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Abstract

The Milky Way galaxy, like all spiral galaxies, is surrounded by a roughly spherical distribution of stars
called the halo. The halo was largely formed when the galaxy merged with smaller galaxies. The stel-
lar population of the inner halo is dominated by debris from one major such merging event, called the
Gaia-Enceladus-Sausage, and the outer halo population is completely built up by several mergers. To
properly understand this accretion history, the halo needs to be investigated out to large distances so
that as much substructure as possible can be traced. The substructure is expected to leave an imprint in
the halo’s metallicity structure. In this thesis, we use a catalogue of intrinsically bright stars, giants, to
probe the metallicity structure of the halo to large distances. It contains 205,727 stars that all have pho-
tometric metallicities from the Pristine survey and distances derived from isochrone fitting, and reaches
down to [Fe/H] = −4.0 dex and out to d = 96.16 kpc. Its purity is 90 % and completeness is 67 %.
We calculate the distance errors by Monte Carlo simulations and introduce a new cut in colour that is
dependent on metallicity to reduce contaminants in the sample. This introduces a metallicity bias in
the sample that we can correct for because we coupled metallicity and colour. The correction is done
by computing weights for different metallicity bins. The final catalogue allows us to create metallicity
distribution functions of the halo as a function of distance. These show us that as heliocentric distance,
the distance from the Galactic centre or the Galactic plane increases, the overall metallicity decreases. At
the closest distances, the thick disk metallicity peak at –0.7 dex dominates, but as we move further out
this smoothly shifts to –1.3 dex and then to –1.6 dex, representing the inner halo, while a peak at –2.2
dex, representing the outer halo, starts to become visible beyond 6 kpc and dominates the metallicity
distribution past 26 kpc. These peaks are remnants of merger events in the halo, with the inner halo
peak being due to the massive Gaia-Enceladus-Sausage merger and the outer halo peak being due to
the many, low-mass and thus low-metallicity galaxies accreted there. We are able to see signals from
the Sagittarius stream and Gaia-Enceladus-Sausage’s apocentric pile-ups in the metallicity distribution
functions, showing that the halo’s metallicity changes with not only distance but also sightline. We also
detect a diffuse, very metal-poor cloud in the southern footprint that may be an until now unknown
structure. This catalogue and its resulting metallicity distribution functions are thus a suitable addition
to literature at the metal-poor and distant end, as well as the faint end where e.g. Gaia mission data is
unable to provide metallicities and distances.



Sammanfattning

Vintergatan är, som alla spiralgalaxer, omringad av en ungefärligen sfärisk distribution av stjärnor som
kallas halon. Denna halo bildades när galaxen sammansmälte med mindre galaxer. Stjärnpopulationen
i den inre halon domineras av stjärnor som kom in med en s̊adan, väldigt stor, sammanslagning med en
annan galax som eter Gaia-Enceladus-Sausage, och den yttre halons stjärnpopulation har helt och h̊allet
byggts upp av sammanslagningar med flera galaxer. För att kunna kartlägga Vintergatans alla sam-
manslagningar med andra galaxer behöver vi därför undersöka den yttre halon s̊a l̊angt ut som möjligt,
för att sp̊ara s̊a mycket substruktur i halon som uppstod till följd av sammanslagningar som möjligt.
S̊adan substruktur förväntas göra ett avtryck i halons metallicitetsstruktur. I denna masteruppsats
används en katalog av intrinsiskt ljusstarka stjärnor, jättar, för att kartlägga halons metallicitetsstruk-
tur till stora avst̊and. Katalogen inneh̊aller 205,727 stjärnor som alla har fotometriska metalliciteter fr̊an
Pristine-undersökningen samt avst̊and fr̊an isokronanpassning. Den n̊ar [Fe/H] = −4.0 dex och d = 96.16
kpc. Mängden jättar i katalogen är 90 % och katalogen beh̊aller 67 % av alla jättar i ursprungskatalogen.
Avst̊andens osäkerhet beräknas med Monte Carlo-simulationer, och det införs ett nytt klipp med färg
som är beroende av metallicitet för att undvika kontamination. Detta inför en metallicitetssnedvridning
av katalogen som vi kan korrigera eftersom att vi kopplade ihop metallicitet och färg. Korrektionen
sker genom att vi beräknar vikter för olika metallicitetsintervall i katalogen. Den slutgiltiga katalogen
l̊ater oss skapa metallicitetsdistributioner för halon som beror p̊a avst̊and. Dessa distributioner visar
oss att när stjärnors avst̊and till solen, fr̊an galaxens centrum samt fr̊an galaxdisken ökar, s̊a minskar
den genomsnittliga metalliciteten. Vid väldigt nära avst̊and är distributionerna centrerade runt –0.7 dex
som motsvarar den tjocka disken, men när avst̊anden ökar, flyttas denna topp till –1.3 dex och sedan
till –1.6 dex, vilket motsvarar den inre halon, samtidigt som en topp vid –2.2 dex, som motsvarar den
yttre halon, framträder bortom 6 kpc och dominerar metallicitetsdistributionen för halon bortom 26 kpc.
Dessa toppar är kvarlevor efter sammanslagningar mellan Vintergatan och mindre galaxer, där toppen
i den inre halon uppstod p.g.a. Gaia-Enceladus-Sausage och toppen i den yttre halon kommer fr̊an de
m̊anga l̊agmassiva och därmed metallfattiga dvärggalaxer som assimilerats där. Metallicitetsdistribution-
erna visar signaler fr̊an Sagittariusströmmen och Gaia-Enceladus-Sausages apocentriska hopsamlingar,
vilket visar att halons metallicitet inte bara beror p̊a avst̊and utan även p̊a observationsvinkel. Kata-
logen visar sp̊ar av ett diffust metalfattigt moln i det södra observationsfönstret som potentiellt är en
hittills oupptäckt struktur. Denna katalog och dess resulterande metallicitetsdisitributioner är en viktig
addering till existerande litteratur i den metallfattiga och avlägsna regimen, samt i den ljussvaga regimen
där t.ex. data fr̊an Gaiateleskopet inte kan bidra med metallicitets- eller avst̊andsvärden.
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1 Popular science summary

Our galaxy the Milky Way is a fascinating galaxy. It has spiral arms, that lie in the disk plane, and is
surrounded by a roughly spherical cloud of old stars on random orbits around the galaxy. This region is
called the halo. Like all galaxies and other structures in the universe, the Milky Way formed in a bottom-
up fashion. This means that it has accreted and merged with smaller galaxies in its neighbourhood that
were gravitationally bound to it. When these galaxies fell into the Milky Way, they lost their shape and
their individual constituent stars, on the other hand, lived on and became part of the halo. The halo
is mostly built up by such stellar debris from these accreted galaxies: the inner halo is dominated by
one major merger, called Gaia-Enceladus-Sausage, and the outer halo is completely built up by several
different mergers. By understanding the structure of the halo, we are thus able to understand the history
of the Milky Way. Especially the outer halo has the ability to uncover the Milky Way past.

Observing the stars of the distant halo is difficult, simply because these stars are so far away. Only
those that are the most luminous can thus be seen from Earth. It is also important to have many of
these luminous stars. For that reason, this thesis uses a stellar catalogue of so-called red giant stars to
investigate the distant halo. Red giants are intrinsically bright and numerous in the halo. This catalogue
contains distances to all the stars, so that we are sure that we are actually investigating the distant halo
using them. The distances are derived by using the so-called colours of the stars. The colour of a red
giant star is dependent on its surface temperature which also determines its luminosity. Therefore, by
knowing the colours of the stars in this catalogue, we can compute what intrinsic brightness the stars
should have. Comparing that intrinsic brightness with the apparent one, which is how bright the stars
appears when viewed from Earth, then gives us the distance.

All the stars in the catalogue also have a metallicity. Metallicity is a measure of the amount of ’metals’
a star contains when compared to the Sun, where metals in astronomy means any element heavier than
helium. Due to fusion in its core, a star will form heavier elements during its lifetime, that it recycles
into its surroundings when it dies. When new stars are born in these enriched surroundings, they take up
these heavier elements, making them richer in metals. Therefore, younger generations of stars are more
metal-rich than the more metal-poor, older generations. Metallicity is thus an indication of how efficient
this metal recycling and thus star formation has been in the region where the stars were born. Stars in
the halo are metal-poor and stars having been accreted by the Milky Way should then have a specific
metallicity pattern, which is determined by the dwarf galaxy they were born in. For those reason, the
stellar metallicity is an important parameter to measure if we want to understand the creation of the
distant halo, as the metallicity distribution of the halo is affected by the galaxies it has accreted.

In this work we want to understand the metallicity structure of the halo, and the distant halo
in particular. We do that by investigating the metallicity for stars in the catalogue as a function of
distance, to see how the metallicity distribution changes when we go far into the halo. This shows that
when distance increases, the halo becomes more and more metal-poor. There are three main peaks
in these distributions, that change with distance: one corresponding to the thick disk stars, one more
metal-poor to the inner halo stars (and because Gaia-Enceladus-Sausage dominates the inner halo, this
peak describes its stellar debris) and the most metal-poor peak corresponding to the outer halo. These
distributions are also affected by substructure in the halo, coming from smaller galaxies that have been
accreted. The catalogue can in other words be used to investigate the metallicity structure of the halo
in many different ways, and we show in this work how the build-up of the halo has imprinted on its
metallicity distribution.
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2 Introduction

2.1 The Milky Way’s halo

Galaxies of all types can be divided into distinct subcomponents. This also applies to the Milky Way
(MW), that contains a thin and thick disk, a bar/bulge and a halo, all with different formation paths,
with the disks sometimes visible across the night sky. The halo does not stand out to the eye in such
a manner, as it is not nearly as densely populated as the disks and only contains 1 % of the total MW
stellar mass (Bland-Hawthorn & Gerhard 2016), but it is still rich in information about the history of
the MW. It is a nearly spherical distribution of stars surrounding the MW that in itself contain a lot of
substructure. This substructure, seen as clumping of stars in both spatial and phase space coordinates,
is a relic of the MW’s dramatic past: according to the current cosmological paradigm, the ΛCDM model,
the Universe’s structures form through hierarchical mechanisms, with smaller overdensities merging to
form bigger overdensities. This means that small-scale structures are the first to form in our Universe,
with stars being born before the first galaxies, and smaller galaxies before bigger ones. Because the MW
is an intermediate size galaxy, this naturally means that it also has undergone mergers; these created the
substructures currently seen in the halo. The halo seems to be largely built up by such accreted dwarf
galaxies, with the outer halo being completely built up by accreted material, according to simulations
by (Fattahi et al. 2020) and observations by Naidu et al. (2020) as seen in Fig. 2.1 that shows a gradient
in the fraction of in-situ (i.e. stars formed within the MW and thus were not accreted) vs accreted
stars with distance. We can still observe these accreted stars in the halo thanks to the long dynamical
timescales there due to how sparsely populated it is. This makes the halo the perfect testbed for galaxy
formation mechanisms, and the history of the MW in particular.

Figure 2.1: The fraction of stars in the halo that were either formed in-situ or accreted through mergers
with MW satellites as a function of Galactic radius (left) and height above the Galactic disk (right).
Credit: Naidu et al. (2020).

The halo was first identified as an old, metal-poor, high velocity stellar population in the Solar
neighbourhood. They showed large random motions, almost no net rotation around the Galactic center,
and a spheroidal to spherical spatial distribution with the stellar density steepening with radius (Bland-
Hawthorn & Gerhard 2016). For a long time, there were two competing theories to how this stellar
component could have formed: Eggen et al. (1962) found that metal-poor stars have higher eccentricity
orbits and smaller angular momenta than metal-richer stars, and argue that this can be explained by a
rapid collapse of the MW, where these metal-poor stars were formed out of gas that was radially and
rapidly falling toward the Galactic center and collapsing from the halo onto the Galactic plane. The
contraction should have begun approximately at the same time as the first stars formed. Searle & Zinn
(1978) looked at red giants (RGs) in globular (GCs) clusters instead put forward the idea that the inner
Galactic regions formed through a collapse, but that the outer regions formed through continuous onfall
of protogalactic fragments, because they found a broader age range in stars further away than those that
were more closeby. Today, we know that the hierarchical structure formation path is the correct one, as
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this has been confirmed both by simulations and observations.

2.1.1 Dual halo debate

There seems to be a division in the halo, dividing it into an inner and an outer component. The stellar
spatial density can be fit by a spherical or axisymmetric density models with single or double power-law
or Sérsic radial profiles. Based on double power-law profiles reaching out to 50 kpc, the break radius
between the inner and outer halo seems to lie in the range rbreak = 25 ± 10 kpc (Bland-Hawthorn &
Gerhard 2016). Deason et al. (2013) used the results of simulations to argue that this break radius could
be related to the pile-up of stellar debris following massive merger events at their apocenters. This would
mean that different stellar populations dominate the inner and the outer halo.

This is reflected in an age difference between the inner and outer halo, with the outer halo being
on average younger than the inner halo, and built more recently by mergers while parts of the inner
halo may have formed in situ together with the rest of the Galaxy (Bland-Hawthorn & Gerhard 2016).
Merger events can also cause stars formed in-situ to migrate into the halo. The ex-situ stars are on
average 1.5 Gyr older than the in-situ stars, and they are also more metal-poor (Pillepich et al. 2015).
This means that there is also a metallicity difference between the inner and outer halo, and on average,
the halo shows a metallicity decrease with increase in radial distance. De Jong et al. (2010) found a
metallicity peak for the inner halo at [Fe/H] ≈ −1.6 dex and a peak for the outer halo at [Fe/H] ≈ −2.2
dex (where they defined the inner halo as those stars with distances smaller than 10 kpc and the outer
halo as those stars with distances larger than 15 kpc). They also found a change in the halo main
sequence turn off (MSTO) colour at 15–20 kpc, which is interpreted as a change in overall stellar halo
metallicity if they assume that the age for both the inner and outer halo components are similar, as both
metallicity and age affects this colour. This is in agreement with the result found prior to this study by
Ivezić et al. (2008), who found a peak at [Fe/H] ≈ −1.5 dex for stars with distances smaller than 9 kpc.
Youakim et al. (2020) also find a metallicity peak at ≈ −1.6 dex for the inner halo, in their study of
stars with heliocentric distances of 6–20 kpc. The authors note that even though they find a gradient of
decreasing metallicity with increasing radial distance, they see no clear bimodality in the halo metallicity
distribution. They recommend that distances should be improved and increased and that it is necessary
to acquire cleaner giant samples to investigate this further.

There has thus been a debate regarding the existence of a dual halo, or if the halo in reality is just
a single halo, filled with substructure, as some astronomers see evidence for a dual halo and others
do not. Carollo et al. (2007) used homogeneously selected and analysed sample of over 20,000 stars
from the Sloan Digital Sky Survey (SDSS), a sample size superceding any at the time, and found clear
evidence for a dual halo based on spectroscopy, photometry and astrometry of the sample. They find
that the inner halo component dominates the population of halo stars at distances up to 10-–15 kpc
from the Galactic centre (including the solar neighbourhood) and the outer halo component dominates
in the regions beyond 15–20 kpc. The inner halo does not appear to be spherically distributed, and
have high orbital eccentricities and moderate prograde motion. The outer halo stars are more retrograde
and spherically distributed. They once again find a metallicity peak for the inner halo at ≈ −1.6 dex
and a peak for the outer halo between ∼ −2.0 and −2.2 dex. The authors argue that the difference in
features in the inner and outer halo can be explained by the two components having different formation
paths. These claims were met with criticism by Schönrich et al. (2011), who claimed that the claims of
a counter-rotating halo are the result of substantial biases in distance estimates, on the order of 50 %,
with the retrograde component having overestimated distances. The errors are the worst for the more
metal-poor stars, explaining why this retrograde component also appears metal-poor. Measurement
errors were not accounted for. This paper was in turn met by Beers et al. (2012), who claim that the
distances in that paper were faulty because they adopted an incorrect main-sequence absolute magnitude
relationship, yielding up to 18 % shorter distances for stars near the MSTO: a correction for this yields
distances in agreement with the original paper. Schönrich et al. (2014) met these claims again and still
argued that the existence of a dual halo is the effect of improper error treatment and neglect of selection
effects. They claim that the original paper contains a metallicity bias and disk contamination, and claim
that this is a good example of why non-volume complete samples require careful interpretation. Today,
we know from different kinds of observations that the inner parts of the halo are dominated by a few
massive accretion events, which explains the difference in metallicity distributions with distance into the
halo.
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2.2 Halo substructures

Immense scientific progress has been made in recent years showing that the MW halo does not have a
smooth stellar distribution. It is instead a very clumpy region of the MW where substructures can be seen.
The initial evidence of the halo containing such clumpiness was found in the 1990’s, with the discovery by
Ibata et al. (1994) of the Sagittarius (Sgr) stream. It was detected as a large, extended group of comoving
stars towards the Galactic centre in the Sagittarius constellation that was interpreted as a dwarf galaxy.
By the time, eight other such dwarf spheroidal galaxies gravitationally bound to the MW were already
known, but what was fascinating about this discovery was the authors found an elongation of this galaxy
towards the plane of the MW. This suggested a tidal disruption as the galaxy is being accreted by the
MW, forming a spatially coherent so-called stellar stream. It was the first time astrophysicists were able
to observe such a snapshot of early tidal disruption of a dwarf galaxy. This means that dwarf galaxies
should provide stellar material to the halo, but observing the currently ongoing tidal disruption of Sgr
is no direct evidence as to what percentage of halo stars have been deposited there through accretion of
smaller galaxies. Five years later, Helmi et al. (1999) discovered a clumping in velocity and in angular
momentum space of local halo stars. Using this clump, they were able to show that about 10 % of the
metal-poor stars in the halo came from one dwarf galaxy that was disrupted during or soon after the
Galaxy’s formation. The resulting stellar stream has been named the Helmi streams by the astronomical
community. This method of finding and characterising halo substructure that once fell into the MW as
a coherent stream but since its accretion has lost spatial coherence using clumping in integrals of motion
space has since been widely adopted as it is able to recover up to 50 % of different accretion events
(Helmi & Tim de Zeeuw 2000).

Since these discoveries, development in finding similar substructure has increased at an accelerating
pace with the advent of wide-field photometric surveys. Because the MW occupies over 40,000 deg2

on the sky, such surveys are especially well suited for studying it. One such survey, the Sloan Digital
Sky Survey (SDSS), was designed to measure the spatial layout of the Universe by observing distant
galaxies in five bands (u, g, r, i and z). To achieve that, the survey had to look beyond the MW; but
because we are situated inside the MW, looking beyond means looking through, and a vast amount of
MW stars were observed along with the distant galaxies, even though they were not explicitly targeted.
The vast amount of SDSS MW data helped further characterise halo substructure, such as the Sgr tidal
stream, Sgr tidal debris 90 kpc from the Galactic centre, discovery of tidal tails in the globular cluster
Palomar 5, and the complete ruling out of tidal tails in the Draco dwarf galaxy system to mention a
few examples (Newberg 2005). The photometric survey has been followed up by spectroscopic surveys,
a majority as part of the Sloan Extension for Galactic Understanding and Exploration, that delivered
stellar parameters, such as effective temperature, surface gravity, and metallicity, and when combined
with SDSS photometry have accuracies of 200 K (3 %), 0.3 dex, and 0.2 dex, respectively (Ivezić et al.
2012). The SDSS data allowed us to construct new images of the halo substructure, such as the one seen
in Fig. 2.2 (printed in Najita et al. 2016 with an earlier, smaller version produced by Belokurov et al.
2006).

This accelerating development of surveys of the MW has allowed astronomers to go from samples
of stars containing only a few hundred targets to the gigantic catalogues containing millions of stars in
less than two decades. The SDSS was followed by the SDSS-Palomar Observatory Sky Survey (POSS)
Proper-Motion Survey, measuring the proper motions for stars in both SDSS and POSS because of
the time difference of about half a century between the two surveys; The Two-Micron All Sky Survey
(2MASS), containing positional and photometric information for 471 million sources out of which most
are stars; The Radial Velocity Experiment (RAVE) Spectroscopic Survey, measuring radial velocities for
up to one million stars using their spectra (Ivezić et al. 2012). The Dark Energy Survey have also helped
in unveiling large overdensities on the sky and narrow streams, expanding on the substructure richness
in the halo (Helmi 2020).

One of the biggest drivers of the field of Galactic archaeology, the field concerned with unraveling
the past of the MW, has been the Gaia mission. The Gaia mission is an astrometric mission, measur-
ing parallaxes and proper motions for over one billion of stars and aims at creating the largest three-
dimensional map of the MW to date. Its main science goal is to understand the dynamical, chemical, and
star-formation history of the MW as well as its formation. Its data has allowed astronomers to unveil
one of the biggest merger events in the MW history: the Gaia-Enceladus-Sausage (Helmi 2020) (see Sec.
2.2.2.1 for an in-depth characterisation of this substructure and the path to identifying it). Gaia observes
through three broad-band filters: G, GBP, GRP, and GRVS (where ’G’ stands for Gaia; ’BP’ stands for
Blue Photometer; ’RP’ for Red Photometer; and ’RVS’ for Radial Velocity Spectrometer). Even though
the Gaia mission observes a huge number of stars, it does not have useful parallax measurements, and
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Figure 2.2: The so-called SDSS Field of Streams, created using SDSS images after applying a colour-cut
of (g − r) < 0.4 to select MSTO stars. Brighter areas indicate brighter stellar surface densities, and the
field is colour-coded by distance where blue corresponds to distances of ∼15 kpc, green to distances of
∼20 kpc, and red to distances of ∼27 kpc. The black regions correspond to areas of missing data. The
bimodal structure in the centre of the figure, going from red to the left to green to the right, is Sgr.
It appears bifurcated because Sgr wraps several times around the MW, and we see both the leading
and the trailing arm in this figure. Crossing Sgr is the thin stream called the Orphan stream, and the
blue-ish structure to its right is the Monoceros ring. Pal 5 can be seen overlaid on the left part of Sgr.
The white-ish structure to its left is the Hercules-Aquila Cloud. In the centre of the figure, below Sgr, is
the Virgo Overdensity. Credit: Najita et al. (2016).

therefore distance estimates, for all observed stars. For example, in situ halo stars further away than 10
kpc and fainter than G = 18 mag will not have useful parallaxes. It is thus best suited for nearby and
bright stars, which limits the amount of halo characterisation that can be done using purely Gaia mission
observations. Observations in the GRVS band also cannot yield useful stellar parameters for all of stars,
meaning that metallicity-dependent photometric parallaxes cannot necessarily be used when astrometric
distances fail: more than 25 % distance errors can occur even with perfect broad-band photometry due
to large uncertainties in Gaia-derived metallicities. In those cases, metallicities derived using other sur-
veys combined with Gaia mission data can be used. An example is our earlier work in Byström (2021),
where we combined Gaia mission astrometry with Pristine survey photometric metallicities to create a
catalogue of 200,000 halo giants, reaching as far out into the halo as 100 kpc.

The Pristine survey is a narrow-band photometric survey, centered on the metallicity-sensitive Ca
H & K lines, targeting high Galactic-latitude stars in promising regions of the MW in looking for
substructure. The underlying idea is that metal-poor stars will have very low absorption in these two
lines relative to more metal-rich stars, which makes them stand out in the sky as they appear brighter
in the survey’s CaHK magnitudes. The stars are then assigned metallicities based on their position in
so-called colour-colour space, developed using SDSS broad-band colours, where the x-axis is sensitive to
temperature and the y-axis (containing the CaHK magnitude of the star) is sensitive to metallicity. The
metallicity scale was then calibrated using the spectroscopic follow-up survey to SDSS named SEGUE,
enforcing a monotonic decrease in metallicity with decreasing CaHK magnitudes. The survey reaches all
the way down to [Fe/H] = −4 dex and goes very deep (median depth is SDSS g0 = 20.9) (Starkenburg
et al. 2017). Metallicities are more precise when measured using spectroscopic surveys, but the great
drawback of spectroscopic surveys is their inefficiency, making it difficult to cover large swaths of the
sky using them. Photometric surveys like the Pristine survey instead allows astronomers to cover large
observational fields of stars with metallicities, while its narrow- band filter adds higher sentitivity to
metallicity, especially at the metal-poor end, than achievable using only broad-band filters. To have
stars with known metallicities across the sky is necessary to move Galactic archaeology forward because
we want to understand substructure in the MW across the Galaxy and not just in small observational
windows that may or may not be representative of the entire Galaxy.

