
Relevant Material for Lecture 9

“Galaxies: Structure, Dynamics, and Evolution”
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5 Structure on larger scales
5.1 The content of massive halos: groups, clus-
ters

Many halos contain more than one galaxy. Obvious
examples are clusters - which can contain hundreds of
galaxies. More mundane clusters are those with lower
masses, and we call those groups. Most “normal”
galaxies are member of a group. Take for example
our Milky Way, which is part of the Local Group. This
group contains 2 massive galaxies (MW, Andromeda),
and several lower mass galaxies (Magellanic Clouds,
M33, M32, NGC 205, ...), and many more lower mass
galaxies. The local group is shown below:
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The 3D distribution is

Some galaxies behind the plane of the Milky Way may
still be missed. Studies of the Local Group are very
useful: they give a indication of the full variation of
galaxy properties as a function of luminosity and mass.
Furthermore, individual stars can be detected in these
system.
The local group is clearly not in equilibrium. At some
stage, the MW and Andromeda will merge, and will
form 1 big system. At that time, the two halos wil
have merged too. Hence, at the moment the two galax-
ies are gravitationally bound, but have not yet col-
lapsed yet.
The mass of the local group can be estimated from the
so called timing argument. The MW and Andromeda
approach each other with a velocity of about 120 km/s.
Hence, whereas in the early days of the universe they
were moving away from each other, their velocities
have reversed, and they are now on a collision course.
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This can only happen if they are massive enough - oth-
erwise they would not be bound. One can estimate the
total mass by requiring that they have a relative ve-
locity of 120 km/s at an age of 14 Gyr, and a distance
of 700 kpc. One finds that the mass should be 3 1012

M⊙. Much larger than the luminosity of 4 1010 L⊙.
Hence the M/L ≈ 70M⊙/L⊙ : there must be a lot of
Dark Matter.

Other nearby groups

Well known other nearby groups are the Sculptor group,
Maffei group, M81 group, Canes I group. See
http://en.wikipedia.org/wiki/Virgo Supercluster

These have distances of < 7Mpc

Large nearby clusters are the Virgo clusters, and the
Fornax cluster (at ≈ 1000km/s, or 10-15 Mpc). A
very massive nearby cluster is the Coma cluster (at 100
Mpc)

Groups and clusters are found from redshift catalogs,
like the SDSS catalogue, or others. Usually one defines
an algorithm like “a group is a system with an over-
density of X above the average”.

One has to take special care about the fact that the
dispersions in groups can be quite high (up to 1600
km/s in clusters). Hence the distance cannot be cal-
culated straight from the Hubble Flow. In such cases,
one has to search for overdensities in a velocity interval
(say, of 500 or 1000 km/s), and in the 2 coordinates of
the sky.
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An additional complication is that some catalogues are
incomplete. The SDSS spectroscopic sample is incom-
plete for galaxies with nearby neighbors. This is due to
the fact that the fibers cannot be close together. This
makes it harder to define groups, and careful correc-
tions are needed for the catalogues.

This probably makes it clear that the definition of
groups and clusters is never easy from observational
material. This has never stopped anybody from making
such catalogues.

Once a catalogue of groups/clusters has been built,
one can construct the “mass function”, the number
density as a function of mass. Below is an example
from Heinamaki et al (A&A 397, 63)

This graph shows the cumulative density (n(> M), the
number density of groups larger than M), as a function
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of M . It is clear that groups have very large masses,
from 1012 to 1015 Notice that clusters like the Coma
cluster (with M ≈ 1015M⊙ are rare (10−6 Mpc−3), or
≈ 1 every 100 Mpc.

