
G A L A C T I C S T R U C T U R E W I T H G I A N T S TA R S

james richard grady

Corpus Christi College
University of Cambridge

March 2021

This dissertation is submitted for the degree of Doctor of Philosophy



James Richard Grady: Galactic Structure with Giant Stars, Corpus Christi
College
University of Cambridge, © March 2021



A B S T R A C T

The content of this thesis derives from three projects conducted dur-
ing my Ph.D, focusing on both the Milky Way and the Magellanic
Clouds. I deploy long period variables, especially Miras, as chronome-
ters to study the evolution of Galactic structure over stellar age. I
study red giants in the Magellanic Clouds, assign them photometric
metallicities and map large scale trends both in their chemistry and
proper motions.

In Chapter 1 I provide an overview of the historical observations
that underpin our current understanding of the Galactic components.
Specifically, I detail those pertaining to the Galactic bulge, the Galactic
disc and the Magellanic Clouds as it is these that constitute the main
focus of the work in this thesis.

In Chapter 2 I collate a sample of predominately oxygen-rich Mira
variables and show that gradients exists in their pulsation period pro-
files through the Galaxy. Under the interpretation that the period of
Miras correlates inversely with their stellar age, I find age gradients
consistent with the inside-out disc formation scenario.

I develop such analysis further in Chapter 3: seizing on the Miras
provided by Gaia DR2, I observe them to trace the Galactic bulge/bar
and disc. With the novel ability to slice both components chronolog-
ically at once, the old disc is seen to be stubby; radially constricted
and vertically extended. The younger disc is vertically thinner and
more extensive radially, providing further observational evidence for
inside-out formation of the Milky Way disc. The longer period and
hence younger bulge Miras show a clear bar-like morphology bear-
ing the classic X-shape. The old, short period bulge Miras appear
to constitute a separate population, decoupled from the inclined bar
with little evidence for having buckled.

Chapter 4 details a chemo-kinematic analysis of red giants residing
in the Magellanic Clouds. I utilise optical and infra-red photometry
to assign photometric metallicity estimates to the giants. The metal-
licity structure in the larger Cloud correlates with known stellar over-
densities induced from historic perturbations. I observe the smaller
Cloud to be disrupting, identifying stellar debris trailing the dwarf.
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1
I N T R O D U C T I O N

1.1 the milky way in context

Our Galaxy, the Milky Way (MW), is a spiral galaxy that may be typ-
ically characterised by three broad components: a central bulge, a
flattened disc and a diffuse halo. The stellar content of these compo-
nents differ in their age, chemistry, structural morphology as well as
in their kinematics. Under this basic framework, one can consider the
bulge and halo to host the older stars in our Galaxy, with the younger
stars mainly residing in the disc. Central to the Galaxy is the massive
black hole Sagittarius A∗, with an estimated mass of ∼ 4× 106M� as
determined by Gillessen et al. (2009) in their analysis of stellar orbits
close to the Galactic centre (GC).

The bulge is boxy, triaxial and bar like, with its major axis offset
from the Solar – Galactic Centre line (bar angle) by ∼ 20◦− 30◦; a non-
axisymmetric contributor to the Galactic potential. The orbits of stars
in the bulge are complex though the structure as a whole is observed
to rotate cylindrically. The metallicity distribution function (MDF) in
the bulge is complex, with a mixture of populations observed from
super-solar values and down to metal poor values of [Fe/H] < −1

(see e. g. Ness et al., 2013a). In a rudimentary sense, the disc can be
described as a collection of stars moving coherently on near circu-
lar orbits around the GC, never straying too far from the plane of
the Galaxy. Ages of stars in the disc are varied, encompassing those
that are newly born through to stars that are billions of years old.
The now classic work of Gilmore and Reid (1983) found the vertical
stellar density profile of the disc to be well modelled by a double ex-
ponential. A ’thin’ disc component with scale height ∼ 0.3 kpc and a
’thick’ disc component with scale height ∼ 1 kpc was identified. The
disc hosts the majority of the Galaxy’s stellar content, with Licquia
and Newman (2015) estimating a mass of ∼ 5× 1010M� compared to
∼ 0.9× 1010M� for the bulge. The stellar content of the halo is rela-
tively small at ∼ 109M� but its extent is large, reaching out to r > 100
kpc1 from the GC. The stellar density follows a power law with index
∼ −2.5 out to 20 kpc, falling off more rapidly beyond this, with much
of the outer halo is spherically distributed. Halo denizens are metal

1 Throughout this thesis, unless otherwise stated, I will denote Galactocentric spheri-
cal radius by r and Galactocentric cylindrical radius by R.
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2 introduction

poor and ancient, with ages surpassing 10 Gyr, and the motions of
these stars is largely disordered, following orbits of all orientations.
However, stratification on metallicity has led to an observational di-
chotomy: there appears to be an inner, metal-rich component that is
mildly prograde in its motion alongside an outer, more metal-poor
one that is retrograde (see e. g. Nissen and Schuster, 2010).

The Milky Way is a primary component of the Local Group, a galac-
tic system comprised of gravitationally bound spirals and dwarfs. The
other principal member is the Andromeda galaxy (M31), orbited by
the dwarfs M32 and M33. Similarly, the Milky Way hosts its own
collection of satellite galaxies, notably the Large and Small Magel-
lanic Clouds visible by eye in the southern sky; two interacting dwarf
galaxies located approximately 50 kpc and 60 kpc away respectively.
Our closest satellite, however, is the Sagittarius Dwarf galaxy (Sgr),
residing behind the bulge at a heliocentric distance of ∼ 25− 30 kpc.
Its motion is nearly perpendicular to the stellar disc northwards and
is striking in its disruption, with tidal tails spanning much of the
sky and populating the stellar halo; a clear indication that the stellar
halo is not a homogeneous component. Indeed it is observed to be
littered with remnants and stellar debris as the MW has cannibalised
dwarf satellites over its history. Invaluable tracers of the outer halo,
their kinematics are exploited in determining the total mass of the
MW estimated of order ∼ 1 × 1012M� (see e. g. Callingham et al.,
2019; Deason et al., 2021), the mass budget being dominated by dark
matter.

1.2 the galactic bulge

The bulge was first recognised as a distinct component of our Galaxy
by Baade (1946) in observing a high density of aged stellar popu-
lations towards the GC (see also Stebbins and Whitford, 1947). The
bulge has garnered much interest in order to ascertain the origin of
this structure, with two main theories existing. One posits the bulge
formed as a consequence of successive mergers at early stages in the
Galaxy’s history. The competing scenario sees the bulge form secu-
larly, born out of natural dynamical evolution of the stellar disc. These
differing formation scenarios yield distinct structures that, following
the convention of Kormendy and Kennicutt (2004), are called classical
bulges and pseudo-bulges respectively. Consequently, the structural
nature of the MW bulge has been much studied to ascertain its exact
nature. A number of observational distinctions between the two bulge
types have been found in external galaxies; the Sérsic index of stellar
light in pseudo-bulges is generally observed to be less than 2 (i.e.
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near exponential), whereas that of classical bulges is almost always
greater than 2 (see e. g. Fisher and Drory, 2008). The velocity disper-
sion profiles of classical bulges are centrally peaked, with pseudo-
bulge profiles flattening centrally, and are generally observed with
central velocity dispersions exceeding ∼ 100 kms−1 (see e. g. Fabri-
cius et al., 2012). In projections of the fundamental plane, classical
bulges are near indistinguishable from normal elliptical galaxies, with
pseudo-bulges showing greater scatter about the projected relations.
Ultimately, classical bulges closely resemble rotating elliptical galax-
ies, differing in the fact that they are surrounded by a stellar disc.
Pseudo-bulge morphology is more varied, ranging from ’boxy’ to ’X-
shaped’, and exist as the central portion of an elongated, flatter bar
residing in the disc (see e. g. Erwin and Debattista, 2013).

I will consider four main characteristics of the MW bulge in this
opening chapter, outlining the observations pertaining to each and
how they contribute to our current understanding of the bulge and
its formation:

• Morphology

• Stellar age

• Metallicity

• Kinematics

1.2.1 Bulge Morphology

Utilising data from the Cosmic Background Explorer (COBE) satel-
lite, Dwek et al. (1995) confirmed the global nature of the Milky Way
bulge to be ’boxy’ and tri-axial in its morphology, complementing the
barred structure observed by Weiland et al. (1994) in the same data
set. Subsequent analysis of Red Clump (RC) giants towards the GC by
McWilliam and Zoccali (2010) revealed a split in the stellar luminos-
ity function, interpreted as the signature of an X-shaped bulge/boxy-
peanut (BP) bulge. Drawing ∼ 8million bulge RC giants from the Vista
Variables in the Via Lactea (VVV) survey, Wegg and Gerhard (2013) fur-
ther established the MW inner bulge to be boxy, orientated with a bar
angle of 27◦ ± 2◦ and, at approximately 400 pc above Galactic plane,
to display a prominent X-shape in its density distribution. Whilst
such a morphology has been contested, with López-Corredoira et al.
(2019) claiming that the split RC is a result of two distinct stellar
populations, the spectacular WISE imaging of Ness and Lang (2016)
reveals the X-shape clearly. The proper motion data from VVV as an-
alyzed by Sanders et al. (2019) show differential motion between the
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peaks, which argues strongly against population effects causing the
X-shape; if population effects were to describe the split RC, each peak
should have similar kinematics. Such a morphology is a clear indica-
tor of a pseudo-bulge component central to the galaxy, formed out
of the buckling instability known to affect barred structures and sup-
ported by resonant banana orbits (Williams et al., 2016). Compiling a
RC sample from the The Two Micron All-Sky Survey (2MASS), VVV
and UK Infrared Deep Sky Survey, Wegg, Gerhard, and Portail (2015)
observed a smooth extension of stars from the inner bulge out into a
longer, thinner bar lying at an angle of ∼ 28◦. Thus the MW appears
to harbour a central boxy bulge that itself is the vertical extension
of a more extended, thinner bar, as observed in numerous external
galaxies (see e. g. Bureau and Freeman, 1999; Erwin and Debattista,
2013; Savchenko et al., 2017).

This picture is complicated, however, by claims of ancient bulge
stellar populations forming a distinct central component. Studying a
sample of VVV RR Lyrae (RRL), Dékány et al. (2013) observed them
to be distributed in a spheroidal, central fashion with no indication
they trace the bar like structure seen in the RC giants. More recently,
Prudil et al. (2019) combined data from the VVV and the Optical Grav-
itational Lensing Experiment (OGLE) IV to obtain a sample of ∼ 8, 000
bulge RRL, again finding no spatial correlation with the bar. Catch-
pole et al. (2016) studied a sample of bulge Mira variables, whose
pulsation period correlates inversely with stellar age, and found a
similar situation. Splitting their sample into older and younger sub-
populations, through stratifying on period, they observed the likely
younger Miras to be those that trace a tilted bar, with the more an-
cient Miras distributed centrally and smoothly. Interestingly, a recent
analysis of ∼ 16, 000 OGLE+Gaia bulge RRL by Du et al. (2020) saw the
metal poor RRL, [Fe/H] < −1 dex, to follow a smaller bar angle than
the metal rich RRL orientated at ∼ 20◦ − 30◦, a value consistent with
the RC structure. The possibility that these central metal-poor RRL
are in fact an inner extension of the halo is debated and it is still un-
clear whether the true nature of the MW bulge is indeed composite.

1.2.2 Stellar Ages in the Bulge

The majority of stars in the MW bulge are old, as gleaned from ded-
icated photometric studies towards this region. Zoccali et al. (2003)
utilised near infra-red observations to produce bulge colour magni-
tude diagrams (CMDs) from the Red Giant Branch (RGB) down to the
main sequence turn off, a useful age indicator. In doing so, they con-
cluded that the bulk of the bulge population studied, lying in a low
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extinction region at (`,b) ∼ (0.3◦, 6◦), was ∼ 10 Gyr old (see Valenti
et al., 2013, for a similar analysis). Clarkson et al. (2008) studied the
CMD of kinematically selected bulge stars observing a tight turnoff
and a negligible upper main sequence, from which they concluded
the majority of bulge stars bear ages of ∼ 11± 3 Gyr. A recent, data-
driven analysis of ∼ 1, 500APOGEE bulge stars by Sit and Ness (2020),
covering a region of |b| < 15◦ and −5◦ < ` < 15◦, found the mean
age of their bulge sample to be ∼ 8 Gyr, significantly older than the
disc stars in their sample whose mean age was ∼ 4 Gyr. Similarly,
Hasselquist et al. (2020) employed similar methods to a sample of
∼ 6, 000 metal rich bulge stars, finding the bulk of them to bear ages
in excess of 8 Gyr. Interestingly, they also observed a non-negligible of
younger stars, 2− 5 Gyr, lying close to the plane. Bensby et al. (2017)
obtained high resolution spectra of 90 bulge stars from which they
obtained estimates of stellar age. Indeed, for the metal-rich portion
of their sample ([Fe/H] > −0.5 dex) they observed a wide range of
stellar ages spanning ∼ 2− 10 Gyr. Further, a portion of their sample
bear super-solar metallicities and one third of these were determined
to have ages less than 8 Gyr. Indeed, a bulge that formed secularly
out of the disc might be expected to harbour a population of young
stars.

1.2.3 Bulge Metallicity Distribution

Early metallicity measurements of bulge stars were derived from stel-
lar spectra towards low extinction regions (see e.g. McWilliam and
Rich, 1994; Ramírez et al., 2000; Sadler, Rich, and Terndrup, 1996),
indicating the mean bulge population is metal rich, peaking around
[Fe/H] ∼ 0 dex. Early claims of a metallicity gradient within the bulge
were made by Minniti et al. (1995) from low resolution spectroscopic
observations of RGs, with stellar metallicity decreasing on increasing
distance away from the bulge along the minor axis. Such gradients
have been of observational interest as they could provide insight into
the MW bulge formation process. For example, the vertical heating
processes that transform a bar into a boxy pseudo-bulge may not be
expected to act preferentially on the more metal poor stars.

Subsequently, Zoccali et al. (2008) measured the MDF of RGB stars
at three fields along the bulge minor axis from high resolution spec-
troscopy. Giants presented metallicities in the range −1.5 < [Fe/H] <

0.5 with metal rich stars gradually disappearing on increasing lati-
tude. Such a gradient was also observed by Ness et al. (2013a) who
identified up to five Gaussian components in the MDF with the metal
rich components dominating at lower latitudes, b ∼ −5◦ and the sig-
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nificance of metal poorer components increasing farther away from
the plane down to b ∼ −15◦. Substructure within the bulge MDF
has also been identified by Rojas-Arriagada et al. (2014) from the
Gaia-ESO survey observations wherein they identified two broad com-
ponents: a narrow metal rich, super-solar component and a broader
metal poor, sub-solar one. The relative weights of the two compo-
nents evolves on moving away from the bulge, in turn producing
a mean metallicity gradient and indicative of a composite bulge na-
ture. Indeed, through observing the magnitude distribution of both
components, they observe only the metal rich stars to present a bi-
modal profile, characteristic of an X-shaped bulge/bar (see Ness et
al., 2012, also). Such a dichotomy is interesting given the morpho-
logical evidence of a secularly evolved MW bulge. The metal rich,
X-shaped bulge stars are thought to be those originating in the MW
disc, trapped by the bar potential and subsequently buckling to form
the boxy/X-shape.

1.2.4 Bulge Kinematics

In considering the morphology, age and metallicity distribution of
bulge stars, the picture appears somewhat complex; old, metal poor
stars co-exist with old metal rich stars differing in their spatial dis-
tribution, compounded by the claims of non-negligible fractions of
young stars residing in the bulge. Modern spectroscopic surveys have
provided significant advances in our understanding of the dynamical
characteristics of the bulge. It is understood that the MW bulge lies
between a purely rotating system and one solely supported by veloc-
ity dispersion. The Bulge Radial Velocity Assay (BRAVA) (Howard et
al., 2008; Kunder et al., 2012) obtained radial velocity measurements
of giants along the bulge major and minor axes, finding evidence
for cylindrical rotation, i.e. independent of vertical distance, a charac-
teristic observed in external barred galaxies with pseudo-bulges (see
e. g. Bureau and Freeman, 1999; Kormendy and Illingworth, 1982; Mo-
laeinezhad et al., 2016). Shen et al. (2010) compared the BRAVA data
to N-body bar simulations tuned to represent the MW. From the kine-
matic data, they rule out the existence of a classical bulge component
residing alongside a pseudo-bulge that forms secularly out of the the
bar buckling instability.

The chemo-dynamical information provided by the Abundances
and Radial velocity Galactic Origins Survey (ARGOS) allowed Ness
et al. (2013b) to chemically dissect the bulge and study the kine-
matics of four metallicity bins: [Fe/H] > 0, −0.5 < [Fe/H] < 0,
−1 < [Fe/H] < −0.5 and [Fe/H] < −1 labelled A, B, C and D re-
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spectively. They observed stars in bins A−C to rotate cylindrically
with the metal poorest stars, in bin D, rotating much more slowly
at higher velocity dispersion. Studying the magnitude distribution of
their stars, they observe stars in bins A and B to display the double
peaked profile synonymous with a BP bulge. Further, these stars show
similar, centrally peaked, dispersion profiles as a function of longi-
tude with bin A being somewhat cooler. Stars in bin C are markedly
different with flatter dispersion profiles independent of latitude. Ness
et al. (2013b) posit that populations A and B share a common disc ori-
gin having buckled into the BP bulge. The metal poorer stars in bin
C are suggested to represent the inner extension of the thick disc and
those in bin D constituting the inner halo/an accreted population.

Du et al. (2020) studied the kinematics of bulge RRL drawn from
the OGLE survey equipped with Gaia Data Release 2 (DR2) proper
motion measurements, the latter allowing them to study the rota-
tion curve for ∼ 16, 000 bulge stars. Indeed the motions of the RRL
at differing latitudes were observed to be consistent with a cylindri-
cally rotating bulge. Splitting their sample into metal poor, [Fe/H] <

−1, and metal rich, [Fe/H] > −1, they observed the former sub-
sample to rotate slowly with an angular velocity of ∼ 32 km s−1 kpc−1.
In comparison the metal rich sub-sample was found to rotate at ∼

40 km s−1 kpc−1, intermediate between the metal poor RRL and the
RC giants analysed by Sanders et al. (2019).

Some insight into the apparent chemo-dynamical complexity of the
bulge has been gleaned from modern simulations. Debattista et al.
(2017) found that bars can efficiently separate disc populations in ac-
cordance with their initial velocity dispersions. Initially hotter stars
form a vertically thicker, boxy bulge. Cooler stars are more strongly
captured by the bar potential, subsequently buckling to form an X-
shape. A continuous evolution in bulge properties with stellar age is
observed ranging between the two extremes. Fragkoudi et al. (2018)
explored a sample of barred galaxies in the Auriga cosmological suite
of simulations to investigate the formation of BP bulges in MW like
analogues. Indeed younger, metal-richer stars were observed to more
strongly exhibit the buckled X-shape, with more ancient stars boxy,
kinematically hotter and slower in rotation. They observe the ana-
logues to best match the MW bulge properties are those in which the
bulge predominately formed in-situ, experiencing a relatively quies-
cent recent history.
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1.3 the galactic disc

The Milky Way disc teems with complex structure and kinematic fea-
tures that portray the turbulent history of formation, interaction and
evolution. The detailed mechanisms of disc formation remain to be
worked out, but the general picture is clear. Early infall of halo gas
provides material that cools and settles into a disc in the inner regions
of the galaxy. Gas accreted at later times falls onto the outer regions
providing an ’inside-out’ picture for the formation of the stellar disc
(see e.g. Kepner, 1999; Larson, 1976; Mo, van den Bosch, and White,
2010). The Sun is located ∼ 8 kpc from the GC with the circular ve-
locity at this position measured to be ∼ 220 km s−1. The disc is cold,
with velocity dispersion measurements of order ∼ 20− 30 km s−1 ob-
served locally, far outweighed by the bulk circular motion. Further-
more, a clear age dependence in stellar velocity dispersion has been
observed (see e.g. Aumer and Binney, 2009; Holmberg, Nordström,
and Andersen, 2009; Sanders and Das, 2018) with older stars being
kinematically hotter; as disc stars age their orbits are ’heated’, po-
tentially through interactions with non-axisymmetric perturbations,
giant molecular clouds or satellite galaxy infall (see e. g. Aumer, Bin-
ney, and Schönrich, 2016; Velazquez and White, 1999). Such interac-
tions in effect increase the random motion of a star as it maintains its
orbit at fixed angular momentum: blurring. Another secular process
known to reorganise the disc is radial migration wherein the angular
momentum of an orbit is now changed: churning. Orbital resonances
induced by non-axisymmetric structure (e.g. spiral arms) are thought
to seed such phenomena (Sellwood and Binney, 2002) and is observed
as a strong effect in dynamical simulations (see e. g. Minchev et al.,
2011; Roškar et al., 2008). It was determined by Frankel et al. (2020) to
be dominant over blurring in the secular evolution of the MW. Stars
harbour the chemical composition of the gas from which they were
born, and those that radially migrate remain dynamically cold and
act to flatten age/metallicity gradients through the disc.

