
General Plan

• Lectures 1/2: How to make a galaxy

• Lecture 2/3: What galaxies look like over cosmic time

• Lecture 4: Challenges



Making galaxies
Gravitational collapse and models for galaxy formation



Fluctuations in the Cosmic Microwave Background 
(CMB)

Q: What do we mean by a fluctuation
Q: How big are these fluctuations
Q: What redshift are we looking at?

Δρ/ρ
10-5
1000



Fluctuations in the Local Galaxy Distribution

Q: How big are these fluctuations?

10 for superclusters, 
1000 for clusters and 
1,000,000 for galaxies



Our challenge is to grow a galaxy by a factor 
of ~1011 over a redshift range of 1000, 

corresponding to 13.7 Gyr



I’m going to assume
you know we live
in an expanding

Universe.

I’m going to assume 
you’ve heard of the 
Freidmann Equation

Let’s talk about how
to describe the

expansion



Where R = radius of curvature 
at the current epoch (“the size 
of the Universe”) = 1/(1+z). If 

Ω=1: 

Solve the Freidmann Equation 
ignoring Dark Energy (for now)

If  Ω≄1 spatial curvature κ is 
defined as at left. So if Ω is 0 
then the curvature is 0 (flat)



If you solve the Freidmann equations with dark energy, you get the curves 
below which show that Dark Energy is ignorable to 0th order to understand 

the ideas of collapse… Einstein-de Sitter is a pretty good approximation.



Density contrast:

Growth of small perturbations in an expanding medium is a solved 
problem in hydrodynamics. Need (i) Poisson’s equation; (ii) Continuity; 

(iii) Equations of motion. COMBINE AND LINEARIZE BY DOING A 
TAYLOR EXPANSION. Assume a wave equation type solution.

See Longair pp. 255-257, or Peacock §15.2

(k is the wave-vector in co-moving coordinates, cs is the sound speed)

Long wavelength limit





These linear fluctuations 
grow slowly!



What have we learned?

• We conclude that large-scale structures did not condense out of the primordial plasma by the 
sorts of rapid collapse that forms stars.

• The mean background density declines with redshift according to (1+z)3, so something that is 
now bound (no longer participating in the expansion) and has an overdensity Δ~106 today had 
Δ~1 at a redshift of 100. The upper limit to the redshift of collapse for this object is therefore 
z=100. 

• Note that galaxies have Δ~106 today,  clusters have Δ~103 today (upper limit of collapse is 
therefore z=10), and superclusters have Δ~few so have left the linear regime very recently.

• Once structure enters the regime Δ>1 then the equations above of course no longer apply, and 
we can no longer use the linearized equations above, and that's sort of the whole point. 

Track the growth from Δ=10-5 to 1 using these linear equations and then 
some new non-linear physics must apply to make things collapse much 
more rapidly.  WHAT IS THIS NON-LINEAR PHYSICS? Well, it’s still 
gravity…



Non-linear collapse of perturbations in an 
expanding Universe (spherical collapse model)

• We now want to understand the behaviour 
of the density contrast once it becomes 
large.

• The linear analysis becomes invalid once 
the density contrast is of order unity

• A simple model to use (which captures 
much of the relevant physics) is a density 
perturbation described as an over-dense 
sphere. 

• As a concrete example, we will study the 
dynamics of an Ω0>1 sub-Universe 
embedded in a flat Universe. 

General parametric solutions to the 
Freidmann Equation (no dark energy)



Divide one curve by the 
other to get Δ(t) 

The parameter θ is known as the conformal time.  These equations can be expressed as Mathematica functions as 
follows:





What have we learned?

• There are four interesting epochs… the end result of which is a collapsed high-density nugget of 
dark matter... a HALO

• i) agreement with linear theory (regime where Δ<1)

• ii) turnaround (occurs when the conformal time θ=π)

• iii) collapse (occurs, in principle, when the conformal time θ=2π... but never really happens of 
course, in the sense that the perturbation doesn't just collapse into a black hole!). Before this 
happens other physics kicks in (eg. violent relaxation or phase mixing if we're dealing 
exclusively with dark matter, or dissipation if we're talking about baryonic material). Thus what 
really happens is...

• iv) virialisation.  This is a little subjective to define. On the basis of  the virial theorem, a 
density constrast of ~200 (corresponding roughtly to when the sphere has collapsed to half its 
maximum size at θ=3π/2) is a sensible definition, and this is why you'll often see people (e.g. 
Piero) talking about r200, the radius in which the density is 200 times the background, and 
defining this as the virialized regime.

The "rule of thumb", according to Peacock’s excellent book (Cosmological Physics), is to assume linear 
theory applies until the density contrast predicted by linear theory is a little greater than unity, then 
assume virialization has occurred.



Taken from 
Wayne Hu’s Treiste 
tutorial





Press-Schechter Mass Distribution for Halos: the 
ideas

Gaussian fluctuations

Halos above some critical 
density instantly collapse

Fluctuations have a 
power-law power 

spectrum

Press-Schechter
mass distribution

1.69







The formalism works 
surprisingly well!



