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The standard model of cosmology 

Based on 2 key ideas from the 1980s:

1. Inflation 

Universe born in the wrong vacuum

→Expands exponentially fast 

→ (a) flat geometry (k = 0);  (b) Gaussian, adiabatic 

perturbations (quantum fluctuations)

→ Current incarnation is CDM (standard model):

Cosmological constant

Cold dark matter

2. Non-baryonic cold dark matter particles
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Cosmological constant Cold dark matter

The CDM model of cosmogony 

•  Proposed in 1980s, it is an ab initio, fully specified model of 

cosmic evolution and the formation of cosmic structure

• Has strong predictive power and can, in principle, be ruled out

• Has made a number of predictions that were subsequently 

tested empirically (e.g. CMB, LSS, galaxy formation) 

Three Nobel Prizes in Physics since 2006
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Non-baryonic dark matter 

candidates 

hot neutrino few tens of eV

warm sterile          keV-MeV

cold
axion

neutralino
10-5eV - 100 GeV

Type             example                mass

From the early 1980s:
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The dark matter power spectrum

The linear power spectrum (“power per octave” )

warm 

cold

dwarf 

gals
galaxy 

clusters

hot 

k3 P(k) HDM
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for a thermal relic

Free-streaming 

cutoff

Earth 

mass

These possibilites can be tested with astrophysics
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How to make a virtual universe

Relevant equations: 

Collisionless Boltzmann; 

Poisson; Friedmann eqns;          

Radiative hydrodynamics 

Subgrid astrophysics 

Assumption about content of Universe → Initial conditions

Non-linear evolution: simulations



1981

mν = 30 ev → Ωm = 1Hot dark matter
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Non-baryonic dark matter 

cosmologies

Davis, Efstathiou, 

Frenk & White ‘85

HDM 
=1CfA redshift 

survey

CDM 
=0.2

Neutrinos 
=1

Davis, Efstathiou, 

Frenk & White ‘85
Frenk, White 

& Davis ‘83
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Non-baryonic dark matter 

cosmologies
Neutrino DM →  

wrong clustering

Neutrinos cannot 

make appreciable 

contribution to  

→ m<< 30 ev

Davis, Efstathiou, 

Frenk & White ‘85

HDM 
=1CfA redshift 

survey

CDM 
=0.2

Neutrinos 
=1

Frenk, White 

& Davis ‘83
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Non-baryonic dark matter 

cosmologies

Davis, Efstathiou, 

Frenk & White ‘85

HDM 
=1CfA redshift 

survey

CDM 
=0.2

Neutrinos 
=1

Neutrino DM →  

wrong clustering

Neutrinos cannot 

make appreciable 

contribution to  

→ m<< 30 ev

Frenk, White 

& Davis ‘83

CDM 

=1

In CDM structure 

forms hierarchically

Early CDM N-body 

simulations gave 

promising results

Davis, Efstathiou, 

Frenk & White‘85
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Davis, Efstathiou, 

Frenk & White ‘85

HDM 
=1CfA redshift 

survey

CDM 
=0.2

CDM 

=1

 was 

inconceivable in 

1985

Non-baryonic dark matter 

cosmologies

Davis, Efstathiou, 

Frenk & White‘85



1982 – 1990: the glory days of 

matter = 1 (→ “standard CDM” ) 
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CDM rules 1987



Cosmic inflation 

(initial conditions) 

(t ~ 10-35 s)
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The cosmic microwave 

background is emitted 

(t ~350,000 yrs)

The temperature of this 

radiation should show 

small irregularities 

Production of  

particle dark matter  

(t ~ 10-10 s)
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The CMB

1992

George Smoot - Nobel Prize 2006

COBE data consistent with  =1 CDM!
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What 

went 

wrong?