The full extent of the MW’s disc is not fully constrained, though
star forming molecular clouds have been observed out to R ∼ 20 kpc
(see e.g. Kobayashi et al., 2008) with claims of young stellar associa-
tions lying beyond R∼ 15 kpc (Carraro et al., 2010) and Cepheid vari-
ables observed to flare far from the plane at R ∼ 15− 20 kpc (Feast
et al., 2014).
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1.3.1 Disc Dichotomy

Gilmore and Reid (1983) first recognised the nature of the disc to be
dual, introducing the notion of distinct thin and thick components
both constituting the Galaxy’s stellar disc. More recent studies of the
disc density profile have also found a distinction between the thin
and thick discs in terms of both scale lengths and scale heights (see
e.g. Jurić et al., 2008; Ojha, 2001; Yoachim and Dalcanton, 2006) with
the distinction being purely geometric; the thick disc is both verti-
cally and radially more extended than the thin disc. Further, such
thick disc components are a common feature in other disc galaxies
(see e.g. Comerón et al., 2012; Pohlen et al., 2007; Yoachim and Dal-
canton, 2006). The Galaxy’s thick disc component has generally been
observed as older (Kilic et al., 2017; Liu and Chaboyer, 2000) and kine-
matically hotter (Soubiran, Bienaymé, and Siebert, 2003; Yoachim and
Dalcanton, 2006) than the thin disc.

Modern spectroscopic studies (see e.g. Adibekyan et al., 2011, 2012;
Bensby, Feltzing, and Lundström, 2003; Hayden et al., 2015; Mishen-
ina et al., 2004; Reddy, Lambert, and Allende Prieto, 2006) have re-
vealed a chemical dichotomy within the disc. There exists a popula-
tion of stars enhanced in [α/Fe] and deficient in [Fe/H] comprising The α elements are

typically O, Mg, Si,
S, Ca, Ti and are
primarily produced
in high mass stars
(M > 8 M�).

an older component. Conversely, there is a younger population en-
hanced in [Fe/H] and deficient in [α/Fe]. This is illustrated in Fig. 1.1
which shows APOGEE giants in the [α/Fe] vs [Fe/H] plane; at fixed
metallicity the [α/Fe] distribution is bi-modal. At [Fe/H] ∼ −0.2 the
high [α/Fe] sequence kinks, often labelled the ’knee’, indicative of the
delayed onset of Type Ia supernovae that subsequently become the
dominant source of iron enrichment.

The work of Bovy et al. (2012) investigated the spatial structure
of the disc through a sample of G-dwarfs from the Sloan Extension
for Galactic Understanding and Exploration (SEGUE) survey. Having
both [α/Fe] and [Fe/H] information, they divided their sample into
mono-abundance sub populations. The density profile of each sub-
population was well modelled by a single exponential in both the ra-
dial and vertical directions. In this analysis, the scale length (height)
decreases (increases) for older sub-populations, in stark contrast to
the geometric thick and thin disc. Thus, it has now become common
to refer to the α-rich and α-poor discs, in favour of the traditional
thick and thin discs. Furthermore, given that [α/Fe] is a reasonable
proxy for stellar age (see e. g. Fuhrmann, 1998; Schönrich and Binney,
2009b; Silva Aguirre et al., 2018; Wyse and Gilmore, 1988), the find-
ings of Bovy et al. (2012) that the [α/Fe] enhanced (chemically old)
stars are those most centrally concentrated and increasingly younger
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Figure 1.1: Density of giants in chemical abundance space from APOGEE.
Two distinct sequences are clearly visible with clear bi-modality
in [α/Fe].

stars are increasingly more radially extended is direct observational
evidence of inside-out formation of the disc.

Hayden et al. (2015) collated a sample of ∼ 70, 000 giants from
APOGEE DR12, mapping the distribution of stars in the [α/Fe] vs
[Fe/H] plane over an unprecedented volume of 3 kpc < R < 15 kpc
and |Z| < 2 kpc. Towards the inner galaxy at R < 5 kpc, the low
[α/Fe] sequence is absent. A single track is observed starting at high
(low) [α/Fe] ([Fe/H]), breaking at the ’knee’ and terminating at solar
[α/Fe] and super solar metallicity. The metal rich end of this sequence
dominates nearer the plane and is negligible at |Z| > 1 kpc. Proceed-
ing outwards radially, the form of the low [α/Fe] sequence becomes
more apparent with the disc duality particularly clear locally. Near to
the Sun, the relative fraction of low and high [α/Fe] stars varies on
distance from the plane, with the latter becoming more dominant on
increasing height. Furthermore, the locus of the low [α/Fe] sequence
shifts to lower [Fe/H] on increasing radial distance through the disc,
driving a Galactic metallicity gradient. Towards the outer disc, be-
yond R ∼ 11 kpc the high [α/Fe] sequence is virtually absent with
low [α/Fe] stars dominating at all heights above and below the plane.
The MDF of the outer disc is skewed positively, likely an effect of ra-
dial migration having driven metal rich inner disc stars outwards to
larger radii. Interestingly, the high [α/Fe] sequence is remarkably sim-
ilar at all radii for which it is observed, perhaps indicating that it is a
well mixed system. Bovy et al. (2016) updated their previous work on
disc structure utilising RC stars from APOGEE spanning the radial
range of 4 kpc < R < 15 kpc. Their results are consistent with those of
Hayden et al. (2015); the [α/Fe]-rich stars are centrally concentrated
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with a radial scale length of ∼ 2 kpc. For the low [α/Fe] subset they
observed more complex behaviour. Their radial density profiles peak
at characteristic radii that increase on decreasing metallicity, consis-
tent with the radial metallicity gradient in the disc. Furthermore, they
observe the vertical scale height of the low [α/Fe] mono abundance
populations to have a radial dependence; they flare in a manner in-
terpreted to be indicative of radial migration and consistent with the
observations of Hayden et al. (2015).

In essence, the inner and outer regions of the disc display very
different chemical abundance patterns. Chemically old stars are verti-
cally extended and confined to the inner regions of the Galaxy. Chem-
ically young stars are largely confined to the plane but extend to
a greater radial extent. In the outer disc they dominate the relative
number density of the two sequences at all heights from the plane,
flaring in this region.

1.3.2 Formation of the Discs

Whilst the [α/Fe] dichotomy of the disc has long been known and
well mapped, its origin is still not fully understood with numerous
chemo-dynamical models existing in the literature. A ’two-infall’ sce-
nario has been proposed wherein the thick disc forms out of early,
rapid gas accretion with the thin disc forming at later times more
steadily out of an extended period of gas in-fall (see e. g. Chiappini,
Matteucci, and Gratton, 1997; Grisoni et al., 2017). Spitoni et al. (2019)
utilised a a sample of ∼ 1, 000 local RGs with both APOGEE chemical
abundances and age estimates derived from asteroseismology (Silva
Aguirre et al., 2018). They found good agreement in the abundance
trends if the second accretion of primordial gas occurred ∼ 9 Gyr ago,
delayed relative to the initial infall by ∼ 4 Gyr. Snaith et al. (2015) and
Haywood et al. (2013) posit an alternative scenario in which the in-
ner disc (R < 10 kpc) is a closed system – gas accretion occurs before
any significant star formation. The outer disc is subject to accretion of
primordial gas ∼ 10 Gyr ago acting to dilute the in-situ gas. In order
to reproduce the observed abundance trends, they find a cessation in
star formation is required to produce the [α/Fe] dichotomy. State of
the art simulations have been employed to gain insight into the for-
mation mechanism of the double sequence and, in turn, the assembly
history of the MW. Studying the highest resolution Auriga simula-
tions, Grand et al. (2018) broadly observed the spatial evolution of
the α sequences to agree with the APOGEE observations of Hayden
et al. (2015): the low [α/Fe] sequence is more radially compact than
the high [α/Fe] sequence. A dual pathway to the dichotomy was ob-
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served regarding its formation in the inner and outer disc. Early gas
rich mergers ignite an brief period of intense star formation and form
the [α/Fe]-rich sequence. A quiescent period follows until Type Ia SN
become prevalent, rapidly transitioning the gas to a low [α/Fe], high
[Fe/H] stage. Towards the outer disc (R > 7 kpc), a double [α/Fe] se-
quence was only observed in one of the simulations; that which saw
two episodes of gas infall linked by a period of near zero star forma-
tion – a phenomenon they attribute to shrinking of the gaseous disc.
Subsequent minor mergers of gas-rich satellites replenish the outer
disc as well as diluting the ISM, seeding the formation of [α/Fe]-poor
stars at low metallicities.

Such simulations are invaluable in light of the recent discovery
that the MW did indeed suffer an early (∼ 8− 10 Gyr ago) massive
merger event (Belokurov et al., 2018; Deason et al., 2018; Myeong et
al., 2018a,b,c). Building much of the stellar halo, it potentially formed
the thick disc whilst simultaneously replenishing gas reserves from
which the thin disc grew. Recently, Grand et al. (2020) analysed a
set of Auriga simulations bearing a highly radially anisotropic halo
component akin to the that in the MW − the ’Gaia Sausage’. Prior to
the merger, the MW analogue exhibits a proto-disc which is subse-
quently dynamically heated by the collision though maintaining its
prograde, disc-like configuration. Owing to the rapid supply of gas a
centrally concentrated starburst stellar population forms during the
merger. Stars from both channels populate the [α/Fe]-rich sequence
with subsequent rapid enrichment from the starburst. Post merger,
the galaxy accretes metal poor gas from the circumgalactic medium,
diluting the enriched gas and gradually grows the thin disc inside-out
and upside-down.

As noted in Section 1.3, radial migration is an import considera-
tion with regards to the evolution of the MW disc. Schönrich and
Binney (2009a) proposed such a model that was broadly able to re-
produce the local abundance trends. More recently, Sharma, Hayden,
and Bland-Hawthorn (2020) developed an empirical chemical evolu-
tion model arguing that radial migration, specifically churning, is es-
sential in forming the observed dichotomy. Whilst their model was
tuned manually, they were able to reproduce the APOGEE observa-
tions of Hayden et al. (2015) without invoking separate evolutionary
paths for the two sequences. Given that the MW did experience a
historic massive merger, the details of the interplay between such an
event and secular migratory processes are yet to be fully understood
in the context of MW disc formation.
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1.3.3 Disc Substructure

Analysing the spatial density distribution of main sequence Sloan
Digital Sky Survey (SDSS) stars, Jurić et al. (2008) modelled the disc
as a double exponential in standard fashion. Studying their model
residuals revealed several substructures, notably the Virgo Overden-
sity and the Monoceros Ring; a ring-like stellar substructure located
towards the Galactic anti-centre above the plane. Whilst N-body sim-
ulations have shown it is plausible such a structure was born out of
the accretion of a satellite galaxy (see e. g. Guglielmo et al., 2018), it
has also been suggested that it owes its origins to disc perturbations
alone. Sheffield et al. (2018) estimated the fraction of RRL to M giants
associated with the structure, informed by stellar kinematics, find-
ing the value to be extremely low at ∼ 0.02 and typical of the MW
disc. This claim is bolstered by the chemical abundances obtained
by Bergemann et al. (2018) for 14 stars towards this region, finding
them to closely match the abundance patterns of disc stars. A sim-
ilar analysis was conducted by Price-Whelan et al. (2015) regarding
stars towards the Triangulum–Andromeda stellar overdensities, two
halo structures located at large R (∼ 30 kpc) and ∼ 10 kpc below the
plane. Again finding negligible RRL association, despite all known
MW dwarfs containing at least some, they conjectured that such sub-
structures constitute a population of kicked disc stars. On simulating
a Sagittarius Dwarf like galaxy plunging through a MW like disc,
corrugated ring like overdensities above and below the plane were in-
duced; a tantalising indication that historic perturbations to the disc
of the Galaxy may indeed eject stars from the plane and into the
halo. As mentioned in Section 1.3, Feast et al. (2014) discovered five
Cepheid Variables, usually disc residents, lying beyond 1 kpc verti-
cally from the plane, indicative of flaring/warping in the outer disc.

The current era of Gaia has gone further in revealing the richness
of MW disc substructure than ever before. Perhaps the most vivid
demonstration has been provided by Antoja et al. (2018) who uncov-
ered the Z− VZ phase space spiral of stars local to the Sun. Here we
are afforded a glimpse into the phase mixing process currently ongo-
ing in a disc that is out of equilibrium. This finding builds on that
of Bennett and Bovy (2019) who identified oscillatory behaviour in
stellar counts on increasing distance away from the plane: waves in
the disc.

Equipped with a suite of N-body simulations mimicking the impact
of a Sgr like dwarf on the MW, Laporte, Johnston, and Tzanidakis
(2019) set out to first asses whether such a scenario could reproduce
the structures observed towards the Galactic anti-centre. Indeed his-
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toric pericentric passages of the dwarf are observed to induce Galac-
tic ’feathers’; stream like perturbations arching above and below the
plane persisting for Gyrs. Analysing the same simulations in the in-
ner disc, (Laporte et al., 2019) saw the Sgr like impact to produce
a local phase spiral remarkably similar to that observed in the Gaia
data. The simulated disc is perturbed globally after the most recent
pericentric passage of the dwarf and they observe the phase spiral
to exist from R ∼ 6 kpc out to R ∼ 14 kpc. Squashed in Z towards
the inner disc, where the restoring force is greater, and less tightly
wound in the outer disc where longer orbital timescales delay the
progression of phase mixing. Encouragingly, Laporte et al. (2019) saw
such behaviour in the Gaia DR2 phase spiral, with 6D phase space
information afforded to them out to R ∼ 12 kpc. Dissecting the spiral
by age in the Solar neighbourhood, they observed the structure to
be present over a range of ages (∼ 0.5− 9 Gyr), corroborating earlier
such claims by Tian et al. (2018) and indicative that it was seeded by
a recent perturbation.

It thus appears that much of the substructure harboured by the
MW disc can be understood through its historic interaction with the
Sgr dwarf; stars can be kicked vertically, ’feathers’ are drawn from the
outer regions far from the plane and the disc is plunged into global
disequilibrium for which Gaia has provided us a glimpse.

1.4 the magellanic clouds

The history of the Large and Small Magellanic Clouds is fraught with
complex interactions and, being our nearest example of such a system,
provides us with a vital laboratory for detailed study of interacting
dwarf irregulars. Mass estimates of the Large Magellanic Cloud (LMC)
yield a lower bound of ∼ 1.2× 1011M� and its smaller companion,
the Small Magellanic Cloud (SMC), is estimated to have a total mass
of ∼ 7× 109M� (Bekki and Stanimirović, 2009; Erkal and Belokurov,
2020). Both Clouds are gas rich systems, harbouring numerous sites
of active star formation and giant molecular clouds. Their star for-
mation histories are thought to be intimately linked through their
mutual interactions. It has become increasingly evident that, given its
high mass, the LMC has influence on the MW. For example, Erkal et
al. (2019) determined the LMC capable of providing the gravitational
perturbation necessary to produce the misalignment between the Or-
phan stream track and the velocity vectors of the stream’s denizens.
Going further, Erkal et al. (2020) observe the southern (northern) halo
to be blue-shifted (red-shifted) in its line of sight motion relative to
the Sun, a signature they assign to stem from a downward accelera-
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tion imparted onto the Galaxy by the LMC. Vasiliev, Belokurov, and
Erkal (2021) arrived at a similar conclusion in studying the Sgr stream
stellar orbits, finding a massive LMC in conjunction with the MW po-
tential is required to accurately model the structure. In Chapter 4 I
study the motions and metallicities of Magellanic giants, particularly
in the context of their historic interactions with one another. Thus I
here provide an overview of our current understanding of the Clouds,
both individually and in relation to one another.

1.4.1 Large Magellanic Cloud

The LMC is generally well described by a planar disc, inclined by
∼ 20− 30◦ to our line of sight. Yet it still displays a host of deviations
from this simple picture; it has long been observed to display one
dominant spiral arm (see e.g. de Vaucouleurs, 1955; de Vaucouleurs
and Freeman, 1972) as well as an off-centred stellar bar (e.g., Nikolaev
et al., 2004; Zhao and Evans, 2000) and shell/ring like features (e.g.
Choi et al., 2018b; Irwin, 1991; de Vaucouleurs, 1955). In a broad sense,
the young stellar populations of the LMC exhibit a clumpy structure,
largely congregating centrally around the bar and spiral arm, with
little evidence for them residing in the outer regions (see e.g. Moni
Bidin et al., 2017). The LMC interior is host to multiple star forming
regions, most notably 30 Doradus, harbouring dense populations of
young stellar objects and newly formed stars (see e.g. Cignoni et al.,
2015; De Marchi et al., 2011; Ochsendorf et al., 2017; van Gelder et
al., 2020). The recent morphological mapping of the Clouds by El
Youssoufi et al. (2019) across a range of stellar ages shows the young
main sequence stars and super-giants of the LMC primarily tracing
a fragmented thin bar and spiral-like arms, along with clear over-
densities associated with known star forming regions. On increasing
stellar age, RC stars and red giants are observed to be distributed
more smoothly, tracing a thicker bar and diminishing association with
the spiral features. Comparison of the two panels in Fig. 1.2 highlights
these morphological differences between LMC stellar populations as
gleaned by Gaia EDR3 data.

Probing the planarity of the LMC using RC stars, Olsen and Salyk
(2002) found an inner south-west region to display a prominent warp,
curiously located in the portion of disc nearest to the SMC. More re-
cently, Choi et al. (2018a) identified an outer RC warp in the Cloud,
departing from the LMC plane by up to ∼ 4 kpc towards the SMC.
Towards the outer regions of the LMC, a plethora of substructure is
observed with Mackey et al. (2016) first identifying a 10 kpc stellar arc
located in the northern periphery of the LMC. The optical imaging of
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Figure 1.2: Spatial density of Magellanic main sequence and red giant stars
in the left and right hand panels respectively, as observed by
Gaia. In both instances, the LMC bar is visible. The northern spi-
ral arms of the LMC are delineated by the main sequence stars
who also trace a more tightly wound arm south of the bar. The
stellar distribution is clumpy owing to dense regions of star for-
mation and molecular clouds. The LMC RGs are more smoothly
distributed though faint, wispy substructures are discernible in
the northern and southern portions of the dwarfs disc. With re-
gards to the SMC, relatively little structure is observed in the
giants, with a dense core visible and a somewhat elongated on-
sky morphology. Considering the main sequence stars however,
the eastern wing is striking, reaching from the inner regions of
the dwarf out to the outskirts of the LMC.

the Clouds by Besla et al. (2016) further revealed significant substruc-
ture in the northern portions of the LMC. The recent deep imaging of
Mackey et al. (2018), in combination with that of the Dark Energy Sur-
vey (DES), revealed diffuse stellar substructures residing south of the
LMC along with stellar disc truncation in the southern and western
regions (see also Belokurov and Erkal, 2019). Interestingly, towards
the northeast of the Cloud, Salem et al. (2015) observed the gas pro-
file of the LMC to be truncated with no such observation seen in the
stellar density profile. They interpreted this to be the result of ram
pressure stripping of the LMC gas on its infall through the circum-
galactic medium of the Milky Way; such effects have no bearing on
the stellar morphology of the galaxy (see also Indu and Subramaniam,
2015; Piatti, 2018, for discussion). Belokurov and Erkal (2019) too ob-
served the western stellar truncation of the LMC disc in Gaia giants,
employing N-body simulations to probe the origin of such a feature
from which they concluded that close LMC-SMC passages have the
capacity to produce such a one-sided disc deformation.
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1.4.2 Small Magellanic Cloud

The state of the metal-poorer SMC is even more complex and disor-
dered, exhibiting a roughly triaxial ellipsoidal shape with substantial
depth along various lines of sight (see e.g. Deb et al., 2015; Gardiner
and Hawkins, 1991; Jacyszyn-Dobrzeniecka et al., 2017; Muraveva
et al., 2018; Scowcroft et al., 2016; Subramanian and Subramaniam,
2012). There is evidence of stellar debris tidally stripped by the LMC
lying in its eastern regions (Nidever et al., 2013; Subramanian et al.,
2017). Centrally, the SMC displays a less prominent bar as well as
an eastern wing structure first observed by Shapley (1940), departing
from the northern end of the bar towards the LMC. Recent mapping
of the SMC by El Youssoufi et al. (2019) has shown the morphology of
the younger stellar populations to be highly irregular and largely lim-
ited to the SMC bar and eastern wing, tracing the perturbed gaseous
reservoir of the SMC (Stanimirović, Staveley-Smith, and Jones, 2004),
with recent star formation excepted to have occurred in these regions
(see e.g. El Youssoufi et al., 2019; Irwin, Demers, and Kunkel, 1990).
In the left panel of Fig. 1.2, I show Gaia EDR3 main sequence stars, se-
lected towards both Clouds from the CMD cuts of Gaia Collaboration
et al. (2020). The eastern wing of the SMC is clear, protruding right
through to the outermost regions of the LMC. The older stellar popu-
lations, on the other hand, display a much more homogeneous spatial
distribution (see also Haschke, Grebel, and Duffau, 2012; Jacyszyn-
Dobrzeniecka et al., 2017; Zaritsky et al., 2000) and are offset from
the younger populations, as observed by Mackey et al. (2018). Such
distinctions are suggestive of historic perturbations to the SMC’s gas
supply. Furthermore, Olsen et al. (2011) discovered a population of
giants residing in the LMC yet distinct in their kinematics with re-
spect to the local field. This disparity was compounded by the fact
that these stars were also significantly metal-poorer than would be
expected for an LMC disc population, leading the authors to the con-
clusion that these stars in fact originated in the SMC, having been
accreted onto the more massive dwarf.