The great advances in observations and their conclusions have been followed up and confirmed by
simulations. Zolotov et al. (2009) looked at four high-resolution cosmological smoothed-particle hydrody-
namics N -body simulations of L∗ disk galaxies of different masses and investigated the formation of their
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stellar halos. They found that the galaxies’ inner halos contain both accreted and in-situ stars, which
backed up contemporary findings of the halos of the MW and the Andromeda galaxy having possible
double populations, being interpreted as in-situ and ex-situ stellar populations. Their conclusions were
that in-situ stars are a generic feature of kinematically defined stellar halos, and they were displaced to
halo orbits by mergers but reside primarily within the inner tens of kpc of the galaxy. Accreted stars can
in contrast extend out to a few hundred kpc and dominate the stellar populations at all radii for three
out of four simulated galaxies. The fractional contribution of in-situ stars varied between 5 % and 50 %
for the galaxies (though this is a lower limit in their simulations). Font et al. (2011) did a similar study,
but using 400 L∗ disk galaxies in cosmological hydrodynamical simulations. They wanted to understand
the possible dual halo populations in the MW and the Andromeda galaxy and their halo metallicity
gradients. They found that a decrease in metallicity with increasing radius can be seen in fall simulated
galaxies; typically [Fe/H] drops by 0.6—0.9 dex from r < 30 kpc to r ≈ 30–100 kpc, which is compatible
with that observed in the MW and the Andromeda galaxy. The metallicity gradient can be explained
by the difference in stellar populations: beyond 20 kpc, 1/5 of the mass comes from in-situ stars, but
2/3 of the mass of the halo and the bulge consist of in-situ stars. A more recent simulation by Fattahi
et al. (2020) shows that the outer halo is completely built up by accreted dwarf galaxies. Naidu et al.
(2020) has made observations of the distant halo, and as can be seen in Fig. 2.3 their observations are
in agreement with these simulations. This plot shows not only that we have been able to identify the
fractional stellar contribution from in-situ and accreted material at different Galactocentric distances,
but been able to group the accreted material into several substructures, each with different dwarf galaxy
progenitors. The accreted material in the outer halo is rich in different progenitor systems.

Figure 2.3: The fractional contribution from different substructures in the halo at different Galactic radii
(left) and heights above and under the Galactic plane (right). Credit: Naidu et al. (2020).

In the following subsections, we will look closer at some of the aforementioned substructure and their
physical properties to get a feeling for the richness of halo substructure and how it is used to understand
the past of the MW, by cherry-picking some fascinating, illustratory examples. These examples are
far from complete but they are chosen to cover the entire available parameter space used in Galactic
archaeology. As we can see in Fig. 2.3, there is a lot of halo substructure to choose from and the
field is constantly (and very rapidly) evolving. Any substructure overview can thus be designed to fit
different perspectives, e.g. by ordering after time of discovery, size of merger or progenitor type, but I
have here decided to section the substructure into stellar streams (spatially coherent substructure) and
phase-mixed debris (spatially incoherent substructure). We will then look at substructure that did not
originate in mergers, and lastly have a look at substructure that is at the time of writing very recently
discovered.
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2.2.1 Stellar streams

Stellar streams are spatially coherent structures found mainly in the halo. They form as satellite dwarf
galaxies or the globular clusters they bring with them are tidally ripped by the MW’s gravitational
potential. The first stream found was the Sgr, found by Ibata et al. (1994), and since then many more
have been identified as long overdensities on the sky. Depending on if the stream progenitor is a dwarf
galaxy or a globular cluster, the (relative) stream width may vary; a dwarf galaxy progenitor results in
a dynamically more heated stream that is wider than those with globular cluster progenitors that are
more dynamically cold.

Several streams have been identified by eye in the halo, but as more data is collected, visually
discovering streams becomes too labourous and algorithms identifying streams are necessary to continue
to move the field forward. In the past six years, the number of known streams have grown from roughly
20 to almost 100, and the library Galstreams has been constructed to collect them all (Mateu 2022). This
vast richness of known streams is seen in Fig. 2.2. This plot shows the work by Martin et al. (2022a),
that uses Pristine survey photometric metallicities to test the veracity of the stellar streams found using
the algorithm StreamFinder (Malhan & Ibata 2018). STREAMFINDER is designed to find dynamically
cold and thin streams by combining their positional and kinematic information from the Gaia survey.
Streams are identified by, for every star, testing a large set of orbits consistent with observables of that
star such as e.g. proper motion and parallax. A likelihood that a star belongs to a stream is then
computed by checking how many neighbouring stars have similar orbits. The Pristine survey comes
into play by allowing for the metallicities of the STREAMFINDER-identified streams to be checked;
because we expect the metallicity spread to be small in these streams, due to their progenitors being
of relatively low mass (with a smaller metallicity spread for streams with globular cluster progenitors
than for those with dwarf galaxy progenitors as the latter may have had multiple starbursts), a small
metallicity dispersion would support that a structure identified as a stream indeed is a stream. The
figure shows that the streams identified by the algorithm all contain stars with coherent metallicities,
proving the importance of combining photometric metallicities with kinematical information.

Apart from being interesting in their own right, stellar streams can be used to understand important
properties of the MW. Because their orbits are influenced by the shape of the MW potential and its
mass, constraining their orbits allows for the potential and mass of the MW to be computed (Cautun
et al. 2020). The stream GD-1 shows several gaps and overdensities along its orbit that simulations
show cannot be due to baryonic structures such as giant molecular clouds, globular clusters, or the Milky
Way’s bar or spiral arms. Instead, these features are probably due to dark matter subhaloes embedded
in the stellar halo of the MW. This can be used to understand how dark matter subhaloes are distributed
in the MW and their mass ranges and sizes, to better constrain our cosmological models that predict
their existence (Banik et al. 2021).

2.2.1.1 Sagittarius The Sagittarius stream (Sgr) was discovered by Ibata et al. (1994) and was iden-
tified as a group of comoving stars in the direction of the Galactic centre in the Sagittarius constellation.
The stream is elongated towards the MW plane and has a systemic heliocentric radial velocity of 140 ± 2
km/s, due to it currently undergoing tidal disruption, with its core situated behind the Galactic centre.
This still ongoing tidal disruption makes the Sagittarius stream a snapshot of what an early phase of
the tidal destruction of a satellite galaxy by the MW may look like. It was hidden from view for a long
time due to the amount of foreground stars, but since it was first found, it has been extensively studied.
As can be seen in Fig. 2.2, where Sgr is seen at the center of the figure, the stream wraps several times
around the Galaxy and has both a leading and a trailing arm. In Fig. 2.3 we see that a majority of
Sgr stars lie at Galactic radii centered on 35 kpc and a height above the Galactic disk of 35 kpc, and
is the dominant stellar population at distances further away than that: it is thus a huge structure in
the halo. And as can be seen in Fig. 2.5 that was produced by Starkenburg et al. (2019) using blue
horizontal branch (BHB) stars in the halo that due to their high intrinsic luminosity probes as far as
roughly 100 kpc, it spans a wide range of heliocentric distances too. The authors find agreement with
the work by Hernitschek et al. (2018) who used RR Lyrae stars to probe Sgr and saw that the BHB
stars are dominating the ’non-substructure’ halo component while Sgr is dominated by RR Lyrae stars.
They conclude that this likely reflects a different parent stellar population for these two different halo
subpopulations, e.g. in metallicity.

Vitali et al. (2022) used photometric metallicities from the Pristine survey to cover an unprecedented
large area of Sgr to study the spatial distribution of its members as function of metallicity. They find
a negative metallicity gradient with distance from the center of the stream down to the limit of their
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Figure 2.4: Top: The stars STREAMFINDER found to be a part of stellar streams, colour-coded by
their metallicity, that can also be found in the Pristine catalogue (with the Pristine footprint seen in
grey). Bottom: The same stream stars, colour-coded by which stream they belong to. Credit: Martin
et al. (2022a)

Figure 2.5: The Sgr as seen in R.A. vs distance as an overdensity of halo stars at R.A. ∼ 170− 250◦ and
distances ∼ 30 − 70 kpc (see Sec. 4.4.1 for other values), for three different samples: using BHBs in the
SDSS data (left) and in the combined Pristine and SDSS data (center) and blue straggler stars in the
combined Pristine and SDSS data (right). Credit: Starkenburg et al. (2019).

observational footprint; consistent with previous studies but now extended to a larger observational area.
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The authors conclude that the relative number of metal-poor stars increases with radius while the central
region is dominated by metal-rich stars (the literature shows that the bulk of Sgr is dominated by stars
with metallicity around ∼ −0.5 dex). This is interpreted as the more diffuse, metal-poor component
forming first, which was then followed by subsequent more metal-rich, more centrally concentrated stellar
populations, meaning that the progenitor dwarf galaxy had an extended star formation history, forming
several generations of stars with different spatial and chemical distributions.

Not only does the MW affect Sgr, but Sgr affects the MW in return: it has repeatedly triggered star
formation in the MW disk, thus being an important contributor to the build-up of the stellar mass of the
disk. Three narrow ranges in time of increased star formation having occurred 5.7, 1.9 and 1.0 Gyr ago
coincide well with Sgr pericentre passages. This is based on e.g. orbit integrations. Other satellites that
perturb the MW are the Magellanic clouds, that are on first infall to the MW (Ruiz-Lara et al. 2020).

2.2.1.2 C-19 The paper by Martin et al. (2022a) confirmed the stellar stream status of four stellar
stream candidates in the halo with coherent phase-space and metallicity signals. One of these streams,
named C-19 (where the ’C’ stands for candidate, as in stream candidate), has the lowest metallicity ever
discovered in any substructure: −3.38 ± 0.06 (stat.) ±0.2 (syst.) dex (this is the metallicity reported
after a spectroscopic follow-up, with the Pristine survey photometric metallicity being −3.58±0.08). Its
physical width suggest that its progenitor was a GC, with a metallicity much lower than current GC in
the MW, leading the authors to conclude that the current GC are more metal-rich than GC in the past
were. Before C-19 was discovered, observed GC never showed metallicities below −2.7 dex, indicating
that there existed a so-called metallicity floor for GC. A proposed explanation is that the protogalaxies
that merged into the galaxies we observe today were not massive enough to form stellar clusters that
would have survived to this day (as a more massive protogalaxy can form more massive clusters, and
a more massive cluster also is more tightly bound and takes a longer time to disperse), and we thus
cannot observe older clusters of metallicities below the metallicity floor because they have not survived
to the present day due to tidal interactions with the MW (Martin et al. 2022b). The discovery of C-19
means that we have to rethink this explanation for the metallicity floor, and could mean that these
protogalaxies were more massive than previously thought.

Martin et al. 2022b looked further into the C-19 stream. Not only does it have coherent spatial
distribution and metallicities (photometric and spectroscopic), but its CMD shows a sparsely populated
but well-defined RGB extending into a MSTO along with a clear (and very blue) horizontal branch.
These features in the CMD are typical of old and metal-poor GC. Eight member stars were followed-up
spectroscopically. The spectroscopic metallicities allowed the authors to calculate a metallicity dispersion
of the stream, which σ[Fe/H] < 0.18 at the 95 % confidence level. This low metallicity dispersion leads
the authors to believe that the progenitor of C-19 indeed was a GC, as dwarf galaxy progenitors imprint
a larger metallicity dispersion on their streams due to multiple star formation bursts. Also, C-19’s
metallicity is significantly below the mean metallicity expected for dwarf galaxies at this luminosity. The
GC progenitor theory is supported by the Na abundance dispersions, with [Na/Mg] ratios varying by
a factor of 3 between the three stars that had high-precision chemical abundances determined from the
spectroscopic follow-up. Such variations are typical of ancient GC. Barium can only be measured in one
star, but the [Ba/Fe] for that star is consistent with GC values. The spectroscopy also yielded radial
velocities that shows that the stream is orbiting deep in the MW potential well, with an apocentre of ∼27
kpc and a pericentre of ∼7 kpc. This suggests that the GC was accreted early onto the MW together
with an infalling dwarf galaxy, when the MW potential was more shallow than today. However, this is
puzzling, because such an early accretion raises the question how C-19 can still be a coherent structure
today. It has a short orbital period (0.5 Gyr) and should contain more baryonic or dark matter, both of
which should lead to dynamical heating and thus a broader stream. The authors note that C-19 does
seem dynamically hotter than other GC streams (a width of 600 pc where 100 pc is typical of GC, and
a velocity dispersion of ∼7 km/s where 1 − 3 km/s is typical), and conclude that something might have
shielded it from disruption by the MW potential.

After a second spectroscopic follow-up of seven member stars, the radial velocities of C-19 were
updated to 6.2 km/s, which is consistent with the previous radial velocity dispersion of ∼7 km/s. Two
new members stars were also confirmed, and they e.g. have matching metallicities to the rest of the
stream. One of these new members is located 30◦ away from the rest of the stream along the stream
orbit, suggesting that there are many more stream members to be discovered. The spectroscopic follow-
up also shows the anticorrelation between Na and Mg and Al that is often found in globular clusters,
furthers supporting a GC origin (Yuan et al. 2022). A companion study tried to explain how C-19
could have been shielded from disruption, as the width and velocity dispersion of the stream lies in the
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dwarf galaxy progenitor regime. The (unconventional) model proposed is that C-19’s progenitor was a
dark matter dominated dwarf galaxy with GC-like chemical abundances. N-body simulations show that
a dark matter dominated dwarf galaxy progenitor where stars follow a King surface brightness profile
embedded in a low mass cuspy cold dark matter model near the hydrogen cooling limit can reproduce
the kinematics of C-19 without leaving a bound stellar remnant behind (which has not been observed
close to C-19). This does not completely rule out GC progenitors, but the proposed model does predict
a second tidal stream extending from C-19 close to the Galactic plane, rendering observations difficult.
If such a second stream is observed, that would strongly favour the dwarf galaxy progenitor scenario
(Errani et al. 2022).

2.2.2 Phase-mixed debris

Spatial coherence of stars in the form of streams is not the only tracer of stellar debris from past merger
events. If we assume an adiabatic infall of material onto the MW, then long after spatial coordinates
have been mixed, so that structures no longer can be visually discerned in observations by looking at
their distribution on the sky, coordinates in phase space should still be conserved. This opens up an
alternative avenue of observing stellar debris. This signature in phase space should still be present
if the infall occurred fast, so that spatial coherence was lost early on. The first discovery of such a
spatially mixed structure still visible in phase space was discovered by Helmi et al. (1999) by looking at
clumpings of stars in the Solar neighbourhood in the plane of angular momentum components Jz versus
J⊥ =

√
J2
x + J2

y . In the Solar neighbourhood, only 8 kpc away from the centre of the Galaxy, stars should
have short orbital periods, meaning that they should be evenly distributed in space after roughly 10 Gyr
after infall with a satellite onto the MW. However, since angular momentum is an adiabatic invariant
and stars originating in the same progenitor system should have very similar integrals of motion, looking
at their distribution in phase space should give a strong indication if stars came from the same system
or not (though J⊥ is not fully conserved in an axisymmetric potential, only Jz is). The conservation of
angular momentum assumes that the Galactic potential evolved adiabatically, which seems to be the case
for the MW (Cardone & Sereno 2005). Clumping in angular momentum space is thus a powerful tool to
unearth merger debris, and the number of clumps detected in J will represent well the total number of
merging event because it singles out all stars from one merger event (Helmi & Tim de Zeeuw 2000).

Even some time after coherence in configuration space has been lost, there may be clumping in velocity
space, but it is not as long-lived as in angular momentum space. One may also look for clumping in
energy-angular momentum space. However, computing an orbital energy for stars require that a Galactic
potential is modelled, and we currently do not know the exact shape of the MW potential. Many models
can be used to get an idea of the true situation (Helmi & Tim de Zeeuw 2000), but any wrong assumptions
in the Galactic potential will of course introduce systematic errors into the computed energies. The energy
should thus be used with caution, and may be redundant since actions fully characterise the orbits, but
may also be used as an additional parameter that adds contrast in clumping (Malhan et al. 2022). An
example of finding clumping in velocity, energy and angular momentum can be seen in Fig. 2.6. To
these spaces, a clustering algorithm has been applied, that identified clumpings in the phase spaces. In
this case, five different substructures were identified: Gaia-Enceladus, Thamnos 1 and 2, Sequoia and
the Helmi streams (Koppelman et al. 2019). Gaia-Enceladus and Sequoia is discussed separately below.

2.2.2.1 Gaia-Enceladus-Sausage Observations of the MW’s stellar halo shows that the stellar
density rapidly falls off beyond 25–30 kpc. This means that the density can be described by a power-law,
with index α ≈ 2− 4 up until this so-called break radius, and α ≈ 4− 5 beyond this radius. This broken
power-law requires a physical justification. Maybe this is a common feature in all stellar halos? M31 in
the Local Group does not show a density break in its stellar halo. So if this is not a common feature
in stellar halos, what created it in the MW? This question can be answered if we analyse simulations
of galaxies being accreted onto MW-like galaxies. Such simulations show that the break radius of the
stellar density from one accreted galaxy (i.e. of the satellite itself, not the global halo stellar density
of the galaxy the satellite is being accreted onto) is related to its average apocenter. The global stellar
halo density break will be a superposition of individual satellite contributions’ apocenters. The strength
of the density break depends on the spread in apocenters (and thus energy) of the stars of the accreted
satellite (the smaller this spread, the stronger the density break). If the accreted satellites all had similar
apocenters, the global density break will be strong. But the halo can be dominated by one massive
merger, where the global density break reflects the apocenter of this one merger. The latter case can
explain the stellar halo density break of the MW: the simulations show that a major satellite would be,

10



Figure 2.6: Clumpings of local halo stars into five distinct substructures. Top row: The stars identified
as belonging to clumpings colour-coded by their metallicity, and the rest shown as black dots. Bottom
row: The same stars, now with the found substructures colour-coded differently. The right plot shows the
lines of constant circularity in which the authors define the different substructures. Credit: Koppelman
et al. (2019).

relatively speaking, more metal-rich than less massive ones, and so if one major (metal-rich) satellite
dominates the stellar halo, the global halo radial velocity dispersion σvr profile (which is connected to
the density break as a dip in σvr can be seen at the same radius as the apocenters due to stars slowing
down there) would match that of the metal-richer halo stars. This is observed in the MW. This suggests
that the MW halo was largely built up by a (relatively) massive accreted galaxy (Deason et al. 2013,
and references therein).

Nissen & Schuster (2010) investigated the α to iron abundance ratios of dwarf stars in the solar
neighbourhood (within 335 pc) with halo kinematics (here defined as a total velocity of at least 180
km/s compared to the local standard of rest). α elements (which in this study refers to Mg, Si, Ca, and
Ti) are mainly produced in type II supernovae that occurs on a short timescale due to the high mass
of their progenitors compared to type Ia supernovae that come from less massive progenitors. Iron is
produced in type Ia supernovae. Because of this, [α/Fe] can be used as an indication of the star formation
history of certain Galactic components. In this study, the authors found that the local halo shows a
bimodality in alpha elements: the high-α stars with nearly constant [α/Fe] as a function of metallicity,
and the low-α stars with decreasing [α/Fe] as metallicity increases. This constancy in abundances as a
function of metallicity of the high-α stars made the authors conclude that they probably formed in a
region with such a high star-formation rate that only type II supernovae contributed to their chemical
enrichment. In the range −1.6 < [Fe/H] < −1.4, these two populations merge. The high-α stars generally
move on prograde orbits and are closer in kinematics to the thick disk, i.e. they are more bound to the
galaxy, and the low-α stars on retrograde orbits. The authors believe that the high-α stars are connected
to a dissipative Galactic component that underwent rapid chemical evolution, similar to the thick disk,
and they could have heated to halo orbits by merger events that the MW has undergone in its past.
They also believe that the low-α stars were accreted from dwarf galaxies with lower star-formation rates.
The much later findings by Hayes et al. (2018) support this. They also find a population of stars with
high Mg abundances with significant net Galactic rotation and chemical abundances similar to the thick
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disk. The authors believe that these stars probably formed in situ. They also find a stellar population
of low Mg abundances with little to no net Galactic rotation and are on halo-like orbits. This latter
population was probably accreted by the MW, according to the authors.

When the Gaia mission presented its second data release, Babusiaux et al. (2018) kinematically
selected stars from the thin disk, thick disk and the halo by from the Gaia data set based on their
tangential velocities. The 64,727 stars with vtan > 200 km/s were selected as halo stars, and the CMD
of the resulting halo population showed an interesting feature: there is a clear bimodality in the MS
and MSTO. The two different turn-offs are offset by ∼0.1 mag in colour and comparison with isochrones
show a metallicity difference between the two stellar populations of 1 dex. This halo selection was
then crossmatched with APOGEE data that contained spectroscopic information. This confirmed the
double-peaked metallicity distribution, with peak metallicities of -1.3 and -0.5 dex.

A few months after this discovery in the Gaia data, Belokurov et al. (2018) investigated the local (∼10
kpc radial distance from the Sun) stellar halo’s azimuthal velocity, vθ, vs radial velocity, vr, distribution
as a function of metallicity and height above the Galactic disk z. In the corresponding plot they noticed
a so-called velocity ellipsoid, or an ellipsoidal distribution of halo stars in (vr, vθ) space: in this space,
the halo’s distribution is dramatically stretched in the radial direction for high-metallicity stars, but as
metallicity decreases, this shape becomes more spherical. This ellipsoid was later dubbed Gaia-Sausage
by the Galactic archaeology community due to its shape. Fitting to this data shows that no matter
the value of |z|, the orbital anisotropy β, which measures the amount of motion in the radial direction
compared with the tangential direction, of the halo increases with increasing metallicity, with a sharp
increase at [Fe/H] ≈ −1.7 dex. The most metal-rich stars reach β ≈ 0.9 (with 1 being the maximum
value) which means that they are on highly eccentric orbits. The metal-poor stars are on much more
tangential orbits. A metallicity change of only 0.3 dex changes β by 0.6, meaning that the change in
stellar orbits as a function of metallicity is extreme in the halo. The rotational properties differ between
these two populations as well, with the more metal-rich stars ([Fe/H] > −1.7 dex) being on more prograde
orbits and those stars that are more metal-poor show more retrograde orbits. The metal-poorer stars do
show a decrease in rotation as |z| increases. There is thus a dynamical bimodality in the stellar halo with
the two components having different metallicities. The abrupt change in β as a function of metallicity
is difficult to reconcile with a prolonged mass accretion of the halo of several low-mass components, as
that would create a smoother orbital anisotropy. The abrupt change in β is interpreted by the authors
as the stellar halo being largely built up by one major accretion event. They argue that their findings
support the idea previously proposed in literature that the MW experienced a major merger ∼10 Gyr
ago, that provided the bulk of the halo stars within ∼30 kpc of the Galactic centre. Earlier simulations
agree with this, as they show that massive satellites such as the one who provided this large amount
of halo stars are able to sink deeper into the Galactic potential owing to dynamical friction, explaining
why this accreted material occupy the inner halo instead of the outer. These orbits also tend to radialise
more strongly than for low-mass systems. For that reason, the authors note that their findings are in
strong agreement with literature and confirm a major merger scenario for the MW, as proposed in e.g.
Deason et al. (2013) (see Sect. 3 in Belokurov et al. 2018 for more literature examples), ∼10 Gyr ago.

