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GALAXY FORMATION 

Part VII 

•  The Jeans Mass  

•  Evolution of the Jeans Mass and 
the role of decoupling 

•  The spherical infall model 

•  Baryon cooling 

How large a volume collpses to form a galaxy? 

Consider a small (δρ/ρ <<1) spherical perturbation of 
radius r: 

For H0=100h km/s/Mpc, 

For h=0.7 and Ω matter=0.25, 

i.e. a typical large  galaxy coalesced from matter 
within a comoving volume of roughly ~ 1-1.5 Mpc 
radius 
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Jeans mass in an expanding Universe 

•  Baryonic matter will be held up from  collapse by pressure until 
an overdense region larger that the Jeans length has been 
assembled 

•  The Jeans length depends on the sound speed and density of 
matter   

Jeans mass in an expanding Universe 

•  The Jeans mass depends on the sound speed and density of 
matter 

•  The energy density of an ordinary sound wave is positive, 
However, the gravitational energy density of a sound wave is 
negative, since the enhanced attraction in the compressed 
regions overwhelms the reduced attraction in the dilated 
regions.  

•  The Jeans instability sets in when the net energy density 
becomes negative, so that the system can evolve to a lower 
energy state by allowing the wave to grow, and thus the system 
to fragment.   
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Jeans mass: radiation dominated 

Jeans mass: matter dominated 
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Jeans mass before decoupling 

Jeans mass 
after 

decoupling 
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Gravitational Instability in an Expanding Universe - 10 

anr                        aeq 

MJ 

λJ


Evolution of Baryonic Matter Perturbations 

Solid=baryons 
Dotted=DM 
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Nonlinear Regime: the Spherical Infall Model 

The initial evolution of perturbations, when the fractional overdensity δ   is 
small can be considered in the linear regime. However, when δ∼1 the 
evolution becomes non-linear. 

What happens next can be analysed using the Spherical Infall Model . 

To summarize (see notes for details and derivations): 
-  A slightly overdense region initially expands, but at a slightly  
   lower rate than the universal rate 
- The expansion of each shell of the overdense region eventually  
  stops and the motion “turns around” initiating collapse 
-  The collapse is followed by a process of violent relaxation that 
  reshuffles, randomizing ,the orbits of the infalling particles,  
  leading to virialization. 
- Through dissipative processes, baryons lose energy and fall 
  deeper in the potential well of DM. 
- If the cooling time of the baryon gas is smaller than the collapse 
  time, fragmentation will take place and smaller units can  
  collapse 

Nonlinear Regime: the Spherical Infall Model 

A couple of important results of the 
spherical infall model analysis: 

1.  A perturbation of amplitude δi  at 
redshift zi  will turn around at 

     E.g. an overdensity of 1% at z=1000 
will turn around at z~4.7 at which time 
will be overdense by a factor of 4.6 wrt 
the background 

2. The turn around overdensity is always 
4.6 times the background density, 
independent on initial conditions 
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Nonlinear Regime: the Spherical Infall Model 

We define a virialized system as one where E=U+K=-K, i.e. |U|=2K 

At turn around time, all the energy is in U, so that E=U~3GM2 /5Rmax  

We define virial velocity , virial radius: 

and the redshift of virialization  

… as for the 
density at the 
epoch of 
virialization: 

Nonlinear Regime: the Spherical Infall Model 

The spherical infall model also yields scaling relations between size, mass and 
velocity which can be compared with observed relations. 

We can also define a Virial Temperature via 

  … yielding: 
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Cooling 
The cooling function of a primordial baryonic fluid, i.e. 

  Λ(T)  energy loss by radiation p.u. time p.u. volume 

 is a function of T and contributed to by 3 main 
processes: 

1. Compton cooling with the CMB photons (important 
only at z>10) 
2. Thermal bremsstrahlung (free-free) at T > 106  K 
3. Bound-bound and recombination transitions of H and 
He at 104 and 105 K 

[If elements > He are present, cooling  
rates below 10^6 K  increase dramatically. 
We define cooling time        

 which is useful to compare to the 
 Gravitational collapse time 

By setting tcool = tdyn , we obtain a relationship 
between density and temperature. Systems hotter (i.e. 
more massive) than this will lead to hot hydrostatic halos 
of gas. 

Emissivity=nenHΛ 

Z=1 

Z=0 