1.4.3 Magellanic Interactions

The general features outlined above clearly demonstrate that we can-
not consider the Clouds independently. Their present day morphol-
ogy is directly influenced by historic, mutual interactions with a strik-
ing example being the existence of the Magellanic Bridge (MB). The
structure was first observed by Hindman, Kerr, and McGee (1963) as
a continuous structure of neutral hydrogen linking the two Clouds. Ir-



18 introduction

win, Kunkel, and Demers (1985) later discovered this gaseous bridge
to be a site of recent star formation. They observed hundreds of blue
main sequence stars to lie in the bridge region, coincident with the HI
distribution. The young stellar bridge has also been observed more re-
cently. For example, Casetti-Dinescu et al. (2012) map the bridge with
OB stars selected using a combination of UV, optical and IR photom-
etry. Mackey et al. (2017) trace young stellar associations, ages . 30

Myr, from the SMC wing to the outskirts of the LMC, suggesting that
their spatial coincidence with the densest regions of HI gas between
the Clouds points to these stars having formed in-situ. In addition,
there is the ∼ 200◦ long Leading Arm and trailing Magellanic Stream
(MS) features associated with the system; purely gaseous in nature,
they are strongly indicative of tidal stripping of the Clouds. The sim-
ulations of Diaz and Bekki (2012) and Besla et al. (2012) demonstrate
that a historic close encounter between the Clouds is able to repro-
duce the general large scale features of the MS and Leading Arm.
To reproduce the general characteristics of the gaseous MB, a more
recent encounter seems to be required, with swathes of gas being
stripped from the SMC into the MB region, hosting star formation,
alongside stripped stellar debris.

Evidence for a stripped intermediate/old stars in the MB has been
seen numerous times (see e.g. Bagheri, Cioni, and Napiwotzki, 2013;
Carrera et al., 2017; Nidever et al., 2013; Skowron et al., 2014). The RR
Lyrae stars selected from Gaia DR1 by Belokurov et al. (2017) revealed
the presence of tidal tails around both the LMC and SMC. They traced
a bridge of stars connecting the two Clouds. Studying the 3D struc-
ture of this bridge, they found a dual nature; the bridge exhibits one
component displaying a smooth distance gradient from the SMC to
the LMC, with the other at the mean distance of the LMC, indicative
that the old stellar bridge is composite in stellar make up. That is, a
large portion of the old stellar bridge is the trailing tail of the SMC,
tidally stripped to closer heliocentric distances and towards the LMC.
The leading arm is largely compressed on-sky, and elongated along
our line of sight. Belokurov et al. (2017) went on to posit that a sig-
nificant portion of the bridge is composed of LMC material, tidally
dragged into the MB region. The follow-up studies by Mackey et al.
(2018) and Belokurov and Erkal (2019) have confirmed the presence
of a messy mix of extra-tidal sub-structure in this intra-Cloud region,
sometimes referred to as "old Magellanic Bridge".

Based on Hubble Space Telescope (HST) observations, Zivick et al.
(2018) showed a close encounter occurred of order 150 Myr ago, with
an impact parameter of less than 10 kpc. The extent of the LMC disc
is large, with Mackey et al. (2016) observing it to continue to ∼ 18.5
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kpc in the DES imaging of the Cloud. Thus it seems extremely likely
that the LMC and SMC have undergone a recent direct collision. The
Clouds appear to be on their first infall into the Milky Way (Besla
et al., 2007), consistent with the notion that it is LMC - SMC interac-
tions that are the main driver of the substructure we observe. Indeed,
the deep photometry from the Survey of the Magellanic Stellar His-
tory (SMASH) analysed by Ruiz-Lara et al. (2020) found evidence for
the long term stability of the LMC’s spiral arm, dating its origin to
more than 2 Gyr ago, and suggesting its independence from the MW
interaction.

1.5 long period variables

The first two chapters of this thesis utilise long period variables (LPVs)
and Miras in the study of Galactic structure. As such I present here a
short summary of the nature of these stars and the useful properties
they bear in relation to tracing galactic structure.

1.5.1 What is a Long Period Variable?

LPVs are pulsating red giant or supergiant stars which require many
months or several years to complete one cycle. One of the most well-
studied classes of LPVs are Miras, which are variable Asymptotic
Giant Branch (AGB) stars. They are in the late stages of red giant evo-
lution and will expel their envelopes to form planetary nebulae in a
few million years. Typically, they have periods longer than 100 days,
and amplitudes greater than 2.5 magnitudes at visual wavelengths
(Gaposchkin, 1954; Habing and Olofsson, 2003). Giant variables of
lower pulsation amplitude have been labelled the semi-regular vari-
ables (SRVs). In Fig. 1.3 I show three examples of Gaia DR2 LPV light
curves for illustrative purposes. The upper light curve is visibly pe-
riodic over hundreds of days with a small visual amplitude; a likely
SRV candidate. The middle and lower light curves show far greater
visual amplitudes, exceeding 2 magnitudes, with long term periodic-
ity characteristic of Mira type variables. Mira variables fall into two
classes dependent on their surface chemistry: oxygen rich (O-rich) and
carbon rich (C-rich). Miras have complex molecules present in their
spectra with those that are O-rich showing H2O, TiO, SiO and the
C-rich presenting C2 and CN (Matsunaga et al., 2017). Miras become
carbon dominated in dredge up processes where inner shell burning
induces thermal pulses, driving carbon from the stellar core towards
the surface.



20 introduction

1700 1800 1900 2000 2100 2200 2300
Epoch (days)

8

9

10

11

12

13

14

15

16

17

G

Figure 1.3: Three examples of Gaia DR2 LPV raw light curves drawn from
the vari_long_period_variable and epoch_photometry table.
Magnitude offsets of 0.3 mag have been applied for clarity for
the upper and lower examples. The upper light curve is an ex-
ample of an SRV, a low amplitude pulsator with a period of 247
days as determined by the Gaia pipeline. The middle and lower
light curves show examples of Mira like LPVs; the visual am-
plitudes of these stars are in excess of 2.5 magnitudes and bear
periods of 446 days and 256 days respectively. The solid red lines
show a fit to the data that has been included purely to guide the
eye.

1.5.2 Useful characteristics of Long Period Variables

LPVs are worthy of special study for a number of reasons. Firstly, they
are representatives of the intermediate-age population. In particular,
Miras are so intrinsically bright that they are detectable throughout
the Galactic disc, bulge and halo (Habing and Olofsson, 2003), the
Magellanic Clouds (Deason et al., 2017), the dwarf satellites (Sakamoto
et al., 2012; Whitelock et al., 2009) and even in M31 and M33 (An et
al., 2004), amongst other relatively distant galaxies (see e.g. Huang et
al., 2018; Rejkuba, Minniti, and Silva, 2003; Rejkuba et al., 2003; Yuan
et al., 2018). Secondly, LPVs provide an independent distance calibra-
tion via period-luminosity (PL) relations. For example, both oxygen
rich, or O-Miras, and carbon rich, or C-Miras, obey period-luminosity-
colour relations (Feast et al., 1989; Whitelock, Feast, and Van Leeuwen,
2008a). For O-Miras, the colour term in the PL relation is a very minor
correction (Huang et al., 2018). Thirdly, LPVs are major contributors
to the processed material currently entering the interstellar medium
and an important source of enrichment. However, perhaps the most
important property of LPVs such as Miras is that they provide good
chronometers (Feast, 2009; Feast, Whitelock, and Menzies, 2006).

Accurate stellar ages have the potential to completely transform
Galactic astronomy. The dissection of the Galaxy according to age
would allow us to map its assembly and growth, as well as to study
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secular processes that control its evolution. Unhappily, good stellar
ages are usually hard to come by. The most successful attempts so far
use a combination of spectroscopy and stellar evolutionary models.
For example, the masses of red giants can be predicted from their
photospheric carbon and nitrogen abundances, together with their
spectroscopic stellar parameters. With the masses in hand, stellar evo-
lutionary theory is then used to obtain ages, typically with errors of
∼ 40 per cent (e.g., Martig et al., 2016a; Ness et al., 2016).

It has long been known empirically that O-Mira kinematics depend
on their periods. For nearby O-Miras, the age and velocity dispersion
relationship calibrated for stars in the solar neighbourhood can be
used to derive a period-age relationship (Feast and Whitelock, 2000a;
Feast, 2007). The period of a Mira increases with increasing luminos-
ity, and hence mass. Thus, longer period Miras correspond to younger
ages. Samples of O-rich Miras can therefore be used to determine
age gradients in the Milky Way Galaxy and even, in the most pro-
pitious circumstances, date the populations. Additionally, the mea-
sured spread in near-infrared colours of O-rich Miras is substantially
smaller than that observed in the C-rich counterparts (e.g. Matsuura
et al., 2009; Whitelock et al., 2006; Yuan et al., 2017). One possible ex-
planation of this phenomenon is that the O-Miras suffer less from
varying levels of extinction due to circumstellar dust. If true, this
makes them more trustworthy distance indicators than their C-rich
peers.

1.6 thesis structure

The remaining chapters of this thesis detail the work undertaken dur-
ing my Ph.D., with a research focus on discerning galactic structure
with giants. They are structured as follows:

• Chapter 2: I investigate the ability of O-rich LPVs and Mi-
ras to act as Galactic chronometers, tracing them through
the inner disc, out into the distant halo.

• Chapter 3: I utilise Gaia DR2 LPVs to study the spatial
density profile of the bulge and disc. Seizing on the rela-
tionship between pulsation period and stellar age I dissect
both components chronologically revealing marked evolu-
tion.

• Chapter 4: Drawing Magellanic giants from Gaia DR2, I as-
sign photometric metallicity estimates to study the chemo-
kinematical properties of the Clouds.





2
A G E G R A D I E N T S T H R O U G H O U T T H E G A L A X Y
W I T H L O N G P E R I O D VA R I A B L E S

This chapter is based on work originally published in Grady, Belokurov,
and Evans (2019).1

We assemble a sample of ∼ 2, 200 O-rich Miras and associated LPVs
and highlight their importance for age-dating the components of the
Galaxy. Our sample stretches from the Galactic bulge to the distant
halo and we estimate ∼ 80% of our selected sample to be comprised
of O-rich LPVs. Given that the period of LPVs correlates with age,
this offers a new way of determining age gradients throughout the
Galaxy. We use our sample to show (i) disc O-rich LPVs have periods
increasing on moving outwards from ∼ 3 to 15 kpc, so the outer disc
LPVs are younger than the inner disc, (ii) the transition from younger
disc to halo LPVs occurs at r ∼ 15 kpc and is marked by a plummet-
ing in period, (iii) there exists a population of young O-Miras likely
kicked from the disc to heights of order of |Z| ∼ 10 kpc, (iv) great circle
counts of old LPVs show evidence for distant debris agglomeration
associated with the Magellanic Clouds.

2.1 data

This work exploits data from two primary sources, that of the Catalina
Surveys and the All Sky Automated Survey for Supernovae (ASAS-SN).
The Catalina Surveys catalog is comprised of two main components
surveying the northern (Drake et al., 2014) and southern (Drake et al.,
2017) sky respectively. The surveys in both hemispheres are analysed
by the Catalina Real-Time Transient Survey (CRTS) in search of opti-
cal transient phenomena and we extract data from both sub-sets. Our
sample of LPV candidates is then cross-matched with the 2MASS
catalog to obtain JHKs magnitudes, yielding a total of 960 unique
sources. The ASAS-SN project is an all-sky optical survey with pub-
lished classifications of variable stars (Jayasinghe et al., 2018). Cross-
matching the ASAS-SN Mira candidates with 2MASS provides 1, 831
sources for study. A cross-match radius of 1 arcesec was used in both
instances. Magnitudes are dereddened with extinction coefficients of

1 I note that Figs. 2.7 & 2.14 were created by Vasily Belokurov and appear here as they
do in the published work.

23



24 age gradients throughout the galaxy with long period variables

RJ = 0.72, RH = 0.46 and RKs = 0.306 combined with the reddening
values of Schlegel, Finkbeiner, and Davis (1998).

2.1.1 Mira Selection

C-Miras (and their allies, the Carbon stars) have been studied exten-
sively before (e.g., Battinelli and Demers, 2014; Downes et al., 2004).
They were exploited most recently by Huxor and Grebel (2015) to
trace out structures in the stellar halo. In this study, we will focus on
the less well-studied O-Miras, and their allies, the oxygen-rich LPVs.

The selection of our sample proceeds via the application of two
main cuts. The work of Yuan et al. (2017) and Glass et al. (1995) shows
that the colour indices of Mira increase as a function of period, itself
a proxy for age. Glass et al. (1995) provides linear colour-period re-
lations for O-Miras in the SAAO photometric system. For this work,
the J−H relation is converted into the 2MASS photometric system
via the transformation of Carpenter (2001) as shown by the solid red
line in the top two panels of Fig. 2.1. Associated errors of the original
linear relations and colour transformations are combined to produce
a 1-σ bound defining the selection cut for O-Mira from our sample.
These are displayed as the dashed red lines in the upper panels of
Fig. 2.1. We note that the photometric transformation of Miras can be
affected by broad absorption bands (Glass et al., 1995). We use the
colour-period relation of Yuan et al. (2017) purely as a guide for our
selection and have checked that the applied photometric transforma-
tion has no significant effect on our results.

We observe that the oxygen-rich LPVs form a tight sequence with
only a mild dependence on J − H colour in these plots. To further
rid our sample of C-Miras and other contaminants, a cut on ampli-
tude in the V-band is applied. The work of Soszyński et al. (2009)
reveals a distinction between O-rich and C-rich stars in amplitude-
period space, on which we base our cut shown in the bottom row of
Fig. 2.1. The CRTS catalog groups Miras and SRVs under the single
classification of LPVs. Accordingly, we use our CRTS sample to define
the cut in amplitude based on the higher potential for contamination
and the fact that the ASAS-SN sample is predominantly an O-rich
population, as evidenced by the top right panel of Fig. 2.1. The com-
bined CRTS and ASAS-SN cleaned samples of O-rich LPVs consist of
∼ 2, 200 sources or ∼ 85% of the original combined sample. We do not
study the rejected sample of mainly C-rich LPVs any further in this
chapter.

LPVs are known to exist on sets of sequences in period-luminosity
space (e.g., Wood, 2000; Wood et al., 1999) depending on their vari-
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Figure 2.1: Red lines show the O-rich LPV and Mira selection cuts applied
to our sample for the CRTS data (left column) and the ASAS-SN
data (right column). Dashed red lines in the upper panels are
the 1-σ bounds on the cut in colour-period space. Notice that the
sequence of O-Miras is only weakly dependent on colour. The
red line in the lower panel trims the sample by removing some
contaminating C-Miras using a period-amplitude cut.

ability type and pulsation mode. The primary periods of Mira-like
variables lie on the commonly called C and C’ sequences (Ita et al.,
2004; Spano et al., 2011) with C’ lying at a lower period than C. Se-
quences A and B lie at lower periods still and are populated by the
so-called OGLE small amplitude red giants or OSARGs (Soszynski et
al., 2004b). Sequences D and E are populated by long secondary pul-
sators, whose nature is still unclear, as well as ellipsoidal and eclips-
ing binary systems (Soszynski et al., 2004a), with the latter two con-
tained in a separate CRTS catalog not utilised in this work. Soszyński
and Wood (2013) also found that there is a low amplitude popula-
tion of semi-regular variables (SRVs) whose primary period lies be-
tween the C and C’ sequences. Given that the selections of Fig. 2.1
produce a CRTS sample with a wide range of visual amplitudes, it
is uncertain on which sequence our CRTS sources lie and to which
class of LPVs they belong. The left panel of Fig. 2.2 shows sources
from Gaia’s DR2 LPV catalog (Gaia Collaboration et al., 2018a, 2016;
Mowlavi et al., 2018) chosen to lie within a 15◦ aperture of the LMC.
Cross-matching with 2MASS reveals three distinct sequences existing
in the Ks band, with the middle sequence corresponding to the Mira
C sequence. Belokurov et al. (2017) defined a variability parameter
(the “Gaia amplitude") based on Gaia’s flux information as:

Amp = log10

(√
Nobs

σIG
IG

)
(2.1)
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Figure 2.2: Dereddened Ks magnitudes and periods of Gaia DR2 LPVs
within 15

◦ of the LMC are shown. Ks magnitudes derive from
a one arcsec aperture cross-match with 2MASS. Left: Three dis-
tinct PL sequences are seen. The panel displays all LPVs with
no restriction of Gaia amplitude. Right: Sources with a Gaia am-
plitude > −0.55 are selected and shown. It is seen that such a
selection cut primarily picks out the middle sequence of stars.

where
√
Nobs is the number of observations, σIG is the mean flux

error in the G band and IG is the mean flux in the G band. Requir-
ing a Gaia amplitude greater than −0.55 isolates a sample of LPVs
lying on a single PL sequence, as evident in Fig. 2.2. We produce a
secondary cleaned CRTS sample for which we are more confident in
that they lie on the Mira sequence and, therefore, have good distance
estimates. We do so by cross-matching with the Gaia DR2 source cat-
alog and enforcing that the Gaia amp > −0.55. We also restrict the
sample to visual amplitudes > 1 to further eliminate small amplitude
variables. Application of these two cuts gives a cleaned CRTS sample
with 287 members. We utilise this cleaned CRTS sample in Sec. 2.2,
where we exploit the period age correlation of LPVs, the interpreta-
tion of which may be muddied if very low visual amplitude variables
were inadvertently retained. For example, AGB variables residing in
a common Magellanic Cloud globular cluster have been observed by
Kamath et al. (2010) both at high and low amplitudes. They found
stars with low amplitudes also had lower stellar periods, implying
differing period age relations.

We have checked the effectiveness of our cleaned CRTS selection cri-
teria through application on the OGLE LMC LPV catalog of Soszyński
et al. (2009), cross-matched with Gaia+2MASS. We find ∼ 92% of the
selected sample to lie within 0.5 magnitudes of our PL relation (see
Sec. 2.1.3). For stars with periods less than 150 days, this is even
higher at ∼ 97%. We estimate our sample to be ∼ 70% O-rich Mi-
ras and high amplitude LPVs based on these selections also. Thus,
we are confident that our cleaned CRTS sample is suitable for the
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Figure 2.3: Amplitude histograms for the CRTS samples. Red shows the dis-
tribution of amplitudes of candidate LPVs that passed the cuts of
Fig. 2.1 only. Green shows the effect of further enforcing the Gaia
and visual amplitude criteria is to remove low amplitude vari-
ables. Blue shows the amplitudes of the sources rejected by the
application of all the cuts. The bi-modality of the rejected sources
is expected, as the contaminants are mainly from two disparate
populations, the C-Miras and the semi-regular variables. (Bins of
width 0.1 are implemented, and the logarithm here, and hence-
forth, is to the base 10.)

period age interpretation in the analysis of Sec. 2.2. Once the ampli-
tude cuts are applied, we expect that the rejected sources display a
bi-modal distribution in amplitude space given that they constitute
two components: C-Miras and SRVs. Fig. 2.3 confirms that this to be
the case and is consistent with the results of Soszyński et al. (2009)
who studied the Mira amplitude distribution in the OGLE I band.

To summarise, we have produced three samples of O-rich LPVs:
the CRTS and ASAS-SN samples from the selections of Fig. 2.1, along
with the cleaned CRTS sample which is subjected to high Gaia and
visual amplitudes cuts. The latter has been produced exclusively for
the analysis of Sec. 2.2 and we estimate at least 70% of this sample
are O-rich Mira and high amplitude LPVs.

2.1.2 O-rich LPV Distributions

The spatial distribution of our O-rich LPV sample is displayed in
Fig. 2.4. The ASAS-SN O-Miras lie close to the Galactic plane with
approximately 81% of the stars having |b| < 10◦. This enables us
to probe the O-Mira structure within the Galactic disc. O-rich LPVs
from the CRTS selection extend to much higher latitudes and thus
grant us information on the halo component of the Galaxy. We imme-
diately see in Fig. 2.4 a number of prominent substructures, including
the LMC and the Sgr Stream. They are identified and removed from
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Figure 2.4: Spatial distributions of selected O-rich LPVs with (upper panel)
and without (lower panel) prominent substructures in right as-
cension and declination for the CRTS (left) and ASAS-SN (right)
surveys. Red and blue markers identify O-rich LPVs associated
with the Sagittarius Stream and the Large Magellanic Cloud re-
spectively. Grey markers indicate the cleaned CRTS selection
with high Gaia and visual amplitudes. Notice that ASAS-SN sam-
ple is restricted mainly to the disc, but CRTS samples the halo as
well. The percentage of the sample in the LMC and Sgr Stream
is ∼ 2% and 6% respectively.

our sample. Although interesting from the viewpoint of substructure
studies, they are a nuisance here as our aim is to understand the
relative ages of the mainstream Galactic populations.

We remove sources associated with the LMC by excising a 15◦

radii circle centred on the respective structure. Identifying Sgr Stream
denizens requires a transformation into the Sgr Stream coordinates
(ΛSgr,BSgr) of Belokurov et al. (2014). We remove stars with Sgr
Stream latitude |BSgr| < 10◦ and heliocentric D > 15 kpc. The lat-
ter is needed as the Sgr Stream passes through the Galactic plane,
yet we wish to retain the disc O-Miras. Once removed, our sample
of O-rich LPVs is comprised of ∼ 2, 000 distinct sources, probing the
Galactic thin and thick discs, bulge and halo.

