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Content of the expanding Universe (Dunkley et al. 2009) 
 
‐ Collisionless dark maLer : ΩDM=0.20 
‐ Baryons (gas & stars) : Ωb=0.04 
‐ Dark energy : ΩΛ=0.76 
 
Basic equa7ons ruling the dynamics (plus expansion) 

Vlasov : dark maLer, stars 
 
Con-nuity : gas 
 
 
Euler : gas 
 
Energy : gas 
 
Equa-on of State : gas 
 
Poisson : everything 



In fact problem NOT QUITE that simple : 
 
  
 ‐ Collisionless fluid: Cold Dark MaLer & star par-cles 
          Vlasov‐Poisson : we know quite well how to do that 
 
 ‐ Collisional fluid: gas heated & cooled radia-vely    
   (atomic, molecular)  
          Euler‐Poisson + homogeneous radia-ve cooling & hea-ng +  
          chemistry:  we sort of know (with light elements (no stars))   
  
 ‐ BUT Addi7onal physics: star forma-on and feedback  
   on the surrounding gas  
          Supernovae, turbulence, black hole growth, jets, MHD,   
          accurate of radia-ve transfer, chemistry of heavy elements,  
          dust…: we don’t understand how to model this (yet?)! 
  



Collisionless part: facts 
 
‐  The fluid is represented by par-cles : concept of  
  mass resolu-on, discre-za-on 
 
‐  Need to soden gravita-onal force on small scales : 
  concept of spa-al resolu-on, or sodening length ε 
 
-  Given theses 2 concepts, the codes differ only by the way Poisson  
  equa-on is solved 

Collisionless part: methods 
‐  Brute force (PP) : fixed ε 

-  Par-cle mesh (PM) : large, fixed ε 
-  Treecode : fixed ε 

-  Hybrid methods: P3M : PM+local PP : fixed ε 

                             AMR : PM with adap-ve grid (tree) : varying ε 

                             treePM : PM+local tree : fixed ε  
                             Metric methods (grid shape follows dynamics) : varying ε 
 



Collisional gas : facts 
 
‐  The gas is collisional: the macroscopic velocity field is single valued at each each 
point in space: fluid can represented by par-cles (concept of mass resolu-on) or 
sampled on a (adap-ve) grid (concept of spa-al resolu-on) 
 
 
Collisional gas : methods 
 
‐  Par-cle representa-on: Smoothed Par-cle Hydrodynamics (SPH) : each par-cle 
is a smooth cloud carrying the hydrodynamical informa-ons (density, pressure, 
temperature, velocity, etc) 
 
          TreeSPH  (e.g. GADGET ‐‐ Springel et al. 2001) 
 
‐  Grid sampling : finite difference (basic discre-sa-on of Euler equa-ons) or finite 
volume methods (conserva-ons laws) 
   
 
          AMR hydro codes (e.g. RAMSES ‐‐ Teyssier 2002) 
 



Addi7onal physics : facts 
 
‐  Stars form and supernovae explode in galaxies, supermassive black holes are 
born, grow and release energy and momentum in the interstellar and intergalac-c 
medium 
 
‐  Simula-ons are always going to lack resolu-on at some point to model these 
phenomena. 
 
 
Addi7onal physics : methods 
 
‐  “subgrid” modeling of the above phenomena in hydro simula-ons: its actual 
implementa-on depends on the hydrodynamical method used 
 
‐  full semi‐analy-c modeling of baryonic physics in pure dark maLer simula-ons 
(e.g. Kauffmann et al 1999,  HaLon et al 2003) 



Example of a large scale DM simula-on: 
HORIZON 4Π: 40963 par-cles in 2000h‐1 Mpc box 

Teyssier et al. 2007 
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50h-1 Mpc box Teyssier et al. 2007 



Springel et al. 2006 

Main success of CDM to reproduce large scale structures a.k.a. galaxy clustering 



http://www.hep.upenn.edu/~max 
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N=10243 

L=54 Mpc/h 

Physics of the intergalac-c medium 
(hydrodynamics): Lyman alpha forest 

quasar 

Earth 

Simulated HI absorp-on spectrum 

Norman et al 2007 



Small Scales = Big Deal for LCDM? 
 
4 main problems (possibly correlated): 
 ‐  Number of satellites 
 ‐  Cuspiness of density profile 
 ‐  Ini-al condi-ons for local predic-ons 
 ‐  Baryons ????  
  



Via Lactea simula-on (J. Diemand & al, 2006) but  also Aquarius  
(Springel et al 2008) and GHALO (Stadel et al 2009) 

Substructures in CDM haloes: 



Dark subhaloes 

The CDM substructure problem seen in simula7ons 
e.g. Strigari et al. 2007 



Clue on nature of DM? 

Lovell et al 2012                                              CDM vs WDM  



However even micro‐halos (< 10‐3 Msun)  
can be destroyed by disk (baryons) 

poten-al ! 

e.g. Schneider et al 2011 



NFW halo profiles  
(Navarro et al. 1996)  

Nordermeer et al 2007 --> no universal rotation velocity curve 
but e.g. Tonini et al 2006 --> DM cusp erased by transfer of ang. mom. 

the rota-onal velocity curves of 
galaxies:  Kassin et al 2006   

Observa-ons show inner regions of galaxies with lower concentra-ons 
than predicted by pure N‐body simula-ons and adiaba-c contrac-on 
due to baryons makes things worse except if strong feedback.  

And anyways cusp of host (MW) halo 
s-ll present! 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Ini-al 
condi-ons: how 
typical is the 
MW halo? 

Forero‐Romero et al 2011 
(CLUES project) 
 
LG (MW + Andromeda): 12‐17 
% of halos of same mass have 
same MAH, 1‐3% same 
forma-on proper-es! 



-  Collisionless DM dynamics quite well understood and we note that LCDM 
structure forma-on models seem to work very well on large scales where 
DM  is expected to dominate. 
 
‐  Baryon dynamics reasonably well understood in the simplest cases where 
the addi-onal (subgrid) physics does not play a major role (e.g. first stars, 
lyman alpha forest, ~ clusters). 
 
‐  Every result involving semi‐analy-c (subgrid) modelling 
is ques+onable and should be ques+oned but nevertheless these 
approaches (as crude as they may s-ll be) have the merit to point out that 
there exist plausible solu-ons to the CDM structure forma-on “crisis” on 
small scales which do not involve exo-c new physics. 
 
Unfortunately and inevitably, this means that to understand the fine 
details of non linear (cold) dark maLer dynamics, we absolutely need to 
address the issue of the physics of the baryons. 
 

Conclusions / Summary 



Other problems  
(and possible baryonic 
solu-ons) in LCDM galaxy 
                    forma-on models  



Galaxy stellar mass func7ons at high and low z 
 

Bell et al 03 K‐band determina-on 

Cattaneo et al 2005 
 « Breaking the hierarchy » 
Bower et al 2006 
Data: Drory et al 2005, 
         Fontana et al 2004 
         Glazebrook et al 2004 

Naïve 
LCDM 
expectation 

 
@ z=0 

also De Lucia et al 2006 and 
Hopkins et al 2006  


