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6. Summary

Astronomy is an observationally driven science. With the help of telescopes, we know that
there are a lot of galaxies in the universe, including our own, the Milky Way. Our Galaxy
contains three primary components. One is the bar, which is in the very central parts, where
the density of the stars is the highest. The second component is the disk, which is a thin planar
distribution of stars. On a dark, moonless night, one may notice a strip of stars crossing the
entire sky, this is in fact the disk of our Galaxy seen edge-on, as shown in the figure heading
each chapter of this thesis. Our Sun, together with all the planets in our Solar system are also
part of the disk. Surrounding the bar and the disk is the stellar halo. It is this faint, sparsely
populated region that is the main focus of this thesis.

"How was the halo formed?" is a topic of current great interest. We now believe it was
formed through the merging smaller systems. In the very early Universe, this was full of gas
and dark matter nearly homogeneously distributed. Overdensities in the matter distribution
would grow larger due to gravity. Eventually some regions would become large and dense
enough to collapse. The gas in these nearly formed systems would collapse further and stars
would be born. This is how we believe the very first galaxies formed. Those larger, more
massive galaxies would continue to attract and accrete nearby matter and neighboring smaller
galaxies. This process continues even today, and Figure 6.1 shows an example of two galaxies
of similar size interacting and merging.

When a smaller system is accreted by a more massive galaxy, the gravitational pull of the
latter will lead to its disruption, and cause tails of stars to be formed along its orbital path.
These tails are often called stellar streams, and Figure 6.2 shows an artistic impression of
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Figure 6.1: Two merging galaxies. (Observed by Hubble Space Telescope. NASA, H. Ford,
G. Illingworth, M.Clampin, G.Hartig and ACS Science Team).

Figure 6.2: Illustration of streams orbiting a galaxy like the Milky Way.
(From http://www.spitzer.caltech.edu/images/2138-sig07-008-Rings-Around-the-Galaxy-
Annotated-).
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three such streams moving around a galaxy like the Milky Way. Depending on the size and
orbit of the accreted object as well as on the time since accretion, its stellar streams may be
fully dispersed, and no longer recognizable distinctly in space. However, the orbital paths of
the individual stars coming from such a system will still be similar, giving us an opportunity
to potentially detect the remains, even if they are no longer readily visible as clumps of stars
on the sky. The detection, study and characterization of such objects can therefore help us
better understand the formation of the Milky Way.

In this thesis, we mainly focus on how to discover the streams left by such merging
events. In Chapter 2, we modify slightly a software package named ROCKSTAR, and use
two numerical simulations to test whether it is suitable for the detection of stellar streams in
the halo of the Milky Way. The catalogs derived from these simulations contain the positions
and motions of stars, together with labels indicating which streams the stars belong to. After
optimizing the numerical parameters of the ROCKSTAR algorithm, we apply it to a catalog
which contains streams that are still coherent in space. We find that the substructures obtained
by ROCKSTAR are quite pure, meaning that most of the stars in these substructures are from
the same progenitor system. We are able to recover more than 2/5 of the streams present.

We then use another catalog, which contains streams that are no longer coherent and
readily distinguishable on the sky. We apply ROCKSTAR on small, spatially confined
regions and in this way we are able to recover 1/3 of the streams present. Also in this case,
the substructures found are pure. Thus, we believe that we can use ROCKSTAR to detect
potential streams, even if they are fully scrambled, if we know the positions and motions of
stars only in a small region of the Milky Way such as in the vicinity of the Sun.

Gaia is a European Space Agency mission currently surveying the whole sky with the
goal of unrevealing how the Milky Way formed. To complement data from Gaia, telescopes
from the ground will also be used. For example, the WEAVE and 4MOST multi-object
spectrographs, that will respectively be on the William Hershel Telescope located on the
Canary Islands and on the VISTA Telescope in Chile, will measure accurate radial velocities
and help to determine the chemical composition of the observed stars. As one cannot observe
all objects on the sky, it is important to make choices regarding the appropriate targets to best
study the systems that have merged with the Milky Way according to the models. This is
what we have done in Chapter 3. Here we considered two types of stars. The so called red
giant branch stars, which are quite bright and can be detected quite far but are somewhat rare.
On the other hand, main sequence turnoff stars are much fainter when compared to the red
giant branch stars, but are much more numerous. Our analysis of simulations of the formation
of stellar halos like that of the Milky Way shows that red giant branch stars are the better
targets, because they allow to discover a larger number of merger events. More than half of
those merged systems can be potentially discovered by observing less than a quarter of the
full sky. In fact we find that the fraction of merged systems that can potentially be recovered
increases approximately linearly with sky coverage.

It is expected that the Gaia data will reveal many new structures and substructures in
the Milky Way. In fact, in the first Gaia data release, astronomers have already discovered
two new clusters of stars. Inspired by this, in Chapter 4 we introduce three methods, which
use limited information from the Gaia dataset to discover more of these small satellites. By
performing tests on two different well-known datasets, we find that the methods are only
sensitive to compact systems and that streams are quite difficult to recover. When we apply
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the algorithms to the Gaia catalog, we recover 110 known satellites, and find many new
substructure candidates. However we are not certain if the substructures we find are genuine,
because we have limited information (only brightness and location on the sky). Follow-up
observations are needed to confirm or rule out these candidates.

It is exciting to be doing Galactic research in an era in which surveys such as SDSS,
Pan-STARRS and Gaia are providing large and high quality datasets, which will certainly
improve our understanding of the formation of our galaxy, the Milky Way.