2.1.3 Distance Determination and Validation

We calculate Mira distances using the empirical quadratic PL relation
from eqn (1) of Yuan et al. (2017). We choose to work in the Ks band to
minimise the effects of extinction. Recent estimation of the distance
to the LMC from the work of Elgueta et al. (2016) yield values of
50.3± 0.5 kpc. We then select our CRTS O-rich LPV candidates (i.e.
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Figure 2.5: Histograms of heliocentric distances of CRTS sources accepted
from the cuts of Fig. 2.1. Left: Distance histogram of the LMC
CRTS LPVs. The red dotted line indicates 50 kpc. Right: Distance
histogram of the Sgr Stream selected CRTS LPVs. The red dot-
ted line indicates the distance to this section of the stream from
Belokurov et al. (2014).

those within 15◦ of the dwarf’s centre), compute their distance and
apply a small empirical correction (−0.17 mag) to the PL relation to
produce a distance distribution peaked at the 50 kpc range. The dis-
tance distribution of these LPVs is shown in the left panel of Fig. 2.5.
The median distance of the prominent peak is 49.8 kpc. The standard
deviation approximated from the median absolute deviation of the
LMC sample is ∼ 4 kpc. This can be used as a typical distance error
to stars in our sample, which, encouragingly, appears to be of order
∼ 10%. This method results in a final PL relation of:

MKs = −6.90− 3.77 (logP− 2.3) − 2.23 (logP− 2.3)2 − 0.17 (2.2)

where P is the period in days and MKs is the absolute magnitude in
the Ks band. This relation was independently validated on the test
sample of Gaia DR2 LPV data seen in Fig. 2.2. It coincides with the
middle sequence once shifted by the LMC distance modulus value of
18.452 from Elgueta et al. (2016). The sample of LMC Gaia LPVs all
have G band magnitudes < 20, for which Gaia is expected to be com-
plete. So, selection biases will have minimal effect on our consistency
check of the distance calibration. 2MASS is expected to be more than
99% complete at this latitude given the magnitude range of our test
sample. We note that there appears to be no observational evidence
of the O-rich Mira PL relation being strongly dependent on metallic-
ity (Goldman et al., 2019; Whitelock et al., 1994). Consequently, it is
reasonable to expect that distance estimates deriving from such a re-
lation, calibrated by the LMC, should hold in our Galactic sample. As
a further check, the distance to a populated section of the Sgr Stream
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Figure 2.6: Locations of O-Miras and LPVs in CRTS (left) and ASAS-SN
(right) using cylindrical radius R and vertical height |Z| in kpc.
Notice that the ASAS-SN O-Miras do not extend beyond a few
kpc from the Galactic plane and so are predominantly thin and
thick disc stars. The CRTS O-rich LPVs range in cylindrical radii
from 0.3 kpc to more than 80 kpc, from the Galactic bulge into
the distant halo. The LMC and Sgr Stream Mira have been re-
moved from the sample in both panels of this figure. Grey CRTS
markers highlight the cleaned high amplitude sample. The Sun
is assumed to lie at Z� = 27 pc.

was computed for the associated CRTS sample. The right panel of
Fig. 2.5 shows the peak of the distribution to lie at ∼ 50 kpc in agree-
ment with the values in Table 1 of Belokurov et al. (2014) which quote
distances of 45 - 58 kpc in the chosen Sgr Stream longitude range. We
note that we have not used the cleaned CRTS sample, which by design
lies on the middle sequence of Fig. 2.2, in our distance validation yet
we still recover the appropriate structure and distance estimates. Tak-
ing the solar position as R� = 8 kpc, we convert from Galactic (`,b)
and heliocentric distance to Galactocentric cylindrical polar coordi-
nates (R,Z). The panels of Fig. 2.6 compare the spatial distributions
of O-Mira in the CRTS and ASAS-SN samples. In CRTS, the sample
probes distances characteristic of the Galactic bulge right out to the
far halo. By contrast, in ASAS-SN, we see a clustering of stars at low
|Z| around the solar neighbourhood, along with a sample largely con-
fined to within a kiloparsec of the Galactic plane. The two samples are
therefore highly complementary, with CRTS probing from the bulge
to the halo, and ASAS-SN concentrating on the thin and thick discs.

Given the dependence of the Mira luminosity on its period, the
completeness and contamination of the O-Mira selection must vary
with distance. This is dictated by the distribution of the LPV stars
in the space spanned by period, colour and amplitude as shown in
Fig. 2.1. For example, the contamination from C-rich Mira stars and
other LPVs with broader J−H colour range increases sharply with
period. Thus, because at fixed limiting magnitude the most distant
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stars detectable are those with larger periods, it is possible to expect
that contamination may increase with distance. On the other hand,
the short-period O-Mira stars have lower amplitudes and thus may
suffer a much faster drop in completeness with distance compared to
the long-period counterparts.

2.2 galactic age gradients

While the age of the Mira variables has typically been estimated by
matching them to disc stellar populations with similar velocity dis-
persions (see e.g. Feast, 2009; Feast, 2007; López-Corredoira, 2017),
we attempt to calibrate the Mira age-period relation by finding candi-
date LPVs in the LMC and the Milky Way star clusters with known
ages. In the LMC, we rely on the Mira catalog by Soszyński et al.
(2009) and the compendium of massive star clusters by Baumgardt et
al. (2013). In the Galaxy, we use the combined ASAS-SN+CRTS sam-
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Figure 2.7: Dependence of the Miras age on its period. For the LMC, ages of
the massive star clusters from Baumgardt et al. (2013) are used
by cross-matching their positions with those of the LMC Miras
in the catalog by Soszyński et al. (2009) with a 100 arcsec aper-
ture. These measurements are complemented by age estimates
of the Mira and LPV stars in the combined sample of ASAS-
SN+CRTS in the vicinity of Galactic star clusters from the catalog
of Kharchenko et al. (2016). The cross-match is carried out with a
9 arcmin aperture, only objects with the distance mismatch less
than the half of the distance to the cluster are kept. The straight
line indicates a linear fit to the data with 10.79 and −5.09× 10−3
for the intercept and slope respectively. Circled data points are
those that survive if the aperture is shrunk by a factor of two. We
list the pairings in Appendix Tables A.1 and A.2.

ple of O-rich Mira and LPVs presented in this work and the catalog of
star clusters by Kharchenko et al. (2016). Fig. 2.7 shows the age of the
star cluster as a function of the period of the candidate Mira matched
to its location. In agreement with previous similar studies (Kamath
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Figure 2.8: The set of four panels display the distribution of O-rich LPVs
and Mira in period versus Galactic position with the main halo
substructures. Red indicates Sgr Stream O-Mira, blue those of the
LMC. Vertical height above/below the plane and spherical polar
radius are represented by |Z| and r respectively. Grey markers
show the cleaned CRTS O-Mira to be more restricted to the plane
as well as constituting a slightly longer period population.

et al., 2010; Nishida et al., 2000), the trend is clear albeit with consid-
erable scatter. The shortest period Miras with P < 200 days do tend to
live in clusters that are 8− 10 Gyr old. On the other hand, Mira stars
with periods of P ∼ 350 days are found in much younger star cluster
with ages of order of 1 Gyr.

We investigate the period distribution through the Galaxy for both
the ASAS-SN and CRTS LPVs, as a function of spherical radius de-
noted r, with a view to tracing age gradients through the Galaxy.
We plot Galactocentric spherical polar radius r and vertical height
|Z| above or below the Galactic plane as a function of period with a
view to understanding the O-rich age distribution in both the disc
and halo components of the Galaxy. This is shown with and with-
out substructures in the four topmost and bottommost two panels of
Fig. 2.8. The CRTS panels of these plots are the most interesting. They
show that O-rich LPVs with short periods (. 200 days) reach much
greater heights above the Galactic plane than those with long periods
(& 300 days). A similar pattern is seen in the plot of period versus
spherical distance, with long period O-rich LPVs confined to within
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Figure 2.9: The median of O-Mira and LPV periods versus height above/-
below the Galactic plane |Z| and spherical polar radius r in kpc.
Distances have been binned with bins containing less than 5 stars
omitted. Error bars indicate standard errors for each bin. Green
and blue markers identify the CRTS and ASAS-SN samples re-
sulting from the selections of Fig. 2.1 and removal of LMC and
Sgr Stream. The red marker shows the cleaned CRTS sample, pre-
dominately an O-Mira population. Both CRTS samples show a
transition from disc to halo population, marked by a sharp drop
in period at r ∼ 15 kpc in the profile. The disc O-Miras in ASAS-
SN have periods that increase on moving outwards in radii from
∼ 1 to 15 kpc.

the innermost r ∼ 15 kpc of the Galaxy. Clearly, we are seeing the
transition from a younger disc population into an older halo compo-
nent. The age profile of the halo is rather flat, seemingly at odds with
the recent claims of the negative age gradient in the halo by Carollo
et al. (2016). Less transition is observed in the ASAS-SN counterpart
owing to the limited sampling at high Galactic latitudes in this data
set. The LMC and Sgr Stream O-Mira are seen to predominantly in-
habit an intermediate to low period range representative of the stellar
population these structures contain. The panels of Fig. 2.9 give the
period distributions of the O-Miras and O-rich LPVs in vertical dis-
tance from the plane |Z| and spherical polar radius r. Distances have
been binned, with bins containing less than 5 stars being rejected, and
prominent substructures removed. Median periods have been com-
puted for each bin along with standard errors. The standard error on
the median is formulated through appropriate scaling of the median
absolute deviation. The CRTS Miras and LPVs appear to demonstrate
a transition in populations at a Galactocentric distance of ∼ 15 kpc as
a clear break exists from high to low period. Notice that such behav-
ior is exhibited by both CRTS samples. As the ASAS-SN Mira sample
contains predominately disc O-Miras, it is interesting to note the pos-
itive correlation between Galactocentric radius and period given that
period is a proxy for age. The implication here, then, is that the age
of the O-Mira populated components of the disc decreases on mov-
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Figure 2.10: Relation between periods of ASAS-SN O-rich Miras and their
distances above and within the plane with cuts in vertical dis-
tance. Red points mark solar neighbourhood Mira selected with
the criteria of log(|Z|) < −0.5. This selection was chosen given
the distribution of ASAS-SN Mira in Fig. 2.6. The vertical black
dashed line, at R = 2.5 kpc, marks the boundary between left
lying bulge/bar regions and the disc to the right. Bins with less
than 5 Mira are neglected.

ing outwards. We do not see any evidence of a sharp break in the
radial profile of the median age of disc, as conjectured by Roškar et
al. (2008). Their simulations suggest that the outer disc is deficient in
young stars, but is populated by old stars which migrated from the
inner disc. If such an upturn exists, then it must lie beyond ∼ 15 kpc.
In fact, Amôres, Robin, and Reylé (2017) have recently argued that the
break may be at 16.1± 1.3 kpc on the basis of population synthesis
applied to 2MASS data.

To probe any change in period gradient, the ASAS-SN O-Mira are
further binned into two subgroups: 0.5 6 |Z| < 1 kpc and 1 6 |Z| < 2

kpc. We use cylindrical radius R in this instance to focus on the evo-
lution of period throughout the Galactic disc. These cuts correspond
to radial ranges of 0.25 6 R < 18.4 kpc and 0.67 6 R < 21.7 kpc
respectively, as enforced by the footprint in Fig. 2.6. The panels of
Fig. 2.10 clearly demonstrate that beyond 2.5 kpc the O-Mira popu-
lation follows the trend of increasing median period with increasing
Galactocentric distance. Quantifying by a linear fit yields radial pe-
riod gradients of 74+22−21 days/dex and 89+15−17 days/dex for the two
instances. At small radii (< 2.5 kpc), the trend is not present and
the relationship between median period and distance is flat. This is
possibly indicative of existence of the intermediate age Mira reported
towards the bulge in the works of Catchpole et al. (2016), Blommaert
and Groenewegen (2007) and Matsunaga et al. (2017), which are dif-
ficult to separate from the disc Miras.

Recent estimates, from the works of Ojha (2001), Jurić et al. (2008)
and Jayaraman et al. (2013), for the scale of the thick disc are based
on double exponential models with radial and vertical scale heights
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in the ranges hR ∼ 3.6− 4 kpc and hz ∼ 0.8− 1 kpc. In a broad sense,
the ASAS-SN LPVs in the panels of Fig. 2.10 would be expected to
be mostly thick disc stars. It is interesting to note that radial age
gradients at different |Z| ranges have been observed by Martig et al.
(2016b) in thick disk APOGEE RC stars, from R > 4 kpc onward. They
see clear separations in age gradients between the |Z| bins. That is,
higher |Z| bins constitute a clearly older population for given radius
R in their sample, whereas the distinctive gradients in our sample are
less well separated. However, their results are consistent with ours,
as we both detect a younger stellar population as we move outward
through the disc.

Additionally, the red marker in Fig. 2.10 corresponds to the datum
derived from a solar neighbourhood selection of Mira. From Fig. 2.6,
there is an appendage of Mira extending to low |Z| at the Solar posi-
tion. A cut selecting Mira with log |Z| < −0.5 has been used to define
the O-Miras in the solar region. This though leads to the surprising re-
sult that the solar neighbourhood O-Miras have median periods lower
than the thick disc O-Miras, and hence are likely older! Although the
origin of this result is not fully clear, there are indications that our
solar neighbourhood sample is affected by survey systematics. In ad-
dition to the variation of the sample completeness and contamination
with period as discussed in Sec. 2.1.3, other effects such as that linked
to saturation may be taking place; saturation for ASAS-SN is at V ∼ 11

and long period O-Miras are luminous so they are more likely to be
saturated and not included in the selection. Finally, it is worth point-
ing out that, if only a sub-class of Miras is considered, such as O-rich
stars, the period-based chronometry argument might only work for a
limited range of ages. This is because the period-age relation is nor-
mally derived for a combination of both C- and O-rich Miras, how-
ever, their period distributions are rather different. It has been noticed
(see e.g. Cioni et al., 2001; Feast et al., 1989; Lorenz et al., 2011) that O-
rich stars are biased towards short periods while C-rich ones tend to
have longer periods on average. Translated into age, these differences
imply that O-rich Mira might significantly under-sample the younger
populations of the Galactic disc.

Further, Feast (2009) notes that the period-age relation of C-Mira
may be offset from O-Mira. Further, the LPVs associated with star
clusters in Fig. 2.7 are a mixture of our O-rich selection along with
contaminating C-rich or SRV stars. Nonetheless, a negative corre-
lation between period and age is still expected, albeit with scatter.
Whilst offsets may occur for differing types of Mira/LPVs, this work
focuses on the global trends in age gradient. We have checked that
our estimated contamination does not significantly affect the inter-
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pretation of our age gradient results. Feast and Whitelock (2000b)
have observed period-metallicity correlations for O-Mira in globular
clusters. The LPV pulsation modelling of Trabucchi et al. (2021) sug-
gests that the offset in metallicity between a value typical of an O-rich,
Magellanic LPV and one of solar value can alter the fundamental pul-
sation period by up to ∼ 10%. Thus it seems reasonable to expect that
metallicity variations do, to some degree, contribute to the gradients
we observe in Figs. 2.9 and 2.10 though likely to a lesser degree than
stellar age.

2.2.1 Miras outside of the Galactic disc

The CRTS sample used in this section has not been cleaned by the
application of the high Gaia and visual amplitude cuts. It may seem
that their distances are uncertain, given the ambiguity as to which
period-luminosity sequence they lie on. However, we highlight sev-
eral factors indicating otherwise. First, this sample was used in the
calibration of our adopted PL relation from eqn (2.2). Selection of
these stars towards the LMC and Sgr Stream section of Fig. 2.5 and
application of eqn (2.2) clearly shows the distances have better than
10% accuracy. Reference to Fig. 2.2 shows a sequence of low luminos-
ity and high period lying below the middle sequence on which low
amplitude variables may sit. However, our visual amplitude selection
of Fig. 2.1 specifically acts to remove high period, low amplitude stars.
Using a value of Vamp = 1 as a reference, this selection removes all
stars with log(P) ' 2.45 which is precisely the region of periods in
which the lower sequence sits. Therefore, whilst there may exist low
amplitude LPVs in the sample used in this section, our selection acts
to ensure they do not lie on the lower sequence and thus we are con-
fident that we have not overestimated their distance. We note that the
upper sequence is much less densely populated than the middle (by
a factor of ∼ 4) and that our distance estimates for any stars that do
lie here will be lower bounds. For shorter period stars, we acknowl-
edge that a fraction of them may possess underestimated distances as
low amplitude contamination increases in this domain. However we
primarily study these in relation to the longer period sample, noting
differences in their spatial extent (see later in this section).

While the ASAS-SN sample is largely limited to |Z| < 5 kpc, the
complementary CRTS LPVs probe a much larger range of Galactic
heights, 5 / |Z| / 200 kpc (and probably beyond). We first focus
on the distribution of long-period pulsators in CRTS. According to
Fig. 2.9, the bulk of the disc Miras in the ASAS-SN set have periods in
excess of 170 days. Fig. 2.11 gives the view of the distribution of the



2.2 galactic age gradients 37

Figure 2.11: Distribution of CRTS LPV stars in the Galactic halo. Small dots
represent LPVs with P < 170 days, large filled circles corre-
spond to those with P > 170 days. Red symbols are stars pro-
jected to lie within the Sgr Stream and more than 15 kpc away
from the GC. Yellow symbols mark the stars within 15

◦ of the
LMC. Blue (black) filled circles give the locations of long-period
Mira stars above (below) |Z| = 5 kpc. Note that the blue sym-
bols trace out a highly flattened, disc-like sub-sample of Miras
and LPVs traveling to Galactic heights 5 < |Z| < 10 kpc. Out-
side of this sub-group, the vast majority of long-period Miras
at high Z belong either to the Sgr Stream or the LMC. Top left:
Distribution of stars in Galactic X and Z. Top right: Distribution
of stars in Galactic Y and Z. Lower: Distribution of stars on the
sky in Galactic coordinates. Green stars mark the location of
LPVs with Galactocentric radii in excess of ∼ 90 kpc. Of these,
the majority appear to be associates of the Sgr Stream.

population of the long-period (and thus likely younger) Mira stars
across the Milky Way. Apart from the obvious disc denizens (filled
black circles), three distinct groups can be identified in the figure.
The first two are the stars belonging to the Sgr Stream (red filled
circles) and the LMC (yellow filled circles). The last group (blue filled
circles) is comprised of stars that follow the extent of the disc in X, Y
dimensions but travel to heights as large as |Z| ∼ 10 kpc. Their reach
in |Z| and R can be gleaned from Fig. 2.12, where their distribution
(blue histograms) is compared to that of the short-period Miras (black
histograms). Indeed, both long-period and short-period objects are
detected as far as R ∼ 30 kpc; however the (likely) younger CRTS LPVs
do not wander beyond |Z| ∼ 10 kpc. We therefore speculate that, if
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Figure 2.12: Difference in spatial extent between the old, i.e. shorter-period
(black line) LPVs and the young, i.e. longer-period (blue line)
ones as observed by CRTS. Stars belonging to the Sgr Stream
and the LMC have been excluded. Left: Distribution of stars as
a function of Galactic Z. Note that the longer-period LPV stars
(blue line) appear to be mostly limited to |Z| < 10 kpc. Right:
Distribution of stars as a function of Galactocentric cylindrical
R. Note that both young and old, i.e. long- and short-period,
stars extend as far as R ∼ 30 kpc.

our distance estimates are valid, these objects represent a population
of kicked disc stars. As of today, several prominent groups of high
|Z| disc stars are known, including those composed of M-giant stars,
close relatives of Miras (Bergemann et al., 2018; Deason, Belokurov,
and Koposov, 2018; Rocha-Pinto et al., 2004; Sheffield et al., 2018; Xu
et al., 2015; de Boer, Belokurov, and Koposov, 2018). Strikingly, apart
from the three obvious groups, such as the kicked disc population
(blue) and the members of the Sgr Stream and the LMC (red and
yellow), there are almost no young Miras in the Galactic halo.

However, we do find a total of 6 LPVs that extend to large distances,
i.e. to Galactocentric distances in excess of ∼ 90 kpc, and possess high
Gaia amplitudes. In this regime, we find 91% of OGLE LMC LPVs
(Soszyński et al., 2009) to lie within 0.5 magnitudes of our PL rela-
tion. Thus we are confident in our distance estimates for these stars
in that they are highly likely to populate the Mira PL sequence. Fur-
ther, these candidates were checked to bear colors consistent with
Mira, again through comparison to the LPV catalog of Soszyński et
al. (2009) and our own criteria in Fig. 2.1. The locations of these LPVs
are marked with filled green stars in the right panel of Fig. 2.11 and
are seen to extend out to ∼ 130 kpc. These sources derive from the
CRTS sample and their properties are listed in Table 2.1.