1982 – 1990: the glory days of 

matter = 1 (→ “standard CDM” ) 
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CDM
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1990:  = 1 CDM under strain

Possible solution: lower matter  and add  to CDM (to have 

tot =1, as required by inflation) (Efstathiou et al 91)

Angular 2-pt correlation function

Maddox, Efstathiou, 

Sutherland & Loveday ‘90

Too much “power on 

large scales” =1
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The end of standard (matter =1) CDM  

… or why matter cannot be 1

White, Navarro, Evrard & Frenk -- Nature 1993 
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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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 from the baryon fraction in clusters

where  =1 if fb is a fair sample of the universe 

White, Navarro, 

Evrard & Frenk 

Nature 1993 

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

BBNS, CMB     → bh
2 = 0.019 ± 20%

HST             → h = 0.7 ±10%

simulations       →  = 0.9 ±10%

baryon fraction in clusters  ≈  baryon fraction of universe

fb =
Mb

M tot

=g
Wb

Wm
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 from the baryon fraction in clusters

White, Navarro, 

Evrard & Frenk 

Nature 1993 

Requires   0.7 to be compatible with inflation (=1)

There is no theoretical basis for inferred value of  

10120 larger than observed !!! 

A “natural” value (Planck value) is  
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Nature 1992

DEFW ‘92
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Angular 2-pt correlation function

DEFW ‘92
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(Some) evidence for dark energy
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Evidence for  from high-z 

supernovae

SN type Ia (standard candles) at 

z~0.5 are fainter than expected even 

if the Universe were empty

 Cosmic expansion must have been 

accelerating since the light was emitted

a/a0=1/(1+z) 

fl
u
x

Perlmutter et al ’98; Riess et al ‘98

m 

Schmidt  et al ‘98
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Cosmology

Evidence for  from high-z 

supernovae

SN type Ia (standard candles) at 

z~0.5 are fainter than expected even 

if the Universe were empty

Perlmutter et al ’98; Reiss et al ‘98

Schmidt  et al ‘98

 Cosmic expansion must have been 

accelerating since the light was emitted
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Clocchiatti et al ‘06

Later data ruled out  = 0. 

Evidence for  from high-z 

supernovae
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New galaxy surveys: 

2dFGRS, SDSS 

New CMB data: WMAP, 

Planck

New simulations: 

Millennium

2000 - 2020
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Observational tests of CDM

→ Primordial power spectrum of density perturbations

Linear regime: cosmic microwave background (z~1000)

         large-scale structure  (z~3 - 0)

Fundamental prediction of CDM 

Can test this in two regimes:

Evolved non-linear regime:   dark matter halos →

• abundance 

• structure 

• clustering  

(z~15 – 0)

+ random phases



Springel, Frenk & White  

Nature, April ‘06

2dFGRS

SDSS

CfA

real

simulated

Galaxy clustering in CDM
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The CMB

1992

2012

Planck
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Fluctuation amplitude

Planck: CMB temperature anisotropies

The data confirm 

the theoretical 

predictions

Planck  coll. 2015

CDM

Accuracy ~ a few percent



72 participating institutions across the world

Tests of CDM a subpercent accuracy?
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Tests based on baryon acoustic oscillations
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Fluctuation amplitude

Planck: CMB temperature anisotropies

Planck  coll. 2015

CDM
Baryon acoustic oscillations (BAO) 

coherent oscillations of -baryon fluid

standard ruler

Frozen in a recombination
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Baryon acoustic oscillations (BAO) 

•The scale of the oscillations (the sound horizon at zrec) is 

determined by physics  → BAO scale is standard ruler

DESI already has > 30 million spectra

Discovered in 2005 by 2dFGRS and SDSS

•→ can measure expansion history of universe
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The distance-redshift relation depends on the energy density 

of various matter components, including massive neutrinos:

Radiation                  Matter          Dark energy    Neutrinos

The distance-redshift relation
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Preference over ΛCDM:

DESI alone: 1.5σ

DESI + CMB: 2.6σ

DESI BAO and dark energy

Introducing a time-varying equation of state:

