
140-ft telescope in Green Bank

  

Most recent CMB map from the 
Planck satellite

CMB anisotropy shows density fluctuations of 10-5 at zrec ~ 1000
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The entropy density s (=entropy per unit volume) is dominated by relativistic 
particles, and scales with photon temperature as                 (see MBW §3.3.3).s / T 3
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Thus, for isentropic perturbations we have that �r = (4/3)�m

At early times, during the radiation dominated era, we have that ⇢m ⌧ ⇢r
so that isocurvature perturbations obey approximately           . 

For this reason, isocurvature perturbations are also sometimes called 
isothermal perturbations (especially in older literature). 

�r = 0

Note though that isocurvature is only ~isothermal for t ⌧ teq

For isocurvature perturbations                           , which implies that 

                                                                 , and thus 

�⇢ = ⇢� ⇢̄ = 0
�r + �m � �̄r � �̄m = �̄r �r + �̄m �m = 0 �r/�m = �(�̄m/�̄r) = �(a/aeq)
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Types of Perturbations
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Types of Perturbations

isentropic/adiabatic perturbations: entropy per unit mass is preserved: 

2018 Planck Map

  

DEFINE DENSITY FLUCTUATION FIELD  δ:

                              δ= (ρ - <ρ>)/ <ρ>

Kauffmann

  

Consider the idealised case 
of a spherical volume where 
the density is infinitesimally 
higher than the cosmic mean.

Our density perturbation will then evolve like a closed universe
with Ωm = 1 +δ . The scale factor a(t) of such a universe reaches a 

maximum value amax and then decreases again—in other words, 

our perturbation will grow to a maximum size r=rmax at time t=tmax 

and then collapse.

Top-Hat Spherical Collapse

Kauffmann

Individual oscillating shells interact gravitationally, exchanging energy (virializing). 

This process, to be described in more detail below, results in a virialized dark matter halo
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The SC model discussed above is only valid up to the point of shell crossing.
Afterall, after shell crossing M(r) is no longer a conserved quantity!
According to the SC model,                    , which would result in the formation 

of a black hole. However, in reality, the collapse is never perfectly spherical. 

�(tcoll) =�
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Shell Crossing & Virialization

Shell crossing and virialization

size evolution

van den Bosch

density evolution
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non-linearlinear
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linear theory

WARNING  
not to scale

scale factoramax aviraNL

x2.686

background  
density;

x2.062

a�3

shell crossing 
& virialization

�vir � (18�2 + 60 x� 32 x2)/�m(tvir)

�vir � (18�2 + 82 x� 39 x2)/�m(tvir) (�� �= 0)

(�� = 0)

The linearly extrapolated density field collapses when �lin = �c � 1.686

Virialized dark matter haloes have an average overdensity of �vir � 178

Although the SC model 
becomes inaccurate (brakes 
down) shortly after turn-around 
it is still a useful model to 
identify important epochs in the 
linearly evolved density field...
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The Spherical Collapse (SC) Model
turn-around collapse

SC model 4.55 ∞

linear model 1.062 1.686

� = �/�̄� 1

van den Bosch