The latest tally of the record holders can be found in Bochanski et
al. (2014). Table 1 of their paper lists all of the 9 stars with distances
greater than 120 kpc known at the time. Of all large-distance candi-
dates, the most securely identified are the horizontal branch stars. At
least three independent samples of pulsating HB stars, or RR Lyrae,



2.2 galactic age gradients 39

C
R

TS
ID

`
(d

eg
)

b
(d

eg
)

J
H

K
s

Pe
ri

od
(d

ay
s)

V
am

p
D

(k
pc

)

J0
0
3
4
1
2
.4

-0
1
3
1
5
4

1
1
3
.0

4
-6

4
.0

7
1
5

.0
8

1
4
.3

8
1
4
.1

5
1
3
8

1
.3

1
3
8
±

1
1

J0
1
0
5
2
0
.9

-0
9
1
7
4
2

1
3
4
.0

2
-7

1
.8

7
1
4

.3
0

1
3
.5

9
1
3
.2

8
1
9
0

1
.2

1
1
5
±

9

J0
7
2
1
5
4
.5

+3
3
3
0
2
0

1
8
4

.8
5

2
0

.4
9

1
3
.7

6
1
2
.9

5
1
2
.6

6
2
2
4

2
.1

1
0
4
±

8

J0
8
0
0
1
6
.8

+3
2
0
9
4
9

1
8
8

.9
6

2
7

.7
5

1
4
.7

5
1
4
.0

8
1
3
.8

1
1
3
4

1
.1

1
2
2
±

1
0

J1
1
2
9
1
2
.3

+2
8
5
8
1
5

2
0
2

.3
2

7
1

.7
9

1
4
.0

3
1
3
.3

6
1
3
.0

7
1
5
1

1
.9

9
0
±

7

J1
3
5
2
2
4
.2

-3
1
4
4
5
2

3
1
7
.7

9
2
9

.3
6

1
4
.6

2
1
3
.8

6
1
3
.6

2
1
2
8

1
.0

9
7
±

8

Table 2.1: Table of the six most distant LPVs in our sample, all deriving
from the CRTS catalog. Listed are the CRTS ID’s, Galactic coor-
dinates, 2MASS magnitudes and periods. We also provide values
of the visual amplitude and Galactocentric distance values. These
Mira correspond to the green markers in the rightmost panel of
Fig. 2.11. Distance errors are estimated from the dispersion of our
LMC Mira distribution in Fig. 2.5.
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Figure 2.13: Distribution of old, short-period LPV stars in the Milky Way
halo as viewed by CRTS. Stars belonging to the Sgr Stream, the
LMC and those with |Z| < 5 kpc have been excluded. Note the
marked drop in the density of old Mira stars outside of the
grey circle, which has a radius of 20 kpc. Left: Distribution of
stars projected onto the X,Z plane. Right: Distribution of stars
projected onto the Y,Z plane.

have been published recently, each containing sizeable numbers of
stars beyond 100 kpc (see Drake et al., 2013; Medina et al., 2018;
Sesar et al., 2017). Additionally, blue HB stars can also be used as
standard candles – albeit with somewhat lower accuracy – and thus
used to trace the outskirts of the Galaxy. For example, Deason et al.
(2012) uses a combination of deep multi-band photometry and VLT
spectroscopy to detect BHBs at distances of order of 150 kpc. Finally,
just like Miras, other stars around the AGB are good candidates for
the most distant objects in the Galaxy owing to their spectacular lu-
minosity. Accordingly, in the last two decades, Carbon stars and M-
giants have been used routinely to scout the far reaches of the Milky
Way (e.g. Bochanski et al., 2014; Deason et al., 2012; Koposov et al.,
2015; Majewski et al., 2003; Mauron, 2008; Mauron, Gigoyan, and Ko-
standyan, 2018; Totten and Irwin, 1998).

The whereabouts of the old Miras, i.e. those with short period
(P < 170d) can be studied in Fig. 2.13. Their distribution appears
to be broken into two components, a relatively smooth, compact one
with r < 20 kpc (as indicated by black circle) and sparse lumpy one
with r > 20kpc. To investigate further the spatial properties of the
distant old LPVs, we break them into three sub-samples, according to
their Galactocentric distance, as shown in Fig. 2.14 in Galactic coordi-
nates. Additionally, for all short-period pulsators with r > 25kpc we
carry out a great circle star count, following the ideas of (e.g. Ibata
et al., 2001; Johnston, Hernquist, and Bolte, 1996; Lynden-Bell and
Lynden-Bell, 1995; Mateu et al., 2011). In practice, for a given pole,
we assign a Gaussian (with σ = 6◦) weight to each LPV according to



2.2 galactic age gradients 41

Galactic longitude

G
al

ac
tic

 la
tit

ud
e

LMC

l=180o l=-180o

Figure 2.14: Left: Distribution of the CRTS LPVs with P < 170d. Small black
dots show the locations of stars in the Sgr Stream and the LMC.
Filled black circles correspond to the stars with R < 25 kpc,
while filled blue circles to the stars with 25 < R < 50 kpc, and
finally, red ones are those with R > 50 kpc. Red and yellow solid
curves are the great circles corresponding to the two most sig-
nificant over-densities in the plane of poles (see the right panel).
These great circles pass close to the LMC (marked with a large
empty black circle) and are aligned with the direction of the
dwarf’s motion. Dotted green, blue and violet show the great
circles corresponding to the three other, less significant over-
densities in the plane of poles. Right: Great circle pole density.
The grey-scale value of each pixel of this map corresponds to
the density of stars along the great circle with the pole at this
pixel. Each great circle is represented by a pole (`0,b0) together
with its antipodes (180 − `0,−b0). Stars are summed up with
Gaussian weights according to their latitudinal distance from
the equator of the great-circle coordinate frame with σ = 6◦. The
two most obvious over-densities are marked with red and yel-
low. Other, less significant candidate over-densities are marked
with green, blue and violet.

its latitude in the great circle coordinate system. The density of stars
in the plane of poles is shown in the right panel of Fig. 2.14 in Galactic
coordinates. The two most prominent over-densities are located near
(`,b) = (0◦, 0◦) and are marked with red and yellow empty circles.
The corresponding great circles are over-plotted in the left panel. In-
terestingly, the two great circle pass very close to the LMC and are
approximately aligned with the motion of the Cloud on the plane of
the sky. This tentative detection of the Magellanic debris traced by
LPVs is in agreement with the earlier study of Deason et al. (2017).
Additionally, we identify three other, lower significance over-densities
marked in green, blue and violet, whose corresponding great circles
are shown in the left panel with dotted lines.

2.2.2 Satellite Galaxy and Globular Cluster Associations

Although AGB stars have been surveyed in the Local Group dwarf
spheroidals (dSphs), the only confirmed detection of an O-Mira is
in Sextans (Sakamoto et al., 2012). There are two C-Miras, but no O-
Miras, so far found in Sculptor (Menzies et al., 2011). Whitelock et al.
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Figure 2.15: Possible associations of O-Mira with Local Group globular clus-
ter and dwarf satellites. Labeled markers show Mira within 0.5◦

of known satellites and light blue markers within 2◦. Circled
markers are those for which the Gaia amplitude was applied
yielding confident distance estimates. The heliocentric distance
offset from satellites is shown as deviation from the linear line.
These Mira derive from the CRTS subset.

(2009) report 6 C-Miras in Fornax – a further candidate (F51010 in
their notation) is so blue that they were unable to determine from its
colours whether it was C-rich or O-rich.

The spatial coordinates of the O-Mira candidates are compared
against those of known objects within the Local Group. For this search,
we utilise the CRTS O-rich LPV sample and search for associations by
requiring the candidates to lie less than half a degree from the cen-
tres of globular clusters and dSphs in the Local Group. We use half a
degree because many of these objects are expected to have extra-tidal
stars. Given that Miras correspond to a short-lived phase of stellar
evolution, they are intrinsically extremely rare and so any chance as-
sociation is a priori very unlikely.

Potential associations exist with the Sculptor, Sextans I, and Fornax
dSphs based on angular separation, as illustrated in Fig. 2.15. Circle
markers indicate those that fulfill the criteria for a Gaia amplitude
exceeding −0.55. Our candidates are checked to all lie comfortably
within the selections of Fig. 2.1 and thus are characteristic of O-rich
Miras. The CRTS IDs, distances, periods and amplitudes of our can-
didates are listed in Table 2.2. It would be interesting to confirm the
candidates with kinematic evidence, which may already be possible
with proper motion data from the recent data release 2 of the Gaia
satellite.
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Table 2.2: The data on the candidate Mira associations with Galactic dwarf
spheroidals and distant globular clusters. We provide the CRTS
ID and heliocentric coordinates of the candidates, as well as helio-
centric distance to the satellite and angular offset. Pal 4 distance
estimates were obtained from Harris (1996) and the remaining
satellites from McConnachie (2012). Tentative age estimates derive
from the relation in Figure 2.7 and have been capped to 10 Gyr.
Heliocentric coordinates are encoded in the CRTS ID and Mira
distance errors are derived similarly to those in Table 2.1. Starred
IDs marks associations possessing a Gaia amplitude > −0.55.
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We reproduce the detection of the O-Mira found by Sakamoto et al.
(2012) in Sextans who report a distance of 79.8+11.5

−9.9 kpc, consistent
with our distance estimate of 87 ± 7 kpc. We also identified an O-
Mira located close to the Palomar 4 globular cluster. This is a young
halo globular cluster that is likely to have been accreted by the Milky
Way via the infall of its parent dwarf satellite. The O-Mira lies at a
heliocentric distance of 87 kpc compared to a distance of Pal 4 of
109 kpc (Sohn et al., 2003). The latter authors carried out deep pho-
tometric searches in a field 1.3◦ × 0.9◦ around Pal 4, and claimed
evidence for the existence of extra-tidal tails and features. Although
semi-regular variables are known in Pal 4, this is the first report of a
possible Mira.

2.3 summary

This chapter has highlighted a neglected resource. The Miras are
bright and can be traced throughout the Galaxy, and beyond. The
carbon-rich or C-Miras have a long history of use as tracers of halo
substructure (e.g., Downes et al., 2004; Huxor and Grebel, 2015). How-
ever the oxygen-rich, or O-Miras, have been less widely scrutinised
yet they are at least as valuable. Their period and luminosity only
weakly depends on colour, so the O-Miras are excellent distance in-
dicators. Their period depends on age, with young O-Miras having
the longest periods, thus they are useful chronometers. So, samples
of Miras will enable us to detect age gradients throughout the Galaxy
and to date the Galactic populations. Here, we have used the Catalina
Surveys and the All Sky Automated Survey for Supernovae to extract
a sample of ∼ 2, 200 O-rich LPVs, particularly Miras. They probe the
Galactic bulge, thin and thick discs and the distant halo. In principle,
they offer a unique resource to age-date all the structural components
of the Galaxy.

We show that the disc O-Miras have periods increasing on moving
outwards from ∼ 1 to 15 kpc. As the period of O-Miras correlates
inversely with age, this is a clear demonstration of the ’inside out’
nature of the Galactic disc (e.g., Martig et al., 2016b). The outer disc
O-Miras have median period ∼ 275 days, as compared to the inner
disc value of ∼ 200 days. At least out to 15 kpc, there is no evidence
of an upturn in the radial profile of the age of disc, as expected from
models in which the outer disc is populated by old stars which mi-
grated from the inner disc (Roškar et al., 2008). There are also hints
of vertical variation, in the sense that O-Miras at higher |Z| comprise
an older population for given radius R in the inner disc. At small
Galactocentric distances, within 2− 3 kpc from the MW centre, age
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gradients flatten out, signaling that the bulge contains a mix of stel-
lar ages, in agreement with earlier studies (see e.g. Catchpole et al.,
2016). Moving away from the centre, clearly visible in our data is the
transition from younger disc to older halo O-Miras, which occurs at
r ∼ 15 kpc where the median O-Mira period plummets. The median
period of the halo O-Miras is ∼ 150 days (roughly 10 Gyrs).

O-Miras and other LPVs are also precious as tracers outside the
Galactic disc. There is a population of long period, and hence young,
O-rich LPVs that follow the extent of the Galactic disc, but lie at
heights of up to 10 kpc. These may be stars kicked out of the disc,
perhaps analogous to other high latitude structures (Bergemann et al.,
2018; Deason, Belokurov, and Koposov, 2018; Sheffield et al., 2018).
The O-rich LPVs are so intrinsically luminous that they can trace
far into the halo. We identify six candidate Mira probably reaching
distances between 90 and 140 kpc, and a good fraction of these dis-
tant Mira appear to be associated with the Sgr Stream. In addition to
the tentative detection of Magellanic debris associated with tidal dis-
ruption, we have also provided new detections of O-Miras in Milky
Way satellites. Specifically, we found associations between likely O-
Mira and the Fornax, Sculptor, Sextans and Leo II Galactic dwarf
spheroidals, as well as the distant globular cluster Pal 4.





3
A G E D E M O G R A P H I C S O F T H E M I L K Y WAY D I S C
A N D B U L G E

This chapter is based on work originally published in Grady, Belokurov,
and Evans (2020)

We exploit the extensive Gaia Data Release 2 set of Long Period Vari-
ables to select a sample of oxygen-rich Miras throughout the Milky
Way disc and bulge for study. Exploiting the relation between Mira
pulsation period and stellar age/chemistry, we slice the stellar den-
sity of the Galactic disc and bulge as a function of period. We find the
morphology of both components evolves as a function of stellar age/-
chemistry with the stellar disc being stubby at old ages, becoming
progressively thinner and more radially extended at younger stellar
ages, consistent with the picture of inside-out and upside-down for-
mation of the Milky Way’s disc. We see evidence of a perturbed disc,
with large-scale stellar over-densities visible both in and away from
the stellar plane. We find the bulge is well modelled by a triaxial boxy
distribution with an axis ratio of ∼ [1 : 0.4 : 0.3]. The oldest of the Mi-
ras (∼ 9− 10 Gyr) show little bar-like morphology, whilst the younger
stars appear inclined at a viewing angle of ∼ 21◦ to the Sun-Galactic
Centre line. This suggests that bar formation and buckling took place
8− 9 Gyr ago, with the older Miras being hot enough to avoid being
trapped by the growing bar. We find the youngest Miras to exhibit a
strong peanut morphology, bearing the characteristic X-shape of an
inclined bar structure.

3.1 data

We make use of the substantial DR2 LPV data set provided by the
Gaia consortium Mowlavi et al. (2018). Specifically, we select all stars
from the vari_long_period_variable table for which, crucially, the
pulsation period is available and hence distance estimates afforded to
us. We then cross-match with the 2MASS point source catalogue to
obtain near infrared (NIR) JHKs photometry yielding 89, 555 sources.
The cross-match was carried out using a 1 arcsec aperture. We cor-
rect for extinction using the map of Schlegel, Finkbeiner, and Davis
(1998) and extinction coefficients from Yuan, Liu, and Xiang (2013).
The spatial distribution of the sample is shown in Fig. 3.1 with LPVs
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Figure 3.1: Logarithmic number density of the Gaia DR2+2MASS LPVs in
Galactic coordinates. We clearly see the Magellanic Clouds as
well as the Sgr dwarf galaxy. Otherwise, the majority of the LPV
population is confined to the plane of the Galaxy.

pervading through the disc, bulge, Magellanic Clouds and the Sgr
dwarf.

3.1.1 Selecting Miras

As discussed in the preceding chapters, Miras are high amplitude
pulsators that have long been known to lie on precise PL sequences
in the JHKs system (see e.g. Feast et al., 1989; Glass and Feast, 1982).
In Fig. 3.2 we plot the number density of our Gaia DR2+2MASS LPVs
in amplitude1 – colour space where we observe some important fea-
tures. The bulk of stars inhabit two regions in amplitude space: there
is a high amplitude population, and one of lower amplitude. Fur-
ther, these two populations are largely confined to narrow regions
of colour. Beyond this, we see a smearing toward redder and bluer
colours. The blue-ward extensions are sources with large colour ex-
cess values lying in heavily extincted regions. The sources flaring out
to large red colours are the C-rich Miras. O-rich and C-rich Miras
are known to separate in their near infrared (NIR) colours due to
their differing circumstellar compositions (see e.g. Feast et al., 1982;
Glass and Feast, 1982; Soszyński et al., 2009; Whitelock et al., 2006).
The dusty outskirts of the C-rich Miras may impede our ability to
obtain accurate distance estimates to them. Whitelock, Feast, and Van
Leeuwen (2008b) note that whilst C-rich Miras are observed to lie on
the same PL sequence as their counterpart, the O-rich Miras, they do
so with higher uncertainty. Further, they can be difficult to separate
from C-rich Semi Regular Variables (SRVs) and overtone pulsators
and thus selection of this subset is prone to contamination. The O-

1 We utilise the same amplitude definition from eqn (2.1) in Chapter 2
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Figure 3.2: The logarithmic number density of stars in amplitude colour
space for de-reddened J − H and H − Ks. The Amp term de-
fined in eqn (2.1) measures the amplitude of variability of the
LPVs. We immediately observe a segregation between the high
amplitude Miras and the lower amplitude SRVs in this projection.
Solid black lines denote our selection boundaries.

rich Miras have less spread in their NIR colours and are identified as
the stars bound by the black lines in Fig. 3.2. We select these stars as
our sample, which we will henceforth simply refer to as Miras, leav-
ing us with 24, 533 stars. We employ the Mira PL relation of Yuan et al.
(2017), with a minor calibration correction, as reported in Chapter. 2,
to obtain:

MKs = −6.90− 3.77 (logP− 2.3) − 2.23 (logP− 2.3)2 − 0.17 (3.1)

with MKs being the absolute magnitude of a Mira and P its pulsation
period in days. Once we have computed the luminosity of each Mira
using eqn (3.1), we can directly estimate the heliocentric distance via
the standard relation:

log
(
D

kpc

)
=
Ks −MKs

5
− 2 (3.2)

3.1.2 Miras in the Large Magellanic Cloud

We test the efficacy of our selection method by analysing the Gaia
DR2+2MASS LPVs towards the LMC. Selecting stars within a 15◦

aperture of the dwarf, we show their distribution in Ks magnitude –
period space in the left panel of Fig. 3.3. Three main sequences are
prominent with the middle of these being the high amplitude Mira
sequence that we wish to select from (see Wood et al., 1999). On im-
posing the selection of Fig. 3.2 upon the LMC sample, we select stars
mainly from the Mira sequence, as demonstrated in the right hand
panel of Fig. 3.3. We overlay our PL relation of eqn (3.1), corrected for
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Figure 3.3: Left: Number density of the Gaia DR2+2MASS LPVs selected
within a 15◦ aperture of the LMC are shown in period magnitude
space. Values for Ks have been corrected for extinction. Three
distinct PL sequences are seen with the middle of these identi-
fied as the Mira sequence. The upper and lower sequences are
predominately populated by SRVs. Right: We overlay our Mira
candidates as red markers. These stars are selected from the am-
plitude – colour cuts shown in Fig. 3.2. We see that our selection
acts well to pick out the Miras for which we can obtain accurate
distance estimates. The solid black line shows our PL relation of
eqn (3.1) adjusted to the LMC’s distance modulus.

the LMC distance modulus of Elgueta et al. (2016), as a solid black
line. There is a degree of contamination, as shown by the stars devi-
ating from the Mira sequence for which we are unable to obtain ac-
curate distances. We estimate the contaminant fraction by taking the
ratio of the number of Miras deviating from our PL relation by > 0.5
magnitudes with the total number of selected LMC Miras. This yields
a contamination estimate of ∼ 7%. Utilising the sample of LMC LPVs
of Soszyński et al. (2009), we estimate the purity of our O-rich Mira
sample to be 72% with the major contaminant being high amplitude
stars classified as SRVs by OGLE. We recover 47% of the OGLE-III O-
Miras in the cross-match, a completeness value consistent with that of
the full Gaia DR2 LPV catalogue with respect to the OGLE-III LPVS
towards the Magellanic Clouds (see Mowlavi et al., 2018).

3.1.3 Galactic Sample

Upon selecting our full sample of Mira, we assign distances by the
procedure outlined in Sec. 3.1.1 and compute the Galactocentric (X, Y,Z)
Cartesian coordinates for each star. We then remove stars lying to-
wards the Magellanic Clouds by excising regions on the sky located
within 15◦ and 10◦ of the LMC and SMC respectively. We further
restrict our analysis to Miras in the period range of 100− 400 days,
beyond which there may be increased scatter about the PL relation,
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Figure 3.4: We show the spatial distribution of our Mira sample, subdivided
into four period bins, in both Galactocentric X− Y and cylindri-
cal R−Z projections. Solar position is at (X�, Y�,Z�) = (8.3, 0, 0)
kpc. The bulge/bar is visible throughout, with the disc popula-
tion becoming more populous with increasing Mira period. We
further see most of the Miras to be vertically confined to within 2

kpc of the Galactic plane. For each X− Y projection we show the
corresponding R−Z projection in the panel immediately below.
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producing a sample size of 21, 149 O-rich Miras. We choose 400 days
as our upper limit as the Gaia DR2 data sample is based on data col-
lected from a 22 month period. Thus, the number of candidate Mira
with periods exceeding 400 days in Gaia DR2 is highly depleted (see
Mowlavi et al., 2018).

The distribution of stars in Fig. 3.4 shows clear evolution as a func-
tion of period. The bulge grows in scale from low to high period with
a distinct tilt being apparent at higher periods. The bulge dominates
the Mira population at low periods, as expected for an older, metal
poorer stellar population. For the longer period Miras, we see an ex-
tended bar stretching out to ∼ 5 kpc either side of the galaxy. With
regards to the disc, there is a plentiful stellar population local to the
Sun at high periods, these being the young, low latitude, nearby Mi-
ras. Their vertical extent is restricted and they extend to beyond ∼ 10

kpc radially. The lower period stars are less restricted to the plane,
demonstrating a fluffier disc component for the older/metal poorer
Miras. At the lowest periods, we observe the disc to be radially trun-
cated in comparison to the higher period stars. This is suggestive of
a progression from a thin, radially extensive disc at young ages to a
thicker, stubbier disc at older stellar ages.

3.2 stellar density profiles

3.2.1 Modelling the Galactic Disc and Bulge

Each star is modelled as the realisation of a Poisson process at its
spatial position. Thus, for a given density model, the likelihood has
the general form2:

ln L = −

∫
V

ρ (r |Θ)S (r)dV +
∑
i=1

ln ρ (ri |Θ) (3.3)

where ρ (r |Θ) is the number density defined by model parameters
Θ and r the Galactocentric position vector. The integral part of the
likelihood is a normalising term which equates to the number of
Miras within the total volume V and the right hand summation is
conducted over all stars bound by the volume. Any general selection
function S (r) depending on the spatial coordinates can in principle
be incorporated. In our application, the selection function is highly
non-trivial being a convolution of the individual selection functions
of 2MASS and Gaia, the latter being unknown. We remark that the dis-
tribution of LPVs in Fig. 3.1 is encouragingly smooth. That is, there
is no obvious spatial dependence on detection efficiency through the

2 See A.2 for derivation of this likelihood function
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Galaxy for the Gaia LPVs. We therefore only account for the footprint
over which we can observe our Miras, as detailed later in this section.