The aforementioned stellar population with low α abundances, the bluer of the two tracks in the Gaia
mission’s halo CMD and the metal-poor, slightly retrograde kinematical substructure of the halo are the
remnants of the same massive merger event between the MW and another dwarf galaxy, according to
Helmi et al. (2018). They name this dwarf galaxy Gaia-Enceladus1. At infall, this dwarf galaxy and
the MW had a mass ratio of one to four, or that its mass was similar to the present day SMC. The
stars in this substructure show a large spread in metallicity, which implies they did not form in a short
star-formation burst in a low-mass galaxy. At the thick disk’s metallicity ([Fe/H] ≈ −0.6 dex), these
stars have lower [α/Fe], which means they had a lower star-formation rate of the thick disk, which is
how the mass estimate was derived. The α abundances also reveal that these stars did not form together

1The highly eccentric kinematic structure Belokurov et al. (2018) found is referred to by some authors and parts of
the astronomical community as Gaia-Sausage due to its sausage-like shape in velocity space, while Helmi et al. (2018)
chose the name Gaia-Enceladus. In Greek mythology, Enceladus was the offspring of Gaia and Uranus. Enceladus was
according to legend buried under mount Etna and responsible for earthquakes there. The name comes from the fact that
this substructure is a dominant part of the halo, responsible for many patterns (or earthquakes) in observations, while still
being hidden from view for such a long time. Both the mythological creature and the substructure are both children of
Gaia (in the substructure’s sense, this means that measurements from the Gaia mission allowed us to fully characterise
the debris). The different names are sometimes used to describe different halo substructures though, and sometimes Gaia-
Enceladus is used to mean the progenitor dwarf galaxy and Gaia-Sausage its kinematical footprint in the current halo,
making the literature slightly confusing to read. From here on, we use the name Gaia-Enceladus-Sausage (or GES for short)
in this work to emphasise how difficult it is to disentangle and reconcile the substructures found in our halo by different
authors. We will see more examples of this later on in the text. There is yet no naming convention for halo substructures.
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with the thick disk. The merger occurred 10 Gyr ago and deposited the majority of halo stars in the
Solar neighbourhood. These stars now move on retrograde and very eccentric orbits. That the MW
has undergone such a massive merger event is in line with simulations in literature, such as the one by
Deason et al. (2013), but also explains several separate observations of stars in the halo.

There are two major stellar overdensities in the halo that have been linked to GES: the Hercules-
Aquila Cloud (HAC) and the Virgo Overdensity (VOD) (Balbinot & Helmi 2021), both first seen in the
SDSS data. These overdensities are thought to be regions where the GES stars pile up as they, from
our perspective, slow down and halt before they turn around in their orbits around the Galactic centre,
creating diffuse clouds when observed from the Solar system. They are therefore referred to as apocentric
pileups. HAC is 10–20 kpc away from the Sun and has a line of sight depth of 20–15 kpc, correspondingly
(Belokurov et al. 2007). VOD was shown to have approximately 10 times the density of the background
halo stars, using variable RR Lyrae stars as tracers. It lies 50 kpc away from the Sun, and along the line
of sight its depth is ∼5 kpc (Vivas et al. 2001). There are several lines of evidence that HAC and VOD
are the apocentric pileups of GES: for |z| > 10 kpc, they occupy diagonally opposing octants in the MW,
with the HAC lying below and the VOD lying above the disk, with similar Galactocentric distances (Iorio
& Belokurov 2018, Fig. 2); they have similar orbital properties (Simion et al. 2018); and they both have
metallicity distribution that completely match that of GES (Naidu et al. 2021). If HAC and VOD are
the apocentric pileups of GES, they must have survived without becoming fully spatially mixed several
Gyr after the infall of GES, as opposed to GES itself which is now fully mixed. The initial stellar halo
asymmetry that the GES caused upon infall can only be preserved in this manner if the MW’s DM halo
is nonspherical, as a spherical DM distribution would not be able to preservce substructure such as HAC
and VOD for several Gyrs. Instead, the DM halo is elongated, and tilted with respect to the disk and
is aligned in the direction of HAC and VOD (Han et al. 2022). This nicely illustrates not only methods
to link substructure together but also the possibilities of using halo substructure to constrain large-scale
features of the galaxy such as its DM distribution and thus also its potential.

2.2.2.2 Sequoia In the previous section, we laid out the evidence for the MW having undergone
one massive merger about 10 Gyr ago, where GES deposited debris that now makes up the majority
of halo stars. Myeong et al. (2019) instead argue that a second merger event called Seqoia (Seq), that
was accreted at a similar epoch as GES but was less massive than GES, provided the MW with the
bulk of the high-energy retrograde stars in the stellar halo. They begin their investigation by noting
that the kinematical substructure described in Helmi et al. (2018) encompasses mildly prograde through
strongly eccentric to highly retrograde stars, and argue that the substructure described in that paper is
the result of two different merger events instead of one major: they are trying to answer the question if
one merger event provided both the eccentric and retrograde halo stars, or if the eccentric and retrograde
components are the results of two different mergers. What they find is that GES (or just Sausage as
they refer to it, and they make a distinction between the Sausage and Gaia-Enceladus) contributed with
stars of net zero angular momentum and move on predominantly radial orbits and thus came in during a
head-on collision, while Seq is the merger event that contributed with the strongly retrograde and more
energetic halo component. They find that these two events have different chemical structure as well,
with Seq having ∼ 0.3 dex lower metallicity and higher Mg and Al abundance ratios than GES. The
most massive MW globular cluster, ω Centauri, might be the stripped core of the Seq dwarf galaxy.
Mackereth et al. (2018) support that there is a difference in origin between the high-e and low-e halo
components, with the high-e stars coming from a single massive merger event. The lower eccentricity
stars they instead claim come from a mixture of sources, such as in situ stars, high-|z| disk stars, smaller
accreted dwarf galaxies and contamination by the low-e tail of the high-e population.

Koppelman et al. (2019) investigated this further to try to disentangle the then recently discovered
kinematic and chemical substructures in the retrograde halo by doing a kinematical selection of halo stars.
They see that the retrograde halo is more metal-poor than the prograde, and that there is a metallicity
gradient when we go from retrograde to prograde. GES are according to this study the main contributor
for stars in the range −100 < vϕ < 50 km/s, i.e. it encompasses some retrograde stars, and is only
superseded in abundance in the metal-rich halo by thick disk stars that are on hot, halo-like orbits. The
metal-poor tail of GES overlap with Seq stars though, which the authors note make the disentangling of
the two structures difficult and could indicate they have the same progenitor, but their claim is tentative
as their metallicity uncertainties are large and their stellar sample is small. Instead of separating GES
from Seq, which are two substructures that have varying levels of retrogradicity (GES having low and
Seq high) but still show overlapping retrogradicity, they split those stars with high retrogradicity into
a high-energy and a low-energy component instead, with the high-E stars being Seq and the low-E
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stars being a new substructure that they name Thamnos. Thamnos and Seq are chemically different
but have overlapping kinematics, but the authors argue that they still have different progenitors as the
range in energy between the two structures is too wide to be produced by a massive progenitor. The
authors believe that the outer halo is more retrograde because it is dominated by GES and Seq debris
and state that maybe Seq constitutes the stars that belonged to the outskirts of GES, and they were thus
stripped from the main progenitor galaxy early. Koppelman et al. (2020) revisited this idea and showed
in a simulation that reproduced the observationally found kinematical imprint of GES and Seq that Seq
indeed could have belonged to the outskirts of GES. GES fell in on a retrograde, 30◦ inclination orbit
and 75 % of the debris in the simulation has high eccentricity (e > 0.8), while roughly 9 % has e < 0.6.
Seq’s resulting stellar debris was stripped from the main body of the progenitor galaxy earlier than the
core was. These early stripped stars have stronger retrograde motions, and they are also expected to
have lower metallicities due to radial metallicity gradients in dwarf galaxies. Horta et al. (2022) also find
that Seq is chemically indistinguishable from GES, supporting this claim.

2.2.2.3 Koala/Kraken/Heracles When a satellite galaxy is accreted by the MW, it may contribute
to the main galaxy not only with field stars but with globular clusters (GCs) if the satellite is massive
enough to have formed GCs in the first place. Any such group of GCs from one satellite would clump
together in integrals of motion space, just like the field stars of that satellite would. Because satellite
galaxies can be assumed to be of lower mass than the MW, their GCs will show a smaller [α/Fe] abundance
for a given metallicity than the GCs formed in the MW. Accreted GCs will also show a different age-
metallicity relation than in-situ GCs would, which further helps in distinguishing them from each other as
ages and metallicities are conserved over time (Forbes 2020): the MW shows a bifurcated age-metallicity
relation with a young, metal-rich track and an old, metal-poor track. The former was formed in situ
(either in the disk or in the bulge) and the latter accreted (Leaman et al. 2013). These three tools make
GCs useful for identifying disrupted satellite galaxies in the MW. Massari et al. (2019) used these GC
characteristics to identify GCs belonging to Sgr, GES, Seq, the Helmi streams and two new groups, out
of which one they called the ’low-energy’ group due to the low energy (and low angular momentum) of
its constituent GCs. The same group was found by Forbes (2020) and named ’Koala’ due to the low
energy of the system. The Koala progenitor was probably a fairly massive satellite.

Kruijssen et al. (2020) trained an artificial neural network on cosmological simulations of the co-
formation and co-evolution of GCs and their host galaxies. The input to the network are ages, metal-
licities and orbital properties of GCs that formed in the same progenitor galaxies, to predict the stellar
masses and accretion redshifts of these progenitors. This network was then applied to GCs that have
been identified to belong to GES, Seq, the Helmi streams, Sgr and this low-energy substructure. These
accretion events are likely the five most major ones to have occurred in the MW history since z = 4.
They refer to the low-energy structure as ’Kraken’, as it possibly is the most major merger event with the
largest mass ratio to the MW upon accretion of these five but still evaded discovery for such a long time,
like a beast hiding in the sea. Kraken fell in first out of these five (10.9 Gyr ago), then came the Helmi
streams progenitor (10.1 Gyr ago), Seq (9.4 Gyr ago), GES (9.1 Gyr ago), and lastly Sgr (6.8 Gyr ago).
The small apocentres (Ra < 7 kpc) of the Kraken GCs indicate that the progenitor was very massive
(due to dynamical friction) which is supported by the positions of the GCs in age-metallicity space,
where the GCs are more metal-rich than the GCs deposited by the other satellites. Because of the high
mass needed for this, Kraken could possibly be the main accretion event contributing to the formation of
the bulge. This is supported by Horta et al. (2020), who investigated the structure using spectroscopic
data from the APOGEE survey. Instead of calling it Koala or Kraken they name it Heracles, because
just like the mythological hero, this substructure is immortal compared to other central substructures,
with its accretion likely preceding the formation of the MW disk, and it has an external origin. They
conclude that this accretion event occurred before the bulge formed the structure it has today and it
contributed with the bulge’s metal-poor stars.

2.2.3 Newly identified substructure

The substructure that has been discussed above are all well-known cases in literature. But as we have
seen, the field of Galactic archaeology and the identification of halo substructure in particular is rapidly
evolving, meaning that new interesting halo features are discovered on an almost monthly basis. These
new features are usually thought to be the product of smaller merger events, as most people in the
field now believe that we have already identified the most massive merger events as they leave the
biggest clumping in physical space, phase space, and chemical space behind. The bigger these clumpings,
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the easier their constituent debris is to identify. So the newer, smaller substructure is not only more
challenging to identify, but it is also more challenging to verify; the methods used by different authors to
find debris are different and their definitions also vary2, meaning that something that has been identified
as a new substructure by one research group can be nonexistent in another group’s sample, or it can
belong to another group’s larger structure or be broken into smaller pieces by another group. Simply put,
there are conflicting results from different research groups as to the true nature of the origin of certain
substructure. We have already seen the debate surrounding GES and what other substructures could
potentially be linked to it and will now have a look at a handpicked very recently discovered substructure.

Pontus was discovered by Malhan et al. (2022) who used an algorithm that identify groupings of
globular clusters, stellar streams, and satellite galaxies in action space with additional information on
their energies to create contrast in the clumpings. It is a low-energy and slightly retrograde substructure.
As the authors note, Pontus is very close to GES in (Jϕ, E) space and more or less all of Pontus’s
globular clusters (which we mentioned above) have been previously associated with GES. They argue
that despite this, Pontus and GES have different progenitors: they have different dynamical properties
and age-metallicity relations. The authors also argue that Pontus cannot belong to Thamnos 1 or 2 as
seen in Fig. 2.6). Malhan (2022) looked closer at Pontus by examining its phase space distribution,
chemical abundances using [Fe/H], [α/Fe], [Mg/Fe], and [Al/Fe] from the APOGEE DR17 spectroscopic
catalogue and its CMD. The author argues that its features in these spaces strengthen the argument that
Pontus is an independent merger event. The (hypothesized) progenitor galaxy would have merged on a
radial, and slightly retrograde, orbit (note that the same is true for GES). Horta et al. (2022) also looked
at halo substructures using the APOGEE DR17 but were only able to identify two stars as belonging to
Pontus and they do not want to make strong claims regarding its nature because of this, but tentatively
associate it with Thamnos. Time will tell if Pontus will survive scientific scrutiny as an independent and
separate merging event, as our community’s methods and knowledge evolves.

2.2.4 Non-merger substructures

All the substructure explained above are the products of merger events between the MW and smaller
galaxies, and the debris those galaxies left behind. However, there exists more substructure in the
Galaxy that did not originate in mergers. One immediately starts thinking about the spiral arms in
the disk of the Galaxy, which are clear Galactic components that did not originate in mergers. Due to
our position within the MW we are unable to observe the spiral arms face-on and characterising them
is an observational feat, but most astronomers agree that the MW has four spiral arms and is roughly
symmetric. A common theory to the origin of the spiral arms is the so-called density wave theory: the
spiral arms are dense regions that propagate like waves in water, and while the stars in the MW disk
themselves move, the spiral arms themselves move at a higher speed (see Vallée 2017 for a more in-depth
discussion).

The disk is currently undergoing vertical phase-mixing, i.e. the motions of the disk stars are perturbed
in the vertical direction, causing density asymmetries and velocities across the Galactic disk that differ
from the axisymmetric and equilibrium expectations for a Galactic disk. This creates so-called phase
spirals in z − vz plots. A probable cause of this phase-mixing is Sgr, that perturbed the disk during
its most previous pericentric passage between 300-900 Myr ago (Antoja et al. 2018) and Sgr could also
be the creator of ridges discovered in vϕ − r space in the Solar neighbourhood seen using Gaia mission
data (Ramos et al. 2018). That both of these kinematical substructures could be the result of Sgr has
been supported by simulations (Laporte et al. 2019a). Simulations of Sgr also show that it flares the
disk as it orbits the Galaxy and can create stellar overdensities such as the Monoceros ring as it flares
and ripples the disk, making it oscillate, on its orbit around the MW. Because of these effects, Sgr is the
most important external contributor to shaping the structure and kinematics of the MW disk within the
last 6− 8 Gyr (Laporte et al. 2018). Of course, though Sgr is the main perturber of the disk it is not the
only one. The Hercules group is a local group of stars moving outwards in the disk with high velocities.
This group was probably scattered by the rotating bar at the centre of the MW (Antoja et al. 2014).
The bar also impacts the stellar stream originating in the globular cluster Pal 5 by truncating its leading
arm. Photometric data shows that the leading arm appears truncated compared to the trailing arm,
and modelling of the bar shows that as it rotates past the stream, the stream stars experience different
net torques near their orbital pericentres, leading to discontinuities in the energy distribution of stream
stars that over time turn become apparent as gaps in the stream’s spatial density (Pearson et al. 2017).

2See Sec. 2.3 for my personal views on this problem. This is especially relevant if you are new to the field of Galactic
archaeology.
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The above-mentioned substructures are caused due to time-dependent effects, changing orbits of stars.
We have previously looked at the Helmi streams, and we will now return to them because substructure
caused by time-dependent effects can be seen in them too. The Helmi stream stars exhibit substructure
in angular momentum space, where they separate into two different groups. By investigating their CMD
and MDF of these two groups, we know that the stars do belong to the same population as the groups are
indistinguishable in these spaces. The kinematical substructure is due to something else than difference
in progeny. The separation in angular momentum is caused by a resonance between the amount of
rotations along the ϕ- and z-axes. This shows that stars with the same progeny can split up in phase
space, and because clumping in phase space is so commonly used to identify debris, this complicates the
identification and thus characterisation of merger events (Dodd et al. 2022).

2.3 Personal thoughts on the field

We have now seen that identifying halo substructure is a tricky endeavour with different research groups
reaching different conclusions on what the halo looks like, depending on what methods they use. I want
to emphasise that it is important for the scientific community that different research groups use different
methods and definitions. Galactic archaeology as a field would come to a standstill if we all merged to
the same ways of working, and I do believe that even though the current debate can be confusing at best
and frustrating at worst, it is a necessary part of the scientific process and thus necessary in disentangling
the past of the MW. If you as a reader are new to the field I can understand you potentially thinking if it
is worth it in the end; is it not enough to have identified some substructure and through several different
lines of evidence linked it to a progenitor system? Is this level of detail, and the confusion it brings,
truly necessary to move the field forward, as it may seem like we are just bickering about semantics at
this point? If these were your exact thoughts, I understand where you are coming from. However, the
same kind of sentiments were sent towards the exoplanetary community at the birth of the field, with
astronomers (a bit arrogantly) viewing exoplanet discovery as simple stamp collection with no added
understanding of the physical world. But in statistics lie power, and the vast amount of found exoplanets
have now enabled us to understand planet formation. The same applies to Galactic archaeology: without
mapping out all of the halo in our own MW, in which detailed observations are possible, how can we wish
to ever understand mergers between galaxies in detail? Like exoplanet hunters wanted to understand
formation of planets, Galactic archaeologists are studying formation of galaxies but at very low redshift
to test ΛCDM cosmology. We thus perfectly complement high-z galaxy researchers and cosmologists
testing ΛCDM at larger scales.

2.4 Aim

The aim of this naster thesis is to study the metallicity structure of the stars in the MW’s distant
halo. The thesis is divided into two parts. In the first part, presented in Byström (2021) and here
expanded upon, a catalogue of distant halo giants with Pristine suvey photometric metallicity, Gaia
mission astrometry and isochrone-derived distances was constructed. The second part of the thesis is
presented here. This part aims to examine the metallicity structure of the distant halo and the impact
of known substructure on this metallicity structure.
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3 Methods

3.1 Stellar catalogue

To investigate substructure of the MW’s distant stellar halo, the stellar catalogue produced by Byström
(2021) will be used. The distribution of the catalogue stars on the sky can be seen in Fig. 3.1. The
catalogue was produced by crossmatching Pristine survey and Gaia mission targets, so that every star
in the catalogue contained photometric metallicities from the former and astrometry from the latter.
Because the Pristine survey mainly targets the stellar halo by observing stars with |b| > 30◦ while
the Gaia telescope observes the entire sky, the Pristine survey footprint is what influences the sky
distribution of the catalogue. This also means that we can assume that thick disk contamination is low
in the catalogue, and so the stars in the sample are heated thick disk and halo stars. To be able to
reach far into the halo, intrinsically bright sources are needed. The catalogue was designed to consist of
giant stars. The methods used to construct this catalogue were tested on a training sample of stars with
spectroscopic metallicities and surface gravities.

Figure 3.1: Projection of the catalogue (colour-coded by the 10-logarithm of the density) onto the sky
with the MW as seen through Gaia data (in grey). Left: Equatorial coordinates. Right: Galactic
coordinates.

The crossmatch between the Pristine survey and the Gaia mission was first cleaned of nearby MS
stars, or referred to here as dwarfs, by plotting all stars with good3 Gaia parallaxes on an absolute CMD,
by inverting the parallaxes to get distances (only stars with good parallaxes can have them inverted into
distances) and thus absolute magnitudes. All stars that in this space falls onto the main sequence are
removed. Because we expect that the parallaxes are better the closer the stars are, this cut will remove
the dwarfs that are close enough to have good parallaxes, so that we are left with giants with good
parallaxes (they were not cut away from the absolute CMD) and stars that are far away and thus have
poor parallaxes (they were not plotted on the absolute CMD in the first place and could thus not be
categorised as either giants or dwarfs). The stars that are left are then selected from a region in an
apparent CMD that was found to be very complete and pure (78 % purity and 96 % completeness,
computed using the training sample where the values of log(g) are used to determine if a star is a dwarf
or a giant; log(g) < 3.5 dex are taken as giants), and so the remaining stars were assumed to be giants.
This allowed them to have their absolute magnitudes computed by placing them on isochrones. These
absolute magnitudes were then converted to distances. The cuts reduced the catalogue to 345,303 stars
which probes as far as 103 kpc into the halo.

3.1.1 Distance error calculations

For every star in the catalogue, there is a distance calculated. However, there are no errors associated
with these distances, and to be able to draw conclusions based on these distances, distance errors need
to be calculated. That is done by a Monte Carlo (MC) error calculation. This means that for every
star in the catalogue, a normal distribution in GBP,0 − GRP,0 is created with the measured value of
GBP,0 − GRP,0 as the mean and the standard deviation is given by the measurement error (i.e. the

3In this work, a star’s parallax counts as good, or reliable, if it is positive (a negative parallax is unphysical and a zero
parallax means that the star is infinitely far away) and if the fractional parallax uncertainty is less than 50 %.
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error in GBP,0 and GRP,0 added in quadrature) for that star. 1,000 stars are drawn from this normal
distribution. All these stars simulated will have the same Pristine photometric metallicity as the star
they were simulated based on, so that the only variable that separates the measured stars from their
simulated counterparts is the colours.

Then the process of absolute magnitude determinations are repeated as described in Byström (2021),
but for these simulated stars. We begin by partitioning the entire catalogue into eight metallicity bins,
with edges at 0, −0.5, −1.0, −1.5, −2.0, −2.5, −3.0, −3.5 and −4.0 dex. For each such metallicity bin,
there is a corresponding MESA Isochrones and Stellar Tracks (MIST) synthetic photometry isochrone
(Dotter 2016, Choi et al. 2016), calculated using the web interpolator. The used version is 1.2, rotation
is chosen to be 0.4, the age is 11 Gyr and the output is ’Synthetic Photometry’ with colours and
magnitudes for GeDR3. The eight isochrones have metallicities centered on their respective metallicity
bin. The isochrones used can be seen in 3.2. The stars in the most metal-rich bin are then matched
against the −0.25 dex isochrone, etc. We then go through each star in each metallicity bin, and draw
1,000 simulated stars from the normal distribution in GBP,0 − GRP,0. The absolute magnitudes of the
simulated stars are calculated sing scipy’s interp1d function, by the function checking what MG values
correspond to their respective GBP,0 − GRP,0 for the isochrone in that metallicity bin. This is then
done a second time, where the metallicities of the stars are taken into account: the contribution from
the second closest isochrone in metallicity is taken into account, so that we weigh the final absolute
magnitudes by the contribution from the two closest isochrones. This is done to mitigate the discrete
jumps in metallicity between the eight isochrones, as stars in the catalogue will have metallicities in
between the isochrones. The error in MG for a star is then calculated from the distribution of MG values
of its simulated stars, and it equals the 50th percentile minus the 16th percentile for the lower bounds
and the 84th percentile minus the 50th for the upper bounds. A sketch of this error calculation can be
seen in Fig. 3.3.

Figure 3.2: All eight MIST isochrones, colour-coded by their metallicities. All of them have an age of
11 Gyr. The salmon, dashed lines show the minimum and the maximum GBP,0 − GRP,0 colours in the
catalogue. The minimum value, at GBP,0−GRP,0 = 0.8, corresponds to the pure and complete bluemost
limit selected from apparent magnitude space when constructing the catalogue while the maximum value
is simply the reddest colour found in the catalogue, as no red cuts are made to the catalogue. Left: The
full isochrones, ranging from the bottom of the MS to the white dwarf branch. Right: The RGB of each
isochrone. Only the RGB is used for calculating distances, as we assume that all stars in the catalogue
are giants.
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Figure 3.3: A sketch of the MC error calculations. Pictured as a yellow star is a star from the catalogue
with metallicity -1.083 dex. This places it in the -1.0 to -1.5 dex metallicity bin, so that its absolute
magnitude is calculated against the -1.25 dex isochrone (seen in lime). A second MG is then calculated
against the -0.75 dex isochrone (in orange), and the contributions from both isochrones are weighted
according to their distance in metallicity from the measured star. This star’s GBP,0 − GRP,0 = 1.43
and MG = −1.75, which has been marked by solid black lines. For this star, a normal distribution in
GBP,0 − GRP,0 with the mean 1.43 is created. This distribution is seen lying on the GBP,0 − GRP,0

axis (though the size of the distribution has been greatly exaggerated for illustration purposes), with the
edges of the distribution marked by dotted black lines). 1,000 stars are drawn from this distribution, and
they all have their MG calculated against the two isochrones the same way as the measured star. The
resulting distribution in MG has the mean -1.75 and can be seen lying on the MG axis. The errors in
MG for the measured star is then taken from this distribution, and they equal the 50th percentile minus
the 16th percentile for the lower bounds and the 84th percentile minus the 50th for the upper bounds.

