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Summary

OUR Galaxy, the Milky Way, is not isolated but is surrounded by approximately 20
dwarf satellite galaxies. The dwarf galaxies are smaller in size and are much

fainter compared to the Milky Way. Further away, we find another disk galaxy, the
Andromeda galaxy (also known as M31) which is similar to the Milky Way and has
its own satellite system. All these galaxies form a major part of the Local Group.
Their observational characteristics can give us insights into their origin.

Left: Image of the nearest giant disk galaxy, M31, in the constellation Andromeda seen in the

visible light. Our Galaxy is similar (but not identical) to M31. Right: The Large Magellanic

Cloud in the visible light. This is the biggest satellite galaxy of the Milky Way.

Even in the local Universe, we see a large variety of galaxies. Each of the dwarf
galaxies around the Milky Way and the Andromeda galaxy has a set of characte-
ristics which makes them unique. Even though the dwarf galaxies appear to be
different from each other, they also follow several relations. This means that the
formation of these small galaxy systems must have been influenced by some basic
physical laws, which are now reflected in their observable properties.

One example is that stars in the more luminous satellites around the Milky Way
tend to have more heavy chemical elements in their atmospheres. This is known
as the ‘Metallicity-luminosity relation’ for the dwarf satellites. To measure the che-
mical composition of a star, astronomers take a spectrum. Stars are thought to
be good examples of black bodies, for which the strength of the emission at each
wavelength is described by the Plank function which only depends the surface tem-
perature of a star. A closer look at the stellar spectra, however, reveals ‘dips’ or
lines. These dips are caused by atoms and molecules of heavy chemical elements
(i.e. also known as ‘metals’ by astronomers, which are all elements heavier than
H and He) interacting with the photons in the stellar atmosphere. Thanks to the
advent of big telescopes and sensitive CCDs, we can now take spectra of hundreds
of stars in the neighbouring dwarf galaxies and study how chemical abundances
correlate with other properties of a dwarf galaxy.
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The motions of stars in a galaxy are governed only by the gravity. In a similar
way to how the solar planets revolve around the Sun, the velocities and accele-
rations of stars depend on how much mass there is in the galaxy. Therefore, by
measuring the motions of stars in the satellites, we learn about the mass content
of these systems.

This information, (e.g. chemical abundance, mass as well as other observables)
allows us to discriminate different models of galaxy formation by comparing the
observations with the predictions of models. And eventually, we might be able to
find out the exact processes which have shaped galaxies into the variety that we
see today. Our Local Group galaxies provide us a unique opportunity to learn about
galaxy evolution because we can directly observe individual stars and measure
their properties.

The cold dark matter structure formation theory is a popular foundation theory
which is successful at explaining many observations of the galaxies that we see in
the Universe. In this theory, the Universe is dominated by particles which hardly
interact with any other substance except through gravity and therefore are ‘dark’.
In the very early Universe, denser regions of dark matter (compared to the average
density of the Universe) may attract more matter and finally collapse to structures
that are called ‘haloes’. In this theory, small haloes form first and they merge to
form bigger haloes. In the early Universe baryonic matter (i.e. gas) follows the
distribution of the dark matter. Once a halo has formed, gas can cool to give rise to
stars, and the first galaxies will be formed.

Elaborate and sophisticated simulations based on the CDM theory have been
able to reproduce the most stunning astronomical phenomena of the Universe on
large scales. However, this theory has faced its most critical challanges when com-
pared with observations on the scale of galaxies. One of these challenges is demon-
strated with the following figures.

Left: Illustration of the dark matter haloes of the Milky Way and its satellites in a cold dark

matter simulation (Courtesy: Felix Stoehr). Right: A schematic diagram showing the location

of the satellites observed around the Milky Way (Courtesy: James Bullock).

On the left of this Figure, the distribution of dark matter surrounding a big
galaxy (in the centre) similar to the Milky Way is shown. The dark matter distri-
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bution of the satellites (depicted by the small blobs) is also shown, as predicted by
simulations based on the cold dark matter theory. The Figure on the right is a 3D il-
lustration of the location of approximately 20 satellites that we have observed thus
far. This comparison serves to illustrate that many more satellites are predicted in
the simulation than have been observed on the sky.