The velocity dispersions correlate well with mass as
shown by the same authors:

Groups and clusters are the largest collapsed systems,
but structure on larger scales exist. This is measured
statistically. We express this by the correlation func-
tion. The correlation function describes how the prob-
ability of finding another galaxy in the neighborhood of
a galaxy increases with decreasing distance.
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Interpretation of clustering

The clustering of galaxies out to 10Mpc or more shows
that galaxies are correlated on very large scales. How
come ? It is not due to clusters - clusters are too rare
to produce this effect.
It is also not due to groups - they are generally much
smaller - they play a role below 1 Mpc.
The cause for the clustering signal is therefore truely
due to the fact that it is more likely to have a neigh-
boring galaxy which is unbound. It can be seen “by
eye” in redshift slices:

The galaxy distribution shows obviously structure out
to very large scales (up to 30Mpc). Hence the pow-
erspectrum will be non-zero out to 30Mpc - and the
correlation function too.

5.3 Origin of clustering

One may wonder how it is possible that the galaxies
are clustered at such large distances. The main reason
is due to the clustering of halos. It is directly related to
the formation of galaxies:
Halos (and galaxies inside them) form from small per-
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turbations in the early universe which grow with time.
The halos which have formed, are those halos which
had time to collapse. In general, small perturbations
form before large perturbations. Theory predicts that
the perturbations have a powerspectrum which looks
like this

The observed powerspectrum looks like this (Percival
et al., astroph-0608636)
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The models are in general a very good fit to the data.
Hence the correlation of galaxies is due to the correla-
tion of halos, which is due to the same perturbations in
the universe which caused the formation of galaxies.
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We have seen earlier that perturbations grow in time.
In the future, some of the large scale structure which
we see now will lead to collapsed halos. In the same
way, the rich clusters which we see now, did not exist
at high redshift. At that time, they were “large scale
structure”.

We can now see why the correlation function is so im-
portant to measure: it relates directly to the perturba-
tions in the early universe which formed galaxies.

There are a couple of important points:

• 1. The perturbations cause a powerspectrum of
fluctuations for the full density distribution of
matter ρ(x). The distribution of the halos does
not exactly follow ρ(x). Halos have only formed
in areas where the universe had time to collapse.
Hence the clustering of halos is similar, but not
identical to the clustering of matter.

• 2. Halo clustering depends on mass ! High mass
halos are clustered more than low mass halos. The
reason is the following: high mass halos are rare,
and only arise in regions where there is a lot of
excess material. These regions are those regions
with strong, positive perturbations on even larger
scales (see the figure below). These perturbations
“push” the halos (which are smaller) over critical,
and cause them to collapse. However, since they
are large scale, they’ll cause an excess of these ha-
los in the general neighborhood - and hence these
systems are strongly clustered.
Low mass halos don’t need these larger scale per-
turbations to form, and hence how lower cluster-
ing.
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Clustering of massive halos: massive halos have to
form from weak perturbations. They can only form
when there are perturbations present on even larger
scales (thick curve). This large-scale perturbation
pushes several of the small scale perturbations over
the limit (dashed horizontal line) so that they can
collapse and form a halo. One expects to have these
halos to have nearby neighbors near the peak of the
large scale fluctuation. Hence the halos are more
strongly clustered than the dark matter itself.

The figure below shows the results from a simulation
(Mo & White 1996, MNRAS 282, 347

Correlation functions of clusters, in a simulation
As can be seen, the low mass clusters (left panel) are
less strongly clustered than the high mass clusters.
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6 Studying galaxy evolution - evolution of stel-
lar populations

The formation of a galaxy can be traced back in time
the easiest by determination of the ages of the stars.
From that, we can derive the number of stars formed
in at a time t, t + dt: sfr(t)dt. The function sfr(t)
is the star formation rate, and measuring this is a great
way to characterize the formation history.

In practice, this is difficult. Unlike for nearby stars,
we cannot take detailed spectra to measure age, and
metallicity of the stars in external galaxies. Hence we
have to resort to tricks.

Trick 1: Age determination for clusters

When we analyze clusters, we have a set of stars at the
same distance, with the same age and metallicity. This
makes the analysis much easier.