Dark energy has a negative pressure:

Simplest case:

()

DR1 results
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DESI BAO and dark energy

DESI + CMB + PantheonPlus: 2.5σ

DESI + CMB + Union3: 3.5σ

DESI + CMB + DESY5: 3.9σ

Introducing a time-varying equation of state:

Dark energy has a negative pressure:

Simplest case:

()

Preference over ΛCDM:

DR1 results

DESI collaboration: Adame+ ‘24
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We now have DR2 results (papers in April/25) 
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DESI BAO measurements

Can measure expansion history of universe
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DESI collaboration: Adame+ ‘25



University of Durham

Institute for Computational Cosmology

DESI collaboration: Adame+ ‘24
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51

First neutrino results from DESI 

The BAO scale at various z → expansion history

→ depends on the sum of neutrino masses
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40 minutes
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Atmospheric neutrino oscillations
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From CMB:

Constraints on sum of  masses 

assuming CDM
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Constraints on sum of  masses 

From CMB + DESI:

From atmospheric 

 oscillations

> 0.060

assuming CDM
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From CMB:

From CMB + DESI BAO:

(Both at 95%)

Constraints on sum of  masses 

Posterior distribution of  masses in CDM

(Prior  m >0)

Posterior distribution 

peaks at 0
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See also:

eBOSS Collaboration (2021; 2007.08991)

Craig et al. (2024; 2405.00836)

Constraints on sum of  masses 

Relax the prior: introduce an effective neutrino mass, m,eff,  

that coincides with the physical m for m,eff > 0 and 

extend to negative values in data space

Elbers, CSF, Jenkins, 

Li & Pascoli ‘24

Any evidence for negative values should be interpreted as a signature of 

unidentified systematic errors or possibly of new physics which may be 

unrelated to neutrinos 
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Constraints on sum of  masses 

Posterior distribution of  masses

Elbers, CSF + ‘24

CDM w0waCDM

In CDM, posterior 

peaks  at    m eff < 0 

Inconsistent with  

oscillations at 2.6

In w0waCDM posterior 

peaks at m eff >   0 

In w0wa CDM, bound 
on physical neutrino 
mass m <0.195 eV

Consistent with  oscillations
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Observational tests of CDM

→ Primordial power spectrum of density perturbations

Linear regime: cosmic microwave background (z~1000)

         large-scale structure  (z~3 - 0)

Evolved non-linear regime:   dark matter halos →

• abundance 

• structure 

• clustering  

Fundamental prediction of CDM 

Can test this in two regimes:

(z~15 – 0)

+ random phases

Depends v. weakly on  

Test of CDM!
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The small-scale “crisis” of CDM

1. “Missing satellites”

2. “Too-big-to-fail”

3. “Core-cusp”

4. “Plane of satellites”

“Solved” in:

2002

2015

1996

2023

baryon effects

→ Cosmic web 

+ statistics

Four problems:

5. Galaxies at z > 10 discovered by JWST
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Formation of CDM halos
z=2.5 z=2.5 z=2.5

z=1z=1 z=1

z=0z=0z=0



The density profile of cold dark 

matter halos

Shape of halo profiles 

~independent of halo mass & 

cosmological parameters

  Density profiles are “cuspy” - 

no `core’ near the centre

Fitted by simple formula: 

(Navarro, Frenk & White ’97)

Dwarf galaxies

Galaxy clusters

More massive halos and 
halos that form earlier have
higher densities (bigger )  Log radius (kpc)
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Navarro, Frenk & White ‘96
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CDM

We now know:

→ the internal structure of halos of all mass 

→ halo mass function down to cutoff mas
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The cold dark matter power 

spectrum

Log k

The linear power spectrum 

(“power per octave”)