The presence of a strong bulge/bar in the Miras seen in Fig. 3.4
motivates us to adopt a two component model to describe the data:
a disc and a bar/bulge. We model the disc component by a simple
double exponential function in Galactocentric cylindrical polar coor-
dinates (R,Z). The bulge/bar component is modelled as a triaxial
boxy Gaussian distribution as in Dwek et al. (1995). Explicitly, these
are:

ρdisc(R,Z) = ρdisc
0 exp (−R/Rs) exp (−|Z|/Zs) (3.4a)

ρbulge(x,y, z) = ρbulge
0 exp

(
−0.5m2(x,y, z)

)
(3.4b)

where Rs and Zs denote the scale length and scale height of the Galac-
tic disc. The terms ρdisc

0 and ρbar
0 are the central number densities de-

termined by the total number of stars included in the normalising
volume integral of eqn (3.3). The term m in eqn (3.4b) is computed as:

m =

(( x
x0

)2
+

(
y

y0

)2)2
+

(
z

z0

)4 14 (3.5)

where (x0,y0, z0) represent the principal semi-axes of the bar. The
Cartesian coordinates (x,y, z) are aligned along the major, interme-
diate and minor axes of the bar. Fig. 3.4 shows the major axis of
the bar to be misaligned with the line of sight from the Sun to the
Galactic Centre (GC). We transform from Galactocentric (X, Y,Z) to
bar aligned coordinates (x,y, z) through a rotation in the (X, Y) plane
defined as:

x

y

z

 =


cos θ − sin θ 0

sin θ cos θ 0

0 0 1



X

Y

Z

 (3.6)

where the angle θ is defined anti-clockwise about the Z axis from
our line of sight to the Galactic Centre (X axis). Our model then has
5 parameters denoted as Θ = (Rs,Zs, x0,y0, z0,β, θ), where we have
introduced β to represent the central density fraction of bar to disc:
ρbar
0 /ρ

disc
0 . We will hereafter refer to this as model 1 (M1). For the

purposes of generality, we also consider a disc model of the form:

ρdisc(R,Z) = ρdisc
0 exp

(
−
√

(R2 + R20)/R
2
s

)
exp (−|Z|/Zs) (3.7)
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Figure 3.5: Distributions of apparent magnitude for our Mira sample, with-
out any extinction corrections applied, in both the 2MASS Ks
and Gaia G photometric bands. Black histograms show the Miras
lying in the latitude range 0◦ < |b| < 5◦. The high extinction in
this region is visible as an excess of stars at faint optical mag-
nitudes. The red (blue) histograms correspond to those lying at
5◦ < |b| < 10◦ (10◦ < |b| < 20◦).

now including a softening parameter R0. The combination of this soft-
ened exponential disc model with the boxy bulge model above will
be referred to as model 2 (M2).

To transform from heliocentric coordinates (D, `,b) to Galactocen-
tric cylindrical polar (R,φ,Z) or bulge-aligned Cartesian coordinates
(x,y, z), we require the Jacobians:

∂ (R,Z,φ)
∂ (D, `,b)

=
D2 cosb

R
,

∂ (x,y, z)
∂ (D, `,b)

= D2 cosb (3.8)

We must also account for the spatial footprint over which we can ef-
ficiently observe Miras. Given that we are adopting photometric dis-
tance estimates, this will be a function of the survey photometry. In
Fig. 3.5, we show the apparent magnitude distribution of our Miras
in both the 2MASS Ks and Gaia G bands for different Galactic lati-
tude bins. No reddening correction has been applied for this figure,
so we can assess latitude dependence of the luminosity function. In
both the 2MASS Ks and Gaia G bands, we see at low latitudes there
is an excess of faint sources, those suffering from regions of high
extinction. Accordingly, we only consider stars with |b| > 5◦ in our
analysis, removing highly extincted sources together with the region
in which the extinction maps of Schlegel, Finkbeiner, and Davis (1998)
become highly unreliable. We make use of the González-Fernández et
al. (2012) IR bulge extinction map, which covers the VVV footprint, to
further assess the extinction effects of our sample. We find that ∼ 1%
of our Miras have AKs values greater than 0.15 at latitudes beyond 5◦.
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We further restrict our analysis to stars bound by Kmax
s = 11 to mit-

igate any source detection deficiencies at faint magnitudes. We also
see the luminosity functions truncate at bright magnitudes, as sources
saturate, and thus we define a lower limiting magnitude for our sam-
ple at Kmin

s = 4.5. The volume over which we compute our likelihood
in eqn (3.3) is bound by these imposed magnitude limits, with corre-
sponding distance limits obtained from eqn (3.2). Further, though the
contribution of high latitude halo stars is small, as is evident from
Fig. 3.1, we also restrict our analysis to stars lying at |b| < 20◦. No
Galactic longitudinal restriction is made in this analysis. Thus, our
selection function is simply:

S (D, `,b) =

1 if D ∈ (Dmin,Dmax) and b ∈ (bmin,bmax) ,

0 else.
(3.9)

The bounding volume is a function of Mira luminosity, which itself
depends on pulsation period. Thus, the variation of volume as a func-
tion of Mira period must be accounted for in our likelihood calcula-
tion, achieved by splitting our likelihood into sub-period bins.

A further important consideration is the uncertainty in the distance
assigned to each Mira, stemming from the width of the PL sequence
in Fig. 3.3. We neglect errors on the periods assigned to the Miras by
Gaia as they are typically less than 1% for our sample. We model the
distance modulus distribution of our LMC Miras as a Gaussian and fit
using least squares regression, obtaining a standard deviation of σ =

0.23. This distribution width is then convolved into our likelihood
computation. We note that the distance uncertainty accounted for in
this convolution outweighs that required for sources with AKs ∼ 0.15.
As mentioned earlier in the text, a negligible fraction of our Miras
bear values larger than this, based on the extinction map of González-
Fernández et al. (2012).

We sample our posterior distribution in Markov Chain Monte Carlo
(MCMC) fashion, applying flat priors, to make an inference on our
model parameters. To do so, we implement the emcee sampler pro-
vided by Foreman-Mackey et al. (2013). Numerical computation of
the normalising integral is expensive and so we initially do so over
a regular grid in our model parameter space. We then linearly inter-
polate over the grid, enabling posterior samples to be drawn for each
MCMC step in parameter space. We choose to model the four period
bins shown in Fig. 3.4 separately. Applying the selection criteria out-
lined in this section, we retrieve 1,198 Miras to model with periods
in the range of 100− 200 days. For the two intermediate period bins,
we obtain 1, 175 and 2, 942 Miras respectively with 3, 155 stars in our
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high period bin. Hereon we will reference these bins as P1, P2, P3
and P4 in order of increasing period.

Using the period age relations of Feast (2009) and Wyatt and Cahn
(1983), we estimate stars belonging to P1 bear ages of ∼ 10 Gyr and
older. For stars in P2 and P3, we reckon ages to lie from ∼ 10 Gyr
down to ∼ 7 Gyr. For the long period Miras in P4, we estimate their
ages to lie in the range ∼ 5− 7 Gyr. Given that we have no metallicity
information for the Miras in our sample, we probed its effect on age
estimation using the period-metallicity relation of Feast and White-
lock (2000b). Drawing mock metallicity values from a Gaussian with
a standard deviation of 0.3 dex (as judged from Hayden et al. (2015)
and Gonzalez et al. (2015)), we estimate this to impact the age esti-
mates by ∼ 1 Gyr. We acknowledge the inherent uncertainty in these
age estimates, but assign them to provide a sense of the age distri-
bution of our Mira sample. Irrespective of metallicity uncertainties, it
remains true that the development from short period to long period
tracks Miras from old and metal poorer to young and metal richer.
We use the nomenclature "old" and "young" purely in the context of
our sample.

It has been observed by Kordopatis et al. (2013) that at metallicities
less than [Fe/H] = −1.5, halo stars can dominate over disc stars in
the solar neighbourhood. Recently, Arentsen et al. (2020) posit this
may also be the case in the inner galaxy by analysing the kinemat-
ics of metal poor bulge stars. Stars of such low metallicity are ex-
tremely rare however and very few M giants have been observed
with metallicities broaching this regime (see e.g. Rich and Origlia,
2005; Schultheis, Ryde, and Nandakumar, 2016). We therefore expect
such effects to be negligible in our sample, even for our lowest period
Miras in P1.

3.2.2 Simulated data

We first implement our inference method on a mock data set. We gen-
erate a population of stars comprised of a disc and a bar component.
For the disc population, we draw cylindrical coordinates (R,Z) from
exponential distributions with parameters Rs = 3.5 kpc and Zs = 1.0
kpc to mimic the double exponential model of eqn (3.4a). Simi-
larly for the bar, we draw (x,y, z) coordinates from the triaxial Gaus-
sian distribution in eqn (3.4b) fixing the parameters at (x0,y0, z0) =

(2.0, 1.0, 0.7) in units of kpc. We prescribe the stars period values rang-
ing from 100− 200 days, drawn from a narrow Gaussian centred on
P = 150 days with a width of 50 days. Further, we fix the ratio of
bar stars to disc stars to approximate that of our real data set in this
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Figure 3.6: Comparisons of our simulated data with two models: the initial
simulated model with parameters Θsim (top row) and that recov-
ered from our MCMC inference procedure (bottom row). The left
(middle) column shows the stellar number density projected into
the Galactocentric (X, Y) plane for the simulated data (model).
The lack of stars around the Solar position in the model panels
stems from the limiting magnitude mask imposed when mod-
elling the stellar density. The right columns shows the residual,
scaled by the Poisson error in each corresponding model pixel.

Input Recovered

Rs (kpc) 3.5 3.61+0.14
−0.16

Zs (kpc) 1.0 1.10+0.05
−0.05

x0 (kpc) 2.0 2.05+0.14
−0.15

y0 (kpc) 1.0 0.95+0.08
−0.07

z0 (kpc) 0.7 0.73+0.05
−0.04

β 2.04 2.12+0.47
−0.39

θ (deg) 20 17.48+3.7
−3.5

Table 3.1: Table shows the simulated input parameters used to generate our
mock data and the recovered parameters from our fitting proce-
dure.

period range, providing a simulated value for β as 2.04. We simulate
1, 000 stars lying in the latitude range of 5◦ < |b| < 20◦.

Following the methods of Section 3.2.1, we infer the density profile
parameters of our simulated data and make a comparison to those
that we initially implemented in the generation of the mock data. We
do so in Fig. 3.6 where we show the two sets of residuals in the X− Y

plane; the top row being that of simulated model and the bottom row
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Figure 3.7: Marginalised posterior distributions for the model parameters of
the Mira population in the period range 200-250 days recovered
from our MCMC inference.

using the model parameters recovered from our inference procedure.
The figure demonstrates excellent agreement between the two rows
with negligible difference between the two residuals and in Table. 3.1
we list the input and inferred simulated model parameters.

3.3 results

We apply our parameter fitting procedure to each of the three sub-
populations of Miras shown in Fig. 3.4, probing the evolution of disc
and bar morphology with pulsation period. Fig. 3.7 demonstrates the
resultant posterior distributions obtained from our fits, with the fig-
ure being representative of the intermediate period population P2,
and we list the full set of parameters for each of the period bins in Ta-
ble 3.2. We show the full evolution of our model parameters in each
period bin in Fig. 3.8 with our main model, M1, identified by red
markers.
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Table 3.2: We list the recovered parameters of our model, for each Mira pe-
riod bin, following the procedure detailed in Section 3.2.1. For the
old stars (P1), they have age estimates of ∼ 10 Gyr. Stars in P2 and
P3 bear ages of 7− 10 Gyr. For the youngest Miras, we estimate
their ages to be ∼ 5− 7 Gyr. We base these values on the Mira age
estimates of Wyatt and Cahn (1983) and Feast (2009).

3.3.1 Miras in the Disc

From Fig. 3.8, the disc parameters of our main model (M1) show an
evolution in agreement with the qualitative picture obtained from
Fig. 3.4; as we progress from a high to low period population of stars,
the thickness of the disc increases reaching a scale height of ∼ 1 kpc,
comparable to traditional estimates for the thick disc. Similarly, we
see an evolution in the radial scale length of the disc, originating at
low values for low periods and growing on increasing period. Such
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Figure 3.8: We show the evolution of recovered model parameters as a func-
tion of Mira pulsation period. Red scatter points correspond to
the values given in Table. 3.2, being the parameters of our main
model, M1. The parameters show strong evolution as the older
Miras make up a more radially concentrated and thicker disc,
evolving toward a thinner and more extensive disc for younger
stars. The bulge/bar length is consistent with being constant
across all bins, but appears to narrow, becoming thinner for the
youngest of Miras. The bar angle shows strong progression from
being very nearly aligned with the Solar line of view at old ages
up to θ ∼ 21◦ for the younger Miras. Blue scatter points corre-
spond to our softened exponential disc M2, and largely show
the same distribution as those of M1. This differs in the case of
the radial scale length of the disc, for which we see a largely con-
stant value across all period bins. This is compounded with the
progression of the R0 parameter evolving from near zero to 5− 6
kpc. The grey bars indicate the width of each period bin with the
scatter points located at the central value.

a smooth evolution of the disc’s stellar profile complements the find-
ings of Bovy et al. (2012), who show there is a continuous change of
the disc scale parameters as a function of stellar position in the [α/Fe]
versus [Fe/H] plane. As discussed in Chapter. 1, Hayden et al. (2015)
mapped out the stellar distribution in the [α/Fe] versus [Fe/H] abun-
dance space across the Galaxy, spanning a radial range of 3− 15 kpc
in the plane and up to 2 kpc vertically away from the plane. They ob-
served a progression in which α-rich stars dominate in the inner disc
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at large heights but α-poor stars dominate further out and closer to
the disc plane. This behaviour was explained by Minchev et al. (2015)
as the effect of disc flaring in mono-age stellar populations, observed
in simulations wherein the discs form inside-out. Such a scenario also
predicts a strong age gradient in the thick disc as seen by Martig et al.
(2016b) and Grady, Belokurov, and Evans (2019). This is consistent
with the distribution of our disc parameters. We may physically in-
terpret our results to demonstrate the changing morphology of the
Galactic disc as a function of chemistry and stellar age, given that the
pulsation period of Miras acts as a proxy for both. The older, metal
poor stellar population resides in a stubby disc; it is radially restricted
but bloated high above the disc plane. As the age of the stellar popu-
lation decreases and becomes metal enhanced, the stars reside closer
to the Galactic plane but stretch out radially. This is a clear signal of
inside-out, upside-down formation of the Milky Way disc over a stel-
lar age spanning ∼ 5−10 Gyr. The study of Milky Way-like galaxies in
the Eris simulations catalogue by Bird et al. (2013) found the oldest of
stellar populations to reside in centrally concentrated, puffy configu-
rations with younger cohorts continuously populating radially more
extended and vertically thinner discs. Tracing the star formation his-
tory of these sub-populations backward, they saw the older stars to
have formed during active merging phases in the galaxy’s history,
dynamically heating the stellar orbits. The larger scale heights of the
older stars were seen to be largely inherited from the turbulence asso-
ciated with the early star-forming disc, imprinted by the high super-
nova feedback rate and larger rate of dynamical heating by mergers
and halo substructure. Younger stars are born out of cooler, more
rotationally supported gas at calmer periods in the galaxy’s lifetime,
and the disc grows radially. Further, the evolution of disc structure we
infer for the MW is very similar to that seen by Buck et al. (2019) in
their recent study of MW like galaxies from the suite of NIHAO-UHD
simulations. They observe the disc scale length to increase and disc
scale height to decrease for progressively younger stellar populations
residing in the disc, as in Fig. 3.8 of this work.

Looking at the Galactic (X, Y) residuals of our model M1 in Fig. 3.9,
we see there exists a strong ring like over-density amongst the youngest
of the Miras (P4). The ring coincides approximately with the Solar ra-
dius and stretches out to Y ∼ ±10 kpc, being more prominent away
from the direction of Galactic rotation (i.e negative Y). Galactic rings
are a well known phenomenon observed in many external galaxies
largely thought to be formed through secular evolutionary processes
within the galaxy. In barred galaxies, the bar itself can drive gas ra-
dially until it is halted at a resonance. In the case of outer rings, this
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Figure 3.9: Comparison of our Mira sample modelled in each period bin
with our recovered model from the MCMC fit in Galactocentric
(X, Y) projection. The Solar position is at (8.3, 0) with the Y axis
aligned with the direction of Galactic rotation. Top to bottom
panels run in order of low period to high period corresponding
to stellar ages beyond 10 Gyr down to ∼ 5 Gyr. The data col-
umn shows the logarithmic number density of the Miras and the
model columns show the corresponding predicted number den-
sity based on the parameters in Table. 3.2. The residuals are com-
puted as the difference in data count and model count, weighted
by the Poisson noise in each model.

occurs at the Outer Lindblad Resonance (OLR), with subsequent star
formation yielding a stellar ring. For an approximately flat Galactic
rotation curve, the OLR should reside at ROLR ∼ 1.7 RCR (Dehnen,
2000) where RCR is the co-rotation radius. This is believed to lie in
the range of ∼ 3− 6 kpc (see e.g. Gerhard, 2011), with a recent value
of 5.7± 0.4 kpc obtained by Sanders, Smith, and Evans (2019) using
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Figure 3.10: Top: Galactocentric X − Z projections of our low period Mira
sample. From left to right we show the recovered model from
our fit, the data number density and the residuals scaled by the
Poisson noise in each model pixel. The middle and bottom rows
show the equivalent for the intermediate and high period Mira
populations respectively.

a combined Gaia DR2 + VVV data set. Thus, the OLR is expected to
reside somewhere between 6 kpc and 10 kpc, in the immediate neigh-
bourhood of the Solar position. Given that the ring-like residual seen
in the P4 Miras coincides with this radial range, it is plausible for it to
be associated with trapping of stellar orbits around the OLR. Further,
it can be gleaned from Figs. 3.10 and 3.11 that there are Miras lying be-
yond 2 kpc from the disc, manifesting as the fluffy residuals at these
heights. We further see a long spur-like structure, constituted of Mi-
ras with periods in the range 200−250 days, in the (Y,Z) projection of
Fig. 3.11. Its extent is large, stretching out to Y ∼ −5 kpc and ∼ 3 kpc
below the plane of the disc. With the ever increasing wealth of stel-
lar information provided by modern surveys, it is becoming evident
that the Milky Way disc is not in dynamical equilibrium but displays
various signatures of recent perturbations. A wave-like north-south
asymmetry of stellar counts was observed by Widrow et al. (2012),
who suggest an externally driven vertical perturbation may be the
cause for such disc heating. With the advent of Gaia DR2, clear evi-
dence of vertical phase space mixing was seen by Antoja et al. (2018)
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Figure 3.11: Top: Galactocentric (Y,Z) projections of our low period Mira
sample. From left to right we show the recovered model from
our fit, the data number density and the residuals scaled by the
Poisson noise in each model pixel. The middle and bottom rows
show the equivalent for the intermediate and high period Mira
populations respectively.

within the Solar neighbourhood. The perpetrator of such a signature
is still debated, with possibilities being a Sagittarius-like object plung-
ing through the disc (see e.g. Binney and Schönrich, 2018; Laporte et
al., 2019; Li and Shen, 2019) or even vertical oscillations induced by
the buckling of the bar (see e.g. Khoperskov et al., 2019). Such heat-
ing events inevitably kick stars out of the disc to large heights and
indeed stellar debris as high as ∼ 10 kpc may have originated in the
disc (Price-Whelan et al., 2015; Xu et al., 2015). As the Miras represent
a thick disc stellar population, and thus in-plane perturbations due
to spiral arms and giant molecular clouds etc are likely ineffective, it
is reasonable to interpret the origin of the high lying Miras as that
of external disc heating, kicking the stars to such heights. For our
softened exponential model (M2), the general evolution of the param-
eters is equivalent, except in the case of the radial scale length which
is consistent with being constant at all periods. The softening param-
eter R0 shows a strong jump from near zero in P1, consistent with a
simple double exponential disc, to ∼ 5− 6 kpc at higher periods. The
interpretation for this is not clear and it may simply be that the soft-
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ened model is acting to smooth out the stellar radial distribution at
these periods. For consistency, we show the Galactocentric residuals
of this model in the Appendix, but there is little difference to those of
M1.

We note the presence of a model over-density at (X, Y) ∼ (−5, 4) kpc
in our P2 residual panels. This likely stems from combined effects of
the Gaia scanning law and sparse light curve sampling, inhibiting
period recovery at periods of ∼ 200 days (see Mowlavi et al., 2018).
Checking the spatial distribution for each of our period bins, as in
Fig. 3.1, we indeed see regions of low detection efficiency in P2, but
largely at latitudes less than 5◦, a region not included in our mod-
elling.

3.3.2 Miras in the Bulge

Turning our attention to the bulge, we observe several interesting fea-
tures in our recovered parameters of M1. Across all period bins, the
bulge/bar length shows no clear evolution within the error, with a
value of x0 ∼ 1.7 − 1.9 kpc observed. Further, as the stellar age of
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Figure 3.12: Equivalent to Fig. 3.10 but we now only show the exponential
disc in our model. In doing so, we highlight the presence of the
bulge Miras, made apparent by the strong central residuals in
the right hand column.
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the bulge decreases (on increasing period), it appears to become nar-
rower and thinner. Based on the simulations of Debattista et al. (2017),
this is an expected trend, one that they label ’kinematic fractionation’.
They show that through both purely N-body and high resolution,
gas dynamical simulations, the resultant bulge morphology correlates
strongly with the age of the stellar population in question, seeded by
their initial in-plane random motions. The older, hotter stellar popu-
lations form a vertically thicker boxy bulge and the younger, cooler
stars result in a thinner, peanut-like bulge (see Fig. 15 of Debattista
et al. (2017)). This change in bulge morphology is true for the Miras.
The bulge residuals when we model only for the disc in Fig. 3.12 and
Fig. 3.13 clearly show the oldest Miras to extend vertically higher (i.e.
thicker) than the younger Miras and our recovered model parameters
in Fig. 3.8 clearly show the trend of decreasing width (i.e. become
narrower) on increasing period. We note that whilst from Fig. 3.4 it
appears that the bulge/bar length grows for the highest two period
bins, our modelling is limited to |b| > 5◦ and so we are insensitive
to this in plane bulge growth. Our latitudinal mask also inhibits the
vertical extent over which we model the data (e.g. see Fig. 3.12) and
this may be a reason why we do not observe a continuous decline in
the bulge scale height.