This thesis: The galaxies in the Local Group in a cosmological context

This thesis focuses on the galaxies in the Local Group including the Milky Way and
its satellites and the Andromeda galaxy. I start with the analyses of satellites in
a dark matter halo presumably similar to that of the Milky Way (Chapter 2). One
of the goals is to establish the relation between the dark matter satellites seen in
the simulations and the satellites (and especially their dark matter haloes) we see
around the Milky Way. For example, do the simulated satellites have similar pro-
perties in terms of spatial distribution and kinematics to those of the Milky Way? I
then take a further step to combine these dark matter simulations with phenome-
nological recipes to follow the evolution of the baryons that may be associated to
the satellites (Chapter 3). The essential questions that I address here are: why the-
re are only approximately 20 satellites around the Milky Way while many more are
predicted in the simulations? What physical processes have affected the satellites
and led them to have the variety of properties we observe today? In Chapter 4, I
delve into the dynamical properties of the model satellites and compare the mass
content in the innermost regions with the recent observational constraints for the
Milky Way dwarfs. In Chapter 5, I estimate the masses of the Local Group and the
Milky Way using a novel simulation of the Universe.

The assembling of the satellite population of the Milky Way

One peculiarity of the satellites of the Milky Way (and possibly those of Andromeda)
is that they appear to lie almost on a plane. This is puzzling because one would
naïvely expect to see them in all directions in space.

In Chapter 2, we have analysed a series of high-resolution cosmological dark
matter simulations to study the dynamical properties of satellites. The small dark
matter satellites are found to often come in together in groups. Past research
has shown that clusters of galaxies are built of groups of galaxies but it was not
clear until now whether a similar picture also applies at the scale of galaxies. The
clustering of small objects in space is most prominent at the time they begin to
orbit the host galaxy. But later on, the spatial coherence of groups of satellites may
disappear as they drift through the host. However, the original clustering is still
discernible in the angular momenta of the satellites even for events that took place
a very long time ago (up to eight billion years ago). This phenomenon appears to
be rather common since at least 1/3 of the satellites have fallen in groups in our
simulations. This phenomenon of small objects coming to join the big galaxy in
groups has important implications for understanding the peculiar distributions of
satellites around our Galaxy.
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The similarity and the diversity of the Milky Way dwarf galaxies

As mentioned earlier, the galaxies in the Local Group show a large variety of pro-
perties while also sharing several relations and other characteristics in common.
It is then an intriguing question whether all these characteristics are expected and
can by reproduced by the galaxy formation models. Or in other words, given the
observed properties of galaxies, what kind of astrophysical processes are important
in the formation and evolution of the dwarf satellites?

In Chapter 3, we present an attempt to disentangle the formation and evolu-
tion of the satellites around the Milky Way. We employ dark matter simulations
of a halo thought to resemble that of the Milky Way (those we used in Chapter 2)
and couple these simulations with semi-analytical (phenomenological) models. The
semi-analytic models we use have been applied elsewhere to explain (and to pre-
dict) many phenomena that we see on larger scales but in only few occasions on
the scale of a single Milky Way-like galaxy and its satellites. It is encouraging that
the modelled satellites appear to reproduce many of the properties of those around
the Milky Way, albeit those recipes required some slight (physically motivated) mo-
difications.

Recently measured velocities of stars in the Milky Way satellites suggest that
dark halo masses of the systems may be the same for all of them. This is intriguing
because satellites show a large variation in their intrinsic brightness. We have
tested whether our galaxy formation models also produce such a common mass
scale in Chapter 4. We find that this is indeed the case, and that it is due to the
fact that the modelled satellites are associated with dark matter haloes which are
massive enough to allow cooling via atomic hydrogens.

Measuring the mass of the Local Group and the Milky Way

One can use the current knowledge about the age of the Universe estimated on the
basis of the characteristics of the cosmic microwave background, the separation
and the relative radial velocity of the Andromeda galaxy with respect to the Milky
Way to estimate the mass of the Local Group. This idea was firstly proposed by Kahn
& Woltjer in 1959 and is known as the ‘Timing Argument’. With the measurements
they had at the time and some simple assumptions, Kahn & Woltjer concluded that
the mass is ∼ 1012 M� much larger than the mass that would be derived on the ba-
sis of the stars and gas that we observe in these two galaxies. In Chapter 5, we use
galaxies pairs which are similar to the Milky Way and Andromeda extracted from
the very large cosmological simulation, known as the Millennium Simulation, to
calibrate the Timing argument. We find that the masses derived using the Timing
Argument are in good agreement with the total the amount of dark matter associ-
ated to the galaxy pairs in our simulation. Because of the large sample of galaxy
pairs, we have derived the distribution of the conversion factor between the mass
calculated using the Timing Argument and that directly measured in simulation.
We estimate the Local Group mass to be 5.27× 1012 M� with 95% confidence level.




