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The Planck image of the Cosmic Microwave Background

The Universe at an age of 400,000 years — hot and almost uniform
The initial conditions for the formation of all cosmic structure







The mass distribution of
a rich  galaxyz = 0.31
cluster reconstructed from 
strong+weak gravitational
lensing observations

Cha et al 2023

Abell 2744

JWST data
286 SL multiple images

350 WL images/arcmin2



NFW claims about spherically averaged halo density profiles

Profiles are homologous.      Independent of halo mass, 
of cosmological parameters and of initial linear power  
spectrum, , they are well fit by the simple formula, 

                     

Depending only on the two scale parameters,  and 

P(k)

ρ(r)/ρcrit = δsr3
s /r(r + rs)2

δs rs

Navarro, Frenk & White 1997



NFW claims about spherically averaged halo density profiles

Navarro, Frenk & White 1997

The  characteristic density of a  
halo depends on its mass 

Lower mass halos are denser 

The halo mass-density relation  
depends strongly on cosmological  
parameters and on  P(k)



NFW claims about spherically averaged halo density profiles

Navarro, Frenk & White 1997

The characteristic density of halos of all masses  
in all cosmologies and for all  is proportional  
to the density of the universe at the time  
when half of the total halo mass was first in  
significant nonlinear lumps (e.g.  ) 

                    

for a universal constant  

The characteristic density of halos thus reflects 
their assembly history

P(k)
zcoll

> 0.1Mhalo

δc = AΩ0(1 + zcoll)3

A



Springel et al 2008

The NFW shape is not a consequence 
of 2-body relaxation/discreteness

Halos converge to NFW outside rPower(tf)



N = 10,000,000,000



 = 20,000,000Ngal





Wang W et al 2016



Small-scale structure in the high-z Lyman  forestα

Irsic et al 2023 

HI absorption in front of high-z QSOs allows measurement of small-scale structure in the IGM

The measured  is consistent with CDM with Planck parametersP(k) Λ

Warm Dark Matter is excluded for mthermal < 5.7keV at 2σ

The standard CDM paradigm is validated down to the scales of small dwarf galaxiesΛ





The VVV simulation suite
zooms into a low-density
region of a z=0 CDMΛ
universe by a factor 4.106

Resolves dark matter halos
over a mass range of 1020

Wang J et al 2020



z = 0

Wang J et al 2020



Prompt cusp formation in a CDM density peak Λ

tc z = 87

Mpk ∼ 10−6Msun

Delos & White 2023



 “normal”

Delos & White 2023
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Isotropic -ray background constraints on DM annihilation γ
Delos et al 2023

 channelbb

 without prompt cusps

with prompt cusps

Expected cross-section for
a thermal WIMP

95% upper limit

• Prompt cusps tighten the upper limits on annihilation cross-sections by a factor of 30
• Standard thermal WIMPS with  are excluded at 95% confidencemDM < 120 GeV
• Production of the Galactic Centre Excess by annihilation is inconsistent with the  IGRB
• The IGRB limit is stronger than that from dSph galaxies for much of the  rangemDM




