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Two Nobel prizes  (2006 and 2011) 

ΛCDM: the standard model of 
cosmology 

Why is this the standard model; 
why it is incomplete and what next?  

• cold dark matter 

• cosmological constant 
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The CDM model is intrinsically implausible: it requires 
the universe to be dominated by two unknown 

constituents: CDM and dark energy.  

The cold dark matter cosmogony 

How did it come to this? 



Dark matter 

Cosmic inflation  
 initial conditions 

Two revolutionary ideas were 
proposed around 1980  



The ΛCDM model  

 Cosmic inflation:  universe started off in unstable state 
(vacuum energy)  expands very fast in short period of time 

 ⇒ Flat geometry:  Ω = 1	


€ 

Ω =
ρ
ρcrit

ρ  = ρmass  + ρrel +  ρvac	




Inflation theory predicts: early universe seeded by tiny 
fluctuations in mass distribution due to quantum fluctuations 

t=10-35 s 

Observable universe 

|δk|2  ∝ k; Gaussian amplitudes 

The ΛCDM model  
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Non-baryonic dark matter 
candidates  

hot neutrino a few eV 

warm 
 sterile neutrino  
majoron; KeVin 

keV-MeV 

cold 
   axion 
neutralino 

10-5eV - 100 GeV 

     Type              example                    mass 
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The dark matter power spectrum 

Log k [h Mpc-1] 

The linear power spectrum (“power per octave” ) 
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The dark matter power spectrum 

Free streaming  

  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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For the first time in Cosmology  a well-
defined theory of the initial conditions for 

the formation of cosmic structure 
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t=10-35 seconds  

The formation of cosmic structure 

Supercomputer simulations are the 
best technique for calculating how 
small primordial perturbations grow 

into galaxies today 

Simulations 

“Cosmology machine” 

t=380,000 yrs  
δρ/ρ ∼10-5	


t=13.8 billion yrs  
δρ/ρ ∼1-106	
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t=10-35 seconds  

The formation of cosmic structure 

Supercomputer simulations are the 
best technique for calculating how 
small primordial perturbations grow 

into galaxies today 

Simulations 
t=380,000 yrs  
δρ/ρ ∼10-5	


t=13.8 billion yrs  
δρ/ρ ∼1-106	
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Ludwig Biermann’s “G1” computer 
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Non-baryonic dark matter 
candidates  

hot neutrino a few eV 

warm    Sterile          
neutrino  keV-MeV 

cold 
   axion 
neutralino 

10-5eV-
>100 GeV 

     Type            candidate        mass 
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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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Non-baryonic dark matter 
candidates  

hot neutrino a few eV 

warm    Sterile          
neutrino  keV-MeV 

cold 
   axion 
neutralino 

10-5eV-
>100 GeV 

     Type            candidate        mass 
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The cold dark matter cosmogony 

Peebles ‘82 

Davis, Efstathiou, Frenk & White 1985 

Bardeen, Bond, Kaiser & Szalay 1986 
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The `Gang of Four’  - 1983 
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Non-baryonic dark matter 
cosmologies 

Davis, Efstathiou, 
Frenk & White ‘85 

HDM 
Ω=1 

CfA redshift 
survey 

In CDM 
structure forms 
hierarchically 

Early CDM        
N-body 

simulations gave 
promising results 

Neutrino dark 
matter produces  

unrealistic 
clustering 

Neutrinos 
Ω=1 

CDM 
Ω=1 

Davis, Efstathiou, 
Frenk & White ‘85 
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Ω = 1 CDM 

Galaxies trace mass 

DEFW ‘85 

pec vels too large 

wrong clustering 

ρ

x 

“Biased galaxy formation” 
(after Kaiser ’84) 

Dark matter 
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Biased galaxy formation 
… or how to rescue Ω=1 ! DEFW ‘85 

