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Ultra-deep imaging with the Hubble Space Telescope has now uncovered galaxies within
the first billion years of cosmic history. These galaxies represent some of the first objects
ever formed, yet in terms of early galaxy formation they are only the tip of the iceberg.
Most of the galaxies at this early epoch are too faint to study directly, even with Hubble.
Galaxies, moreover, represent only a small fraction of all the matter in the Universe.
Most of the matter instead resides in a vast network of dark matter and baryons known
as the intergalactic medium (IGM). One of the primary aims of extragalactic astronomy
is therefore to understand how galaxies form out of this network, and how galaxies,
in turn, affect their environments. Of particular interest is how some of the very first
galaxies took shape, and how they changed the properties of the large-scale IGM.

One of the key features of the IGM in the present day Universe is that the gas is highly
ionized. This would not always have been the case, however. After the Big Bang, the
gas would have cooled and become neutral as the Universe expanded. Only after the
first luminous sources appeared and began to emit ionizing photons would hydrogen in
the IGM have been re-ionized. We believe that this process occurred within the first
billion years, and represents one of the most dramatic impacts that early galaxies had
on the properties of the baryons in deep space.

In addition to direct searches for distant galaxies, reionization can be probed by analysing
the evolution of the IGM. Observationally, the IGM is most readily studied in absorption
against distant quasars. The spectra of these objects show a dense series of absorption
lines, the Lyman-alpha forest, which arise from intergalactic neutral hydrogen. Quasar
spectra also show signatures of rarer elements such as oxygen, carbon, and iron, thought
to be located in enriched regions in and around galaxies. Together with increasingly
sophisticated computer simulations, quasar absorption lines have given rise to the picture
of the IGM as a ”cosmic web” of filaments and voids, where gravitational collapse of
large-scale structure creates the dense regions where galaxies are born.

Determining how and when ”reionization” occurred is one of the main goals of observa-
tional cosmology, with implications for the formation of the first luminous sources, the
evolution of the IGM, and the properties of galaxies that exist today.

Your essay should cover the following points:

1. Describe how observations of quasar absorption lines have given rise to a picture of the
IGM as a ”cosmic web.” What are the key observations and how have these observations
been combined with numerical simulations to improve our understanding of large-scale
structure?



2. Describe, in general terms, a physical picture of how reionization occurs. What are
the leading candidates for the sources responsible for hydrogen reionization? Discuss
the arguments in favor of these sources, as well as any potential drawbacks or challenges
in light of what we currently know about when reionization happened and the sources
present at that time.

3. What have we learned about reionization from the cosmic microwave background as
seen by WMAP and Planck?

4. How do we know that the IGM is ionized? What is the current lower limit on the
redshift of hydrogen reionization, and how is this determined? After reionization, what
keeps the IGM ionized? Where do the ionizing photons come from, and how (if at all)
does this change over time?
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There is a wealth of evidence that the Universe contains about five times more dark mat-
ter than baryonic matter. The nature of this dark matter remains unknown, although
it must interact with baryonic matter primarily through gravitation, with an extremely
low cross-section for interaction through the weak, strong and electromagnetic forces.
Considerable effort is focused on establishing its identity, through attempted direct de-
tections (laboratory), creation (LHC), and through analyses of its distribution in, for
example, small mass galaxies.

The nature of dark matter can affect its distribution in significant ways. For example,
very slowly moving (”cold”) dark matter can form halos with dense central cusps in
which dwarf galaxies can form, while faster moving particles (”warm”) will form halos
characterized by central cores of lower density. Interesting new limits on possible dark
matter properties are being set by combining particle physics attempts to detect dark
matter decay signals from Milky Way satellite dwarf galaxies and from the anticipated
dark matter dipole signal from the Galactic Halo.

This essay is to consider the context and available information on dark matter on as-
trophysical scales and to compare these constraints on its nature with results from ex-
periments aiming to directly detect dark matter candidates. Astrophysical probes range
from the CMB, through large scale structure down to the dynamics of small galaxies,
where dark matter dominates the baryons.

Your essay should cover the following points:

1. Discuss observational evidence for the presence of dark matter and the assumptions
involved in the interpretation.

2. How dark matter density profiles can be determined from observations of baryons in
galaxies?

3. Why are density profiles sensitive to the different possible types of dark matter
particles?

4. Review the evidence from experiments aiming to directly detect dark matter particles.

5. Why do we not (yet) know the answer as to the nature of dark matter?
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The Sun currently inhabits a rather sparse environment with its nearest neighbour lo-
cated at a distance of around 4 light years. Such an environment is very different to
that in which the majority of stars are observed to form. At birth it would seem that
virtually all stars are to be found in some form of cluster and the stellar densities in
such clusters can in some cases exceed current solar neighbourhood values by factors of
10000 or more.

The observed properties of the Solar System place a number of constraints on the envi-
ronment in which the Sun and its planetary system was born. For example, in contrast
to many observed exoplanetary systems, the Solar System is dynamically ”cold” with
planetary orbits being mostly close to circular and virtually co-planar. This property
argues for a rather isolated birth environment, since otherwise the effect of distant en-
counters with neighbouring stars would tend to ”stir up” planetary orbits. In contrast,
meteoritic samples contain elements that are daughter products of short-lived radio-
nuclides e.g. 60Fe, 26Al. The necessity of condensing these nuclides into grains within
their half-lives implies that the primordial solar nebula was rather close to the site of a
supernova and this argues generically for a cluster environment.

A good place to begin a critical study of this subject is the review by Adams (2010)
which provides a good summary of the state of the debate at that time.

Your essay should cover the following points:

1. Summarise the observational constraints that the birth environment must satisfy and
the theoretical arguments used in their interpretation.

2. How have developments in the literature since 2010 affected the picture outlined in
Adams (2010)? For example: how reliable are the previously claimed over-abundances
of short-lived radio-nuclides from meteoritic samples; has progress in studies of exo-
planetary systems and debris disks around nearby stars changed our perspective on the
unusual properties of the Solar System?

3. How relevant are new constraints on, for example, the composition of ”extrasolar
asteroids” obtained from the spectral analysis of polluted white dwarfs?

4. There have been a number of recent dynamical studies of multi-planet systems in
stellar clusters. How do the results from these impact the dynamical stability arguments?
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