For the oldest Miras, the scale length ratios of the bulge/bar are
[1 : 0.44 : 0.35] in the order of [x0 : y0 : z0]. For the two intermediate
populations, we obtain [1 : 0.45 : 0.33] and [1 : 0.43 : 0.33] with the
youngest of Miras showing [1 : 0.28 : 0.27]. These values are compa-
rable to the three dimensional structure of the Galactic bulge found
by Pietrukowicz et al. (2015) in their study of OGLE-IV RR Lyrae,
as well as the that of the RC bulge stars studied by Bissantz and
Gerhard (2002) and Rattenbury et al. (2007). We find the elongation
of the bar to be slightly less than that found by Wegg and Gerhard
(2013), who utilised RC stars in the VVV survey to derive axis ratios
of [1 : 0.63 : 0.26] (see Zoccali, 2019, for discussion). This discrep-
ancy may stem from the fact that they probe the bar region to lower
latitudes (|b| < 5◦) than accessible to us here, though the extensive
modelling efforts of VVV RC stars by Simion et al. (2017) yielded a
best fitting bulge axis ratio of [1 : 0.44 : 0.31]. Further, Wegg, Gerhard,
and Portail (2015) analysed a sample of RC stars residing outside of
the bulge, highlighting the existence of a vertically ’thin’ and ’super-
thin’ component associated with increasingly younger stellar popula-
tions, down to ∼ 1 Gyr. They also see a smooth transition between
the boxy bulge and long bar through the continuous decline in the
scale heights of their fits. This is corroborated by Cabrera-Lavers et
al. (2008, 2007) who find two triaxial structures residing in the inner
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Figure 3.13: Again we only show the exponential disc in our model, high-
lighting the apparent decreasing vertical extent of the bulge Mi-
ras on increasing period.

galaxy: a thick BP bulge and a thinner long stellar bar. The claim of a
long bar is not novel with Amôres et al. (2013), González-Fernández
et al. (2012), Hammersley et al. (2000), and López-Corredoira et al.
(2007) all finding such a structure, located at a position angle of
∼ 40◦ − 45◦, significantly offset from that typical of the main bar, in-
spiring the notion of two separate bulge/bar structures within the
galaxy. However, the simulations of Martinez-Valpuesta and Gerhard
(2011) and Romero-Gómez et al. (2011) imply that such an offset may
be a result of volume projection effects in the stellar counts and possi-
ble asymmetries at the end of the bar, which develop leading ends in-
duced by interactions with adjacent spiral arm heads. Such an effect
appears to have been observed in Sloan Digital Sky Survey (SDSS)
imaging of the galaxy MCG+07-28-064 where Peterken et al. (2019)
observe a change in the bar angle at the youngest of stellar ages. They
interpret this to be an effect of star formation occurring on the lead-
ing edge of the bar, wherein the young stars have not had ample
time to fully mix in their orbits through the bar potential. It would
therefore seem a single central structure may suffice; a central boxy
bulge extending to a longer, thinner in-plane bar which can couple
to the spiral arms yielding non-symmetric bar ends. In this context,
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the evolution of the dimensions of our Mira populated bulge are con-
sistent with known trends of the bulge/bar system in that the width
and height of the structure decreases on decreasing stellar age, as
observed by Wegg, Gerhard, and Portail (2015) and in the extensive
simulations of Debattista et al. (2017). We note that, whilst less pro-
nounced, the results of M2 are also consistent with this evolutionary
picture of bulge/bar structure.

However, it is striking that the orientation of the bulge Miras evolves
on increasing period; the oldest Miras orient themselves along our
line of sight and the younger Miras reach an inclination angle of
θ ∼ 21◦ as seen in Fig. 3.8. The OGLE-III bulge RR Lyrae studied by
Dékány et al. (2013) using VVV photometry revealed a slightly elon-
gated stellar structure, with an inclination angle of ∼ 12.5◦ amongst
a more spheroidal population. Further, the bulge OGLE-IV RR Lyrae
sample studied by Pietrukowicz et al. (2015) resulted in an inclination
angle of ∼ 20◦. Previous analysis of bulge RC stars (see e.g. Babusi-
aux and Gilmore, 2005; Bissantz and Gerhard, 2002; Rattenbury et al.,
2007; Simion et al., 2017; Wegg and Gerhard, 2013) have constrained
the angle of the bulge/bar to lie in the range of ∼ 20◦ − 30◦. Recent
modelling of the bulge by Coleman et al. (2019) determines the bar
angle to lie in the range 18◦ − 32◦ through both parametric and non-
parametric modelling of VVV RC bulge stars. The two youngest Mira
populations (P3 and P4) in our study are consistent with these find-
ings and bear ages of ∼ 5− 9 Gyr. From Fig. 3.14, the presence of a
central bulge/bar-like feature is evident at all periods from the large
residuals in the centre of the galaxy when we fit only for an expo-
nential disc. Curiously, these residuals are clearly very nearly aligned
with our line of sight towards the Galactic centre for the lowest pe-
riod population. Our best fit parameters for these old Miras do not
suggest they are the most spheroidal of our sample, as we may expect
for the oldest population. The extent of the residuals in the (X,Z) and
(Y,Z) planes in Figs. 3.12 and 3.13 affirm this, with their vertical ex-
tent constrained below 2 kpc from the plane but reaching out to ∼ 2.5
kpc along the Galactocentric X coordinate. An evolution of bar incli-
nation angle with Mira pulsation period has been observed by Catch-
pole et al. (2016) who observe distinct bulge/bar structures occupied
by the oldest and youngest of Miras in their sample. The ancient Mi-
ras show no apparent inclined structure, whereas the younger Miras
form a tilted bar-like structure. This change of orientation is consis-
tent with the difference we see between our shortest period bin and
the longer period Miras. This too was observed by Debattista et al.
(2017), who found that the oldest stars in their simulations showed
very weak coupling to the inclined bulge/bar structure, as well as by
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Figure 3.14: Equivalent to Fig. 3.9 but here we only show the exponential
disc component of our model. On illuminating the bulge Miras,
a curious evolution of bulge orientation is observed on increas-
ing Mira period.

Dékány et al. (2013) in their bulge sample of RR Lyrae. This has been
corroborated by Prudil et al. (2019) in their recent analysis of OGLE-
IV RR Lyrae finding no evidence of a bar association. For the stars
in P2, we find an inclination of ∼ 13◦, comparable to that of the very
central RR Lyrae distribution of Dékány et al. (2013). However, from
Fig. 3.14, it is unclear how strong a bulge signal exists in this period
bin. The bulge-like residual in the disc only fit is weak and confined
only to the very central region. Thus our model may be suffering from
the sparseness of the data in this narrow period range when fitting
for the bulge/bar parameters, given our latitude restrictions. Alter-
natively, this period bin may be including Miras from two separate
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bulge populations, one inclined at ∼ 21◦ and another not, resulting in
an intermediate bulge/bar angle. Aside from the uncertainty in this
period range, the evolution of the bar angle from the oldest of Miras
to the youngest is clear from the data where the ancient Miras look to
be decoupled from the inclined boxy bulge/bar. It is possible there-
fore that these Miras are old enough to have been born before the
formation of the bar and its subsequent buckling. If they were kine-
matically hot enough, it is possible they did not efficiently couple to
the early bar thus maintaining their distinct structure. The prominent
elongation of this structure may be a consequence of our imposed
latitude cut or an observational bias due to potential incomplete lati-
tudinal sampling of Miras in the Gaia+2MASS cross-match.

It has been predicted from both N-body and star forming simula-
tions that upon observing younger/metal-richer bulge populations,
their morphology should tend toward that of a peanut shape with
a stronger X-shape signature compared to the older/metal poorer
bulge stars (see e.g. Buck et al., 2018; Debattista et al., 2017; Fragkoudi
et al., 2018). Indeed, observations have shown this to be the case with
the older, metal poor stars being centrally concentrated and axisym-
metric in their spatial distribution. The young and metal rich stars are
consistent with belonging to a BP shaped bulge bearing the X-shape
signature characteristic of such a structure inclined to the line of sight
(see e.g. Rojas-Arriagada et al., 2014; Williams et al., 2016; Zoccali et
al., 2017). Accordingly, we seek to find such a contrast in bulge spa-
tial distribution in our Mira sample. Selecting only the oldest and
youngest period bins of our sample, we show their density distribu-
tion in Fig. 3.15. On computing the residuals between these period
bins, we can identify the regions in which the two sub-populations
dominate the overall stellar density. Indeed, we see the old/metal
poor Miras to lie centrally and extend vertically along the bulge/bar
minor axis, whilst the young/metal rich Miras show four peaks in
density, distributed asymmetrically about the Galactic centre. We in-
terpret this as evidence that the young Miras lie in a BP configuration
with a viewing angle of ∼ 21◦ yielding the apparent X-shape. Our
Galactic latitude mask at |b| < 5◦ inhibits us from making a direct
comparison to our smooth bulge/bar model, as this signal exists pri-
marily at low latitudes in a region of low stellar density. Regardless,
the signal we recover is in excellent agreement with the predicted stel-
lar age distribution of Debattista et al. (2017) (see their Fig. 22) and is
reminiscent of the general X-shape morphology uncovered by Ness
and Lang (2016).

Finally, we note that there has been long discussion of long period
bulge Miras in the context of the apparent dearth of young stars seen
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Figure 3.15: We show the distribution of the longest and shortest period
Miras in our sample for the inner 12◦ × 12◦ of the Galaxy in
the top panels. The upper-left panel corresponds to the low pe-
riod Miras and the upper-right to the long period Miras. We
further restrict ourselves to stars within a Galactocentric cylin-
drical radius less than 5 kpc to reduce foreground contamina-
tion. Normalising the stellar number density across the two pe-
riod bins, we compute the residual between the two. We smooth
the image by applying a Gaussian filter of width 1.6◦ over the
residual. This is displayed in the bottom-most panels. Red over-
densities correspond to regions dominated by the long period
(young/metal rich) Miras and blue those by the old (old/metal
poor). The ancient Miras peak centrally, on the minor axis. Away
from this region, the young Miras dominate in two fields either
side of the Galactic centre, with greater vertical extent on the
near side of the bulge. This is indicative of the younger Mi-
ras constituting an peanut-shaped bulge inclined to our line of
sight.

to reside in the central region of the Galaxy (see e.g. Valenti et al.,
2013; Zoccali et al., 2003). Both Renzini et al. (2018) and Clarkson et
al. (2011) have set a limit on bulge stars younger than ∼ 5 Gyr, coinci-
dent with our lower age limit. Miras covering a wide range of periods
residing in the bulge/bar have been studied by Whitelock, Feast, and
Catchpole (1991) who consider the possibility that the long period Mi-
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ras are in fact the progeny of binary mergers rather than a distinctly
young population, a notion put forth by Renzini and Greggio (1990).
However, the majority of their Mira sample bear periods in excess
of 400 days, a regime beyond our sample. Further, a likely candidate
for such a process is that of the C-rich Mira discussed in Feast, Men-
zies, and Whitelock (2013) with a period of 551 days. Thus, we believe
such effects are not at play in the age estimation of our longest period
Miras.

3.4 summary

We take advantage of the, to date, underutilised sample of Miras pro-
vided by Gaia DR2. Selecting O-rich Miras based on their distinct in-
frared colour and considerable photometric amplitude of variability,
we map the Mira population through the Galactic disc and into the
bulge. We exploit the correlation between Mira pulsation period with
stellar age/chemistry to date our Mira sample and slice the Galaxy
chronologically. Spanning ages of ∼ 5− 10 Gyr, we can observe how
the structure of the disc and bulge/bar has evolved over the Milky
Way’s lifetime.

We find the old, metal poor disc to be stubby; its vertical extent is
large and is constricted radially. On increasing period, the disc settles
into a thinner and radially more extensive formation. Modelling the
disc as a simple double exponential, we see a progression in scale
length from ∼ 3.8 kpc to ∼ 4.5 kpc for periods ranging from 100 to 400
days. Similarly, the vertical scale height of the disc plummets from
∼ 1.0 kpc at low periods to ∼ 0.5 kpc for our longer period Miras. This
is entirely complementary to the findings of Bovy et al. (2012) who
studied the stellar disc profile as a function of chemical abundance
using a large sample of G-type dwarfs from the SDSS-SEGUE survey.
They find the scale height of the disc to ascend from ∼ 200 pc to ∼ 1

kpc on increasing stellar age, as indicated by their metallicity and
[α/Fe] abundance. The radial scale length of the disc decreases from
> 4.5 kpc down to ∼ 2 kpc also on increasing stellar age. The structure
we see in the disc could be understood in terms of the early Galaxy
being turbulent and dynamically active, heating the early star form-
ing disc. As the Galaxy became more quiescent, the younger stellar
populations were born out of progressively cooler and more rotation-
ally supported gas, thinning and extending the stellar disc (see e.g.
Bird et al., 2013; Bournaud, Elmegreen, and Martig, 2009).

Within the disc, we see evidence of disruption and heating. A large
ring-like structure is observed in the youngest of disc Miras, coinci-
dent with the expected location of the Outer Lindblad Resonance and
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indicative of secular evolutionary processes, mixing and restructuring
the disc. Miras are observed to lie scattered from the plane, extending
up to beyond 3 kpc likely due to vertical perturbations induced in the
disc over their lifetime.

In the central regions of the Galaxy, we find the younger/metal-
richer Miras to clearly inhabit an inclined bar-like structure. Fitting
a boxy-bulge model to these Miras yields a viewing angle of ∼ 21◦.
The ancient Miras show little evidence for inclination, suggestive that
they are a spatially distinct component from the bulge/bar. This is in
accord with the findings of Dékány et al. (2013) who see the bulge RR
Lyrae to lie detached from the bar with little evidence for an inclined
population. Satisfyingly, the age of our eldest Miras are comparable
to those of RR Lyrae at ∼ 9− 10 Gyr. This distinction is also seen in
the simulations of Debattista et al. (2017) in which the disc is seeded
by co-spatial populations of stars with differing velocity dispersion
profiles. Bar formation occurs after ∼ 2 Gyr, subsequently buckling
into a bulge where the older, hotter stars form a boxy shape and the
younger, cooler stars more easily trapped into X-shape orbits. When
they studied the morphology of their oldest bulge stars, > 9.5 Gyr,
they saw them to be decoupled from the bar structure. Thus, it is rea-
sonable to interpret the RR Lyrae distribution of Dékány et al. (2013)
and our ancient Miras to represent those stars that were born prior
to bar formation, and were kinematically hot enough to avoid en-
trapment by the bar potential. Given that the lowest period bin to
demonstrate a bulge/bar structure occurs at 250− 300 days, we pos-
tulate that the bar must have buckled by ∼ 8− 9 Gyr ago, given the
period age relations of Wyatt and Cahn (1983) and Feast (2009).

We find a bulge/bar half-length of ∼ 1.7− 2 kpc from our Miras,
with an indication that the bulge/bar width and height decreases on
stellar age. For the two period bins that clearly show the Miras to be
bar-like, we see tentative evidence for an increase in the bar length.
This is consistent with the trends seen by Wegg, Gerhard, and Portail
(2015), who see the bar extending beyond the bulge to become longer
and thinner for younger Red Clump stellar populations. Again our
results are consistent with the findings of Debattista et al. (2017) who
see the younger stars to constitute a narrower and thinner bulge/bar.

When comparing the spatial distributions of the oldest and youngest
Miras in the inner Galaxy we see a clear distinction between the two.
The old/metal-poor Miras dominate centrally, whilst the young/metal-
rich Miras exhibit a boxy-peanut like morphology with a characteris-
tic X-shape. This is consistent with the notion of ’kinematic fractiona-
tion’ posited by Debattista et al. (2017) wherein the younger, initially
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cooler stars couple more strongly to the buckling bar, exhibiting a
more pronounced peanut-shape than the older stars.

By making use of the Gaia DR2 LPV data set, we have shown it is
possible to cleanly select a large sample of O-rich Miras and assign
them accurate distances. Owing to their impressive brightness in the
near infrared regime, we are able to trace the Miras right across the
disc and through the bulge. Seizing on the correlation between their
pulsation period and stellar age/chemistry, we can, for the first time,
chronologically slice through the Galactic disc and bulge at once. The
Miras are not the only variable star to be utilised in mapping out
the Milky Way. Cepheid variables and RR Lyrae have long been used
to do so but the Miras are not limited to a single age bracket nor do
they primarily trace a single structure as the Cepheids do in the spiral
arms. Many studies have made excellent use of the vast Red Clump
giant populations but these too lack the ability to act as chronome-
ters in tracing the bulge/bar structure. Looking further afield, many
Miras have already been resolved in M31 (see e.g. An et al., 2004), so
it seems their ability to chronologically dissect a galaxy is not limited
to the Milky Way.



4
M A G E L L A N I C M AY H E M : M E TA L L I C I T I E S A N D
M O T I O N S

This chapter is based on work originally published in Grady, Belokurov,
and Evans (2021). 1

We assemble a catalogue of Magellanic Cloud red giants from Data
Release 2 of the Gaia mission and, utilising machine learning meth-
ods, obtain photometric metallicity estimates for them. In doing so,
we are able to chemically map the entirety of the Magellanic System
at once. Our maps reveal a plethora of substructure within our RG

sample, with the LMC bar and spiral arm being readily apparent.
We uncover a curious spiral-like feature in the southern portion of
the LMC disc, hosting relatively metal-rich giants and likely a by-
product of historic encounters with the SMC. Modelling the LMC
as an inclined thin disc, we find a shallow metallicity gradient of
−0.048 ± 0.001 dex/kpc out to ∼ 12◦ from the centre of the dwarf.
We see evidence that the Small Magellanic Cloud is disrupting, with
its outer iso-density contours displaying the S-shape symptomatic of
tidal stripping. On studying the proper motions of the SMC giants,
we observe a population of them being violently dragged towards
the larger Cloud. The perturbed stars predominately lie in front of the
SMC, and we interpret that they exist as a tidal tail of the dwarf, trail-
ing in its motion and undergoing severe disruption from the LMC.
We find the metallicity structure in the Magellanic Bridge region to
be complex, with evidence for a composite nature in this stellar pop-
ulation, consisting of both LMC and SMC debris.

4.1 data

We make use of the Magellanic RG catalogue compiled by Belokurov
and Erkal (2019) from Data Release 2 (Gaia Collaboration et al., 2018d)
of the Gaia mission (Gaia Collaboration et al., 2016), which holds
1, 604, 018 stars within 30◦ of the Clouds. In the top row of Fig. 4.1,
we show the stellar density of these giants in two coordinate systems:
the Magellanic Stream system (L,B) described by Nidever, Majewski,
and Butler Burton (2008) and the Magellanic Bridge system as in Be-
lokurov et al. (2017), both of which will be utilised in this work. A

1 I note that Figs. 4.1 & 4.21 were created by Vasily Belokurov and appear here as they
do in the submitted work.
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plethora of substructure is seen in the giants, with the Clouds hosting
multiple outer spiral-like arms such as the northern structure identi-
fied by Mackey et al. (2016). A complex ensemble of features present
in the southern portion of the LMC; the claw like features, associated
with "Substructure 1" and "Substructure 2" of Mackey et al. (2018), ap-
pear to wrap clockwise around the lower LMC disc. As noted in Be-
lokurov and Erkal (2019), one of the most striking features is the thin
stellar stream that appears connected to the SMC, arcing ∼ 90◦ clock-
wise around the outer LMC. Curiously, hints of this structure may al-
ready be seen in the map of the Magellanic Mira built using Gaia DR1
data in combination with WISE and 2MASS photometry (Deason et
al., 2017). The portion of the LMC disc nearest the SMC is truncated,
with the morphology of the smaller dwarf appearing distorted, appar-
ently stretching towards the LMC. The outskirts of the two galaxies
are littered with stellar debris, and indeed a population of giants is ob-
served to inhabit regions between the Clouds. In the lower two panels
of the figure we show, for comparison, the distribution of RRL in the
two coordinate systems, combining both the Gaia SOS (Specific Object
Study Clementini et al., 2019) catalogue with stars classified as RRL
in the general variability table vari_classifier_result (Holl et al.,
2018). Requiring these RRL to have phot_bp_rp_excess_factor < 3,
we correct for extinction and assign heliocentric distances as in Io-
rio and Belokurov (2019). Selecting those RRL whose distances are
commensurate with the Clouds, we see in Fig. 4.1 a relatively clean
selection can be made. The peripheries of the dwarfs are again scat-
tered with diffuse structures, the LMC disc is truncated towards the
SMC and most strikingly of all is the old stellar bridge spanning in
the inter-Cloud region. Interestingly, the RR Lyrae distribution fol-
lows closely that of the giants, implying that in the LMC, many of
these old pulsating stars represent the disc population. This is per-
haps best reflected by the sharp disc truncation on the side nearest
to the SMC. Both red giants and RR Lyrae show this dramatic near-
linear cutoff in the disc density. The evacuated western portion of the
LMC’s disc emphasises strikingly the old bridge connection between
the two Clouds.