Dark matter Galaxies 

Gals->	 peaks 
of density 

field 



University of Durham 

Institute for Computational Cosmology 

Non-baryonic dark matter 
cosmologies 

Davis, Efstathiou, 
Frenk & White ‘85 

HDM 
Ω=1 

CfA redshift 
survey 

In CDM 
structure forms 
hierarchically 

Early CDM        
N-body 

simulations gave 
promising results 

Neutrino dark 
matter produces  

unrealistic 
clustering 

Neutrinos 
Ω=1 

CDM 
Ω=1 

Davis, Efstathiou, 
Frenk & White ‘85 



1982 – 1990: the glory days of 
Ωmatter = 1 ( “standard CDM” )  
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Angular 2-pt correlation function 

1990:  Ω = 1 CDM under strain 

Maddox, Efstathiou, 
Sutherland & Loveday ‘90 

Possible solution: lower Ωmatter  and add Λ to CDM (to have 
Ωtot =1, as required by inflation (Efstathiou et al ‘91) 
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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   fb = (0.060h-3/2 +0.009) ±10% 

BBNS, CMB       Ωbh2 = 0.019 ± 20% 
HST               h = 0.7 ±10% 

simulations         γ = 0.9 ±10% 

Allen etal ‘04 

baryon fraction in clusters  ≈  baryon fraction of universe 
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(Some) evidence for dark energy 
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Evidence for Λ from high-z 
supernovae 

SN type Ia (standard candles) at 
z~0.5 are fainter than expected even 

if the Universe were empty 

 The cosmic expansion must have 
been accelerating since the light was 

emitted 

a/a0=1/(1+z)  

flu
x 

Perlmutter et al ’98; Reiss et al ‘98 

Ωm	
 ΩΛ	


Schmidt  et al ‘98 
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Evidence for Λ from high-z 
supernovae 

SN type Ia (standard candles) at 
z~0.5 are fainter than expected even 

if the Universe were empty 

 The cosmic expansion must have 
been accelerating since the light was 

emitted 

Perlmutter et al ’98; Reiss et al ‘98 
Schmidt  et al ‘98 
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Clocchiatti et al ‘06 

Later data ruled out ΩΛ = 0.  

Evidence for Λ from high-z 
supernovae 
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Friedmann equations 

ρtot  = ρmass  + ρrel +  ρvac	

a-3 a-4 const? 

€ 

..

a = −
4π
3
Gρa(3w +1)

€ 

p = wρc 2where 

€ 

c 2a dρ
da

= −3( p + ρc 2)

€ 

⇒ ˙ ̇ a > 0 ⇒  3w +1< 0expansion accelerates 

If ρ =  ρ vac = const  , d ρ 

da 
= 0 ⇒ p = - ρ c 

2 w = - 1 ⇒ 
cosmological constant 

3
1

−<w ⇒  dark energy [ρvac  = ρvac (x,z)] 	
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Non-baryonic dark matter 
cosmologies 

Davis, Efstathiou, 
Frenk & White ‘85 

HDM 
Ω=1 

CfA redshift 
survey 

In CDM 
structure forms 
hierarchically 

Early CDM        
N-body 

simulations gave 
promising results 

Neutrino dark 
matter produces  

unrealistic 
clustering 

Neutrinos 
Ω=1 

CDM 
Ω=1 

Davis, Efstathiou, 
Frenk & White ‘85 

Davis, Efstathiou, 
Frenk & White ‘85 

HDM 
Ω=1 CfA redshift 

survey 

Neutrinos 
Ω=1 

CDM 
Ω=1 

Davis, Efstathiou, 
Frenk & White ‘85 

CfA redshift 
survey 
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Non-baryonic dark matter 
cosmologies 

Davis, Efstathiou, 
Frenk & White ‘85 

HDM 
Ω=1 

CfA redshift 
survey 

In CDM 
structure forms 
hierarchically 

Early CDM        
N-body 

simulations gave 
promising results 

Neutrino dark 
matter produces  

unrealistic 
clustering 

Neutrinos 
Ω=1 

CDM 
Ω=1 

Davis, Efstathiou, 
Frenk & White ‘85 

Davis, Efstathiou, 
Frenk & White ‘85 

HDM 
Ω=1 CfA redshift 

survey 

ΛCDM 
Ω=0.2 

Neutrinos 
Ω=1 

Davis, Efstathiou, 
Frenk & White ‘85 
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Ωm = 1  
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Ωm = 1  Ωm = 0.25 
ΩΛ = 0.75  



University of Durham 

Institute for Computational Cosmology 

The cosmic dark energy 

10120 larger than observed !!!  

