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Observational tests of LCDM

Ą 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 Ą

Åabundance 

Åstructure 

Åclustering  

Fundamental prediction of LCDM 

Can test this in two regimes:

(z~15 ï 0)

+ random phases
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Fluctuation amplitude

Planck: CMB temperature anisotropies

The data confirm 

the theoretical 

predictions

Planck  coll. 2015

LCDM

Accuracy ~ a few percent
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The cosmic power spectrum: from 

the CMB to the 2dFGRS

2dFGRS
z=0

Sanchez et al 06

Ý LCDM provides an 

excellent description of 

mass power spectrum 

from 10-1000 Mpc

WMAP
LCDM

wavenumber k (comoving h-1 Mpc)-1
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72 participating institutions across the world

Tests of LCDM a subpercent accuracy?



40 million galaxy 

and QSO redshifts

Tests based on baryon acoustic oscillations

Standard ruler
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DESI collaboration: Adame+ ó24

Introducing a time-varying equation of state:

Dark energy has a negative pressure:

Simplest case:

(L)
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Observational tests of LCDM

Ą 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 Ą

Åabundance 

Åstructure 

Åclustering  

Fundamental prediction of LCDM 

Can test this in two regimes:

(z~15 ï 0)

+ random phases

Depends v. weakly on L; 

Test of CDM!
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The small-scale ñcrisisò of LCDM

1. ñMissing satellitesò

2. ñToo-big-to-failò

3. ñCore-cuspò

4. ñPlane of satellitesò

ñSolvedò in:

2002

2015

1996

2023

baryon effects

Ą Cosmic web 

+ statistics

Four old problems:

5. Galaxies at z > 10 discovered by JWST

and a new one:
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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 ï 8 
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JWST galaxies at z=7-16
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JWST galaxies at z=7-16

What do these authors  mean by ñmost 

theoretical modelsò, ñmerger simulationsò, etc?

The simulations used do not have enough 

resolution and/or volume (or the right physics)!

ĄExisting hydro simulations

 (e.g. TNG50) 
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JWST galaxies at z=7-16
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JWST galaxies at z=7-16

Å  Abundance of brightest ones: n ~ 3 x10-7 /Mpc3         

Ą Need cube side-length, L > 500 Mpc 

(to get a few tens)

ÅMass of faintest: M ~ a few x 106 Mo 

      Ą Need mgas < 105 Mo

Not currently feasible (by a factor of 10-1000)!

Hydro simulations?
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JWST galaxies at z=7-16

What do we really expect in LCDM?
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Cosmological model

(Wm, WL, h); dark matter

Primordial fluctuations

dr/r(M, t)

Gas processes
(cooling, star formation, feedback)

Well understoodDark matter halos
   (N-body simulations)

z=0
z=1000



The density profile of cold dark 

matter halos

Shape of halo profiles 

~independent of halo mass & 

cosmological parameters

  Density profiles are ñcuspyò - 

no `coreô near the centre

Fitted by simple formula: 

(Navarro, Frenk & White ô97)

Dwarf galaxies

Galaxy clusters

More massive halos and 
halos that form earlier have
higher densities (bigger d)  Log radius (kpc)
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Mass function of CDM halos over 22 

orders of magnitude in mass

CDM

Wang, Bose, CSF, Gao, 

Jenkins, Springel, White, 

Nature ó20 

The VVV project
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Density profiles of ALL halos

Over 25 orders of magnitude 

in halo mass and 4 orders of 

magnitude in density, the 

mean density profiles of 

halos are fit by NFW to 

within 20% and by Einasto  

(a =0.16) to within 7%  

Slope of 
density profile

Wang, Bose, CSF + ó20

VVV
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Cosmological model

(Wm, WL, h); dark matter

Primordial fluctuations

dr/r(M, t)

Formation and evolution of galaxies

Hydro simulations Semi-analytics

Gas processes
(cooling, star formation, feedback)

Well understoodDark matter halos
   (N-body simulations)

z=0
z=1000
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Evolution of baryons

Basic differential rate equations of Durham SA model (GALFORM):

R = recycled fraction

y = star formation rate

b =  SN feedback parameter

p = metal yield

e = fraction of metals ejected

Mass conservation

Conservation of metals 

SFR & mass ejection

SFR

   

M
.

BH = fBHy burst +
Lcool

c2eSMBH

SN 

feedback

AGN 

feedback

White & Frenk 91, 
Kauffmann et al 93  

Cole et al 00
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Free parameters in SA models

To turn into observables, need extra modelling: dust, morpholgyé

SFR: t0, a*; SN feedback: ahot, Vhot ; AGN feedback: fBH, eSMBH

Ą gives mass in stars, gas and metals at all times

Basic SA model has 6 free parameters (plus IMF):   

SFR & mass ejection

SFR

   

M
.

BH = fBHy burst +
Lcool

c2eSMBH

SN 

feedback

AGN 

feedback

Semi-analytics 
SFR timescale

SN feedback efficiency

AGN feedback efficiency

fBH, eSMBH

White & Frenk 91; Kauffmann et al 93; Cole et al. 00
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The galaxy luminosity function

Lacey et al. ó15

Galform

Not a ñpredictionò of the 

model ï parameters 

adjusted to get this match! 

Philosophy (since 1994) Ą fix model parameters 

by matching subset of z=0 basic data
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Evolution of the luminosity  fn.

GALFORM gives excellent 

match to the evolution of 

the K-band galaxy 

luminosity function to z=3 

GALFORM

Lacey, Baugh, Frenk et al. ó15

This is a genuine prediction!
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ÅDust in diffuse medium and 
molecular clouds

ÅPhys. dust grain model +PAHs

ÅRadiative transfer of starlight 
through  clumpy dust medium

ÅHeating of dust grains Ą dust 
temp. distribution

ÅGrains with distri. of size/T  Ą 
IR/submm emission 

 

Absorption and emission by dust

Granato, Lacey, Silva, Baugh, 

Bressan, Cole & Frenk ó00 

Dust emission and absorption
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A big failure in GALFORM
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Normal IMF 

bursts

quiescent

total

Sub-mm counts too low by 

factor ~30 for normal IMF

Cole et al 00
total

bursts

quiescent

Baugh et al 05

Top-heavy IMF in starbursts 

Top heavy 

IMF in bursts

Sub-mm galaxies

Top-heavy IMF in starbursts 

Top heavy 

IMF in bursts

Lacey et al 12

N(z) Ą Galform 

prediction

Top heavy IMF 

in bursts
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JWST galaxies at z=7-16

1. A top-heavy IMF in starbursts (only)

2. A detailed dust obscuration model

Two crucial components of GALFORM
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Philosophy (since 1994) Ą fix model parameters 

by matching subset of z=0 basic data

BJ Luminosity fn K Luminosity fn

morphology

Amplitude 

BH ï Mbulge 

Sub-mm counts

Sub-mm N(z)

Cole et al ó00 

Lacey et al ó16

Galform calibration
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JWST galaxies at z=7-16
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z = 0   Dark Matter

Springel et al 05

In which halos galaxies form?
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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 ó20

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: Ą T>7000 K

In which halos do galaxy form?

See also Efstathiou ó82, Thoul & Weinberg ó95