As can be seen in Fig. 3.2, the isochrones get bluer as metallicity decreases. Note how this also shifts
the tip of the RGB of each isochrone to the bluer, so that the four most metal-rich isochrones probe the
entire GBP,0 −GRP,0 range of the catalogue, but the four most metal-poor isochrones do not. Because
these isochrones are computed using stellar evolution codes, we know that this shift to the blue should
be followed by the stars in the catalogue too; the more metal-poor the star is, on average, the bluer it
is. However, for the more metal-poor isochrones, more stars are outside the range of the corresponding
isochrones, and this will also be true for the simulated stars. Those simulated stars that fall outside
the isochrone ranges are then cut away. Truncating this simulated sample will destroy the Gaussian
distribution in GBP,0 −GRP,0 by cutting at the tails. The entire point of this error calculation method
was that it was based on a normal distribution. It was then investigated how many stars are actually
cut away from this Gaussian distribution by falling outside of the isochrone ranges for each metallicity
bin, to see what effect it had on the final MG errors. This only happened in the three most metal-poor
bins and it affected a negligible amount of stars in the sample (only three stars in the –2.75 dex bin
had simulated stars falling outside of the isochrone range; for one star, half of the simulated stars fell
outside of the range, and for the other two, roughly 50 stars fell outside the range. In the other two bins,
only one star in each had simulated stars falling outside the isochrone ranges, and only approximately
50 stars fell outside).

We expect that if the distribution in GBP,0 −GRP,0 for one set of simulated stars is Gaussian (which
we know it is because we draw the simulated stars from a Gaussian distribution), their distribution
in MG should also be Gaussian. If this distribution is perfectly Gaussian, the errors we compute by
subtracting the 16th percentile from the 50th should equal the standard deviation σMG

of the same
distribution, those errors should equal the 50th percentile minus the 84th and those should then equal
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the standard deviation. For most stars, this distribution is not perfectly Gaussian due to the distribution
in GBP,0 − GRP,0 being projected onto an isochrone which is not necessarily linear, but in those cases,
describing the MG distribution as Gaussian is still a valid approximation. The case discussed above is of
course an exception to this: if stars in the simulated distribution falls outside the isochrone ranges they
are simply cut away, essentially truncating the GBP,0 −GRP,0 distribution so that it by definition is not
Gaussian anymore. If a large enough amount of stars are cut away, this will affect the distribution in
absolute magnitude even more. That should manifest as a difference between σMG

and the errors, and
in between the errors themselves. The resulting residual plots for these parameters can be seen in Figs.
3.4 and 3.5. As we see in these figures, a vast majority of all the stars have more or less a one to one
relationship between σMG

and the computed errors and between the errors themselves, meaning that
their underlying distributions in MG are Gaussian and the computed errors are reliable. The one-to-one
relations get stronger the more metal-poor the stars are, which is because the more metal-poor isochrones
are straighter than the metal-rich ones.

Figure 3.4: The lower errors (x-axis) and the standard deviation (y-axis).
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Figure 3.5: The upper errors (x-axis) and the standard deviation (y-axis).

When calculating the distance errors, a MC scheme is used for each star in the catalogue, where for
each star, 1,000 stars mock stars are drawn from a Gaussian distribution in GBP −GRP and then have
their absolute magnitudes calculated. The real star has a distance, and we can check the validity of that
distance by also calculating the distances for the mock stars from their MG, store them in a histogram
and compare the distance distributions for the mock stars with the distribution of the real stars for each
metallicity bin. These comparisons are shown in Fig. 3.6, where the left figure shows the real stars and
the right figure the mock stars. Because there are 1,000 mock stars for each real star in the catalogue,
the mock distance histograms will have 1,000 more values in each bin. This is not seen in the figure
though, as the mock star bins have been divided by 1,000 to make comparison easier.
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Figure 3.6: Comparison between the real distance distributions (left) and the MC simulated ones (right)
(where the y-axes have been divided by 1,000 to make the scales of the two columns match).
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We see in these figures that the overall shape of the distance distributions are reproduced in the MC
distance calculations. What we also see is a smoothening of the features seen in the real stars, with
the biggest difference in the most metal-poor bins. This is expected because by doing a MC distance
calculation we are calculating distances while taking observational errors into account, meaning that the
final mock distances will imitate the ’real’ distances with errors already built in. This is also why the
scale of the y-axes are different between the ’real’ and the ’mock’ distance histograms.

3.1.2 Distance histogram features

In the top and bottom rows in Fig. 3.6 there are a few features not present in the histograms for the other
metallicity bins. The former contains a second peak centered at 5.56 kpc and the latter several peaks at
lower distances and ∼two ’hills’ at higher distances. Because these features appear in the MC simulated
populations too, we assume them to be real signals. We investigate these features in the following two
sections.

3.1.2.1 -0.25 dex In Fig. 3.7 we investigate the distance distributions of the metallicity bin centered
at −0.25 dex. The left figure is the same one as the left one in the top row in Fig. 3.6 and shows
heliocentric distance, with the second peak centered at 5.56 kpc outlined. The right figure shows the
Galactocentric distances of the same metallicity bin. In this space, the second peak is gone. In Fig. 3.8,
we compare the distribution of all the stars in the entire bin to those in the peak and their sky projections,
and see no obvious difference in these distributions. This tell us that the pile-up of stars in the peak is
equally distributed in space, and appears to be surrounding the Solar system as a shell structure. In this
metallicity bin, there are also no overdensities in the metallicities, so the spatial overdensity cannot be
linked to any metallicity overdensity. In proper motions, the stars from the entire bin and just the peak
also show the same distributions, indicating that the pile-up at 5.56 kpc heliocentric distance is not a
kinematical substructure either.

Figure 3.7: Left: The distance distribution of the most metal-rich bin (as also seen in the top row in
Fig. 3.6), with the so-called ’peak’, centered on 5.56 kpc, outlined in black. Right: The Galactocentric
distance distribution for the most metal-rich bin. In this space, there is no pile-up at a certain distance
anymore.
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Figure 3.8: Top row: The distribution of stars in the entire metallicity bin and the ’peak’ in equatorial
coordinates. All the stars in the bin and in the peak are distributed the same across the sky. Bottom
row: The distribution of stars in the entire metallicity bin and the ’peak’ in Galactic coordinates. Again,
the stars follow the same distribution, because we are still looking at the distribution across the sky.

The difference between the stars in the entire metallicity bin and the peak becomes obvious when
we look at Fig. 3.9. Both the entire bin and the peak shows a bimodal colour distribution, as seen
to the left of the figure, with a red and a blue peak. The ’peak’ shows a more pronounced blue peak;
i.e. it contains more blue stars. In the right figure, there is a clear difference in apparent magnitude
distributions between the entire bin and just the peak, with the peak containing a significantly larger
amount of faint stars than the entire bin. This means that at 5.56 kpc, there is a pileup of faint stars.
We assume that all stars in the catalogue are giants, and so all catalogue stars should have roughly
the same luminosities. But why do the fainter stars end up at such a specific distance? The reason is
that the peak is a contamination of dwarf stars, that are intrinsically fainter and bluer than giant stars.
Because they are bluer, they tend to populate the flat part of the −0.25 dex isochrone, which means
that no matter their colour, in a certain colour range, they get assigned the same MG and thus the
same distances (the dwarfs are more metal-rich than the giants and are thus more likely to have a higher
contribution from the most metal-rich isochrone than the second-most metal-rich isochrone, explaining
why the pile-up due to the flat region is more pronounced for them). This effect is not seen in the other
metallicity bin because we expect the dwarfs to contaminate the most metal-rich bin the most (see Sec.
10.4 which shows the contamination in the training sample presented in Byström 2021).

The contaminating dwarf stars can be removed by truncating the most metal-rich bin so we only keep
stars with G0 < 16.8 mag. That is the minimum in the right figure in Fig. 3.9 between the brighter and
the fainter stars, right of which we expect the dwarfs to lie (this is marked by a dashed black line). The
resulting distance distribution after the truncation is seen in Fig. 3.10, showing that the peak is removed
when the fainter stars are removed. This reduces the catalogue size from 345,303 stars to 324,940 stars.

3.1.2.2 -3.75 dex This metallicity bin only contains 129 stars, which makes feature investigation
difficult. We can also see from Fig. 3.6 in the bottom row that it is harder to discern features in the
histogram of the real data, compared to the histogram of the simulated stars, though the weak peaks
seem match the simulations. Picking out stars in the real data from distance intervals corresponding to
certain features in the simulated data yields a very low count that is hard to draw reliable conclusions
from, and investigating the entire metallicity bin does not yield any substructure (not in regards to α,
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Figure 3.9: Left: The colour distribution of the entire metallicity bin and the ’peak’. This shows that
the ’peak’ contains a larger fraction of blue stars than the entire metallicity bin. Right: The apparent
magnitude distribution of the entire metallicity bin and the ’peak’. This shows that the peak contains a
significantly larger fraction of faint stars, compared to the entire metallicity bin.

Figure 3.10: The distance distribution before (grey) and after (red) the G0 < 16.8 mag cut. Performing
this cut removes the dwarf star contaminants.

δ, µα, µδ or d, nor any combination of them). To get an idea of any potential substructure in this
metallicity bin, we thus redo a MC sampling of the stars in it, but for µα and µδ (as that already has
been performed for d and there is some clumping in α and δ, but it is an artefact of the footprint of the
catalogue, as selection of these clumps do not result in clumpings in e.g. µα nor µδ). The MC simulation
of µα nor µδ do not show any clumping either. We thus conclude that the features seen in this figure is
simply due to exaggeration of noise due to low count.

3.1.3 New colour-metallicity cut

From Sec. 3.1.2.1, we concluded that the most metal-rich bin needed the cut G0 = 16.8 to remove the
dwarf contaminants, which is brighter than for the rest of the sample for which the cut is G0 = 17.6.
Another way to reduce this contamination is cutting away the subgiant branch stars that pile up along
the flat portion of the most metal-rich isochrone, as we see in Fig. 3.2, as that was the region that these
contaminants piled up along. Since we are trying to target the RGB with this catalogue, it does make
sense to cut away subgiant stars too; this far in constructing the catalogue, we have been quite binary
in our division of stars into either dwarfs or giants, and we have thus not paid attention to any other
evolutionary stages than the RGB and the MS. The GBP,0 − GRP,0 = 0.8 cut that is identical for all
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metallicity bins means that for the more metal-rich isochrones, we keep the subgiant branch (resulting
in contamination) while we cut away the bottom portion of the metal-poor RGBs, as seen in Fig. 3.2
(where the bluemost line shows this hard cut).

This problem can be fixed by introducing a colour cut that depends on metallicity. We use the five
most metal-rich isochrones and define the location of where their subgiant branches turn into the RGB,
as seen to the left in Fig. 3.11. We do not use the three most metal-poor isochrones as the end of
their subgiant branches is shifted to very high MG to then drop again as seen in Fig. 3.2, creating an
unexpected behaviour that is probably due to evolution of metal-poor stars not being well understood
and is then an inherent problem in the code behind the isochrones. Mapping the end of the subgiant
branch as a function of metallicity results in the figure to the right in Fig. 3.11. In it, a straight line
going through the data points has been fitted, and that is the new colour cut. The data that is cut away
thus falls below this line, which is seen in Fig. 3.12. This cut is better than doing a single cut in G0 for
only one bin, as the selection function becomes simpler and does not introduce different biases for each
metallicity bin.

Figure 3.11: Left: The lower portion of the five most metal-rich isochrones, where the colour of the
transition from subgiant branch to RGB has been marked by vertical, dashed lines, and the corresponding
absolute magnitude is shown by horizontal, dotted lines. Right: The colours of the position where the
subgiant branches transition into RGBs for each isochrone and their corresponding metallicities shown
as triangles. A line is interpolated between these points (shown in salmon), and this is the line used to
define the new colour cut.

The resulting interpolated line that defines our new colour cut means that we will keep all stars that
fulfill

GBP,0 −GRP,0 > 0.14 · [Fe/H] + 1.05.

Because this new colour cut means that the catalogue cleaning has to be redone, we introduce two
additional isochrones lying above and below the original eight. These are used in the weighing of the most
metal-poor and metal-rich bins, respectively, as the stars with [Fe/H] > −0.25 or < −3.75 previously did
not have a second isochrone to which a second MG was calculated. The final ten isochrones together with
the new colour cut can be seen in Fig. 3.13. We also correct the MIST isochrones to take α enhancement
into account. The difference between the new isochrones and the old ones can be seen in Fig. 3.14. The
effect is that the new isochrones are seemingly more metal-rich.

This new colour cut reduces the catalogue size because we remove stars from the most metal-rich
bin, which is the most populated one, and add stars for the more metal-poor bins, which are not as well
populated. The new catalogue size is 205,727 stars (with the old colour cut, the catalogue contained
345,303 stars if double-exposed stars are included, see Sec. 10.5). The new colour cut results in a purity
of 90 % and a completeness of 67 %. With the old cut, the corresponding values are 78 % and 96 %,
meaning that we have increased purity (the reasoning behind this new cut was to remove contaminants
in the first place) but we have reduced completeness (there are stars on the subgiant branches with
log(g) < 3.5 dex, which is our definition of giants, that now gets removed which will negatively affect
completeness). The distribution of surface gravities in the training sample after these cuts are applied
to it can be seen in Fig. 3.15. The distribution of fractional stellar masses for the sample after and
before the cut has been simulated using PARSEC stellar populations (see Sec. 3.2 for a more in-depth
explanation of these simulated populations) and can be seen in Fig. 3.16. We see, by looking at the
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Figure 3.12: Metallicity as a function of colour for the stars in the catalogue after cuts in colour (to remove
the hottest and coolest stars per the Pristine survey convention of 0.6 < (GBP,0−GRP,0) < 1.6), parallax
(to remove nearby dwarf stars) and cut in magnitude (to remove the faintest stars with G0 > 17.6), shown
with the function that determines if stars are cut away based on their colour or not. Any stars that fall
below the salmon line (shown as a shaded white region) gets removed from the sample. The triangles
show the colours where the corresponding metallicity isochrone’s subgiant branch transitions into the
RGB.

values of the y-axis, that the stellar mass contribution of the RGB on the whole is low, and that the cuts
introduced for the catalogue targets metal-rich stars more than metal-poor.
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Figure 3.13: The new isochrones used with the new colour cut shown in salmon as a slanted line and the
reddest colour in the sample shown as a vertical line. The two added isochrones are shown in dark red
and black.

Figure 3.14: The isochrones before (dashdotted lines) and after (solid lines) α enhancement has been
taken into account. The old isochrones are shown in Fig. 3.2 and the new are shown in Fig. 3.13.
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Figure 3.15: The distribution of (spectroscopic) surface gravities before and after the catalogue pipeline
is applied to the training sample. After the cuts are applied, 90 % of the stars are giants (log(g) < 3.5
dex; red), but there is still a contribution from dwarfs to the sample (log(g) > 3.5 dex; blue). Note the
depression among the dwarfs centered on log(g) = 4 dex: this is due to the colour-metallicity cut, which
targets subgiant stars with log(g) around 4 dex. This cut is applied to the entire sample, as opposed to
the parallax cut, which is only applied to dwarfs with a good parallax. The parallax cut mainly targets
MS dwarfs, with log(g) around 4.5-5 dex, and so any dwarfs with that surface gravity but with bad
parallaxes will be kept in the catalogue, creating the valley at ∼4 dex.

Figure 3.16: The fractional mass contribution of RGB stars before (purple dotted line) and after (cyan
solid line) the cuts have been made to the catalogue, simulated using PARSEC stellar populations of a
total mass of 100,000 M⊙. Because of the deviation between the two lines at higher metallicities, we see
that the cuts reduces the mass contribution from metal-rich stars more than metal-poor stars.

3.1.4 Distances for nearby metal-poor stars

In Fig. 3.17 we see a zoom-in of the isochrones used for the distance determination as seen in Fig. 3.13.
The colour-metallicity cuts introduced in the previous section were derived by locating the transition
from subgiant branch to red giant branch on the five most metal-rich isochrones, because that transition
on the three most metal-poor isochrones does not follow the same trend as the other five isochrones:
they are placed at unexpectedly red colours and high absolute magnitudes. In the figure, we see that
this means that the transition from subgiant branch to RGB does not occur where expected, because
the coloured vertical lines and the dotted black line does not cross where their corresponding metal-poor
isochrones cross. It seems like the subgiant branch to RGB transition becomes bluer and more luminous
with decreasing metallicity, but for the −2.75 dex isochrone, this transition is very luminous but redder
than the more metal-rich isochrones. The −3.75 dex isochrone transition occurs at the same colour but at
higher luminosity as the −2.25 dex isochrone. Above these transition, the metal-poor and the metal-rich

30



isochrones share the same behaviours. This unexpected feature in the subgiant branch to RGB is most
likely an artefact of the stellar code behind MIST not performing well for these metallicities and ages
(in fact, many isochrones do not go this metal-poor). As we can see in the CMD of the catalogue in Fig.
3.18 this leads to a pile-up of very metal-poor, blue and luminous stars and a density gap centered at
around GBP,0 −GRP,0 ≈ 0.7. The gap is due to the (relatively) large difference in MG between the –2.25
and the –2.75, –3.25 and –3.75 dex isochrones, which creates a vertical gap as stars can only be moved
along the y-axis by the MG calculations (as their Gaia colours are observables and thus fixed).

Figure 3.17: The isochrones used in the catalogue, with the point of subgiant branch to RGB transition
for the three most metal-poor isochrones marked by vertical lines.

Figure 3.18: The absolute CMD of the catalogue with absolute magnitudes derived using the isochrones
in Fig. 3.17, colour-coded by the 10-logarithm of the density. The grey dashed line shows the division
between dwarfs and giants for the parallax cut and the black dotted line the metallicity-colour cut,
projected onto CMD space following Fig. 3.11. Note the pile-up of blue, metal-poor stars with GBP,0 −
GRP,0 < 0.8 that follows the pattern of the three most metal-poor isochrones at these colours.
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This transition behaviour for these three metal-poor isochrones will lead to the distances for the
stars bluewards of the vertical coloured lines in Fig. 3.17 to be systematically overestimated, and these
distances are thus not trustworthy. There will also be a pile-up at similar distances due to these metal-
poor isochrones overlapping in this region. If we assume the metal-rich isochrones to represent the
true stellar behaviour at GBP,0 − GRP,0 < 0.83 (which is where the transition occurs for the −2.75 dex
isochrone), we can compute distances for stars with [Fe/H] < −2.5 dex using the −2.25 dex isochrone, but
shifted bluewards and to brighter luminosities to match both the behaviour of the metal-poor isochrones
redwards of GBP,0 −GRP,0 = 0.83 and the extrapolated subgiant branch to RGB-transition for the more
metal-rich stars. We place the −2.25 dex isochrone on top of the metal-poor isochrones where their
subgiant to RGB transitions occur and make sure that the −2.25 dex isochrone transition occurs at the
extrapolated colour-metallicity cut. The result is seen in Fig. 3.19. Bluewards of the corresponding
vertical line, the dashed isochrones transition into the solid isochrones, and that is where the stars are
placed to have their MG and thus distances computed. All stars below −2.25 dex will be affected by
this isochrone shift, because stars in the range −2.25 to −2.50 dex will have their distances weighed
against the −2.75 dex isochrone. Stars below −3.75 dex have their distances weighed against the −4.00
dex isochrone, but at these colours they lie on top of each other, so no weighting is performed there.
The resulting shifts in GBP,0 −GRP,0 and MG for the isochrones is seen in Table 1. The resulting CMDs
and absolute magnitudes from the ’raw’ metal-poor isochrones and these new isochrones can be seen
in Figs. 3.20 and 3.21. As we see in these figures, the shifting of the metal-poor isochrones decreases
MG (and thus the distances) of these stars, and creates a smooth density distribution bluewards of
GBP,0 −GRP,0 = 0.83. It will mean that some stars end up below the colour-metallicity cut as projected
onto CMD space. The colour-metallicity cut is still applied to the entire sample, but this means that this
approach to shifting the isochrones will underestimate the distances if compared to the colour-metallicity
cut.

Figure 3.19: The old version of the three most metal-poor isochrones are shown here as dashed lines,
with the (old and unchanged) –2.25 dex isochrone in solid turquoise. Past GBP,0 − GRP,0 = 0.83, 0.80
and 0.78 (marked by solid vertical lines) for the –2.75, –3.25 and –3.75 dex respectively, this –2.25 dex
isochrone is shifted to form the new, blue parts of these isochrones (shown as solid lines with anything
bluewards of them colour-coded). The metallicity-colour cut as projected onto CMD space is shown as
a black, dotted line, and this cut should remove any stars in the grey shaded area. Here, the –2.25 dex
isochrone has been shifted so its transition from the subgiant branch to the RGB occurs at the same
position for all three metal-poor isochrones. This will place some of these metal-poor stars at absolute
magnitudes in the grey shaded region, meaning that their absolute magnitudes and thus distances are
underestimated compared to what we expect from the metallicity-colour cut, which can also be seen in
Figs. 3.20 and 3.21.
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Table 1: The values used to shift the –2.25 dex isochrone in both colour and magnitude for the three
most metal-poor isochrones when fitting the isochrones so that the subgiant branch to RGB transition
occurs at the extrapolated metallicity-colour cut as projected onto the CMD for all shifted isochrones.
All values are subtracted from the –2.25 dex isochrone.

Isochrone GBP,0 −GRP,0 MG

−2.75 dex 0.042 0.13
−3.25 dex 0.060 0.20
−3.75 dex 0.075 0.23

Figure 3.20: Left: The old CMD of the catalogue (also seen in Fig. 3.18) overlaid with the old isochrones.
Right: The new CMD of the catalogue when the shifting of the isochrones as shown in Fig. 3.17 are
used. Note how the density pile-up at GBP,0 − GRP,0 < 0.8 is gone but instead stars end up below the
metallicity-colour cut.

Figure 3.21: Same as Fig. 3.20 but colour-coded by the metallicity.

A different approach to shifting the isochrones is to instead of making sure that the subgiant branch
to RGB transition for the shifted –2.25 dex isochrones still lie on top of the extrapolated metallicity-
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colour cut (which makes sense for the reason that this cut was designed to lie at this specific transition),
is to make sure that however the shift is designed, all stars lie above the cut as projected onto CMD
space (this would make sense for the reason that there should be no stars below this line, and that we
see some stars below it for more metal-rich stars is because the metallicities used were derived using
the Pristine survey colour-colour space with SDSS filters, while this plot shows the space using Gaia
mission filters). The bluest stars in the sample have GBP,0 −GRP,0 ≈ 0.6, and they are found in the two
most metal-poor bins. We thus design this isochrone shift to make sure that stars of these colours are
above the extrapolated cut as projected onto CMD space. These shifts are shown in Fig. 3.22 and the
corresponding values in colour and magnitude in Table 2. The resulting CMDs after this isochrone shift
is seen in Figs. 3.23 and 3.24.

Figure 3.22: Same as Fig. 3.19 but shifting the –2.25 dex isochrone by forcing all stars to end up above
the metallicity-colour cut. As can be seen in Figs. 3.23 and 3.24 this still keeps a luminous pile-up,
partly because the –3.25 and –3.75 dex isochrones almost lie on top of each other, but also because the
distance in MG between the –2.25 and –2.75 dex isochrones.

Table 2: The values used to shift the –2.25 dex isochrone in both colour and magnitude for the three
most metal-poor isochrones, when fitting the isochrones so that all stars’ distances end up above the
extrapolated metallicity-colour cut as projected onto CMD space. All values are subtracted from the
–2.25 dex isochrone.