An observed color magnitude diagram looks like this
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Modeling these color magnitude diagrams works in the
following way: Calculate the evolution of magnitude
and color for a range of stellar populations, each with
separate metallicity. For each population, calculate the
evolution of stars with a range in masses. Then, con-
nect the derived magnitudes and colors at a given age,
at a range of masses, to show the “theoretical” color
magnitude diagram. There are several tricky aspects,
including the calculation of the detailed spectra of the
stellar atmospheres, including all the metal-lines.
Below is an example of theoretical color-magnitude
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diagrams, for a range of ages:

It is clear from this that ages of clusters (open or glob-
ular) can be determined with a fairly good accuracy.
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Applications
Dwarf galaxies close to the MW are very suitable, as
it is straightforward to measure CMD to the main se-
quence. Some examples

These galaxies are old, and fairly simple.
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Much more complex is the :

Carina dwarf galaxy

Compare this to:
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The galaxy obviously has had at least 3 bursts of star
formation. This is a possible distribution of ages
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Going further, life gets tougher. The Magellanic clouds
are still possible using HST. Some results are below:

Going out even further, it is possible to use the RGB
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as an indicator - but the further one goes, the harder it
gets to use individual stars.
For galaxies at Virgo distance, it is simply impossible
to do any of this. In those cases, we have to rely on
integrated properties of galaxies (colors, spectra).

Interpreting integrated properties of galaxies

Lacking the information about individual stars, we can
still examine the integrated properties of galaxies. Ob-
viously, a lot of information is lost. However, it is easy
to imagine that we can just add up all the light from
the stars to see how the total colors, and spectrum,
vary with time.

There is at least one additional complication: the light
from very luminous, but short phases can become rel-
evant. Of special importance is the light from AGB
stars. These stars are only short-lived, but very lumi-
nous. In normal CMDs, they are rare, and hence don’t
need to play a big role. But in integrated light they
can be quite important. The same for HB stars, etc.
In short: there can be significant uncertainties.

input parameters

Before models can be made, the following input param-
eters have to be set

• Initial Mass Function φ(m). The distribution of
stellar masses of a zero age stellar population.
The number of stars between mass m and m+dm
is φ(m). It is often approximated by a Salpeter
IMF φ(m) ∝ m−2.35. However, it has become
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clear that the Salpeter IMF overestimates the
number of low mass stars. A Chabrier IMF or
Kroupa IMF look similar to a Salpeter IMF at
high masses, but has fewer low mass stars. The
Chabrier IMF is given by:

mφ(m) = exp

[

−
(log(m) − log(mc))2

2σ2

]

for m ≤ 1 M⊙

= m−1.3for m ≥ 1M⊙

with mc = 0.08M⊙ and σ = 0.69

• Metallicity, and abundance ratios. The stellar evo-
lution depends on metallicity. Furthermore, the
spectra and the colors are influenced, and the
line-blanketing by iron and other lines change the
emitted light, as a function of metallicity (for a
“constant” bolometric luminosity, temperature,
size star). In general, evolution appears to slow
down with higher metallicity: a star with higher
metallicity evolves slower.

• Detailed models for stellar evolution. Various (sub-
tle) differences exist between various models, even
for “standard” phases like RGB. The modeling of
rarer phases like AGB, HB, etc is even more un-
certain at the moment.

• Spectra of stars with a given effective tempera-
ture, gravity, and metallicity. These are needed
to convert the effective temperature and gravity
of the model stars into observed spectra/colors.
The spectra can be either empirical, or theoretical.
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Both have advantages and drawbacks. Empiri-
cal spectra will not cover all possible phases, and
will have limited wavelength coverage. Theoretical
spectra are often still wrong in a significant way.