•  Most inaccurate prediction in physics ever 

•  Requires new physics! 

Current physics predicts a “natural” value for the 
cosmological constant (Planck value) 

€ 

ρΛ
PL ~ MPL

4 ~ (8πG)−2 ~ (1018GeV )4 ~ 2 ×10110erg /cm3

€ 

ρΛ
obs ~ (10−12GeV )4 ~ 2 ×1010erg /cm3



5 % 

25% 70% 

… but makes definite predictions and is therefore testable 

  ΛCDM is an a priori 
implausible model  



The cosmic microwave 
background is emitted 
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Temperature anisotropies in CMB  

Peebles & Yu ‘70;  Peebles ’82; Bond &Efstathiou ‘84  

Large scales Small scales 

coherent oscillations 
of γ – baryon fluid 

2D
 p

ow
er

 s
pe

ct
ru

m
 

Sunyev & Zel’dovich ‘70 



University of Durham 

Institute for Computational Cosmology Institute for Computational Cosmology Institute for Computational Cosmology 

The CMB 

1992 

George Smoot - Nobel Prize 2006 
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The CMB 

1992 

2003 
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The CMB 

1992 

2012 

Planck 
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Temperature anisotropies in CMB  

Peebles & Yu ‘70   

Sunyaev & Zel’dovich ‘70   
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Temperature anisotropies in CMB  

Peebles ‘82  

Large scales Small scales 

coherent oscillations 
of γ – baryon fluid 

2D
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WMAP temp anisotropies in CMB 

Hinshaw etal ‘06 

Amplitude of fluctuations 3-year data 

ΛCDM  

z~1000 

The data confirm  
the theoretical 
predictions     
(linear theory)  

Peebles ’82; Bond & 
Efstathiou ‘80s 
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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 



PS depends on 
cosmological 

parameters, e.g. 
position of 1st peak 

 curvature  

Wayne Hu   
http://background.uchicago.edu/~whu/intermediate/intermediate.html 
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Cosmological parameters from CMB data 

Planck collaboration ‘13 
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Breaking  Ωmatter- ΩΛ degeneracy  

Planck (+WP+high l) 

SN 

Planck breaks the 
degeneracy between 

Ωmatter and  ΩΛ 	


  flat geometry  
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The 2dF Galaxy 
Redshift Survey  
221,000  redshifts 

z~0 

2005 



Sloan Digital Sky Survey 

~500,000 galaxy redshifts   
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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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z = 0   Dark Matter 

Springel et al 05 
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Croton et al 05 

z = 0   Galaxy light 



Springel, Frenk & White  
Nature, April ‘06 

2dFGRS 

SDSS 

CfA 

real 

simulated 
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The final 2dFGRS power spectrum 

ΛCDM model  

ΛCDM convolved 
w. 2dFGR window 

2dFGRS P(k) 
well fit by ΛCDM 
model convolved 

with window 
function 

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

 Millennium sim 

 Linear theory 
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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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CMB anisotropies and large-scale 
structure 
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CMB anistropies and large-scale 
structure 

2dFgrs Meiksin etal 99 
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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 #
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The cosmic power spectrum: from 
the CMB to the 2dFGRS 

2dFGRS 
z=0 

Sanchez et al 06 

⇒ ΛCDM provides an 
excellent description of 
mass power spectrum 

from 10-1000 Mpc 

WMAP 
ΛCDM 

wavenumber k (comoving h-1 Mpc)-1 

1000 10 

P
ow

er
 s
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ct
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m

 P
(k

) (
h-

1  M
pc

)3
 

z~1000 

z~0 

 wavelength k-1 (comoving h-1 Mpc) 



What next?  

5 % 

25% 70% 
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Understanding the dark energy  

What next?  

•  Einstein’s cosm. const. Λ – constant (vacuum?) energy density 

•  Quintessence – a variable (in time and space) form of Λ	


•  A modification of General Relativity – e.g. f(R) 

At present 3 broad possibilities are considered: 
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Understanding the dark energy  

What next?  

•  Theoretical: string theory?  

