . . . . . . 0.916 > 0.850 0.825 0.823+0.069

�0.077 0.814 0.825 ± 0.071 0.824 0.823 ± 0.070

rCIB
143⇥217 . . . . . . . . 0.406 0.42 ± 0.22 1.0000 > 0.930 1.0000 > 0.928 1.0000 > 0.930

�CIB . . . . . . . . . . 0.601 0.53+0.13
�0.12 0.674 0.638 ± 0.081 0.656 0.643 ± 0.080 0.667 0.639 ± 0.081

⇤tSZ⇥CIB . . . . . . . . 0.03 . . . 0.000 < 0.409 0.000 < 0.389 0.000 < 0.410

AkSZ . . . . . . . . . . 0.9 . . . 0.89 5.34+2.8
�1.9 1.14 4.74+2.6

�2.1 1.58 5.34+2.8
�2.0

⇤⇥ . . . . . . . . . . . 0.6817 0.685+0.018
�0.016 0.6830 0.685+0.017

�0.016 0.6939 0.693 ± 0.013 0.6914 0.692 ± 0.010

⌅8 . . . . . . . . . . . 0.8347 0.829 ± 0.012 0.8322 0.828 ± 0.012 0.8271 0.8233 ± 0.0097 0.8288 0.826 ± 0.012

zre . . . . . . . . . . . 11.37 11.1 ± 1.1 11.38 11.1 ± 1.1 11.42 11.1 ± 1.1 11.52 11.3 ± 1.1

H0 . . . . . . . . . . . 67.04 67.3 ± 1.2 67.15 67.3 ± 1.2 67.94 67.9 ± 1.0 67.77 67.80 ± 0.77

Age/Gyr . . . . . . . 13.8242 13.817 ± 0.048 13.8170 13.813 ± 0.047 13.7914 13.794 ± 0.044 13.7965 13.798 ± 0.037

100⇥⇤ . . . . . . . . . 1.04136 1.04147 ± 0.00062 1.04146 1.04148 ± 0.00062 1.04161 1.04159 ± 0.00060 1.04163 1.04162 ± 0.00056

rdrag . . . . . . . . . . 147.36 147.49 ± 0.59 147.35 147.47 ± 0.59 147.68 147.67 ± 0.50 147.611 147.68 ± 0.45

Table 5. Best-fit values and 68% confidence limits for the base ⇥CDM model. Beam and calibration parameters, and addi-
tional nuisance parameters for “highL” data sets are not listed for brevity but may be found in the Explanatory Supplement
(Planck Collaboration ES 2013).

strongly degenerate with the Poisson point source ampli-
tude at 100 GHz. This degeneracy is broken when the high-
resolution CMB data are added to Planck.

The last two points are demonstrated clearly in Fig. 7, which
shows the residuals of the Planck spectra with respect to the
best-fit cosmology for the Planck+WP analysis compared to the
Planck+WP+highL fits. The addition of high-resolution CMB
data also strongly constrains the net contribution from the kSZ
and tSZ⇥CIB components (dotted lines), though these compo-
nents are degenerate with each other (and tend to cancel).

Although the foreground parameters for the Planck+WP fits
can di⌅er substantially from those for Planck+WP+highL, the
total foreground spectra are rather insensitive to the addition of
the high-resolution CMB data. For example, for the 217 ⇥ 217
spectrum, the di⌅erences in the total foreground solution are less
than 10 µK2 at ⌥ = 2500. The net residuals after subtracting both
the foregrounds and CMB spectrum (shown in the lower panels
of each sub-plot in Fig. 7) are similarly insensitive to the addi-
tion of the high-resolution CMB data. The foreground model is
su⇧ciently complex that it has a high “absorptive capacity” to
any smoothly-varying frequency-dependent di⌅erences between
spectra (including beam errors).

Table 6. Goodness-of-fit tests for the Planck spectra. The �⌃2 =
⌃2 � N⌥ is the di⌅erence from the mean assuming the model is
correct, and the last column expresses �⌃2 in units of the disper-
sion

⇧
2N⌥.