Isochrone GBP,0 −GRP,0 MG

−2.75 dex 0.015 0.60
−3.25 dex 0.032 0.70
−3.75 dex 0.036 0.73
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Figure 3.23: Left: The old CMD of the catalogue (also seen in Figs. 3.18 and 3.20) overlaid with the
old isochrones. Right: The new CMD of the catalogue when the shifting of the isochrones as shown in
Fig. 3.17 are used. Now the density pile-up at GBP,0 − GRP,0 < 0.8 is gone but instead stars end up
below the metallicity-colour cut.

Figure 3.24: Same as Fig. 3.23 but colour-coded by the metallicity.

The first approach extrapolates the behaviours of the five most metal-rich isochrones and distributes
the stars evenly but place stars below the projected metallicity-colour cut onto the CMD, while the second
approach assigns the metal-poor stars expected absolute magnitudes compared to the cut but keeps the
density gap centered at GBP,0 − GRP,0 ≈ 0.7 and keeps the pileup of the bluest most metal-poor stars
at maximum MG. It should be emphasised that both of these decisions are equally valid, as they both
satisfy one condition of the metallicity-colour cut each. Both of them solve problems but also reintroduce
problems. The absolute magnitudes and distances are thus calculated for the affected stars as the mean
result between these two approaches. Of course, the shifting of the isochrones this way will mean that
systematic uncertainties are introduced (the MC calculated errors are the random errors). In this case,
the systematic uncertainties will be the largest vertical shift between any of the isochrones divided by
two. The biggest shift is made for the –2.75 dex isochrone and this leads to a systematic uncertainty of
0.37 mag. The systematic uncertainty for distance is calculated using the distance modulus assuming
the 0.37 mag uncertainty in MG and the mean uncertainty in the observed Gaia G magnitudes for the
affected stars, i.e. 0.0007 mag (meaning that the absolute magnitude uncertainties definitely dominate
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the uncertainties), which results in a systematic distance uncertainty of 0.008 kpc.

3.2 Weights for metallicity bins

In Fig. 3.25 we see the reddest colours (in GBP − GRP ) for each metallicity bin and their respective
isochrones (where the dashed lines indicating these values are colour-coded according to their respective
isochrones). We see here that the three most metal-poor bins (−2.75 dex, −3.25 dex and −3.75 dex)
contain stars that are redwards of the RGB tip for their respective isochrones. In the distance calculations,
these are then simply truncated from the catalogue, as there is nothing to compute their absolute
magnitudes against (and thus no distances to be computed). This truncation introduces a bias, stemming
from the isochrones, for the affected metallicity bins. This will complicate the selection function of the
catalogue. It also means that the ’raw’ distance distributions and metallicity distribution functions
(MDF) presented in Byström (2021) cannot be used at face value, but a weighing needs to be done on
them first to take these truncations into account.

Figure 3.25: The isochrones used together with the reddest GBP − GRP colour for the stars in the
corresponding metallicity bin as colour-matched vertical, dashed lines, and the colour-metallicity cut as
a black, dotted line. Here we see that the three most metal-poor metallicity bins contain stars that are
redder than the tip of their corresponding isochrones, meaning that these stars will be cut away from
the catalogue as there is no isochrone against which their absolute magnitudes (and thus distances) can
be calculated. We see here the old three most metal-poor isochrones, even though they are not used in
the final distance calculations.

3.2.1 Different isochrone sets

To perform the correction for the different biases for each metallicity bin, we compute weights by using
a similar approach as Youakim et al. (2020) and use PARSEC (Bressan et al. 2012) simulated stellar
populations. The codes used to produce the PARSEC stellar populations are different than for MIST,
and a comparison of the resulting isochrones can be seen in Fig. 3.26. There is significant overlap
between the isochrones, especially at the metal-rich ends, but as metallicity decreases, the discrepancies
increase. This once again demonstrates that using isochrones is not a straightforward task, where the
choice of isochrones introduce systematic uncertainties and in our case, the final distances computed will
be affected. However, MIST has no option of simulating stellar populations, so the weights cannot be
computed using MIST codes. We also wish to keep MIST as the isochrones against which we calculate
absolute magnitudes, as they go significantly more metal-poor than PARSEC and covers the same
metallicity range as the data. Thus, a mix of codes for the MG calculation and the bias correction
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is necessary. Fortunately, most of the stars in our sample are metal-rich, which is the regime where the
most agreement between MIST and PARSEC occurs.

Figure 3.26: Comparison of MIST isochrones (solid lines) and PARSEC isochrones (stars). The black,
dotted lines show where the colour-metallicity cut is done (diagonal line) and the redmost colour to be
found in the catalogue (vertical line).

The PARSEC simulated stellar populations have a total mass of 100,000 M⊙ with corresponding
metallicities as the MIST isochrone metallicities (i.e. ranging from −0.25 dex to −3.75 dex in steps of
0.5 dex). PARSEC does not go more metal-poor than -2.19174 dex, so for the bins with [Fe/H] ≤ −2.75
dex, -2.19174 dex is assumed instead. In Fig. 3.25 we see that these three isochrones heavily overlap, so
we assume that this metallicity is not detrimental to our results. We assign the same stellar ages to the
populations as was used for the isochrones, i.e. 11 Gyr.

3.2.2 Weight calculations

For the PARSEC simulated stellar populations, we apply the same cuts as was done for the entire
catalogue in colour, metallicity and apparent magnitude. There is no parallax information for the
simulated population though, but since the cuts to the catalogue result in a 91 % purity, we can assume
that all the catalogue stars are giants and instead of a parallax cut (which removes nearby dwarf stars),
we apply label == 3 to the PARSEC populations, which contains stars on the RGB. The weights are
then calculated as the inverse of the mass fraction of stars on the RGB compared to the total stellar
population (100,000 M⊙) for each metallicity bin. We compare the mass of the RGB stars to the total
stellar population because we assume our giants to be representative of the entire halo stellar population.
This means that only RGBs will enter our MDFs, but in reality these distributions could be different
because of contributions from the more numerous dwarf stars. We are interested in relative weights of
the bins, as absolute weights would require us to know the total stellar mass of the stars in the sightlines
of the catalogue (i.e. in the Pristine footprint, see Fig. 3.1) if we want to correct against all stars in the
observational cones, or the total stellar mass of the halo if we want to extrapolate our MDFs to the entire
halo. For now, we are interested in the shape of the MDFs and not their absolute values, so the relative
weights are sufficient for our purposes. To get relative weights, the weights are divided by the weight
for the −1.75 dex bin, as we can see in Fig. 3.25 that this is the bin for which the tip of the isochrone
and the reddest colour in the bin agree the most. The resulting weights can be seen in Table 3. Note
that the weight is the same for the three most metal-poor bins, which is because the same metallicities
have been used in the simulated stellar populations. In the table, we see that the more metal-poor the
population is, the more we increase the amount of stars in the MDF. This is because we are more likely
to overestimate the amount of metal-rich stars in our sample.
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Table 3: The weights computed for each metallicity bin.

Metallicity bin Weight
−0.25 dex 0.68
−0.75 dex 0.73
−1.25 dex 0.89
−1.75 dex 1.00
−2.25 dex 1.13
−2.75 dex 1.21
−3.25 dex 1.21
−3.75 dex 1.21

In Byström (2021), we bin the stars in six different distance bins and investigate the resulting MDFs
for each such bin. The bins are 0.89 – 3.70 kpc, 3.70 – 5.21 kpc, 5.21 – 6.96 kpc, 6.96 – 9.30 kpc, 9.30
– 13.59 kpc and 13.59 – 96.16 kpc. These MDFs also need corrections, as the lower distance limits for
these bins will correspond to some lower limits in absolute magnitude because we impose a faint limit
of 17.6 mag in apparent magnitude for the entire sample. This means that we do not probe the same
CMD space for each such MDF: if all stars must be apparently brighter than 17.6 mag, but they all have
the same minimum distance corresponding to that distance bin, this will introduce a cut in absolute
magnitude for that bin. All stars fainter than this absolute magnitude gets cut out by the binning. This
can be seen in Fig. 3.27. For the first three out of six distance bins, this does not result in stars being
cut away. We see that for the third distance bin (and the first and second), this faint limit is below the
probed regions of the isochrones. For the three most distant bins though, stars do get cut away if they
are placed on a isochrone section that is fainter than this limit in MG. These regions are marked by the
red regions in the figure; any isochrone part lying in this red region will have stars truncated from the
corresponding distance bin.

The weights for this effect are calculated by once again applying the same cuts to the catalogue to
the simulated stellar PARSEC population. The resulting stellar population then is truncated to only
contain stars intrinsically brighter than the corresponding faint MG limits for the three most distant
distance bins. These three sets of truncated populations are then split in the metallicity bins. For each
metallicity bin affected by the cut (for the 4th distance bin, this is the −0.25 dex metallicity bin; for the
5th distance bin, these are the −0.25 dex, −0.75 dex and −1.25 dex metallicity bins; and for the 6th
distance bins, all metallicity bins are affected), we divide its total stellar mass by the total stellar mass
of the RGB of the same metallicity. The inverse of this is then the weight for each affected metallicity
bin in each affected distance bin. The resulting weights can be seen in Table 4. We then will repeat this
by splitting the sixth distance bin into six additional bins, and calculating the corresponding weights for
those bins. The resulting weights can be seen in Table 5.
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Figure 3.27: The isochrones, the cuts made to the catalogue (in dotted black), and the faint limits in
absolute magnitude (in red) for the third, fourth, fifth and sixth distance bins. The regions where there
is an overlap between isochrones and magnitudes fainter than this faint limit are marked in red. Any
stars falling on the isochrone sections overlapping with these red regions are cut away from the distance
bin. This effect is more prominent, the further away the bin is probing. This will mean that the amount
of intrinsically fainter stars will seemingly be reduced the further out into the halo we probe. We see here
the old three most metal-poor isochrones, even though they are not used in the final distance calculations.
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Table 4: The weights computed for each metallicity bin affected by the distance binning, for the three
most distant distance bins (as the closer bins are unaffected).

Distance bin Affected metallicity bin(s) Weight
6.96 – 9.30 kpc −0.25 dex 1.12
9.30 – 13.59 kpc −0.25 dex 1.69

−0.75 dex 1.40
−1.25 dex 1.07

13.59 – 96.16 kpc −0.25 dex 3.14
−0.75 dex 2.56
−1.25 dex 1.96
−1.75 dex 1.62
−2.25 dex 1.35
−2.75 dex 1.27
−3.25 dex 1.27
−3.75 dex 1.27

This means that finally, to reproduce the distance distribution for each metallicity bin that was
presented in Byström (2021), the weights in Table 3 are multiplied to the distance histogram of each
metallicity bin to adjust their (relative) heights. Then, to reproduce the MDFs of each distance bin,
i.e. investigating the metallicity distribution of the halo at different distances, we bin the catalogue in
distance, and then each distance bin also in metallicity and apply the aforementioned weights also to
these metallicity bins as well as the weights in Table 4 to those metallicity bins affected by the cut in
distance.

3.3 LAMOST crossmatch

LAMOST (Large sky Area Multi-Object fiber Spectroscopic Telescope) is a spectroscopic survey with
the aim of studying extragalactic objects, the structure and evolution of the MW, and multi-wave iden-
tification. It yields spectroscopically derived values of surface gravities and metallicities for its observed
stars, and we utilise this by crossmatching our catalogue with the LAMOST DR7. The crossmatch
is performed using TOPCAT (Taylor 2005, 2006) and is a so-called spatial crossmatch, i.e. stars are
matched if they are less than 0.1 arcseconds away from each other on the sky. This yields 26,155 stars
for which we have spectroscopic metallicities down to –2.5 dex, and surface gravities.
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Table 5: The weights computed for each metallicity bin affected by the distance binning, for all distance
bins made by splitting the most distant bin into six additional ones. Now, all metallicities are affected
by the binning.

Distance bin Metallicity bin Weight
13.36 – 14.89 kpc −0.25 dex 3.14

−0.75 dex 2.56
−1.25 dex 1.98
−1.75 dex 1.62
−2.25 dex 1.35
−2.75 dex 1.27
−3.25 dex 1.27
−3.75 dex 1.27

14.89 – 16.42 kpc −0.25 dex 3.63
−0.75 dex 3.00
−1.25 dex 2.31
−1.75 dex 1.92
−2.25 dex 1.57
−2.75 dex 1.48
−3.25 dex 1.48
−3.75 dex 1.48

16.42 – 18.44 kpc −0.25 dex 4.24
−0.75 dex 3.50
−1.25 dex 2.72
−1.75 dex 2.22
−2.25 dex 1.86
−2.75 dex 1.76
−3.25 dex 1.76
−3.75 dex 1.76

18.44 – 21.36 kpc −0.25 dex 5.19
−0.75 dex 4.13
−1.25 dex 3.24
−1.75 dex 2.68
−2.25 dex 2.23
−2.75 dex 2.13
−3.25 dex 2.13
−3.75 dex 2.13

21.36 – 26.65 kpc −0.25 dex 8.37
−0.75 dex 5.31
−1.25 dex 4.11
−1.75 dex 3.45
−2.25 dex 2.90
−2.75 dex 2.75
−3.25 dex 2.75
−3.75 dex 2.75

26.65 – 96.16 kpc −0.25 dex 15.07
−0.75 dex 10.28
−1.25 dex 5.90
−1.75 dex 5.08
−2.25 dex 4.21
−2.75 dex 4.01
−3.25 dex 4.01
−3.75 dex 4.01
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4 Results

The stellar catalogue that has been produced in Byström (2021) and updated in this thesis is unprece-
dented in its purity and completeness (90 % and 67 % respectively), amount of giants for which metallicity
information is available, and halo distances probed, reaching further away than the SMC; typical RGB
catalogues reach a Galactic radius of ∼ 50 kpc (Bland-Hawthorn & Gerhard 2016), but here we reach
almost 100 kpc. The catalogue is thus a treasure trove of information on the MW halo. Completely
exhausting it of all available information goes beyond the scope of this master thesis, as the catalogue
can be examined for substructure by a plethora of cuts and expanded by crossmatching it with other
surveys, but in this section the most immediate results are presented.

The catalogue’s distribution in the Pristine colour-colour space can be seen in Fig. 4.1 for both SDSS
magnitudes (left) and Gaia magnitudes (right). The photometric metallicities used in this thesis were
derived for the SDSS colour-colour space, hence the smooth gradient along the y-axis in this space. The
catalogue’s absolute CMD is shown in in Figs. 4.2 and 4.3. The sharp cut at the subgiant branch is an
artefact of the colour-metallicity cut. The line is sharp but wiggly, which is an artefact of the spread of
metallicities in the Pristine Gaia colour-colour space and the non-monotonic decrease in metallicity as
we move upwards in this diagram, as the cut is dependent on these metallicities that are not calibrated
using the Gaia space.

Figure 4.1: The Pristine colour-colour space for the catalogue using SDSS colours (left) and Gaia
colours (right), with the Pristine Ca H&K magnitudes being denoted as CaHK0. The SDSS space
shows monotonically decreasing metallicities at a given colour as we move upwards in the figure, which
is enforced in the code that derives the Pristine photometric metallicities (see Byström 2021 for a more
in-depth explanation of how these metallicities are derived). This is not seen in the Gaia version of the
figure, where some more metal-rich stars can be found at smaller y-axis values, because the metallicities
were derived for the SDSS colour-colour space.

In the CMDs there is a significant amount of stars with GBP,0 −GRP,0 < 0.8 that all end up below
the line marking the limit between dwarfs and giants for the parallax cut. These are stars that survived
the parallax cut, either because they did not have good enough parallaxes to be labelled as dwarfs or
giants and thus could not get removed, or because the parallaxes placed them above the limit and they
were labelled as giants and thus kept. However, the distance calculation assumes all stars to be giants,
and this assumption would place these stars at the RGB at lower absolute magnitudes than where we
expect our giants to be according to the parallax cut definition, making them appear as dwarfs. The
colour-metallicity cut applied after the parallax cut is designed to remove subgiant branch stars, but
this CMD behaviour makes it seem like there still are a significant amount of non-giants in the sample
despite this subgiant cut. The surface gravities of the stars bluer than 0.8, in total 4,659 stars, compared
with those of the entire sample is shown in Fig. 4.4, showing that the blue stars are roughly 50 % dwarfs
and 50 % giants.
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Figure 4.2: The absolute CMD of the catalogue, colour-coded by the 10-logarithm of the density. The
grey, dashed lines show where in this space that the distinction between dwarfs and giants are made
for the parallax cut and the black, dotted line shows the metallicity-colour cut as projected onto CMD
space.

Figure 4.3: Same as Fig. 4.2 but colour-coded by the metallicity.
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Figure 4.4: The normalised surface gravity distribution of the entire sample (red) and only of the stars
bluer than GBP,0 − GRP,0 = 0.8 when the pipeline is applied to the training sample. These blue stars
have a spread in log(g) around ∼ 3.5 dex, which is our division of giants to dwarfs, suggesting that at
least some of these blue stars are subgiants.

In Fig. 4.5, we investigate the Gaia parallaxes and the isochrone-derived distances as a function
of colour, metallicity, parallax and (photometric, i.e. isochrone-derived) distances, for stars with good
parallaxes (i.e. ϖ > 0, 1/ϖ < 5 kpc and fractional parallax uncertainty smaller than 5 % (as commonly
used in literature, as opposed to the fractional uncertainty < 50 % used in this work)). The plots are
colour-coded by the logarithm of the density. If the astrometric distances (i.e. inverted parallaxes) and
the photometric distances agree, the stars should line up along the grey dashed line at 1/ϖ − d = 0.
Because we only choose to examine stars with excellent Gaia parallaxes, we assume them to be true,
and any deviation from this line is due to faulty photometric distances. Stars below this line then have
too high photometric distances and the stars above this line have too low photometric distances. The
difference 1/ϖ − d is not dependent on the Gaia G colour (not shown here), but it shows dependence
on the other four parameters shown in the figure. No matter what parameter we are examining, the
photometric distances are systematically overestimated, with more stars lying above the grey dashed line
than under. This is probably dwarf stars contaminating the sample; as we can see in Sec. 10.4, dwarf
stars contaminate the sample more at closer distances, and because they are intrinsically less luminous
than giants, assuming them to be giants as we do in the distance derivation will assign them too high
distances. Statistically speaking, it is more likely for dwarf to contaminate a sample of giants than the
other way around because dwarfs are more abundant than giants (because of the stellar mass distribution
function), which would explain the general trend of the photometric distances to be overestimated.

The upper left plot shows that as a function of colour, the 1/ϖ−d difference is slightly banana shaped:
for blue colours, distances are slightly overestimated, and for red colours, they are more overestimated.
The range of 0.95 < GBP,0 − GRP,0 < 1.05 shows no trend with colour. The upper right plot shows
the difference as a function of metallicity. The majority of stars can be found at higher metallicities,
which is an artefact of the MDF of the catalogue. There is a trend however, where as metallicity
decreases, 1/ϖ − d decreases and the distances are overestimated. This could be an effect due to the
isochrones bending upwards at lower metallicities, causing closer metal-poor stars to systematically have
overestimated photometric distances. The lower left plot shows that with parallax there is a slight trend
with increasing photometric distances as parallax increases; meaning that for stars that are closer (i.e.
have lower astrometric distances because the parallaxes are higher), the photometric distances tend to
be overestimated. This is again due to closer stars being more likely to be dwarfs, and assuming them
to be giants will overestimate their distances. The lower right plot shows the clearest trend, with the
photometrically derived distances being overestimated.
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Figure 4.5: The Gaia parallaxes multiplied with the isochrone-derived distances as a function of colour
(upper left), metallicity (upper right), parallax (lower left) and (photometric) distance (lower
right) for stars with excellent parallaxes (i.e. ϖ > 0, 1/ϖ < 5 kpc and fractional parallax uncertainty
smaller than 5 %), colour-coded by the 10-logarithm of the density. The dashed grey line marks where
the difference 1/ϖ − d = 0, and would be the position where the astrometric and photometric distances
agree. The difference depends moderately on colour and parallax, somewhat on metallicity, and shows a
clear dependence on distance.

4.1 Spatial distributions

Because we have the sky positions of the stars in the catalogue as well as their distances, colour-coded
by the 10-logarithm of the density, we can examine their spatial distribution in Fig. 4.6. The upper
two plots and the lower left plot shows the stellar positions in a Cartesian coordinate system centered
on the Sun, and the lower right plot shows the cylindrical coordinates centered on the Galactic centre.
We here assume that the Solar system is 8.2 kpc away from the Galactic centre. The grey dashed lines
show where the Galactic disk lies. The density plots shows striped patterns, which is an artefact of the
Pristine survey observational footprint.

45



Figure 4.6: The spatial distribution of the catalogue, colour-coded by the 10-logarithm of the density,
in Cartesian coordinates centered on the Sun (upper two and lower left plots) and in cylindrical
coordinates centered on the Galactic centre (in the bottom right plot). The grey dashed lines show
the position of the Galactic disk.

4.2 Metallicity and distance distributions

In Fig. 4.7, we see the MDF and the distance distribution of the catalogue. The MDF peaks at a
relatively high metallicity, –0.7 dex, and the distance peak is at 4.5 kpc. Of course, it is of interest to
investigate how these depend on each other, and in Fig. 4.8 we bin the stars into the eight metallicity
bins used for the distance calculations and plot the fractional contribution from each metallicity bin to
the total catalogue population at different (heliocentric) distances. The weights presented in Tables 3 are
applied to the distributions. There is a pile-up of stars with [Fe/H] < −2.5 dex at 10.5 kpc. This pile-up
is present in the corresponding plot of the catalogue with distances derived using the ’raw’ metal-poor
isochrones (i.e. without the shifts explained in Sec. 3.1.4), just shifted to 12.5 kpc and is less peaked.
Both the methods of shifting these metal-poor isochrones also reproduce this pile-up. However, all four
versions of the catalogue show completely identical structure in these plots at all other distances. We thus
choose to not include any stars with GBP,0 −GRP,0 < 0.8 in this plot nor any other showing heliocentric
distance, which completely removes the pile-up and keeps all other signals intact, but keep in mind that
the amount of metal-poor stars at closer distances is systematically underestimated.
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Figure 4.7: The MDF (left) and the distance distribution (right) of the catalogue, with the peaks of
the distributions marked.

Figure 4.8: The fractional contribution to the stellar population by each of the eight metallicity bin
at different heliocentric distances. The bin widths are exponentially increasing with distance. White
stripes signify empty histogram bins (i.e. there are no stars in the corresponding distances). The further
away we go from the Sun, the more metal-poor do the stellar populations become. Note the pile-up of
metal-poor stars at 10.5 kpc, which is an artefact of the flatness of the three most metal-poor isochrones
at GBP,0 −GRP,0 < 0.8, also creating the dense stripe at these colours in the CMD in Fig. 4.2.

We can also try to reproduce Fig. 2.3 by Naidu et al. (2020), by increasing the amount of metallicity
bins from eight to sixteen (this is an arbitrary amount of bins, but we want higher resolution than
the eight original bins would yield) and instead of plotting heliocentric distance as in Fig. 4.8, we use
Galactocentric radius Rgal and height above the Galactic plane Z and as in the paper, remove all stars
with |Z| < 2 kpc. We again compute the fractional contribution from each metallicity bin to each
distance. Because we know from that paper what metallicity each of the substructures in the plot should
have, we can compare the signals in metallicity in our plots with the substucture signals in the paper.
The results can be seen in Figs. 4.9 and 4.10 (where the x-axis limits are the same as in the paper for
both plots).
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Figure 4.9: A reproduction of the right figure in Fig. 2.3, showing the metallicity structure of the halo as
a function of Galactocentric radius for 16 metallicity bins, with the bin width increasing exponentially.
The fractional contribution of each metallicity bin to the population at a certain distance has been
calculated. Stars below a height above the Galactic plane of 2 kpc have been cut away to avoid disk
contamination.