Confused?

Linear regime Non-linear regime



Hierarchical clustering - halos group together to form 
bigger halos and map out the large scale structure



Hierarchical clustering of dark matter halos



Zoom into the 
most massive 

halo at z=0

Boylan-Kolchin et al. (2009)



Time evolution
      Boylan-Kolchin et al. (2009)



2 h-1Mpc box
at z=0

      Boylan-Kolchin et al. (2009)





Structural merger trees for two halos. This diagram 
illustrates the merging history of a cluster mass halo 
(left; Mvir = 2.8 × 1014 h-1 M and cvir = 5.9) and a 

galaxy mass halo (right; Mvir = 2.9 × 1012 h-1 M and 

cvir = 12.5) at a = 1. The radii of the outer and inner 
(filled) circles are proportional to the virial and 
inner NFW radii, Rvir and Rs, respectively, scaled 
such that the two halos have equal sizes at a = 1. 
Lines connect halos with their progenitor halos. All 
progenitors with profile fits (M > 2.2 × 1011 h-1 M) 
are shown for the cluster mass halo; all progenitors 
(M > 2.2 × 1010 h-1 M) are shown for the galaxy mass 
halo. The scale factor a at the output time is listed in 
the center of the plot. The width of the diagram is 
arbitrary

Merger Tree



Bullock 2010

Huge failure?
Or...



... huge bias?



Related problem: missing substructure.
e.g. Johnston et al. 2008

The lesson: abundant 
substructure is a concrete 

prediction of the model



Some streams are seen in our galaxy… but far too few.
(Belokurov et al. 2007)



Tease





Feedback





No more 

teasing



Baryons Ahead



Mysterious Dark 
Matter Particles

Stars and Gas

What we model What we observe



Popular cosmological
models from the past 

based on making models 
of stuff you cannot see

Although we’re once again modeling 
things we can’t see, I do not think 
we’re in any danger of repeating 

past mistakes… but you should try 
to convince yourselves of this too.



Just gravity
(simple)

All forces of Nature
(complicated)

What we model What we observe



Gastrophysics 101







One can argue that a characteristic galaxy mass scale can be set by requiring 
the cooling time to be shorter than the dynamical time. You get ~1012 solar 

masses that way. You have to assume the gas is all at the same density 
though, which seems dodgy. See David Weinberg’s excellent notes: 

http://www.astronomy.ohio-state.edu/~dhw/A825/notes8.pdf



Bournaud et al. 2011
If you dump enough gas even into a 
very dynamically hot system you can 
make it unstable… the mechanisms 
we have described so far are self-

regulating. But maybe we have been 
discounting an important 

mechanism? COLD FLOWS.



Brooks et al. 2009





Brooks et al. 2009



Brooks et al. 2009



Brooks et al. 2009 The wimpier the galaxy the 
more cold flows matter.



Semi-analytical modelling



Santa Cruz School

Durham School MPE School



Robust

{Educated guesses with 
lots of free parameters 

that can be used to mainly 
“postdict” observations, 

and let you sort-of 
understand stuff in a 

general way. Wonderfully 
useful, if you don’t take 

them too seriously.

Robust



Many notable successes



Some slides showing SAM 
successes goes here





Feedback



Supernovae feedback: star-formation drives 
energy into a hot halo.

Radio mode feedback: AGN (accrete hot gas from 
the halo onto an existing supermassive black hole. 

Low energy outflow.)

Quasar mode feedback: grow supermassive 
black via mergers and drive cold gas from a disc 
into the black hole. Primary way to grow black 
holes. High-energy outflow. See Kauffmann & 

Haehnelt 2000.

http://www.stsci.edu/ts/webcasting/ppt/GuinevereKauffmann030905.pdf

Feedback



Show Simon White’s slides of 
Darren Croton’s slides here



Main things to remember
• In an expanding universe, the collapse of a spherically symmetric perturbation results 

in a virialized object whose average density is about 200x the mean density of the 
Universe at the time the thing collapsed.

• For a given virial mass (from Press-Schechter) you can use this density to work out a 
characteristic radius R, velocity dispersion (σ2 ~ GM/R), and virial Temperature T ~ 
GMmp/(k R). You can plausibly assume that any gas that participates in the collapse 
gets heated to this virial temperature and then has to figure out a way to cool. You can 
work out the cooling time from the temperature and density.

• As the Universe evolves halos cluster together hierarchically to build up larger 
galaxies. Mergers ‘reset the clock’ on cooling by heating up the gas. 

• Semi-analytical models try to capture some of the physics of virialized gas cooling in 
shocks turning into stars in halos. Gas cooling depends critically on things like the 
density profile (since gas cools as density squared), feedback (very uncertain, very 
important), and merger rates (set via simulations; the “semi” in semi-analytical). Some 
things, like cold flows, aren’t captured by this approach because they manage to get 
gas into galaxies without shocks heating things up to the virial temperature.