•  Astronomical tests: constrain dark energy “models” 

-  Geometrical (e.g. Ia SNe, BAO) 

-  Dynamical (z-space distortions, cluster counts, lensing …)	


Two approaches: 
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€ 

w =
P
ρ

€ 

w(a) = w0 + wa (1− a)

Within General Relativity: 

Just need to measure H(a)  dist to source at z: D(z)=f(H(a)) 

•  Standard candle – Type Ia SNe 

•  Standard ruler – BAO  

Geometric tests  

Friedmann eqn (const w): 

€ 

H 2(a) =
a
.

a

⎛ 

⎝ 

⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 

2

= H0
2 Ωma

−3 +Ωra
−4 +ΩKa

−2 +ΩX a
−3(1+w )[ ]

matter radiation 
curvature dark energy 

Eqn of state: 

(easy to extend to variable w(a)) 
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Dynamical tests  

Dark energy changes growth rate of structure 

€ 

δm ,Ψ,ΦRelevant quantities are: 

From Baojiu Li 
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What do we know already and how 
well do we need to do to go further?  
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€ 

w(a) =
P(a)
ρ(a)

€ 

w(a) = w0 + wa (1− a)

Dark energy with different w 
Constraints from Planck + other data 

€ 

w0 = −1.04−0.69
+0.72

€ 

wa ≤1.32

€ 

w = −1.13−0.14
+0.13

Constant w 

P
ro

ba
bi

lit
y 

(95% Planck+WP+SNLS) 

Quintessence (variable w(a)) 

w 

(95% Planck+WP+BAO) 
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Dark energy with different w 
Constraints from lensing + other data 

Gravitational lensing (shear)   
amplitude of density fluctns 

Tomography  growth rate of fluctns  
Heynmans etal ‘13 

w=-1.02 ± 0.9 

constant w 
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Hold other cosmological 
parameters fixed 

•  Δw ~ 7 Δs (z=3)  
•  Δw ~ 4 Δs (z=1)  

Angulo et al . 2008 
distance scale measurement 

D
ar

k 
en

er
gy

 e
qu

at
io

n 
of

 s
ta

te
  

How accurately do we need to 
measure the BAO scale? 

k= 2π/s 

α= kapp/ktrue	


2cwp ρ=
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Detection of BAO in Lyman-α forest 

BOSS survey: detection of BAO in Ly-α forest at z=2.4 
 ideal for measuring w(a)   Slosar et al ‘13 

r2
 ξ

(r
) 

r [Mpc/h] 

… in principle 

r2
 ξ

(r
) 

r [Mpc/h] 

… after some massaging 



University of Durham 

Institute for Computational Cosmology 

Linear theory: fluctuation growth rate 

The growth rate of density 
fluctuations depends on 

Ωm , ΩΛ and w 

G
ro

w
th

 fa
ct

or
 

z 

Ωm =1, ΩΛ =0 

Ωm  =0.25,  ΩΛ =0.75, 
w=-1 

(At high-z, the growth 
rate always approaches 

the Ωm =1 case) 

ρ	


x
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Dark energy with different w 

constant w Differences from ΛCDM 
of only a few %! 
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Modified gravity: DGP and Galileon  

From Baojiu Li 
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Modified gravity: f(R) gravity 

From Baojiu Li 
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           Vobs = vtrue + δv 

 δv ∝ f δρ/ρ = f b-1 δn/n 

“bias” parameter 

Kaiser 1987 

f= dlnD/dlna  

D(a) = linear growth factor 

Redshift space distortions  
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2dF galaxy redshift survey 
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Redshift space distortions  

Detected out to z~0.7 

Blake et al ‘12 

Guzzo et al ‘08 

VVDS 

Wiggle-z 

 ΛCDM 

 ΛCDM 
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Theoretical challenges for  
precision cosmology  

Obstacles in way of extracting cosmological info from surveys:  

•  Systematic effects in the interpretation of the data 

•  Cosmic variance  

-  Focus on BAO in galaxies  

-  Similar considerations apply to RSD, Ly-α forest   
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N-body simulations of large 
cosmological volumes 