Figure 4.10: A reproduction of the left figure in Fig. 2.3, showing the metallicity structure of the halo
as a function of height above the Galactic disk for 16 metallicity bins, with the bin width increasing
exponentially. The fractional contribution of each metallicity bin to the population at a certain distance
has been calculated. Stars below a height above the Galactic plane of 2 kpc have been cut away to avoid
disk contamination.

We then bin the catalogue into six distance bins and each such distance bin into the eight metallicity
bins, and apply the weights in Table 3 and 4 to the metallicity bins. Then, the MDF of each distance bin
is computed, so that we get a picture of how the metallicity content of the halo changes with heliocentric
distance. The distance ranges for each bin are chosen so that all bins contain the same amount of stars.
The results can be seen in Fig. 4.11.
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Figure 4.11: The metallicity distribution of the sample as a function of distance, with the peaks marked
with vertical, dashed lines. All bins contain the same amount of stars, so the bin edges reflect that most
stars in the catalogue have smaller heliocentric distances. As the distances increase, the mean of the
distribution becomes more and more metal-poor. Two metallicity distributions seems to emerge; one
centered on ∼ −1.3 dex and on ∼ −2.2 dex, and we also see a sharp peak at ∼ −0.85 dex that is not
present in the other bins.

4.2.1 Signatures in the MDF in the |Z | direction

The fractional MDF in Fig. 4.10 shows a lot of features: there is a soft slope to more metal-poor stars,
similar to the one seen to the left in Fig. 2.1, where a flattening of the expected in-situ occurs at roughly
Z = 12.5 kpc, which coincides with a flattening of the metal-rich component in this work. At distances
above, metallicities around [Fe/H] = −2 dex is the dominant metallicity, until about 20 kpc when the
metal-rich population increases again and peaks sharply at roughly 25 kpc, to then drop again. At the
same distances as these peaks and valleys in the more metal-rich components can be found, the metal-
poor component steadily increases with distance with no apparent clumping. Comparing these features
to the ones seen in Fig. 2.3 we see that the valley at ∼10 kpc roughly corresponds to a pile-up of GES
stars peaking at ∼14 kpc. According to their work, GES has a mean metallicity of [Fe/H] = −1.15+0.24

−0.33

dex, which is in rough agreement with the valley seen in this work. The increase of more metal-rich stars
roughly agree with their prediction of where Sgr stars are supposed to dominate (but not fully; see Sec.
4.4.1 for a more in-depth discussion), and the metallicities agree here as well.
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4.2.2 Metal-rich peak in most distant bin

In Fig. 4.11, the most distant bin seem to show two Gaussian distributions in metallicity with peaks
at ∼ −1.3 dex and at ∼ −2.2 dex, but also one metal-rich peak centered at −0.85 dex. Selecting stars
between −0.7 dex and −1.0 dex in this distance bin shows that they are evenly distributed across the
sky where they follow the same pattern as the overall catalogue. Deselecting Sgr stars from this bin (see
Sec. 4.4.1 for an explanation of how they are chosen) does not make the peak disappear, meaning that
it is not due to Sgr. Decreasing the bin width makes this peak appear very sharp and does not spread
it out, meaning that at these distances, there is a large amount of stars with metallicities very closely
centered on −0.85 dex. To investigate this peak, we bin the most distant bin into 6 additional subbins
(with each bin again containing the same amount of stars), to localise the heliocentric distance at which
this peak occurs (and also investigate the general behaviour of this interesting distance bin). To these
bins, we apply the weights in Table 5. The result can be seen in Fig. 4.12.

Figure 4.12: The MDFs of the most distant bin in 4.11 after being split into six additional bins. Again,
all bins contain the same amount of stars. The peak at ∼ −0.85 dex appears beyond 21.36 kpc.

The absolute CMD of the stars with distances between 21.36 and 96.16 kpc together with the
isochrones can be seen in Fig. 4.13. There, the pile-up of stars at the –0.75 dex isochrone can be
appreciated.
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Figure 4.13: Absolute CMD of stars with distances between 21.36 and 96.16 kpc seen as black points
(left and right) together with the isochrones (right). Here, we can clearly see that stars in this distance
bin pile up along the –0.75 dex isochrone. These are the same stars that create the peak centered on
–0.85 dex in the two most distant bins in Fig. 4.12.

To further try to understand this peak, we use the crossmatch of the catalogue with LAMOST, and
plot an MDF of all stars in that crossmatch with distances higher than 21.36 kpc. This crossmatch
has 843 such stars. The MDF can be seen in to the left in Fig. 4.14 (note that LAMOST does not
go as metal-poor as the Pristine survey). In this MDF, the peak at ∼ −0.85 dex has disappeared,
while the other features are roughly similar. Selecting the stars in this distance bin with Pristine
photometric metallicities between −1.0 and −0.7 dex (i.e. around the −0.85 dex peak) creates the
MDF with LAMOST metallicities to the right in the figure. These stars show a wide spread in the
LAMOST metallicities, where the Pristine metallicities are peaked. The Pristine metallicities used in
this work assumes that all stars are giants, and as we can see in Fig. 4.15 using LAMOST spectroscopic
surface gravities, that is true for a majority of the stars within that Pristine metallicity range. If we then
create an MDF for all stars with distances beyond 21.36 kpc and remove stars in the Pristine metallicity
range −1.0 to −0.7 dex we get the MDF in Fig. 4.16, which allows us to better appreciate the underlying
halo signal in the MDF.

Figure 4.14: The MDF of stars with heliocentric distances beyond 21.36 kpc, using LAMOST spectro-
scopic metallicities instead of Pristine photometric metallicities, for all 843 stars in the crossmatched
distance bin (left) and the 175 stars that have Pristine photometric metallicities between −1.0 and −0.7
dex (right). Marked in this figure with grey vertical lines is the range within which the stars were
selected based on their Pristine photometric metallicities.
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Figure 4.15: The surface gravity distribution from LAMOST for stars with heliocentric distances beyond
21.36 kpc and with Pristine photometric metallicities between −1.0 and −0.7 dex. The red bins contain
stars with log(g) < 3.5 dex and are thus labelled as giants and the blue bins with log(g) > 3.5 dex and
are labelled as dwarfs.

Figure 4.16: The surface gravity distribution from LAMOST for stars with heliocentric distances beyond
21.36 kpc and with Pristine photometric metallicities between −1.0 and −0.7 dex. The red bins contain
stars with log(g) < 3.5 dex and are thus labelled as giants and the blue bins with log(g) > 3.5 dex and
are labelled as dwarfs.

4.3 Fraction of metal-rich to metal-poor stars

Up until now, all binning in metallicity done to the catalogue has used adjacent metallicity bins. The
mean metallicity uncertainty of the catalogue is 0.1 dex and the maximum is 0.5 dex, which means that
there should be some bleeding of stars into different metallicity bins due to these uncertainties. We can
thus instead bin the catalogue into non-adjacent metallicity bins, and check their distributions in l and
b and right ascension and distance. This binning also allows us to calculate the fraction of metal-rich to
metal-poor stars, like Vitali et al. (2022) did. In their investigation of the Sgr stream, they chose the
bins [Fe/H] > −1.0 and [Fe/H] < −1.3 dex, and we keep the same binning here. In Figs. 4.17 and 4.18
we see the Galactic coordinates of these bins and the resulting fraction, and it shows that the further
away we go from the disk, the more metal-poor does the stellar population become (which is also seen
in Fig. 4.10). Figs. 4.19 and 4.20 shows the same but in R.A. vs distance and we see that the further
away we go from the Sun, the more metal-poor does the stars become (as seen in Figs. 4.8 and 4.11),
but there are fluctuations in this metallicity gradient as a function of right ascension, showing that our
sightline (or the direction of our observational cone) has an impact on the MDF with distance.
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Figure 4.17: The Galactic coordinates of the metal-rich bin ([Fe/H] > −1.0, left) and the metal-poor
bin ([Fe/H] < −1.3 dex, right), colour-coded by the 10-logarithm of the density.

Figure 4.18: The fraction of stars in the metal-rich bin to stars in the metal-poor bin ([Fe/H] > −1.0
and [Fe/H] < −1.3 dex respectively) and their positions on the sky. Here, we can clearly see that the
metal-rich stars are located close to the disk to a higher degree than the metal-poor stars.
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Figure 4.19: The positions in right ascension and distance of the metal-rich bin ([Fe/H] > −1.0, left)
and the metal-poor bin ([Fe/H] < −1.3 dex, right), colour-coded by the 10-logarithm of the density.
Note the structure in the metal-rich bin at R.A. ≈ 175–225◦ and d ≈ 20–40 kpc, see Sec. 4.4.1 for an
investigation of it.

Figure 4.20: The fraction of stars in the metal-rich bin to stars in the metal-poor bin ([Fe/H] > −1.0
and [Fe/H] < −1.3 dex respectively) and their distribution in right ascension and distance.

4.4 Substructure

As we have seen in the preceding figures, the MW halo as seen through giant stars is clumpy, with different
substructures being seen at different distances, coordinates on the sky, and with different metallicities.
In this section, we try to link some of these clumps to stellar debris and substructure due to mergers
of the MW with dwarf galaxies that have been identified in literature. In Fig. 4.21 we see the density
of stars in the catalogue across the sky, which shows that most stars are concentrated at low Galactic
latitudes (which corresponds to the disk at low distances). In this figure, no stream-like overdensities
stand out to the eye, meaning that if we want to search for known streams we may have to slice the
figure in e.g. distance and/or metallicity slices to make them stand out. In the following subsections, we
thus focus on substructure seen in the previous plots.
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Figure 4.21: The distribution across the sky using Galactic coordinates for the catalogue, with the stars
colour-coded by the 10-logarithm of the density.

4.4.1 Sagittarius

In Fig. 2.5, the middle panel shows a feature in R.A.-distance space as a streak from R.A. ≈ 175− 260◦

and d ≈ 40 − 70 kpc, which has been identified as the Sgr leading arm. The same feature can be seen
in our catalogue, in the left panel in Fig. 4.19, but at slightly lower distances: R.A. ≈ 175 − 225◦ and
d ≈ 20−40 kpc. The fact that we can see the same substructure at the same position in the same space,
using different tracer stars and different cuts, means that we indeed are picking up a real signal. We
also see a metal-rich peak in Fig. 4.10 at ∼ 25 − 30 kpc in height above the Galactic disk. This is close
to where Naidu et al. (2020) predicts the Sgr to dominate the stellar population, but it is at a closer
distance (their prediction in Fig. 2.3 shows a peak at around 35 kpc). Considering that our Sgr signal
is closer than the one used by BHB tracers, this might also be true for the H3 survey that Naidu et al.
(2020) used in their analysis of the halo and could explain why we see a very pronounced metal-rich peak
at distances closer than they measure Sgr to dominate; we simply have not observed Sgr fully, and lack
observations of it at larger distances. This could be because our tracers, giant stars, are not as luminous
as BHB stars and thus we cannot probe as far using them, or because our observational footprint is not
aimed in the directions where Sgr lies at higher distances. Both the H3 catalogue and the one used in
this work is based on stars with log(g) < 3.5 dex, which favours the latter explanation. Their catalogue
is on the other hand unbiased in metallicity, with this catalogue by design having a metallicity bias,
which could affect the signal we see: that our tentative Sgr stars peak at a lower distance indicates that
our completeness in Sgr member stars decrease as we go higher up from the Galactic disk. We see no
corresponding Sgr signal in Fig. 4.9, which could be due to a lack of completeness in the Galactic radius
direction compared to the H3 catalogue and our Z direction.

Because we can see the Sgr signal to the left in Fig. 4.19, we define a region in that space from
which we select our Sgr stars. We also only select stars with [Fe/H] > −1.0 dex; recreating the same
figure for stars below this metallicity completely washes out the Sgr signal, and we do not wish to select
background stars. The region from which we choose our stars are seen in Fig. 4.22. This results in a
selection of 1,038 stars, and the resulting MDF can be seen in Fig. 4.23 (both for stars with metallicities
where we actually see the Sgr signal and without any cuts in metallicity). The MDF where no cuts have
been made show the very metal-poor bump centered at –2.2 dex as also seen to the bottom right in Fig.
4.11, and thus shows the background halo signal, while the more metal-rich peak is likely to be an Sgr
signal. Because Sgr is found in our sample at distances beyond 18 kpc, its signal should affect the most
distant bin’s MDF (the bottom right plot in Fig. 4.11). Removing stars in the shaded green region in
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Fig. 4.22 and with metallicities above –1.0 dex, we get the MDF in Fig. 4.24. This shows that the very
sharp metallicity peak seen in that bin is not a product of Sgr stars, but that Sgr very much affects the
MDF of the halo at large distances. Of course, this Sgr selection is a crude one, as we are only selecting
the leading arm and we know that the stream wraps around the entire MW; but it is still an interesting
exercise to select these stars.

Figure 4.22: Stars with metallicities above –1.0 dex (as seen to the left in Fig. 4.19) and the region in
R.A.–d space from which the Sgr stars are chosen (this region is marked with green).

Figure 4.23: The MDF of Sgr when chosen from the green region in Fig. 4.22 for stars with metallicities
only above –1.0 dex (left), which is where we actually see the Sgr signal, and without any cut in metallicity
(right). At these distances, the second peak at ∼ −2.2 dex most likely reflects the underlying halo signal,
and is not due to Sgr stars.
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Figure 4.24: The same MDF as seen to the bottom right in Fig. 4.11, but after the Sgr stars selected as
seen in Fig. 4.22 have been removed from the distribution.

4.4.2 GES pile-ups

GES was a major merger that brought in a lot of stellar debris that is currently dominating the inner
halo. At the apocenters of these debris stars, they pile up, meaning that shell-like structures can be
seen in the halo. HAC and VOD are such shells associated with GES. Because GES is a phase-mixed
structure and has lost its spatial coherence, it is interesting to see if it can still be resolved in our
MDFs at its pile-ups. We select HAC by choosing all stars in the south with distances between 10
and 20 kpc (Belokurov et al. 2007) and we select VOD stars with distances between 8 and 25 kpc and
180◦ < α < 210◦ and −1◦ < δ < 20◦ (Youakim et al. 2020). Because this debris is phase-mixed, it may
contain contamination. For that reason we do not only look at the MDFs of these substructures but we
also construct relative MDFs for them, i.e. compare their MDFs against that of the entire catalogue, to
take care of background contamination. The results can be seen in Fig. 4.25. We are able to resolve
a difference between the underlying halo distribution and VOD using Pristine metallicities and giant
tracers; Youakim et al. (2020) also used Pristine metallicities but MSTO tracers and were unable to
differentiate between VOD and the halo using the same selection as used here. We also clearly see a
difference in distribution between HAC and VOD, but considering that they are both the pile-ups of
GES we do not expect very different distributions. The difference in MDFs between the two most likely
largely reflects a big difference in selection criteria.

4.4.3 A cloud in the south

The southern footprint (b < 0) shows interesting features. It is shown colour-coded by the 10-logarithm
of the density to the left in Fig. 4.26. If we separate the stars into metal-poor ([Fe/H] < −2 dex)
and the entire catalogue, we can investigate the distribution of metal-poor stars in this observational
field. This is shown to the right in the figure. In the left plot, there seems to be a density gradient
from south to north, with density increasing as we move towards the Galactic plane. Considering the
overall distribution of stars in the Galaxy, this is expected, but it is interesting to note the clumps in
density in the upper left portion of the observational field. A different view of this field emerges when
colour-coded by the excess of metal-poor stars. Because the disk is more metal-rich than the halo, we
expect metallicity to increase as we move upwards in the figure; it does, until we reach b ≈ −45◦ when
it decreases, and the expected gradient is resumed at b ≈ −25◦. There thus seems to be a metal-poor
cloud between b ≈ −45◦ and 25◦ and l ≈ 55◦ and 110◦ (it most likely extends further to the left in the
figure, but it is obscured by the lack of Pristine survey observations there). This metallicity gradient
is less clear if we change the metallicity bin, meaning that these stars are best observed in metallicities
below –2.0 dex.

There are some known ’fluffy’ substructures in the south. HAC can be found in the south, but is
centered at l ≈ 50◦ and b ≈ −15◦, with a distance of 10–20 kpc (Belokurov et al. 2007) and has a
metallicity of –1.42 ± 0.24 dex (Watkins et al. 2009). Selecting stars with those distances and recreating
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Figure 4.25: Top row: The MDF of HAC (colour-coded) and the entire catalogue to the right, and the
fraction of HAC and the entire catalogue to the left. Bottom row: The MDF of VOD (colour-coded)
and the entire catalogue to the right, and the fraction of VOD and the entire catalogue to the left. Note
that the fraction of HAC stars to the entire catalogue overall is larger than the VOD equivalent.

Figure 4.26: The observational field in the south colour-coded by the 10-logarithm of the density (left)
and by the fraction of stars with [Fe/H] < −2 dex to the entire catalogue (right).

the right plot in Fig. 4.26 destroys the metal-poor signal. If the cloud we are seeing actually is HAC, it
would also be seen in the upper left part of the observational field. It also is very unlikely to stand out
in metallicities below –2.0 dex. LMS-1 is a stream with [Fe/H] ≈ −2.2 dex and broad physical width,
suggesting a dwarf galaxy progenitor. Despite being born from a dwarf galaxy it can be found at very
low distances from the Galactic centre, with an apocentre of ∼20 kpc and a pericentre of ∼10 kpc. It
was discovered in the north, but shows an agglomeration of stars in the south at (l, b) = (−40◦,−60◦)
(Malhan et al. 2021) (this is the same stream as Naidu et al. (2020) found independently and refers to as
Wukong). The metallicity of LMS-1 matches this diffuse cloud, but the coordinates of the agglomeration
do not match. The Triangulum–Andromeda overdensity spans 100◦ < l < 150◦ and −15◦ > b > −35◦
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with a metallicity −1.34 ± 0.12 ≤ [Fe/H] ≤ −0.78 ± 0.10 dex (Silva et al. 2019). The coordinates in b
roughly match this cloud, but its l coordinates do not and it is too metal-rich.

Phlegethon is a thin stream with Galactocentric distances between 4.9 kpc and 19.8 kpc that likely
came from a globular cluster. It has extremely low surface brightness and is very extended, stretching
from l ≈ −30◦ to 60◦ at b ≈ −30◦ to −45◦ (Ibata et al. 2018). Its metallicity was found by Martin et al.
(2022a), using Pristine survey metallicities, to be –1.96 ± 0.05 dex after identifying 46 stars. The amount
of stars with –2.0 dex in the south of our catalogue is 9,019. Because these authors also used Pristine
survey metallicities, their footprint in the south overlaps with the southern footprint of this catalogue,
and we see in Fig. 2.4 that their Phlegethon stars lie where we also identify a surplus of very metal-poor
stars. The decrease in metallicity in our region is just at the lower metallicity end of Phlegethon, and
because it is a globular cluster stream, we do not expect it to contain a metallicity gradient. This shift
in metallicity could speak against this diffuse cloud being a continuation of Phlegethon. On the other
hand, Phlegethon’s low surface brightness could explain why these stars do not stand out in the density
plot above, as the catalogue in this work only uses stars with G0 < 17.6 while Ibata et al. (2018) used
G0 < 19.5. The diffuse substructure seen in the south of this catalogue could thus be the continuation
of Phlegethon as seen by both of these authors because of its location on the sky, but its fluffiness
speaks against it because Phlegethon is thin, and its metallicity speaks against it as it is just below
the Phlegethon metallicity. Comparing the position of this cloud on the sky with the Galstreams map
(Mateu 2022) does not yield any other potential matches with this overdensity, as this version of the
library does not include diffuse clouds.

59



5 Discussion

The catalogue produced in Byström (2021) and improved upon in this master thesis has the potential
to give us a unique insight into the metallicity structure of the halo, due to it containing a vast amount
of targets that have metallicity and distance information and that reaches far into the halo. We have
identified biases and contamination in the catalogue and corrected them, and shown that the catalogue
can be used to uncover the distant halo MDF and halo substructure. Because this is a master thesis,
there is a time constraint on the amount of results this report may deliver, and the results presented in
this report are far from complete. Nevertheless, the results this far are interesting additions to already
existing literature.

5.1 The catalogue

Apart from adding distance errors for all stars in the catalogue, the biggest change in designing the
catalogue was removing the cut of stars with GBP,0 − GRP,0 < 0.8 and instead introducing the colour-
metallicity cut GBP,0 − GRP,0 < 0.14 · [Fe/H] + 1.05 to remove subgiant branch stars. The original cut
was designed to pick up stars in apparent CMD space that was very pure and complete (this space is
seen Figs 3.7 and 3.8 in Byström 2021 showing the purity and completeness respectively), but it meant
keeping metal-rich subgiant branch stars that created the pile-up discussed in 3.1.2.1 and cutting away
metal-poor nearby stars, as can be seen by the bluemost vertical line in Fig. 3.2. The new cut removes
subgiant branch stars and targets the RGB, which was the original purpose; this increased purity from
78 % to 90 %, but decreased completeness from 96 % to 67 %. The reasoning behind this new cut was
to remove contaminants, so we do expect it to yield a higher purity, but the reduction in completeness
comes from there being stars on the subgiant branches with log(g) < 3.5 dex, which is our definition
of giants, that now gets removed which will negatively affect completeness when it is measured this
way. The increase in purity means we can better trust the distances as they are derived assuming the
stars are giants. This shows that we can choose to design the catalogue to maximise either purity or
completeness, and there is no right or wrong option; what works best depends on the science question
at hand. As we are probing the distant halo with this catalogue, reliable distances are important to
derive reliable MDFs with distance and thus a high purity is preferred over a high completeness as the
distance determination assumes the stars to be giants. However, if we for example wanted to investigate
a specific halo substructure such as a thin stream, completeness is more important as those analyses use
a much smaller sample (sometimes around a hundred stars), so any removals of stars could mean that
the analysis cannot be done.

The catalogue is biased in metallicity, which is due to us using metallicity information in the colour-
metallicity cut to remove stars from the sample. Despite of this, we were able to investigate the metallicity
distribution of the halo using this metallicity-biased catalogue; this would not have been possible without
the weights computed to take care of the bias introduced by the cuts. Usually, a kinematically selected
halo sample is used to investigate its metallicity distribution (or vice versa, with a metallicity-selected
sample used to investigate the kinematical distribution), as we do not want bias in the very space we
want to characterise. But computing the weights allows us to build a framework in which the space we
are biased in is also the one we can investigate. If the catalogue would have been biased in metallicity
from us truncating stars solely based on their [Fe/H], and not without the additional colour information,
we would not have been able to correct for it; the colour information is what we use to understand how
the cuts affect different portions of the isochrones and thus the stellar distribution, but if there was
no such information and we were instead truncating solely by metallicity (which corresponds to taking
whole isochones away, use e.g. Fig. 3.13 to visualise this) we would have no parameter to anchor the
correction by because we do not know how a cut in only metallicity corresponds to a change in any other
parameter. The colour-metallicity cut introduced here instead means that we can use an observable to
trace our steps back in metallicity space, as we couple them.

A different approach to building this catalogue is obviously to kinematically select stars and then
investigate the halo MDF. However, to most reliably kinematically select stars, three dimensions in spatial
and in velocity coordinates are needed, and samples of stars with this six-dimensional information are
much smaller than the sample obtained here because only nearby stars can have accurate kinematics
determined due to them appearing brighter. The Gaia mission provides five dimensions for a majority of
its stars; this is R.A. and Dec. (yielding position on the sky), parallax (yielding distance, that combined
with the sky coordinates gives spatial coordinates as in Fig. 4.6) and proper motions in R.A. and Dec.
(yielding movement across the sky, that combined with distance information gives tangential velocity).
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To make a kinematical selection, radial velocities are highly valuable, because when combined with the
tangential velocity they give spatial velocities. However, radial velocities are difficult to measure, as they
are measured using red- or blueshift of known absorption lines in spectra, which can only be obtained for
brighter stars. This means that distant stars are less likely to have radial velocity measurements, and if
so, they are automatically excluded from such a kinematically selected sample. The distant halo is thus
difficult to reach through that approach in large numbers. The approach used in this thesis, though it still
favours bright stars due to the G0 = 17.6 mag cut, instead relies on photometry in the form of the Pristine
photometric metallicities, and only uses Gaia parallaxes for the nearest stars for which the parallaxes are
reliable, but does not exclude stars that are far enough away for them to be unreliable. This allows us to
build a large sample for which we have distances, thanks to the efficiency of the Pristine survey providing
metallicities for a large number of stars across the sky. A huge benefit of using Pristine metallicities is
also that it allows us to incorporate very metal-poor stars into the catalogue. This approach is what
enabled us to build a large catalogue that contains metallicities and distances for all stars, at the cost
of not having radial velocity information for the entire catalogue. The expectation is even that with the
Gaia mission’s third data release, which contains metallicity information, the discriminatory power at
the metal-poor end is limited (Bailer-Jones et al. 2013) (see Sec. 7 for a more in-depth discussion on
how this catalogue and GDR3 will complement each other). This means that even though there will be
vast data sets with metallicity information available in the future that will make building catalogues like
this one easier, the approach used in this thesis is even more important at the metal-poor end.