  Assumes a 100GeV wimp    
Green et al  ‘04

Earth mass

z~1000k3 P(k)
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Mass function of CDM halos over 25 

orders of magnitude in mass

CDM

Wang, Bose, CSF, Gao, 

Jenkins, Springel, White, 

Nature ‘20 

The VVV project
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After reionization

Before reionization

A galaxy formation primer

Critical mass to form stars in a halo of 

mass M200 today

Benitez-Llambay & CSF ‘20

2. After H reionization, gas 

is heated to T=2x104 K. It 

can only cool and form 

stars in halos with: 

Tvir > TIGM = 2x104 K

1. Before reionization, 

stars can only form if 

atomic H cooling is 

effective: → T>7000 K

In which halos do galaxy form?

See also Efstathiou ‘82, Thoul & Weinberg ‘95
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Halo Occupation Fraction (HOF): fraction of 

halos of a given mass today that host a galaxy

A galaxy formation primer

Benitez-Llambay & CSF ‘20

fr
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M<3x108Mo 

→ dark 

M>3x109Mo 

→ visible 
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Most subhalos never make a galaxy! 

DM-only CDM simulations predict many more subhalos in 

the Milky Way than there are observed satellites

“Missing satellites” problem 

CDM
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The small-scale “crisis” of CDM

1. “Missing satellites”

2. “Too-big-to-fail”

3. “Core-cusp”

4. “Plane of satellites”

“Solved” in:

2002

2015

1996

2023

baryon effects

→ Cosmic web 

+ statistics

Four problems:

5. Galaxies at z > 10 discovered by JWST
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JWST galaxies at z= 8 -15
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JWST galaxies at z= 8 -15
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JWST galaxies at z= 8 -15
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Galaxies at z= 6 – 8 
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JWST galaxies at z=7-16
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JWST galaxies at z=15

2018

GALFORM applied to Milennium XXL N-body simulation

→ Has enough resolution and volume!



University of Durham

Institute for Computational Cosmology

Philosophy (since 1994) → fix model parameters 

by matching subset of z=0 basic data

BJ Luminosity fn K Luminosity fn

morphology

Amplitude 

BH – Mbulge 

Sub-mm counts

Sub-mm N(z)

Cole et al ‘00 

Lacey et al ‘16

Galform calibration
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2005

”The model can also 

explain the observed 

galaxy number counts at 

850 m,  but only if we 

assume a top-heavy initial 

mass function for the stars 

formed in bursts”

Baugh et al. 05

GALFORM calibration

(Only small fraction of  today’s 

stars form with top-heavy IMF)
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JWST galaxies at z=7-16
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Key – top 

heavy IMF in 

bursts

JWST galaxies at z=7-16
Theoretical predictions precede data (Cowley + ‘18)

Shengdong Lu, CSF + 24

300 M yrs372 M yrs
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No dust

JWST galaxies at z=7-16
Theoretical predictions precede data (Cowley + ‘18)Key – top 

heavy IMF in 

bursts

Shengdong Lu, CSF + 24

300 M yrs372 M yrs
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JWST galaxies at z=7-16
Theoretical predictions precede data (Cowley + ‘18)Key – top 

heavy IMF in 

bursts

Shengdong Lu, CSF + 24

No dust

300 M yrs372 M yrs
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The small-scale “crisis” of CDM

1. “Missing satellites”

2. “Too-big-to-fail”

3. “Core-cusp”

4. “Plane of satellites”

“Solved” in:

2002

2015

1996

2023

baryon effects

→ Cosmic web 

+ statistics

Four problems:

5. Galaxies at z > 10 discovered by JWST

→ As previously predicted by CDM  
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Conclusions

   Large scales

● Great precision of DESI BAO → CDM ruled out at (3.1 – 4.2) 

an evolving DE model (w0waCDM) is favoured

 DESI BAO limit on  masses: m < 0.195 eV for w0waCDM                       

• Abundance of JWST galaxies at z<14 → as predicted in CDM

Small scales 
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