Spectrum ⌥min ⌥max ⌃2 ⌃2/N⌥ �⌃2/
⇧

2N⌥

100 ⇥ 100 50 1200 1158 1.01 0.14
143 ⇥ 143 50 2000 1883 0.97 �1.09
217 ⇥ 217 500 2500 2079 1.04 1.23
143 ⇥ 217 500 2500 1930 0.96 �1.13

All 50 2500 2564 1.05 1.62

To quantify the consistency of the model fits shown in Fig. 7
for Planck we compute the ⌃2 statistic

⌃2 =
�

⌥⌥⌅
(Cdata
⌥ �CCMB

⌥ �Cfg
⌥ )M�1

⌥⌥⌅ (C
data
⌥⌅ �CCMB

⌥⌅ �Cfg
⌥⌅ ), (33)

for each of the spectra, where the sums extend over the mul-
tipole ranges ⌥min and ⌥max used in the likelihood, M⌥⌥⌅ is
the covariance matrix for the spectrum Cdata

⌥ (including cor-
rections for beam eigenmodes and calibrations), CCMB

⌥ is the
best-fit primordial CMB spectrum and Cfg

⌥ is the best-fit fore-

22
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⌅8 . . . . . . . . . . . 0.8347 0.829 ± 0.012 0.8322 0.828 ± 0.012 0.8271 0.8233 ± 0.0097 0.8288 0.826 ± 0.012

zre . . . . . . . . . . . 11.37 11.1 ± 1.1 11.38 11.1 ± 1.1 11.42 11.1 ± 1.1 11.52 11.3 ± 1.1

H0 . . . . . . . . . . . 67.04 67.3 ± 1.2 67.15 67.3 ± 1.2 67.94 67.9 ± 1.0 67.77 67.80 ± 0.77

Age/Gyr . . . . . . . 13.8242 13.817 ± 0.048 13.8170 13.813 ± 0.047 13.7914 13.794 ± 0.044 13.7965 13.798 ± 0.037

100⇥⇤ . . . . . . . . . 1.04136 1.04147 ± 0.00062 1.04146 1.04148 ± 0.00062 1.04161 1.04159 ± 0.00060 1.04163 1.04162 ± 0.00056

rdrag . . . . . . . . . . 147.36 147.49 ± 0.59 147.35 147.47 ± 0.59 147.68 147.67 ± 0.50 147.611 147.68 ± 0.45

Table 5. Best-fit values and 68% confidence limits for the base ⇥CDM model. Beam and calibration parameters, and addi-
tional nuisance parameters for “highL” data sets are not listed for brevity but may be found in the Explanatory Supplement
(Planck Collaboration ES 2013).

strongly degenerate with the Poisson point source ampli-
tude at 100 GHz. This degeneracy is broken when the high-
resolution CMB data are added to Planck.

The last two points are demonstrated clearly in Fig. 7, which
shows the residuals of the Planck spectra with respect to the
best-fit cosmology for the Planck+WP analysis compared to the
Planck+WP+highL fits. The addition of high-resolution CMB
data also strongly constrains the net contribution from the kSZ
and tSZ⇥CIB components (dotted lines), though these compo-
nents are degenerate with each other (and tend to cancel).

Although the foreground parameters for the Planck+WP fits
can di⌅er substantially from those for Planck+WP+highL, the
total foreground spectra are rather insensitive to the addition of
the high-resolution CMB data. For example, for the 217 ⇥ 217
spectrum, the di⌅erences in the total foreground solution are less
than 10 µK2 at ⌥ = 2500. The net residuals after subtracting both
the foregrounds and CMB spectrum (shown in the lower panels
of each sub-plot in Fig. 7) are similarly insensitive to the addi-
tion of the high-resolution CMB data. The foreground model is
su⇧ciently complex that it has a high “absorptive capacity” to
any smoothly-varying frequency-dependent di⌅erences between
spectra (including beam errors).