It is possible to make a kinematical selection of stars in this catalogue using tangential velocities,
if we define the kinematical halo as having tangential velocities vtan > 200 km/s following Babusiaux
et al. (2018) as we have proper motions in R.A. and Dec. for all stars in the catalogue. This would
yield a kinematically selected halo that goes far out, because we have distance information for very
distant stars, as opposed to a catalogue design approach in which the stars are selected primarily based
on their kinematics (as opposed to here) which requires direct distance measurements e.g. through
parallaxes which, again, will limit the sample to close distances. With a kinematically selected catalogue
it is thus difficult to reach the distant halo, but constructing it from this catalogue that already has
distances (calculated indirectly) would yield a kinematical view into the distant halo. However, creating
such a kinematically selected halo sample from this catalogue means that we will bias ourselves both in
metallicity and kinematics. To investigate the halo and exclude thick disk stars, it is thus possible to
simply deselect stars with |Z| < 2 kpc as in Naidu et al. (2020).

Because we do not have direct distance measurements of the stars in this catalogue, but metallicity
information for all of them (assuming a halo age of 11 Gyr for all the stars), we have used isochrones to
determine the distances. Only a handful of stars are cut away from the catalogue due to them falling
outside of the isochrone range, so this method is appropriate to use to assign distances to a large sample
of stars. However, distance determinations using field stars is not completely straightforward, which has
been shown in Sec. 3.1.4 in which we recalculated distances for stars with metallicities below –2.5 dex
and bluer than GBP,0 −GRP,0 = 0.8 by manually shifting the positions of the corresponding isochrones.
Though we went through this trouble to correct the original build-up of these stars at similar distances,
Fig. 4.8 shows that the final isochrones still resulted in a pile-up of nearby metal-poor stars. Another
feature of the isochrone distance determination that has not yet been adressed is the clear imprint of
the isochrones that can be seen in Fig. 4.2 in the form of stripes along the CMD distribution; if this
CMD is compared to the position of the isochrones to the left in Fig. 3.20 or 3.23, we see that these
stripes correspond to the exact positions of the isochrones. When calculating the absolute magnitudes,
the contribution from the second closest isochrone in metallicity is taken into account. This weighing
is introduced to take care of the discreteness in metallicities introduced by using an isochrone grid of
only eight isochrones. The isochrone imprints would potentially disappear if a much finer grid was used,
where every star gets its MG calculated against an isochrone of the exact same metallicity. This could
potentially fan out the sharp feature seen in Fig. 4.13 where stars of about –0.75 dex metallicity pile up
at the same colours and thus distances, causing the sharp peak seen in the bottom right in Fig. 4.11.
However, it is hard to disentangle if this pile-up is due to the isochrone grid not being fine enough (despite
the weighing), which is suggested by the imprints being seen at other metallicities too, or because there
is a relative overabundance of stars with [Fe/H] ≈ −0.75 dex at very red colours in the catalogue, which
naturally will be assigned similar distances.

When deriving the distances in this catalogue, we assume that the stars are giants in the halo. If we
have dwarfs or thick disk stars in the catalogue, this assumption will affect their distances. According
to the bottom right in Fig. 4.5, stars closer than 5 kpc with excellent parallaxes show a clear trend with
increasing photometric distance of overestimated distances. At these distances, Fig. 10.3 shows that we
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have the largest fractional dwarf contamination in the catalogue. If we assume these dwarfs to be giants,
their absolute magnitudes will be too bright and their photometric distances will be overestimated.
Another population of stars with potentially wrong distances are thick disk stars having their distances
computed assuming a halo age of 11 Gyr (this effect has not been quantified). We clearly see in Fig.
4.11 that at close distances, thick disk stars dominate our sample, but assuming them to be older than
they are will underestimate their distances. This could mean that the derived MDFs should show a thick
disk peak out to larger distances than pictured here. However, the effect of age on the position of a star
in absolute CMD space is nearly negligible compared to the effects of its evolutionary phase, so we can
expect potential thick disk stars having too small distances as having a very small effect on the final
MDFs.

Another possible source of contamination in the catalogue are from carbon-enhanced metal-poor
(CEMP) stars. A CEMP star is defined to have [C/Fe] > 1.0 and [Fe/H] < −1.0. As metallicity
decreases, the overall fraction of stars with strong C features increase, and so there is a connection
between these stars and the Population III stars. In a sample of stars with [Fe/H] = −2.0, roughly 20 %
are CEMP stars, and for [Fe/H] = −4.0, around 80 % are CEMP stars (Arentsen et al. 2022). Because
this catalogue contains stars of very low metallicities, we can thus expect CEMP stars in our sample,
though we assume all stars in the sample to have standard chemical composition. If stars have strong C
features, they will get assigned too high metallicities, meaning that the isochrone fit will be wrong and
these stars’ distances will be underestimated. This means that the catalogue in reality should have a
higher fraction of metal-poor stars and more distant stars than seen with the current method.

5.2 Metallicity structure of the catalogue

The main purpose of creating this catalogue is to investigate the metallicity structure of the distant halo.
The MDFs in Fig. 4.11 show that the further out we go into the halo, the more metal-poor do the stellar
populations become (we take a more detailed look into the peaks seen in these MDFs in Sec. 5.2.1). The
smoothness in transitions from the metal-rich to the metal-poor stellar populations and their peaks as
seen in the MDFs can also be seen in Figs. 4.8, 4.9 and 4.10. They show a smooth transition from a
metal-rich component dominating the sample at small heliocentric distances, heights above the Galactic
plane and radial distance from the Galactic centre respectively, to metal-poor populations. The latter
two figures have |Z| > 2 kpc to exclude thick disk stars, and thus only examine the halo distribution, but
a similar smooth transition is seen even when we include thick disk stars. This is also seen in Fig. 4.18
where the metallicity decreases with Galactic latitudes (which corresponds to different heights above the
disk depending on the distance, as b is an angle). Though the transitions are smooth, some substructure
can be seen in these figures. Most notable is the peak in metal-rich stars at |Z| ≈ 25 − 30 kpc that
we can tentatively label as Sgr stars due to this peak occurring at roughly the same position as in Fig.
2.3 but at slightly closer distances, something also seen in Fig. 4.22 compared to 2.5; there, Sgr can
be seen at the same position but in this sample appears cut off at higher distances. In Fig. 4.23 we
see that Sgr stars have a noticeable effect on the MDF of the distant halo. This shows shows that the
halo MDF not only changes with distance, but also changes with sightlines, as different sightlines will
contain different substructure, each such structure with its own MDF, this affecting the total MDF in
that region. A similar effect of substructure on the MDF can be seen in Fig. 4.25, where we see that
both HAC and VOD have different metallicity distributions than the overall catalogue. This can also be
seen in Fig. 4.20, where we see that the transition from metal-rich stars to metal-poor stars occurs at
different distances depending on the chosen right ascension. This dependence on distance and sightline
on the MDFs shows that the MW halo is clumpy and far from smooth.

5.2.1 Several metallicity peaks

The MDFs in Fig. 4.11 show that the nearer portion of the catalogue is dominated by a metal-rich peak
at ∼ −0.7 dex and the further away we go, the more pronounced does a double-peaked signal become,
with a peak at ∼ −2.2 dex increasing in strength with distance. Going further out shifts the ∼ −0.7
dex peak in the nearest distance bin to ∼ −1.3 dex in the most distant bin (if we look at the MDF in
Fig. 4.16 and disregard the sharp peak in the most distant bin in Fig. 4.11 caused by cool stars with
Pristine metallicities around –0.85 dex piling up as seen in Fig. 4.13). De Jong et al. (2010) observed
metallicity peaks in their sample of all available stars with SEGUE photometry at –0.7 dex, –1.3 dex
and –2.2 dex. They find that the most metal-rich peak corresponds to the thick disk and the two more
metal-poor peaks to the halo. In the halo, a peak at –1.6 dex is found at distances less than 10 kpc,
which corresponds to the inner halo, and the –2.2 dex peak is recovered for distances larger than 15 kpc
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and corresponds to the outer halo. Their shift between inner and outer halo occurs at roughly 15–20 kpc.
They also measure the thick disk scale length to be 4.1 ± 0.4 kpc. The –1.6 dex and –2.2 dex peaks for
the inner and outer halo was also seen by Carollo et al. (2007). Babusiaux et al. (2018) saw two MSTOs
in their CMD of the kinematically selected halo (defining it as stars with vtot > 200 km/s) using Gaia
stars, corresponding to two different stellar populations in the halo with a metallicity difference of about
1 dex: one corresponding to –0.5 dex and one to –1.3 dex. They do not recover the –2.2 dex peak4, but
instead note that the peaks they find recalls the globular cluster metallicity peaks of –0.5 dex and –1.5
dex where the more metal-rich part is associated with the thick disk and bulge. The inner halo peak at
–1.6 dex was also seen by Youakim et al. (2020) using MSTO stars (inner halo is here defined as stars
with distances 6–20 kpc). They attribute this peak to GES, corresponding to the GES MDF in Helmi
et al. (2018), and claim that the metal-poor peak of –1.3 dex in Babusiaux et al. (2018) also corresponds
to GES.

The results seen in this thesis thus agrees with the literature. We can see the –0.7 dex, –1.3 dex and
–2.2 dex peaks in our MDFs. A clear thick disk signal with a peak at –0.7 dex is seen in the second
closest distance bin (3.70–5.21 kpc). In the closest distance bin (0.89–3.70 kpc), this peak lies at –0.64
dex and in the third and fourth closest bins (5.21–6.96 kpc and 6.96–9.30 kpc), the peak lies at –0.78
dex. In the fifth bin (9.30–13.59 kpc) it lies at –0.9 dex and in the sixth bin (13.59–96.16 kpc) it lies at
–1.3 dex (again, excluding the peak at –0.85 dex caused by the Pristine survey metallicities being faulty
for a portion of the cool stars). This shows that the transition from a thick disk stellar population to a
halo population is smooth, with a smooth transition from the –0.7 dex peak to the –1.3 dex peak, which
have been labelled as a thick disk signal and a halo signal respectively by De Jong et al. (2010). Even
at small distances, where the thick disk completely dominates, there is a smooth transition between
the metallicity distribution which can be seen in the shifting of the –0.64 dex peak to –0.7 dex. In
the fifth distance bin, there is a bump at –1.3 dex and –2.2 dex alongside the more metal-rich peak
at –0.9 dex, showing that even though the transition from the –0.64 dex peak to –1.3 dex is smooth,
several peaks in the distribution can be seen at the same time, suggesting that they describe different
stellar populations and that even though the transition is smooth, it makes sense to label the different
populations as belonging to either the thick disk or the halo. In the sixth distance bin, the –1.3 dex and
–2.2 dex peaks appear clearly, and the thick disk peak cannot be seen anymore. This distance bin, i.e.
beyond 13.59 kpc, thus describes the halo. This is at a much higher heliocentric distance than the scale
length of 4.1 kpc for the thick disk, which shows how extended different stellar populations in reality can
be.

In Fig. 4.12, the sixth distance bin has been split into six additional subbins. Here, the Pristine
metallicity peak at –0.85 dex appears, but can most clearly be seen beyond 21.36 dex. Beyond 26.65
kpc, the –2.2 dex peak dominates over the –1.3 dex one, and seems to even have been shifted to –2.5
dex and the –1.3 dex peak has been shifted to –1.7 dex. It appears that the thick disk peak is sharp
compared to the halo peaks, with the inner halo peak being broader and the outer halo peak being the
broadest, meaning that the metallicity dispersion increases with distance.

This suggests that the outer halo consists of stars formed in several different star bursts which were
less efficient, while the thick disk had fewer star bursts that were more efficient (where we can infer the
efficiency from the stellar density in each of the components; this we can read from the inner parts of
the catalogue having a high stellar density as seen to the right in Fig. 4.7). This supports the outer halo
being dominated by stars from accreted dwarf galaxies and is an effect of the mass-metallicity relation,
where more massive galaxies are able to form higher-metallicity stars than less massive ones meaning
that debris from dwarf galaxies should be more metal-poor. That the outer halo has been built up
by accreting dwarf galaxies has been shown over and over again by both simulations and observations.
However, the more metal-poor peak of –1.3 dex that corresponds to GES does not dominate our local
halo sample: literature claims that the inner halo should be dominated by GES, and we do pick up
this peak and attribute it to GES, but our closest distance bins show domination by thick disk stars.

4There are a few available explanations as to why they were unable to pick up the –2.2 dex signal. First of all, their aim
was only to examine the differences in CMDs between the thin and thick disks and the halo as seen through Gaia DR2 data,
in which the two tracks became apparent. They thus only present the halo CMD, and compare their derived metallicities
after PARSEC isochrone fitting to the tracks with literature but do not explain their findings. If their data actually did
contain traces of the –2.2 dex peak, that should be seen as a third track in the CMD; however, from the isochrones used
in this thesis, we know that metal-poor tracks lie very close together. Such a third track could thus be hidden behind the
–1.3 dex track. Because any stellar population should contain less metal-poor stars than metal-rich ones, this third track
would be less densely populated than the second one, disguising it even further. Moreover, picking up this signal means
reaching very far into the halo (a –2.2 dex bump can be seen in the overall MDF to the left in Fig. 4.7 but is best identified
in the most distant bin in Fig. 4.11, i.e. past 13 kpc), and Gaia parallaxes are unable to reach far enough to get a large
enough sample of metal-poor stars at these distances.
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This could be an effect of our tracers being RG stars, as the blue sequence in the CMD in Babusiaux
et al. (2018) (with a metallicity of –1.3 dex and the –0.5 dex sequence being the redder one) is the one
attributed to GES. The cuts applied to this catalogue favour redder stars, meaning that we might bias
ourselves against GES stars because our cuts favours metal-rich stars (as can be seen in Fig. 4.1 in
Byström 2021). This is reflected in the total MDF of the catalogue seen to the left in Fig. 4.7, where
metal-rich stars completely dominate the sample. This in turn will also mean that our catalogue will be
dominated by close stars. As the catalogue currently stands, we cannot use its MDFs to confirm or reject
the hypothesis that GES dominates the inner halo, but it does suggest that the outer halo dominated
by accreted material.

Bonifacio et al. (2021) investigate the metal-poor tail of the halo MDF (i.e. below –2 dex), and find
that the number of metal-poor stars at the end of the MDF is smaller than for Youakim et al. (2020),
and they argue that the discrepancy is due to the latter using a white dwarf contaminated sample and
that the Pristine survey metallicities they used might have lower sensitivity for their used MSTO stars.
It was later shown that white dwarfs contaminants did not cause the discrepancy. Also, both papers use
MSTO stars but probe different distances: the former investigates closer distances than the latter which
could reconcile the discrepancy by concluding that the further into the halo we go, the more metal-
poor do our stars become (E. Starkenburg, private communication, June 1, 2022). This reconciliation
is strengthened by this catalogue, where we clearly see that the more distant our halo sample becomes,
the more metal-poor do the MDFs become.

5.2.2 Identifying substructure

Using this catalogue, we are able to pick up signals from already known substructure such as Sgr which
can easily be seen in α − d space in Fig. 4.22. However, even though this signal has been attributed
to Sgr, what we are seeing is only the leading arm and so this selection method is quite crude as we
have not investigated if other parts of Sgr can be found in the catalogue. Using selections following
literature, we are also able to identify HAC and VOD in our sample, and see that their MDFs differ
from the overall catalogue distribution, indicating that we indeed have identified these overdensities. For
VOD, we used the same selection as Youakim et al. (2020); they were however unable to pick out a VOD
signal, as the VOD MDF is indistinguishable from their overall catalogue MDF. Again, they were using
MSTO stars, and this shows the strength in using different stellar tracers to identify substructure. This
catalogue is also much better at resolving stellar distances than the MSTO one. Finally, we were able
to identify a fluffy, metal-poor substructure in our southern footprint (b < 0), that may be an extension
of Phlegethon, though its fluffiness speaks against it belonging to the thin Phlegethon stream, meaning
that this might be a new substructure.

The HAC and VOD overdensities have been identified as the apocenter pile-ups of GES, and because
their progenitor is the same dwarf galaxy, we expect them to have identical MDFs. However, though
their MDFs to the left in Fig. 4.25 both contain roughly the same peaks as the main catalogue at –0.7
dex, –1.3 dex and –2.2 dex (due to these overdensities being far away) but of different strengths, their
relative MDFs to the left look quite different. They both show an increased fraction of stars at the
histogram edges, but we attribute this to low-number statistics in these metallicity bins. It seems like
VOD, that lies in the north, has one dominating Gaussian distribution peaking at –2.2 dex while HAC,
in the south, shows the –1.6 dex peak but a much larger relative fraction of metal-poor stars compared to
VOD (note that the scales in these relative histograms are different but only reflect the amount of stars
chosen due to the selection, and so we only care about the shape of these MDFs). This large fraction of
very metal-poor stars could be the fluffy cloud in the south contaminating the MDF.

If HAC is the apocenter pile-up of GES, it is expected to show a –1.3 dex peak as this peak has been
attributed to GES due to it dominating the inner halo, and so seeing it is no surprise; but it is curious
that VOD does not show this peak but instead is dominated by stars around –2.2 dex. This most likely
is a selection effect, as the two selection methods chosen were taken from different literature sources that
used different catalogues. It would thus be interesting to compare these MDFs if the overdensities were
selected based on criteria designed for the same catalogue and compare them. As an alternative, we can
try to improve the selection if we assume that HAC and VOD should have almost identical MDFs by
choosing regions in distance and sky coordinates that better make them agree with each other, and report
these coordinates. This is a dangerous game to play though, as it disregards the possibility that we see
a difference in the MDFs because HAC and VOD intrinsically have different metallicity distributions
even though they originated in the same dwarf galaxy. As the simulation by (Koppelman et al. 2020)
shows, GES was large enough to have had its outskirts ending up on wider orbits than its core around
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the MW centre after infall due to the outskirts being less gravitationally bound within the progenitor
than the core. The differences in MDF between HAC and VOD seen here could thus be interpreted as
having originated in different parts of GES, with the more metal-poor component (VOD in this case, if
we disregard the metal-poor population in HAC that could be due to contamination from the southern
cloud) being stripped from GES first due to it being further out, and then ending up on the other side
of the MW than HAC. However, this hypothesis is difficult to test due to these overdensities being fully
phase-mixed and backwards orbit integration is thus not possible like it is for streams. For example, it
is difficult to find out how many rotations the overdensities have had around the MW centre. The MDF
difference is more likely to be due to the selection picking up too many stars not belonging to these
overdensities, as that also explains the –2.2 dex dominance in VOD.

The cloud in the south was discovered by pure chance. In Fig. 4.8 there is a pile-up of stars at 10.5
kpc, but this pile-up lied at 12.5 kpc before the distances to these metal-poor stars were recalculated in
Sec. 3.1.4. Before the overlapping of the three most metal-poor isochrones were identified as the culprit
to this pile-up, this plot was produced but in one version for the northern hemisphere and one for the
southern hemisphere. The southern hemisphere showed a much stronger pile-up in metal-poor stars than
the northern, suggesting that the southern footprint contained a larger fraction of metal-poor stars than
the north. Keeping in mind that the southern footprint is much smaller than the northern, this might
mean that this southern to northern hemisphere comparison would not show such a large difference in
amount of metal-poor stars if a larger portion of the southern sky was surveyed, indicating that the
current southern observational field is actually pointed at an overdensity in stars. This sparked the idea
to create the righthand plot in Fig. 4.26, where the original fraction was not stars below –2.0 dex to the
rest of the catalogue, but –2.5 dex to the rest of the catalogue (as stars below these metallicities were
by far the largest contributors to the spike in Fig. 4.8). That is when the fluffy and faint overdensity
was identified. Again, it can be the extension of Phlegethon, but it might be a hitherto unidentified
substructure. That it is being uncovered using this catalogue could largely be because we have such a
large sample of very metal-poor stars: this cloud seems to be dominated by < −2.0 dex stars, and would
thus be invisible in samples with insufficient amount of very metal-poor stars. The way it was discovered
also suggests that this catalogue contains a vast amount of substructure that can only be found through
dedicated searches (and a bit of luck).

Such dedicated searches for substructure in the catalogue could be to slice Fig. 4.21 in distance
and metallicity. Overdensities on the sky at a certain distance or metallicity should then appear in
this density plot. A quick test of a metallicity slice of this figure of −2.5 < [Fe/H] −2.0 dex reveals
roughly 20 globular clusters as points on the sky, roughly below b = 50 and above b = −30 and with
0 < l < 100. This method would reveal more densely populated substructure such as globular clusters (as
already seen) and cold streams. To search for more diffuse substructure, comparing the MDF at certain
sightlines and distances to the overall catalogue (as done for HAC and VOD) is the most efficient, as we
expect these stars to be very spread out and they should thus not stand out in density plots of the sky.
Once substructure has been identified on the sky, it can be further characterised by not only investigate
its MDF but also plot it in P.M.α vs P.M.δ space. It would also be interesting to deselect all stars below
a certain height above the disk Z to remove thick disk stars from the catalogue, and e.g. reproduce the
MDFs in Fig. 4.11 to see what amount of stars with thick disk-metallicities (i.e. around –0.7 dex) are
also confined to the disk plane and which stars are on halo-like orbits and thus belongs to the so-called
splashed thick disk.

Until such a systematic search for substructure in the catalogue has been conducted, we cannot
fully know the limitations of the catalogue in picking up halo overdensities. For scientific reasons it is
of interest to identify these overdensities, to further understand and characterise the different stellar
populations in the halo and add measurements to already existing literature especially at the very metal-
poor and distant end, but it is also interesting to use these systematic searches to understand what halo
substructure we cannot pick up using this catalogue: for example, how successful is it in identifying
diffuse structure compared to cold structure? To what distances can we see overdensities? What is our
metallicity resolution? This is also determined by our completeness in spatial coordinates, as seen in
Fig. 4.6, and the comparison of Fig. 4.9 to 4.10 suggests that we might be less complete in Rgal than
|Z|. Because the catalogue consists of giant stars, this investigation of the catalogue’s limitations could
give an indication on what evolutionary phases the stars in the substructures we are able and less able
to pick up are dominated by, especially when compared to what tracers they have been found with in
literature.
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5.3 Comparison with a nearby halo dwarf catalogue

The stellar catalogue produced in this work has been designed to contain distant halo giant stars.
Viswanathan (in prep.) has constructed a catalogue of nearby halo dwarf stars. This sample is kinemat-
ically selected using reduced proper motions, following the description in Koppelman & Helmi (2021).
The stars are plotted with the reduced proper motion (RPM) HG (calculated using their Eq. 5) as a
function of the G0 − GRP,0 colour. This space appears like an absolute CMD but with the different
evolutionary phases shifted vertically due to HG also being dependent on tangential velocity, meaning
that the MS becomes two streaks in this space. To select halo dwarfs, the streak at higher HG values are
thus chosen as it represents dwarfs on halo orbits. This sample is then crossmatched with the Pristine
survey to gain photometric metallicities for all dwarfs in the sample.