BASICC 

L=1340/h Mpc 

N=3,036,027,392 

20 times the Millennium 
volume 

Halo resolution:  
(10 particle limit) 
5.5 e+11/h Mpc  

130,000 cpu hours on 
the Cosmology Machine 

Angulo, Baugh, Frenk & Lacey ‘08 
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BASICC simulation 
dark matter real space 

P(k) divided  
by linear theory P(k),  

scaling out growth factor 

Non-linear evolution of 
matter fluctuations 

P
(k

)/P
lin

ea
r(k

) 

Angulo, Baugh, Frenk & 
Lacey ‘08 
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Non-linear evolution of 
matter fluctuations 

Log (P(k)/Plinear(k))  
at z=1  

Angulo, Baugh, Frenk & 
Lacey ‘08 
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Coherent bulk flows  
boost large scale power 

(Kaiser 1987) 

Redshift space distortions 
Peculiar motions distort 

clustering pattern 

Motions of particles inside 
virialised structures  
damp power at high k  
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Peculiar motions distort 
clustering pattern 

Boost in power on large 
scales due to coherent 

flows  

Damping at higher k  
affects DM but not the 

halos 

In z-space, halo bias is 
scale-dependent 

Redshift space distortions 

Halos M> 1012 Mo 

Dark matter 

Redshift space 



University of Durham 

Institute for Computational Cosmology 

Galaxy P(k) cannot 
be reproduced by  
multiplying mass  
P(k) by constant  
factor in redshift  

space. 

Galaxy bias in redshift space 

⇒ In z-space, 
galaxies have a 
scale-dependent 
bias out to k~0.1 
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Comparison of 
different 
selections 

e.g. colour,  
emission line 

strength 

Galaxy bias in redshift space 

Angulo et al ‘08 



The MXXL 
Angulo, Springel             
et al. ‘12 

Bigger than the 
Millennium run 
by factors of 

30 in Nparticle     

200 in volume 

6 in mparticle     

3 x 108 galaxies 
   M*  > 1010 M⊙ 

 3 x 105 clusters  
   M* > 1014 M⊙ 







Different galaxy catalogues in the MXXL simulation trace the BAO 
features with a mass- and scale-dependent bias 

POWER SPECTRA OF THE GALAXY DISTRIBUTION AT Z=0 FOR DIFFERENT SPACE 
DENSITIES 

BOSS-like  
survey 

Angulo et al. (2012) 
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Estimating the PS covariance  

Measurements of matter power spectrum    constraints on 
cosmological parameters 

Only if mean power spectrum predicted by the 
cosmological model and its error distribution are known  

 Need accurate estimates of the PS covariance matrix 

Takahashi et al ‘09 show that for a given cosmology, this 
can be achieved with                                                                  …. 5000 large N-body simulations!!! 



5000 MXXLs ??? 

Need to develop new techniques  



Fast	  genera*on	  of	  ensembles	  of	  
cosmological	  N-‐body	  simula*ons	  via	  

mode-‐resampling	  

Schneider,	  Cole,	  Frenk,	  Szapudi,	  ApJ	  737(1),	  11	  (2011).	  arXiv:1103.2767	  

Schneider, Cole, Frenk, Szapudi ‘11 



Schneider,	  Cole,	  Frenk,	  Szapudi,	  ApJ	  737(1),	  11	  (2011).	  arXiv:1103.2767	  



Power	  spectrum	  covariance	  es*mates	  
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Schneider et al ‘11 

P(k) variance  

resampling (20 sims) 

resampling (1 sim) 

Covariance matrix elements  

Need 20 “small-mode’’ re-sampled 
simulations for <20% errors in 

covariance matrix 

500 long-λ resamplings 
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Conclusions & challenges 

•  Control of systematics at sub-% level not obviously possible 

•  Best strategy for building mocks (HoD, Galform…) not clear yet  

•  Need to develop new techniques (e.g. mode resampling)  

•  Simulations will be vital: a large number of MXXLs?   

Studies of large-scale structure,past 30 yrs: remarkably successful 

 ΛCDM validated by CMB and LSS data from many sources    

Along the way, we lost Ωmatter=1  … and gained dark energy 

Further progress  great technological/computational challenges 

… NO idea of what DE is: Λ has no explanation in current physics   
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Dark 
energy 

Dark 
energy 