Table 6. Goodness-of-fit tests for the Planck spectra. The �⌃2 =
⌃2 � N⌥ is the di⌅erence from the mean assuming the model is
correct, and the last column expresses �⌃2 in units of the disper-
sion

⇧
2N⌥.

Spectrum ⌥min ⌥max ⌃2 ⌃2/N⌥ �⌃2/
⇧

2N⌥

100 ⇥ 100 50 1200 1158 1.01 0.14
143 ⇥ 143 50 2000 1883 0.97 �1.09
217 ⇥ 217 500 2500 2079 1.04 1.23
143 ⇥ 217 500 2500 1930 0.96 �1.13

All 50 2500 2564 1.05 1.62

To quantify the consistency of the model fits shown in Fig. 7
for Planck we compute the ⌃2 statistic

⌃2 =
�

⌥⌥⌅
(Cdata
⌥ �CCMB

⌥ �Cfg
⌥ )M�1

⌥⌥⌅ (C
data
⌥⌅ �CCMB

⌥⌅ �Cfg
⌥⌅ ), (33)

for each of the spectra, where the sums extend over the mul-
tipole ranges ⌥min and ⌥max used in the likelihood, M⌥⌥⌅ is
the covariance matrix for the spectrum Cdata

⌥ (including cor-
rections for beam eigenmodes and calibrations), CCMB

⌥ is the
best-fit primordial CMB spectrum and Cfg

⌥ is the best-fit fore-
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Cosmological parameters from CMB data 

Planck collaboration ‘13 
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The 2dF Galaxy 
Redshift Survey  
221,000  redshifts 

z~0 

2005 
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z = 0   Dark Matter 

Springel et al 05 
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z=5.7 

z=0 

To compare simulations vs observations, 
need to know where the galaxies form 

Galaxy formation theory 

        Galaxy formation theory:                 
a physics-based model for the 

formation and evolution of galaxies   
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The halo mass function 
and the galaxy 

luminosity function have 
different shapes 

Complicated variation of 
M/L with halo mass 

Dark halos 
(const M/L) 

galaxies 

The galaxy luminosity function 

SN feedback+photoionization 

AGN feedback 

White & Frenk ‘91; Kauffmann et al ‘93; Benson 
et al ’03; Croton et al ‘05; Bower et al. ’06  



University of Durham 

Institute for Computational Cosmology 

z=8 z=10 

Lacey, Baugh, 
Frenk, Benson ‘12 

unextincted 

w. dust 

z=3 
unextincted 

w. dust 

z=5 

Star forming galaxies  

Evolution of 
Lyman-break 
galaxy lum.  

function 
model  

data 

t=2.1 Gyr t=1.15 Gyr 

t=0.62 Gyr t=0.46 Gyr 
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z = 0   Dark Matter 

Springel et al 05 



University of Durham 

Institute for Computational Cosmology 
Croton et al 05 

z = 0   Galaxy light 



Springel, Frenk & White  
Nature, April ‘06 

2dFGRS 

SDSS 

CfA 

real 

simulated 



Baryon  
wiggles in  
the galaxy  
distribution 

Springel et al 2005 

Power spectrum 
from MS divided by 

a baryon-free 
ΛCDM spectrum 

 
Galaxy samples 

matched to 
plausible large 
observational 

surveys at given z 
z=0 z=1 

z=3 z=7 

DM gals 

Millennium simulation 
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ΛCDM model  

ΛCDM convolved 
with window 

Baryon oscillations 
conclusively detected 

in 2dFGRS!!! 

P(k) / Pref(Ωbaryon=0)  

Cole, Percival, Peacock, 
Baugh, Frenk + 2dFGRS ‘05 

 Millennium sim 

Baryon acoustic oscillations in 2dFGRS 

220,000  redshifts 
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•  47,000 SDSS LRGs 
•  0.72 cubic Gpc 
•  Constraint on 

spherically averaged 
BAO scale 

•  Constrain distance 
parameter: 

Angular  
diameter 
distance 

Hubble  
parameter 

Baryon acoustic oscillations in SDSS 

Eisenstein et al ‘05 
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ΛCDM model  