This RPM catalogue reaches 13.6 kpc into the halo, while the catalogue produced in this work reaches
96 kpc into the halo. The RPM sample’s minimum distance is 0.61 kpc and this catalogue’s minimum
distance is 0.89 kpc. There is thus overlap between the samples, but the RPM sample use different stellar
tracers and is kinematically selected but they both use Pristine survey metallicities, so it is interesting to
examine how well they agree with each other at overlapping distances. A comparison of their metallicity
and distance distributions can be seen in Figs. 5.1 and 5.2 respectively (for the RPM sample, the solid
red lines shows the mean value for the reliable portion of the catalogue and the dashed line shows the
mean values for the entire catalogue). For the RPM sample we only care about the grey histograms, as
those are based on stars with reliable photometric distances due to their colour range. We see here that
both catalogues peak at –0.7 dex, but that the RPM sample contains a larger fraction of metal-poor stars
(note that both samples go as metal-poor). The RPM sample shows a slight bump at –1.3 dex, which
can also be seen in the overall MDF of this catalogue alongside a bump at –2.2 dex; this latter bump
cannot be seen at all in the RPM sample’s overall MDF. The explanation can be seen in the distance
distributions; this catalogue goes much more distant into the halo than the RPM sample.

Figure 5.1: The normalised metallicity distribution of the RPM sample (left) and this catalogue (right).

Figure 5.2: The normalised distance distribution of the RPM sample (left) and this catalogue (right).
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We can reproduce Fig. 4.11 using the RPM sample, and compare what metallicity peaks the two
catalogues pick up in the same distances. Because these distance bins were designed to contain the same
amount of stars for this catalogue, the bins will not contain the same amount of stars when used for the
RPM sample due to the two samples having different distance distributions. The results can be seen in
Fig. 5.3. These MDFs, like the ones based on this catalogue, show that the further out we go into the
halo, the more metal-poor does the stellar population become. The RPM sample is dominated by thick
disk stars in the two nearest distance bins, just like with this catalogue, and the further out we go, the
stronger does a –1.6 dex peak become. As with the RG catalogue, there is a smooth transition from
the –1.3 dex peak to a –1.6 dex peak. Peaks at –1.3 dex and –0.7 dex are roughly equally strong in the
third distance bin. In the fourth distance bin, the thick disk peak can still be seen but the –1.3 dex peak
is dominating. In the fifth bin, the –1.3 dex peak has been shifted to –1.6 dex (the sixth distance bin
does not contain enough stars with reliable photometric distances to draw any conclusions). The biggest
differences between the RPM sample and our catalogue is that the RPM sample is unable to pick up the
–2.2 dex peak and that it appears like the shift from a peak in –1.3 dex to –1.6 dex for the inner halo
appears at closer distances for the RPM sample. This is probably due to the RPM sample not reaching
as far out into the halo as the RG catalogue, and that the RPM sample is more concentrated to lower
distances.
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Figure 5.3: The normalised distance distribution of the RPM sample (left) and this catalogue (right).

Using the RPM sample, we are able to pick up the same cloud in the south as is done with this
catalogue. It is seen in Fig. 5.4, where the entire catalogue in the south is seen to the left, and stars
below –2.0 dex is seen to the right. The right plot reveals a structure to the left ot the footprint similar to
the one seen to the right in Fig. 4.26, but which is slightly less extended to higher values of l. However,
the fluffiness of both structures agree as well as their b coordinates. As with our catalogue, this cloud is
best seen in the RPM sample below [Fe/H] = −2.0 dex.
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Figure 5.4: The southern footprint of the RPM sample, showing stars of all metallicities (left) and of
stars with metallicities below –2.0 dex (right), colour-coded by the 10-logarithm of the density.
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6 Conclusions

In this master thesis we have investigated the metallicity structure of the halo, going as metal-poor as
–4.0 dex and as distant as 96.16 kpc, using a catalogue of red giants. This catalogue was constructed by
Byström (2021) and has been improved upon in this thesis by adding errors on the distances using MC
simulations, replacing a hard cut in colour with a colour cut that is dependent on metallicity, and by
recomputing distances to blue metal-poor stars as the original method caused them to pile up at close
distances. The catalogue has then been used to construct MDFs of the halo as a function of distance,
the metallicity distribution as a function of sky position, distance and sightline has been investigated,
and the metallicity structure of known substructure has been investigated.

The conclusions that can be drawn from the work in this thesis can be divided into two categories:
concerning the catalogue itself and concerning the scientific results of the catalogue. Conclusions on the
catalogue itself are the following:

• The catalogue is biased in metallicity due to the colour cut applied to it. We are still able to
investigate the metallicity structure of the halo using the catalogue because we unbias the catalogue
by applying weights to each metallicity bin when producing the MDFs.

• The distances are derived using isochrone fitting. Even though a weighing is done so that the ab-
solute magnitudes, from which the distances are derived, are computed using the two in metallicity
closest isochrones, ridges can be seen in the final CMDs of the catalogue that correspond to the
position of the isochrones. The CMDs are thus not as smooth as would be expected. For that
reason, the distances in the catalogue should be used with care.

• Despite the distances to stars with GBP,0 −GRP,0 < 0.8 and [Fe/H] < −2.5 dex being recomputed
with care, their final distances still cause them to pile up at 10.5 kpc. The pile-up is due to the most
metal-poor isochrones overlapping at these colours. The surface gravity distribution of these stars
are more peaked than the overall distribution of the catalogue and they overall have higher log(g)
values than the overall catalogue, suggesting that many of them may be subgiant contaminants.

• Compared to inverted Gaia parallaxes for stars with excellent astrometry, the distances in this
catalogue are overestimated.

• The overall MDF of the catalogue peaks at –0.7 dex, corresponding to a thick disk metallicity, and
shows a slight bump at –1.3 dex and one at –2.2 dex, corresponding to the inner and outer halo
respectively. The latter two peaks become more apparent as distance increases.

• At GBP,0 − GRP,0 > 1.2, there is a relative overabundance of stars with metallicities centered on
–0.75 dex. Becase they have similar colours and metallicities they get assigned similar distances
and cause a sharp pile-up in the most distant distance bin. The Pristine survey photometric
metallicities are unreliable in very red (and very blue) colours, and this pile-up is probably due to
stars with these colours being assigned similar metallicities as the original Pristine colour-colour
space, in which the metallicities come from, do not contain many reference metal-poor stars in that
colour range. In the Pristine survey metallicity range −1.0 < [Fe/H] < −0.7 dex, the LAMOST
spectroscopic survey metallicities show a much larger spread. The LAMOST surface gravities also
show that these stars are mainly giants.

• The catalogue appears to be more complete in the |Z| direction than in the Rgal direction, when
compared to the work by Naidu et al. (2020). It can also pick up a Sgr signal, but not to as high
distances as their work or when BHB stars are used. The former also uses giant stars as their
tracers but them seeing Sgr further out could be due to larger completeness, while we cannot see
Sgr as far out as when using BHB stars most likely due to them simply being more luminous.

• At the most metal-poor end of the catalogue, we are probably not handling CEMP stars properly,
as the method in which we derive this catalogue assumes all abundance ratios to be standard and
these stars’ large overabundances in C (and other light elements) will likely impact their colours.
Taking this into account could shift the metallicity distribution of the catalogue to even more
metal-poor values.

The catalogue can be used to investigate the metallicity structure of the halo, taking the points above
into account. The second set of conclusions, concerning the scientific results of the catalogue, are the
following:
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• As we move further out into the halo, the stellar population becomes more metal-poor. This holds
for an increase in heliocentric distance, Galactocentric radius and height above the Galactic disk.

• At close distances, a thick disk peak at –0.7 dex dominates the catalogue. As we move further out,
this peak smoothly shifts to –1.3 dex and then –1.6 dex, corresponding to the inner halo, and this
transition is completed past 13 kpc. This shows that the transition between Galactic components
is smooth. Past 6 kpc, a bump at –2.2 dex corresponding to the outer halo can be seen, and it is
strong past 13 kpc. There are thus no thick disk stars beyond 13 kpc and this regime describes
the halo. Past 26 kpc, the outer halo peak dominates over the inner halo peak, and the former
has been shifted to –2.4 dex and the latter to –1.6 dex. Distances beyond 26 kpc thus describes
the outer halo. The inner halo peak is due to the massive GES and the outer halo peak due to the
many, low-mass dwarf galaxies accreted there, which explains why the outer halo peak is broader
and more metal-poor than the inner halo peak.

• The transition from metal-rich stars to metal-poor stars occur at different distances, depending on
the right ascension and thus sightline.

• The catalogue picks up Sgr signals at the same positions as Naidu et al. (2020) and Starkenburg
et al. (2019) but to smaller distances. When these stars are deselected, the shape of the halo MDF
is appreciably affected, showing that streams and other substructures affect the overall halo MDF.

• The MDFs of the GES pile-ups HAC and VOD are different from the overall catalogue MDF,
meaning that we have good enough metallicity resolution in this catalogue to pick up phase-mixed
stellar debris. We expect their MDFs to be roughly the same due to them having the same origin,
but they are appreciably different from each other: HAC peaks at –1.3 dex, which is where GES
peaks meaning that this is an expected value, but it contains a large fraction of very metal-poor
stars. These very metal-poor stars might be contaminants from the diffuse cloud in the south, that
dominates the southern footprint; VOD on the other hand peaks at ∼ −2.4 dex, which is the same
value as the outer halo peak dominating beyond 26 kpc (though VOD stars are selected between
8 and 25 kpc). The differences between the HAC and VOD MDFs are probably largely selection
effects, as the selections are taken from different papers that use different catalogues.

• There is a diffuse, metal-poor cloud most prominent in metallicities below –2.0 dex in the catalogue’s
southern footprint. The footprint is too small to reveal the full extent of the cloud. It may be an
extension of Phlegethon as the coordinates and metallicities of the two structures align, though it
is difficult to reconcile the diffuseness of the southern cloud with the thinness of Phlegethon. There
are no other known substructures in literature that matches the coordinates of the cloud. It can be
seen in an unpublished catalogue of kinematically selected nearby dwarfs and this cloud could thus
be an until now undetected structure, that is seen for the first time now due to the large amount
of stars with [Fe/H] < −2.0 dex in the catalogue.

The catalogue used in this thesis, despite its caveats, has been shown to have the ability to uncover
the metallicity structure of the distant halo. We clearly see that the halo is metal-poor and far from
smooth; both are effects of its accretion history. The halo is thus an important Galactic component to
characterise if we want to understand the history of the MW.
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7 Future work

The work presented in this master thesis is a continuation of the work presented in Byström (2021),
in which we began constructing the stellar catalogue that has been improved in this thesis and used to
investigate the metallicity structure of the distant halo. Even though we have improved on the catalogue
here, there are still improvements to be made as well as extensions using other data sets, that will make
this catalogue and its results an even better addition to existing literature.

The distance errors calculated in this work only takes errors in the Gaia GBP,0 − GRP,0 colours
into account. However, to compute these errors, the stars are placed on isochrones, and this isochrone
placement also depends on the Pristine photometric metallicities. To improve the derived distance errors,
the metallicity uncertainties should be taken into account. We also implicitly assume that all stars in the
catalogue are 11 Gyr, because the MIST isochrones used describe 11 Gyr populations. However, folding
in age errors into the distance errors is not possible because we do not have ages for the stars in the
catalogue. An alternative approach could thus be to compare the MIST isochrones with other isochrones
and calculate the systematic errors from this age assumption and fold them into the distance errors. We
have also seen that for stars with [Fe/H] < −2.5 dex and GBP,0 − GRP,0 < 0.8, the isochrone locations
make them pile up at roughly 10.5 kpc, so we simply truncated them from the MDFs. We have in this
thesis produced a framework for unbiasing the catalogue from such cuts by introducing weights to the
MDFs. Such weights should be applied to these blue metal-poor stars as well to take the truncation into
account.

At the time of finalising this master thesis, the Gaia mission’s third data release has not yet been
released. All the Gaia data used in this work is based on its early third data release, that contained new
parallaxes and proper motions from the second data release. The third data release, scheduled for the
13th of June 2022, will complement the early release with astrophysical parameters (Teff, log(g), [M/H],
distance from PARSEC isochrones, etc.) from GBP/GRP spectra for 470 million objects with G < 19
and masses and ages for 128 million stars from the same spectra, astrophysical parameters from GRVS

spectra for 5.5 million objects (including e.g. [X/M] for 12 elements) and mean radial velocities for 33
million stars. This wealth of information could be used with the stellar catalogue producing in this thesis
to investigate the ’true’ purity and completeness for the catalogue by looking at the surface gravities
of the stars and directly compute it for those stars in the catalogue that will have this parameter (the
current purity and completeness values are calculated by applying the catalogue production pipeline
to the training sample and is then only an estimate for the actual catalogue). The isochrone-derived
distances could be compared to the ones calculated in this work, and we can try to investigate the
question: in what parameter spaces and ranges can we trust the distances in this catalogue and the Gaia
ones, and where is one more advantageous than the other? Both distance sets have been derived using
isochrones, but different isochrones and different assumptions on the stars. The age estimates can also be
used to improve the distance errors for those stars that have Gaia ages. But GDR3 will not only improve
this catalogue, but the opposite is also true: this catalogue adds metallicity and distance information
for GDR3 stars, especially at the fainter end where GBP/GRP-spectra loose accuracy and precision to
determine log(g) and metallicity. This catalogue also adds valuable information to the metal-poor regime,
where the DR3 data will not have as much discriminatory power.

GDR3 will provide even more radial velocities than earlier data releases. They can be used to make
kinematical cuts to the stellar catalogue produced in this thesis. The catalogue is biased in metallicity
(and colour and magnitude), but unbiased in kinematics. To obtain a catalogue of stars from a specific
Galactic component, cuts are necessary to make, and one has to decide in what space one wants to be
biased in. To probe halo stars, astronomers usually make cuts either in metallicity or in kinematics.
Biasing oneself in one space means that the other space is free to be investigated without any bias.
In this work, we bias ourselves in metallicity but still investigate the metallicity distribution of the
catalogue. The bias introduced by the cuts are taken care of by weighing the MDFs so that this
metallicity investigation can be performed. Despite the inherent bias in metallicity, we choose this route
due to the excellent metallicity information in our sample, to be sure of a clean selection of halo giants.
That we do not make any cuts in kinematics means that we are free of exploring kinematical space, but
it also means that there might be contamination of unwanted stars in the catalogue that we are unable to
reach through our metallicity cuts that could be removed through kinematical cuts. Such stars are e.g.
thick disk stars; we can even see in the MDFs in our nearest distance bins that we pick up a lot of stars
with thick disk-like metallicities. Thick disk contamination may occur despite the fact that the catalogue
has 15◦ < |b|, especially at closer distances; since b is a spherical coordinate, the closer to the Sun you go,
the smaller the height above the Galactic disk. Close to the Sun there may thus be a nontrivial amount

72



of thick disk stars. At distances further away, splashed thick disk stars may contaminate the sample
(of course, because these stars are on halo orbits, they will be difficult to reach through kinematical
selections). The question then is what kind of orbits these stars are on; thick disk-like or halo-like? This
can be determined using radial velocities. Adding radial velocities to the sample would also allow us to
compute integrals of motion for the catalogue stars, which requires six-dimensional phase information.
Doing so would e.g. allow us to directly reproduce Fig. 2.3 by labelling stars as belonging to different
halo substructure, instead of reproducing it indirectly by examining the metallicity structure at different
Galactocentric radii and heights above the Galactic plane. Considering that this catalogue probes far into
the halo, this could open up the possibility of examining substructure beyond the Solar neighbourhood
which is where most halo substructure investigations are performed due to difficulties in reaching further
than that.

The stellar catalogue can be expanded upon with more surveys than the Gaia mission. We have
here performed a crossmatch with LAMOST to understand the pile-up of red stars with [Fe/H] ≈ −0.75
dex, but there is much more information to be gained from this crossmatch than trying to understand
these metallicities. For example, LAMOST provides surface gravities, and we can investigate the log(g)
distribution of the sample using this crossmatch. It also provides radial velocities, while simultaneously
going to fainter magnitudes than Gaia, meaning that we can use LAMOST radial velocities in the mag-
nitude range G0 > 14 (which is where the Gaia radial velocities start being incomplete) to complement
the Gaia radial velocities and retrieve Lz and E even further out into the halo than possible with just
Gaia. Crossmatching the catalogue with surveys like APOGEE would allow us to investigate chemical
abundances of the catalogue, which would be extra useful once all the other additions to the catalogue
have been fleshed out. The SkyMapper Southern Sky Survey is a photometric survey in the southern
hemisphere that, like the Pristine survey, derives photometric metallicities by observing stars’ absorption
surrounding the Ca H & K lines. This survey, because it is focused on the south, might prove valuable
in testing the veracity of the southern cloud and possibly allow us to characterise it.
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8 A final note

The world is a strange place. It constantly changes shape and form, meaning that the future is difficult to
predict and bringing order to everyday life can be a challenge. However, the present is determined by the
past, and even though the future is uncertain, we can use shattered observations of today to understand
what happened before now, even when the present and the past may appear wildly different and there not
being a linear relationship between the two. This is especially true for galaxies. The ΛCDM cosmology
predicts a hierarchical structure formation of our Universe. This prediction is constantly being confirmed
by simulations and observations. A consequence of the hierarchical structure formation is that galaxies
constantly change shape as they evolve and they merge. This is of course also true for the Milky Way.
Disentangling the past events that formed the Milky Way to understand its present structure is the job
of Galactic archaeologists. In a sense, Galactic archaeology is therefore a journey not only through space,
but also through time: much like life itself. And sometimes life can be confusing, especially in times of
constant change, but in these times we can find solace in knowing that it is in the nature of the Galaxy
that we live in to also constantly change. And that change is a change we can quantify and understand
using stars as our guides.

I wish to extend my deepest gratitude to my supervisor, Else Starkenburg, for giving me the op-
portunity to work with her and this project. She has given me the perfect combination of free reins
and guidance to let me go where my curiosity point me. This project has been the perfect springboard
for my future endeavours and thanks to her, I feel confident in these aspirations. I also want to thank
my colleagues in her and Amina Helmi’s research groups and in the Pristine collaboration for creating
a safe space for exploration (and stupid questions). You have made me feel like I belong in research:
the insecure person I was when I began my bachelor’s studies in physics and the person I am now, who
feels embraced by the Galactic archaeology community, are vastly different people. With this enriching
research year a new chapter in my life begins: I will devote the coming four years to keep exploring the
Milky Way, now using DESI survey spectroscopic data with Gaia mission astrometric data as a PhD
student at the Institute for Astronomy in Edinburgh. The future is difficult to predict, but I know for
sure that it is, as Else puts it, bright.
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10 Appendix

10.1 Abbreviations

Table 6: A list of the abbreviations used in this project, ordered alphabetically.

BHB Blue horizontal branch
CEMP Carbon enhanced metal-poor
CMD Color-magnitude diagram
GC Globular cluster
GES Gaia-Enceladus-Sausage
HAC Hercules-Aquila Cloud
MC Monte Carlo
MDF Metallicity distribution function
MSTO Main sequence turn-off
RGB Red giant branch
SDSS Sloan Digital Sky Survey
Seq Sequoia
Sgr Sagittarius
SMC Small Magellanic Cloud
VOD Virgo Overdensity

10.2 Schlegel extinction map

To deredden the Gaia G, GBP and GRP magnitudes in the catalogue, the Schlegel extinction map is
used. It is shown in Fig. 10.1, presented on a logarithmic scale and colour-coded by E(B − V ), with a
higher E(B−V ) meaning a higher extinction, shown by the more yellow colours. It covers the entire MW
and is a standard extinction map, commonly used in the field of Galactic archaeology. The extinction
is presented as E(B − V ). Extinction occurs when stellar light interacts with dust, which scatters the
photons to redder (longer) wavelengths, obscuring the view of the stars. This extinction has the largest
effect close to the Galactic plane, where most of the MW’s dust is concentrated, and has a smaller
effect on the halo region. It nonetheless has an effect, and all stellar magnitudes in the catalogue are
dereddened.

Figure 10.1
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10.3 MG and distance error distributions

The distribution in errors of absolute magnitude and distance for each metallicity bin mimics the shape
of the error distributions in GBP −GRP . This is expected, as the only error sources that enter the MG

errors are these errors, and for d, only the errors in MG and GBP −GRP propagate. That we see similar
shapes in all three distributions is a sign that the error calculation has been done correctly. We see that
for the more metal-poor bins, the difference in shapes between the GBP −GRP and MG errors increase.
In Fig. 10.2 we compare these distributions. Note that the histograms share the y-axes. Here, we only
look at the lower errors in MG and d as the distribution in upper errors are too similar to warrant
repetition. The errors in GBP −GRP have been added in quadrature.
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Figure 10.2

iii



We see that as metallicity decreases, the error distribution in MG is less peaked at low uncertainties,
and the tail towards higher errors increase. This is probably because as metallicity decreases, the
steepness of the isochrones increase, meaning that a tiny shift in GBP,0 −GRP,0 may cause a big shift in
MG.

10.4 Dwarf contamination

In Byström (2021), we saw that dwarf stars are a bigger source of contamination for the more metal-rich
metallicity bins than the metal-poorer bins. Because the metal-richer bins contribute more to closer
distances, this also means a larger dwarf contamination at close distances. That can be seen in Fig.
10.3. For the training sample, five metallicity bins were used, where the most metal-rich bin had a
contamination of 52 %, the second most metal-rich 17 %, the middle bin 0.2 % and 0 % contamination
for the two most metal-poor bins.

Figure 10.3

10.5 Double-exposed stars

It was discovered that 32,000 stars in the catalogue were doubles, so that 16,000 stars had to be removed.
These double stars were created as different Pristine survey observational epochs were reduced separately,
meaning that some observational fields from different epochs overlapped. This created density streaks in
Fig. 4.21, one of which was a horizontal density streak between l ≈ 150◦ to 200◦ at b ≈ 35◦. A zoom-in of
the structure can be seen in Fig. 10.4. Comparing the position on the sky with the Galstreams map, the
position of the streak corresponded to the so-called Anticentre stream. The double-exposed stars thus
led us to believe that we saw substructure in the density map of the stars’ distribution across the sky.
The Anticentre stream has a distance of ∼10 kpc and a metallicity consistent with the chemical thin disk
of −0.8 < [Fe/H] < 0.3. The Anticentre stream is believed to have formed during Sgr’s first pericentre
passage through the MW’s virial radius in a resonant interaction, which is supported by simulations
and observations of its stellar populations and kinematic properties. After it was formed, it stopped
forming stars, as opposed to the rest of the disk that stayed in place (Laporte et al. 2019b). In Fig. 10.5
we see the same observational field again, but colour-coded by metallicity and distance (left and right,
respectively). In this figure, the stream does not stand out anymore. This is because the double-exposed
stars only change the density distribution, but not the metallicity nor distance distribution. However,
these plots were originally interpreted as not showing The Anticentre stream because the background
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signal has the same mean metallicity and distance as the The Anticentre stream itself. That we actually
saw The Anticentre stream was supported because of its curvature corresponding to what could be seen
in the Galstreams map. However, this curvature corresponds to a straight line in R.A.–Dec. space
(which is the coordinate system in which the observations are carried out) that aligns with the edges of
the observational fields, suggesting that what we see is a data reduction artefact.

Figure 10.4

Figure 10.5

In Fig. 10.4, there is a strong overdensity perpendicular to what we thought was The Anticentre
stream. Its position suggests that it is Sgr stars, as Sgr is supposed to cross The Anticentre stream, but
when we selected Sgr stars as in Fig. 4.22 it created a distribution in (l, b) that is completely incompatible
with this overdensity. It also appears too thin to be Sgr. Its straightness is also suspicious as well as
the fact that we can see in Fig. 10.5 that it does not stand out in metallicity nor distance either. This
was further evidence that these were not real substructure signals, and both overdensities disappeared
completely when the 16,000 duplicates in the catalogue were removed. The position of these double-
exposed stars can be seen in Fig. 10.6, colour-coded by the 10-logarithm of the density, both in equatorial
R.A. and Dec. (where we see the straight lines across the sky) and in Galactic l and b (centered on where
these structures where first found). This is a cautionary tale that shows that substructure should stand
out in more than one parameter space.
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Figure 10.6
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