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Fritz Zwicky

The Coma Galaxy Cluster
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Cooling flows

Cold flows

No cooling 

Rees & Ostriker 1977
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Klypin & Shandarin 1983
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Excluding massive neutrinos as the Dark Matter
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Davis et al 1985   
Low density universes
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Density profiles of dark matter halos

The average dark matter 
density of a dark halo depends 
on distance from halo centre in 
a very similar way in halos of 
all masses at all times in all
cosmologies 
  -- a universal profile shape -- 

ρ(r)/ρ
crit
  δ r

s 
  r(1 + r/r

s
)2 

More massive halos and halos 
that form earlier have
higher densities (bigger δ)

Navarro, Frenk & White 1996
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A high-resolution
Milky Way halo

600 kpc

Navarro et al 2006
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measured lensing strength

predicted lensing strength

Comparison of lensing strength measured around real galaxy
clusters to that predicted by simulations of structure formation

    Okabe et al 2009



  

Dark Matter around the Milky Way?



  

The significance of
halo substructure



  



  

Dark Matter as seen by Fermi?

Fermi γ-ray observatory



  Cold Dark Matter (axion?)                    Warm Dark Matter (sterile  υ?)     
                

             Milky Way halos?

Lovell et al 2012



  

                  Dark Matter Halos

 ...are the fundamental nonlinear units of cosmic structure               
                   50% of all mass is in halos with M

h
 > 1010 M

⊙
                       

                    60% of all mass is in halos with M
h
 > 108 M

⊙
    

 ...are triaxial systems with near-universal density structure              
                      ρ( r )    ρ

crit
  δ r

s 
   r (1 + r/r

s 
)2  

 ...have many subhalos containing ~10% of their mass and                
                     d N / d M  ~  M –1..9     

 ...are the sites where galaxies form through the dissipative              
    condensation of baryonic gas  

//

Their properties (abundance, structure, evolution, clustering) 
have been predicted entirely by numerical simulation 



  

Near-future simulation input to DM studies

Small-scale structure                                                              
             Nature of the DM                                                          
                  ---warm vs cold                                                        
                  --- self-interacting vs non-interacting                      
                  --- interaction with DE?      

Very small-scale structure
            Annihilation signal?                                                       
            Direct detection signal       

“Precision” large-scale structure                                           
            Input to lensing studies of cosmology                           
            Effects of interaction with baryonic structure growth



  

Moore's Law for Cosmological
N-body Simulations

 Computers double their         
speed every 18 months

 A naive N-body force            
calculation needs N2 op's

 Simulations double their        
size every 16.5 months

 Progress has been roughly     
equally due to hardware         
and to improved algorithms 

           Millennium Run
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Numerical Simulation in Astrophysics/Cosmology

 Computing power is the fastest growing aspect of  astrophysics 

 Simulations are now the primary tool for confronting observed    
  objects with theoretical ideas about their nature and origin

 Studies of cosmic structure formation are simplified by the fact    
 that the initial conditions are observed to be simple                       
                       precise, robust and testable predictions for nonlinear     
                         structures when the underlying physics is also simple    
                         (e.g. halo structure for comparison with lensing data)

 High quality simulations complement new observations in           
 most proposed tests of  the current cosmological paradigm 

 For many problems, we are currently limited by (astro)physical   
 understanding, not by computer power
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