ΛCDM convolved 
with window 

•  Consistency with 
structure growth by 
gravitational instability 
in a ΛCDM universe 

•  Since size of acoustic 
horizon at trec known, 
BAO are standard ruler 

P(k) / Pref(Ωbaryon=0)  

Cole, Percival, Peacock, 
Baugh, Frenk + 2dFGRS ‘05 

 Millennium sim 

Baryon acoustic oscillations in 2dFGRS 

Baryon oscillations in 
2dFGRS è 
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Mock 2dFGRS from 
Hubble vol sim 

 real space 

Eke, Frenk, Cole, Baugh + 
2dFGRS 2003 
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Mock 2dFGRS from 
Hubble vol sim 

 z-space 

Eke, Frenk, Cole, Baugh + 
2dFGRS 2003 
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Real 2dFGRS  

 z-space 

Eke, Frenk, Cole, Baugh + 
2dFGRS 2003 
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Open problems cosmology best 
tackled with simulations 



The content of our universe  

5 % 

25% 
70% 
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Open problems in cosmology 

•  The dark energy problem: 

-   Alternatives to ΛCDM: modified gravity, quintessence, etc 

•  The dark matter problem 

-   Warm dark matter, self-interacting dark matter 

•  The baryon problem  

-   How do galaxies form and how do baryons affect the 
evolution of DM? 
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The cosmic power spectrum: from 
the CMB to the 2dFGRS 

ΛCDM 

wavenumber k (comoving h-1 Mpc)-1 

1000 10  wavelength k-1 (comoving h-1 Mpc) 

warm  

Free streaming à 

  λcut  α mx
-1              

for thermal relic 

  mCDM ~ 100GeV 
susy; Mcut ~ 10-6 Mo  

 mWDM ~ few keV  
sterile ν; Mcut~109 Mo 

 

P
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pe
ct

ru
m
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(k

) (
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1  M
pc

)3
 

Log k3P(k) 

sterile ν 

2dFGRS 

WMAP 

z=0 Ly-α forest è 
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cold dark matter • warm dark matter  

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns, 
Boyarski & Ruchayskiy  ‘13 
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WDM 

2.3 keV 

2.0 keV 

1.6 keV 

1.4 keV 

 

Lovell et al ‘14 

The mass function of substructures 

CDM 

WDM 

(430 kpc) 

Subhalo mass function 

No of suhalos  
ì with mWDM 

decreasing mWDM    

Resolution limit 
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Lovell, Frenk, Eke, Gao, Jenkins, Theuns  ’12, ‘13 

• cold dark matter • warm dark matter  

Subhalo abundance  



University of Durham 

Institute for Computational Cosmology 

The nature of the DM and Mhalo  
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Mhalo< 1.5x1012Mo 

(95% confidence) 

     WDM requires                 
Mhalo > 1.1x1012 Mo   

(95% confidence) 
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Wang, Frenk, Navarro, Gao ‘12 
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Estimates of the MW halo mass  

C
D
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Wenting Wang et al. ‘14 



The content of our universe  

5 % 

25% 

Could be CDM, WDM, 
SIDM or xxx 

Galaxy formation? 
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Extrapolating from Krakow 
through Tallinn to the next 

symposium somewhere in the 
early eighties one can be 

pretty sure that the question of 
the formation of galaxies and 
clusters will be solved in the 

next few years. 

IAU Symposium 79 

The Large Scale Structure of the Universe, Tallinn, Sep 12-16,1977 
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z=3 

5 Mpc 

Davis, Efstathiou, Frenk & White ‘92 

Nature 



Illustris Simulation 
Vogelsberger, Genel, Springel, Torrey, Sijacki, Xu, Snyder, Bird, Nelson, Hernquist   



Simula'ng	
  the	
  Universe	
  
The	
  EAGLE	
  simula'on	
  project	
  

Durham:	
  Richard	
  Bower,	
  Michelle	
  Furlong,	
  Carlos	
  Frenk,	
  MaEhieu	
  Schaller,	
  James	
  
Trayford,	
  Yel'	
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  Tom	
  Theuns,	
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  Qu,	
  John	
  Helly,	
  Adrian	
  Jenkins.	
  