• Star formation history. The simplest model is a
SSP “single burst stellar population”. However,
nobody believes that galaxies form in a single
burst. Hence we have to assume some kind of
star formation history. This is usually either a con-
stant star formation rate, or exponentially declin-
ing sfr ∝ exp(−t/τ).
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Results
The results by Bruzual & Charlot (2003) are used a lot
(2003, MNRAS 344, 1000, BC03). It is an improve-
ment on earlier models (BC93, BC96) Some character-
istic results:
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Ages and metallicity are fairly degenerate. One can
make a galaxy younger, or make the metallicity lower
- and both have roughly the same effect on the spec-
trum that comes out. This is shown below. Notice
that some subtle differences can remain.
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Below we analyze how the mass-to-light ratio evolves
with time. This is important, as it is used to derive
stellar masses from the luminosities. First, we have to
realize that much of the light of galaxies comes from
the red giant branch. The luminosity of the galaxy is
therefore proportional to the number of stars on the
RGB, times their average luminosity:

Ltot ≈ LGB ∗ NGB

where Ltot is total luminosity, LGB is characteristic
luminosity of star on the Giant Branch, and NGB is
number of stars on the Giant Branch.
We assume a general IMF

dN

dM
= cM−(1+x)

where x = 1.35 for a Salpeter mass function.

7-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c06-18

How many stars are on the RGB ? Calculate the num-
ber of stars which turned off from the main sequence
between t = t0 and t = t0 + TRGB , where TRGB is the
time a star spends on the RGB.
The life time on the main sequence is

tMS

10Gyr
=

(

M

M⊙

)−2.5

The higher the mass, the lower the main sequence life
time. Hence the turnoff mass is related to age by

Mturnoff ∝ t−0.4

The change in the turnoff mass in a time interval t, t +
TRGB is

dMturnoff ∝
−0.4

t1.4
TRGB ∝ (M2.5)1.4TRGB ∝ M3.5TRGB

the number of stars in that mass interval M,M +
dMturnoff is given by

dN = dMturnoff ∗ IMF(M) ∝ M3.5M−(1+x)

∝ M (−x+2.5) ∝ t0.4x−1

Hence to first approximation, the luminosity of the
galaxy evolves like

L ∝
1

t1−0.4x
for x = 1.35 L ∝

1

t0.46
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Hence the luminosity goes like a power law, and de-
pends on the slope of the IMF around the turn-off
mass. In detail, the powerlaw coefficient also depends
on the pass band. Young galaxies tend to be bluer
than old galaxies in all passbands:

The color-color relations for population models.
The colors are shown for ages between 108 and 1010

years. The colors get redder with time, for all colors
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Hence the mass-to-light ratio evolution must be color
dependent. Below we normalized the mass-to-light ra-
tios at 2Gyr, to show the dependence on passband, for
1700Å, V-band and K-band

Notice the huge difference between the far UV, and op-
tical and Near-IR bands. The difference between the V
band and K band evolution is fairly small. (You’ll find
erroneous claims in literature that there is no evolution
in the M/LK with time. You can see here how wrong
that it).
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The color is also well correlated with the M/L ratio.
The plots below here show this. This is often used to
derive M/L ratios from colors.

Fig: The colors of a SSP model, for ages between
108 and 1010 years. Older populations have redder
colors, in all passbands shown here.
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Problems:

1. The mass-to-light ratio is roughly a powerlaw with
time. Measure by hand the coefficient α for the mass-
to-light ratio M/L = tα for the V band from Figure 1
on page 11.

2. The B-V and V-K color of a SSP depend more or
less linearly on log t for ages about 108. Determine
this dependence from Fig 2. on page 11. Use the re-
sult to derive the coefficient α for the mass-to-light
ratio dependence on time for the B band and the K
band.

3. Use the last figure (page 21) to derive α for the U-
band

4. Assume that the time dependence of the mass-to-
light ratio derived above holds for all t below 1010

years. The equations above were derived for single
burst stellar populations. Now assume a population
with constant star formation. Calculate the evolution
of the M/L ratio with time T for the U, B, V and K
band. Do this by calculating the light from a popula-
tions formed at a time interval t, t+dt, and then inte-
grating from t=0 to t= T, where T varies from 1 to 10
Gyr. The only thing we care about is the dependence
of the M/L ratio with time, not the absolute value of
the M/L ratio.

5. Use the results obtained in 4. to derive the de-
pendence of the U-B, B-V, and V-K colors with time.
Compare these numbers to the time dependence of the
same colors for an SSP.