Leiden:	
  Rob	
  Crain,	
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  Schaye.	
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  Dalla	
  Vecchia,	
  Ian	
  McCarthy,	
  Craig	
  Booth…	
  

+	
  Virgo	
  Consor'um	
  
NAM	
  2014	
  



EAGLE:	
  Evolu'on	
  and	
  Assembly	
  of	
  
GaLaxies	
  and	
  their	
  Environments	
  

•  Anarchy-­‐SPH	
  (Gadget-­‐3)	
  +	
  
Planck	
  Cosmology	
  

•  Resolu'on	
  106	
  solar	
  masses	
  
•  25,	
  50	
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  100	
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  feedback	
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100	
  Mpc	
  

Visualisa'on:	
  Bower	
  



Trayford/Baes	
  



Sub-­‐grid	
  schemes	
  in	
  EAGLE	
  

Star	
  forma'on	
  

ISM	
  turbulence	
  

Supernova	
  
feedback	
  

AGN	
  accre'on	
  

AGN	
  feedback	
  

pheat =
ESN

kTheat
f (Z,ρ)

PISM ∝ ργ

τ* ∝ PnKS

pheat =
0.01 mc2

kTheat

mBH =max f (ρ,vφ ), mEdd( )

Cooling	
  and	
  
photoionisa'on	
  

Metal	
  enrichment	
  
and	
  stellar	
  mass	
  loss	
  

Subgrid	
  physics	
  
with	
  fully	
  coupled	
  
hydrodynamics	
  

Dalla	
  Vecchia	
  &	
  Schaye	
  2009,	
  2012;	
  Rosas-­‐
Guevara	
  et	
  al	
  2014	
  



• GIMIC Project, Crain et al. (2008) 

 GIMIC  

Previous generation 
of cosmological 
hydrodynamical 

simulations  

(Crain et al ’08) 

The galaxy mass function at z=0 
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The galaxy mass function at z=0 



EAGLE	
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  other	
  models	
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Evolution of the mass function 



Evolution of the SFR density 

0.2	
  dex	
  

Increase	
  of	
  33%:	
  
corresponds	
  to	
  20%	
  

increase	
  in	
  stellar	
  mass	
  

Model	
  recovers	
  shape	
  of	
  the	
  star	
  forma'on	
  history	
  well,	
  small	
  offset	
  in	
  normalisa'on	
  



Galaxy sizes 
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Baryon effects: halo masses 

Average modification of halo masses as a function of mass 

Schaller et al. ‘14 
See also Sawala et al. ‘12, ‘14 
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Baryon effects: halo masses 

Schaller et al. ‘14 

Halo mass function as 
a function of z 



forma'on	
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  t_f	
  

assembly	
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main	
  branch	
  

Galaxy	
  trees	
  are	
  stored	
  in	
  an	
  SQL	
  database,	
  allowing	
  
complex	
  queries	
  link	
  galaxies	
  today	
  and	
  their	
  

progenitors	
  early	
  in	
  the	
  history	
  of	
  the	
  Universe.	
  The	
  
database	
  allows	
  you	
  to	
  generate	
  images	
  and	
  extract	
  

par'cle	
  data	
  for	
  interes'ng	
  objects.	
  

Galaxy	
  forma'on	
  trees	
  by	
  Yan	
  Qu	
  and	
  John	
  Helly	
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Conclusions 

•  We don’t know if the DM is CDM, but whatever it is, it must 
look like CDM on super-Galactic scales 

•  Simulations of the cosmic web played the key role in developing 
the ΛCDM model, now validated by CMB and LSS data 

-  Inflation  

-  non-baryonic DM 
•  Modern cosmology began in ~1980 

with two theoretical proposals 

•  New frontiers 
-  Dark energy 

-  Galaxy formation + environmental effects  
-  DM on sub-Galactic scales  

•  No too-big-to fail if Mh is small; WDM requires Mh to be large 