We cross-match the Magellanic giant sample the 2MASS (Skrutskie
et al., 2006) and WISE (Wright et al., 2010) surveys to build a sam-
ple with broad photometric coverage. We only select stars with the
2MASS quality flags ph_qual = AAA, cc_flg = 000, gal_contam = 0

and the WISE quality flags ext_flg 6 1, ph_qual = AAA to remove
potential artefacts and sources with poor photometric measurements.
Initially, we correct for extinction using the dust maps of Schlegel,
Finkbeiner, and Davis (1998) and the 2MASS and WISE extinction
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Figure 4.1: The top two panels show the red giant sample of Belokurov and
Erkal (2019) shown in both Magellanic Stream and Magellanic
Bridge coordinates. A myriad of diffuse stellar substructure can
be seen in the outer regions of the system. Most prominent is the
northern spiral like feature that was first observed by Mackey et
al. (2016), alongside a host of complex thin streams in the south-
ern portions of the outer LMC. The bottom two panels display
Gaia DR2 RR Lyrae, whose selection we describe in the text. Note
that the RR Lyrae distribution follows closely that of the giants,
including the sharp cutoff in the disc density on the side of the
LMC facing the SMC. With both stellar tracers, the old stellar
bridge (Belokurov et al., 2017) is evident as the connecting fea-
ture of the two Clouds.

coefficients of Yuan, Liu, and Xiang (2013). For the Gaia photom-
etry, we follow the de-reddening procedure of Gaia Collaboration
et al. (2018c), using the first two terms in their eqn (1) to do so.
The recent red clump calibration of Skowron et al. (2020) has pro-
vided reddening maps for the LMC and SMC with good resolution
in the central parts of the Clouds, regions where those of Schlegel,
Finkbeiner, and Davis (1998) suffer from high levels of dust. Con-
sequently, we utilise these recent maps for the innermost regions
of the Clouds 2. We then require the giants to obey the relation of
phot_bp_rp_excess_factor < 1.3 + 0.06 (BP − RP)2 and reject any

2 We also applied this procedure to the RRL in Fig. 4.1
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Figure 4.2: Spatial distribution of our giants in Magellanic Stream coordi-
nates. Stars with an APOGEE spectroscopic metallicity measure-
ment are shown in red and provide good coverage of both satel-
lites. These stars will constitute our regression training set to
predict the metallicities of all the Magellanic giants in our sam-
ple.

stars that now lie outside the CMD selection box of Belokurov and
Erkal (2019), after correcting the extinctions in the inner regions, yield-
ing a sample size of 226, 119 Magellanic giants.

A subset of our sample are captured by the APOGEE-2 southern
hemisphere observations (Majewski, APOGEE Team, and APOGEE-
2 Team, 2016; Zasowski et al., 2017), the Magellanic Cloud targets
of which provide a relatively unbiased sample of stars spanning a
large metallicity range of [Fe/H] = −0.2 dex down to [Fe/H] = −2.5
dex (Nidever et al., 2020). This provides us with metallicity values
for 3, 077 giants. Fig. 4.2 shows the spatial distribution of our giant
sample, with red markers indicating those stars with APOGEE mea-
surements. Our full sample spans the entirety of the Magellanic re-
gion with the APOGEE stars also exhibiting good spatial coverage
of the Clouds in both the radial and azimuthal sense. We will utilise
this sub-sample as a training set to build a regression model that
can accurately predict the metallicities for our full giant sample. In
Fig. 4.3, we show the CMDs of our giants with the extent of the train-
ing APOGEE data indicated by the black contours. The WISE and
2MASS CMDs are relatively clean with clearly discernible red giant
branches and asymptotic giant branches seen; the marked drop in
stellar density at approximately Ks < 12 and W1 < 12 marks the
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Figure 4.3: CMD diagrams of the full Gaia+2MASS+WISE giants for which
we will predict metallicities. We see our giant sample encom-
passes the upper RGB out to the AGB stellar phase. The clean-
liness of the Gaia CMD is a direct consequence of the methods
employed by Belokurov and Erkal (2019) in their giant selection.
In the other photometric systems, the CMDs look relatively clean
and we overlay black contours spanning the 5th − 50th percentile
levels of the APOGEE training sample, with logarithmic spac-
ing. It can be seen that APOGEE generally obtains metallicity
estimates for the brighter red giants, with the sample being par-
ticularly deficient at blue WISE colours. How this pertains to our
regression analysis is discussed later in this work.

transition to the AGB stellar populations of which our sample en-
compasses both the O-rich and C-rich components of this phase. The
stars for which APOGEE measurements exist are largely confined
to bright RGs, with a noticeable lack of stars bluer than ∼ −0.2 in
the WISE colour W1−W2 in comparison to the full sample. The ef-
fects that such colour offsets have on our ability to accurately predict
metallicities is discussed later in this chapter. APOGEE DR16 has ob-
served ∼ 23, 000 stars in the direction of the MCs, largely comprised
of RGB, AGB and foreground dwarf stars (Zasowski et al., 2017). Re-
cently, Nidever et al. (2020) selected Magellanic giants from APOGEE
by utilising optical photometry to remove foreground dwarfs, and
devised a 2MASS photometric selection to isolate likely Magellanic
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giants. The authors acted to ensure there was minimal bias against
selecting metal poor giants by employing a wide range in J− Ks se-
lection. We probed our APOGEE sample in relation to that of Nide-
ver et al. (2020) by selecting all APOGEE+Gaia+2MASS+WISE stars
within 40◦ of the LMC as a comparison sample. We then applied our
photometric cleaning cuts outlined earlier in this section, as well as
requiring parallax values to be less than 0.2 and employed a proper
motion cut similar to that in Belokurov et al. (2017). We did not imple-
ment the CMD selection of Belokurov et al. (2017) but rather selected
stars in the J−Ks vs. H Magellanic red giant selection box of Nidever
et al. (2020). We then assessed the level of bias that our Gaia CMD
giant selection incurs against giant metallicity by assessing our sam-
ple completeness with respect to this comparison sample. In doing so,
we estimate our sample completeness to be ∼ 80− 90% across our full
metallicity range and conclude that no significant bias against any
particular metallicity is present in the data we will use to build our
regression model.

4.2 regression analysis

Through a process of experimentation, we choose a feature vector
of f = [BP− RP,RP−H,W1−W2, J−H, J−Ks] to utilise in predict-
ing photometric metallicities. The left column of Fig. 4.4 shows the
distribution of the APOGEE training set across five CMDs. We asses
the photometric correlation with metallicity in the middle column of
the figure, where across the feature vector we see clear metallicity
gradients in the CMDs, especially so in the WISE photometry ow-
ing to its near vertical RGB. Computing the pair-wise correlations
between training set features and metallicities yields the correlation
vector [0.33, 0.45, -0.65, 0.46, 0.47], where elements are ordered in cor-
respondence with feature vector f. These correlations are shown ex-
plicitly in the rightmost column, where we see the strong correlation
of the WISE colour with metallicity. The WISE W2 band covers the
CO molecular absorption feature that is strongly dependent on stellar
metallicity. Metal-rich giants are bright in the W1 band only whereas
metal-poor giants are bright in both W1 and W2. Consequently, stars
that are blue in W1−W2 are in fact metal richer, as seen in Fig. 4.4
(see e.g. Casey et al., 2018; Koposov et al., 2015; Schlaufman and
Casey, 2014). The Gaia features BP − RP and RP − H are included
as both bear strong correlations with effective temperature, which
itself affects the photometric colour of stars. We first set aside 30%
of our Gaia+APOGEE+2MASS+WISE sample as a test set, unseen by
the learning algorithm throughout the training process and used for
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Figure 4.4: Left: CMD of our APOGEE training set across the Gaia, 2MASS
and WISE photometric systems utilised in this work along with
the addition of the Gaia+2MASS combination chosen as a fea-
ture in our regression analysis. The bulk of stars lie in the up-
per RGB with few AGB stars present. Middle: The colour scheme
here shows the mean metallicity in each pixel. Gradients are clear
across all colours, especially so in WISE owing to its near vertical
RGB. Right: Scatter plots between each of our four chosen fea-
tures and APOGEE metallicity are shown. Positive correlations
are evident with the WISE band showing the tightest relation.
Markers are coloured by effective temperature.
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Figure 4.5: Learning curves for an SVR trained using a feature vector of

[BP− RP,RP−H,W1−W2, J−H, J−K]. A cross validation set is
separated out and the algorithm is trained on incrementally in-
creasing training set size. The root mean squared error score is
then computed at each stage for both the training and validation
set. The red (blue) line corresponds to the training (validation)
set. Both curves tend toward each other smoothly to a sufficient
accuracy of ∼ 0.17 dex. The good convergence and low final accu-
racy indicates the learning scenario has sufficiently low bias and
variance.

a final evaluation of the model’s performance. Utilising the Support
Vector Regression (SVR) implementation of scikit-learn (Pedregosa
et al., 2011), we implement a standard radial basis function (RBF) ker-
nel of the form:

K(x1, x2) = exp
(
−γ |x1 − x2|

2
)

(4.1)

and optimize the algorithm’s parameters, namely γ and regularisa-
tion parameter C, through a K-fold cross validation grid search, with
10 splits, accepting parameter values that minimise the root mean
squared error (RMSE). We choose to use a SVR algorithm as it has
the ability to model complex, non-linear relations between the fea-
tures with relatively few parameters to tune. The performance of the
regressor is first assessed through the learning curve shown in Fig. 4.5
where the learning algorithm is trained on an incrementally increas-
ing number of training points. A validation sample is set aside be-
forehand, from which we can evaluate the performance of the model
with respect to our chosen metric (RMSE) at each incremental step.
The general trend of the figure shows both curves tending towards
a final RMSE of ∼ −0.16 dex, an acceptably low value that validates
the algorithm to be sufficiently unbiased. The convergence of the two
curves also indicates relatively low variance – a regressor suffering
from over-fitting would yield curves that tend toward convergence
but still remain offset by a significant value even when maximal train-
ing data is available.
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[Fe/H] bin σ[Fe/H] (dex)

[Fe/H] 6 -1.5 0.25

−1.5 < [Fe/H] 6 −1 0.18

−1 < [Fe/H] 6 −0.5 0.13

[Fe/H] > −0.5 0.21

Table 4.1: Table lists the RMSE, computed from our test set predictions, in
four metallicity bins. It is in the tails of the metallicity distribu-
tion that our predictions suffer greatest error, as demonstrated in
Fig. 4.6.

4.2.1 Regression Performance

The upper middle panel of Fig. 4.6 shows good one to one agree-
ment between the APOGEE spectroscopic [Fe/H] values and those
predicted by our trained regressor. The upper right panel of the fig-
ure shows we are able to reasonably reproduce the metallicity dis-
tribution of the test data. The lower panels of the figure shows the
mean squared error (MSE), squared bias and variance as a function
of APOGEE metallicity for the predictions on our test set. The model
suffers from relatively little bias across the full metallicity range, with
most contribution occurring at [Fe/H] < −1.25 dex. Generally, the
main contribution to the total error stems from variance in the pre-
dictions. This is particularly the case at the low metallicity end where
data are sparse, leading the model to over-fit in this region. The pre-
dictions are biased high by ∼ 0.15 dex for metallicities less than −1.5
dex and are biased slightly low by ∼ 0.1 dex at the most metal-rich
end. For metallicities less than −1.2 dex, the RMSE is approximately
0.2 dex and the RMSE across all metallicity values is 0.15 dex. We
list our prediction errors in four metallicity bins in Table. 4.1. We
stress that these are purely nominal error estimates and likely un-
derestimated in some cases. We also note that the nominal errors we
obtain from our test set analysis will naturally contain uncertainty
invoked from the age-metallicity degeneracy, an effect which acts to
make younger/older stars bluer/redder and hence our model would
predict these stars to be more metal poor/rich than they actually are.

4.2.2 Regression Predictions

We use our trained SVR to predict metallicities of our full Gaia+2MASS+WISE
giants, whose spatial distribution is shown in Fig. 4.2. We consider
the fact that our full giant sample encompasses a much wider colour
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Figure 4.6: Upper left panel: Training data metallicity distribution in black

solid line which is adequately representative of the test data dis-
tribution shown as blue hashed line. Upper middle panel: Scatter
plot of the predicted and APOGEE measured metallicities for
the stars in our test set. The solid red line indicates a one to one
correspondence and the red shaded region bounds the RMSE of
0.15 dex recovered from the test set analysis. The majority of the
scatter is present at the lowest of metallicities where the stellar
density is extremely low. Upper right panel: The blue hashed line
indicates the test set’s true metallicity distribution now overlaid
with the predictions in solid red. Generally, the overall distribu-
tion is reproduced well. Lower left: The red line shows the esti-
mated MSE binned by APOGEE metallicity values of our test
data. The filled shaded region bounding this line shows the dis-
persion of this value weighted by the Poisson noise in each bin.
The blue histogram shows the metallicity distribution of the test
set in question with the faint grey vertical lines indicating the
bin edges. At metallicities less than ∼ −1.2 dex, the correspond-
ing RMSE is 0.23 dex. Lower middle: The squared bias in each
metallicity bin is seen to be relatively low across the full range
with the greatest contribution being at the metal-poor end. Lower
right: The variance of the predictions in each bin is shown. The
largest contribution to total error is again seen at the metal-poor
end owing to the dearth of training data in this region.

range than that of our APOGEE subset, particularly so for W1−W2
as seen in comparison of Fig. 4.3 with Fig. 4.4. To account for this,
we adopt a nearest neighbour approach, computing the mean Eu-
clidean distance in feature space from each of our giants to those in
the APOGEE sub-set using 5 nearest neighbours. We can then choose
an appropriate upper limit cut on this mean feature distance, 〈DNN〉,
to reject stars whose photometry is not well represented in the train-
ing data. We also impose cuts in the 2MASS colours for which we
require J−H < 1 and J−Ks < 1.25. In effect, this selection rejects the
very red, likely C-rich, AGB stars from our sample. Such extremely
red stars are poorly represented in the APOGEE training data and
so the regression model will likely struggle to accurately interpo-
late values to this regime. We also further investigate the effect of
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Figure 4.7: Predicted metallicities for our Gaia+2MASS+WISE giants as a
function of WISE colour W1 −W2 are shown in the left col-
umn. The right column shows histograms of the predictions for
LMC (SMC) in blue (orange) selecting stars that fall within a
12 (8) degree aperture of the respective Cloud. These histograms
have been normalised to encompass an area of unity. In the top-
leftmost panel, there is a population of stars for which our pre-
dictions are spurious, causing a pile up at ∼ −1 dex. These stars
are the reddest stars in our sample and can be removed through
application of the 2MASS colour cuts described in the text. The
AGB stars form a bifurcation in the metallicity-colour sequence
owing to the unusual properties of the WISE isochrone tracks
in which the AGB stars sharply turn red, crossing RGB tracks
of lower metallicities. In turn, this causes a bi-modality in metal-
licity at fixed WISE colour. The bottom row shows the effect of
requiring the mean feature space distance 〈DNN〉 to be less than
0.06. It largely removes the stars that are extremely blue, culling
those stars whose predictions spuriously converge to ∼ −0.8 dex.

removing the AGB branch by only considering stars with Ks > 12

(this selection is tuned to the LMC AGB as it is the dominant con-
tributor to our sample). The effects of these individual selections are
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shown in Fig. 4.7, which shows the predicted metallicity as a function
W1 −W2 colour for our Gaia+2MASS+WISE giants. The top panel
clearly shows spurious predictions accumulating at [Fe/H] ∼ −1 dex,
towards red values of W1−W2. On applying our 2MASS colour cuts
we eliminate these entirely, as we cull the extremely red giants from
our sample. The selection of stars fainter than Ks > 12 highlights the
region occupied by likely AGB stars which consists of a spur branch-
ing out from the main colour-metallicity relation, an effect caused by
the WISE AGB isochrone tracks turning red and crossing the RGB
track at other fixed metallicities (see Fig. 1 of Koposov et al. (2015)).
The bottom-most panels in the figure show the effect of requiring the
nearest neighbour mean feature space distance 〈DNN〉 to be less than
0.06, corresponding to a cull of stars within the largest 10th percentile.
This selection acts to remove stars whose photometric colours devi-
ates largely from the regime spanned by our APOGEE sample, thus
eliminating spurious extrapolations in our metallicity estimates. This
is evident from the panel, where stars extremely blue in W1 −W2,
and whose predicted metallicities spuriously converge to ∼ −0.8 dex,
are effectively removed. The right column of the figure shows our
predicted MDF in each of the cases. Aside from the most spurious de-
fections, these distributions behave well with both the LMC and SMC
appearing negatively skewed with long tails towards the metal-poor
end. Hereafter, we will only consider giants in our analysis whose
2MASS colours obey they cuts J−H < 1 and J− Ks < 1.25, as it is
this selection that eliminates the most serious artefacts in our predic-
tions, yielding a sample of 218, 077 giants. We will note explicitly in
the text when we apply further cleaning criteria to our giant sample.
Considering stars within a 12◦ aperture of the LMC, we obtain a me-
dian metallicity value of −0.78 dex, with the peak of the (skewed)
distribution occurring at ∼ −0.67 dex. For stars falling within a 6◦

aperture of the SMC, we obtain a median metallicity value of −0.96
dex, with the distribution peaking at ∼ −0.93 dex.

4.3 metallicity maps

We show the mean predicted metallicity across the Clouds in the top
left panel of Fig. 4.8, using the Magellanic Stream coordinate system
of (L, B). The LMC bar is strikingly clear as a central metal-rich struc-
ture in our giant sample. Outside of the bar region, diffuse arcs and
spiral arm-like structures are seen both in the northern and south-
ern portions of the LMC disc. We note that the structures apparent
in this figure, and to be discussed later in this work, are viewed in
projection and any reference to them will be done so with this in
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Figure 4.8: Top-left: Average metallicity maps of the Clouds coloured by
mean metallicity per pixel. The central regions of the LMC are
metal-rich, with the region occupied by the LMC bar and domi-
nant spiral arm. Outside the bar region, diffuse metal-rich struc-
tures are seen with with arc-like morphology in both the south-
ern and northern regions. A negative metallicity gradient is seen
through the LMC disc with apparent asymmetry; the northern
and southern portions of the dwarf appear to have relatively
more metal-rich stars at larger radii, and hence a flatter gra-
dient, as opposed to the east-west direction. The outermost re-
gions of the LMC are littered with metal-poor stars. Our metal-
licity predictions show the SMC to be distinctly more metal-poor,
with a slight gradient and central enhancement visible. Top-right:
We show the difference between the 90th and 10th percentile of
[Fe/H] in each pixel, effectively a width measure of the MDF.
The central regions of the LMC appear to have a relatively nar-
row MDF where the metal-rich bar and spiral arm dominates.
Generally, the MDF of the SMC appears to be broader through-
out the dwarf, in comparison to the LMC, likely owing to its
large extent along the line of sight such that we are viewing a
projection of multiple populations within the galaxy. Bottom: We
colour pixels by the ratio of the difference in the 95th and 50th to
the difference in the 50th and 5th metallicity percentiles. A sym-
metric distribution would have a ratio of unity, with a left (right)
skewed having values below (above) this. It can be seen that re-
gions near the LMC bar have values close to unity, a consequence
of metal-rich stars being relatively more prevalent in this region
acting to reduce the left-skew of the MDF.



88 magellanic mayhem : metallicities and motions

mind, unless otherwise stated. The LMC metallicity profile then de-
cays into the outskirts, where it is littered with more metal-poor stars.
The SMC giants are seen to be predominately metal-poor with only
the most central region showing enhancement. The majority of sub-
structure in the outskirts of the Clouds also appears to be relatively
metal-poor, with the northern stream like substructure, identified first
by Mackey et al. (2016), apparent in our sample. The Clouds appear
to be connected, largely with metal-poor stars, in two regions: that
of the Magellanic Bridge consisting of stars likely stripped from the
SMC and dragged toward the LMC, as indicated by the proper mo-
tion analysis of Schmidt et al. (2020), and also in a region south of
this at L ∼ 8◦, at the end of a narrow tail like substructure that
wraps around the eastern edge of the LMC (see Fig. 4.2 and Fig. 2

of Belokurov and Erkal (2019) also). Denoting the ith percentile of
the LMC/SMC MDF as pi, we show in the top-right panel the dif-
ference of p90 − p10 which represents the width of the distribution.
The central regions of the LMC display a consistently narrow MDF
with that of the SMC generally quite broad, likely a projection effect
of its extensive line of sight depth. In the bottom panel, we show the
ratio of (p95 − p50)/(p50 − p5) which provides a sense of the direc-
tion of skew that the MDF possesses. The most central regions of the
LMC show values close to unity, i.e. near symmetric, as metal rich
stars dominate in this region and counteract the inherent left skew of
the MDF (see Fig. 4.7). The outskirts of the Clouds show a tendency
for the MDF to tend towards symmetry, which may be an indication
of relatively metal-richer stars originating in the inner disc having mi-
grated outward. This is particularly the case for the eastern most edge
of the SMC indicated by the region of red pixels at a MS longitude of
∼ −8◦. Curiously, this region coincides (in projection) with the point
at which the outer southern LMC spiral arm structure appears to join
with the SMC (see Fig. 4.1). On closer inspection, we see there is a
population of giants with [Fe/H] > −1 dex in this region, relatively
metal-rich for outer SMC stars which generally take on [Fe/H] < −1.3
dex in our sample. It is plausible therefore that there exists a stripped
LMC giant population in the region, which is the continuation of the
outer spiral-like arm seen in Fig. 4.1.

Considering both Clouds individually, we show mean metallicity,
stellar density and associated extinction maps in Fig. 4.9. Here, we
show our giants in coordinates offset from the respective Clouds,
adopting an LMC centre of (α0, δ0) = (82.25◦,−69.50◦) as determined
by van der Marel and Cioni (2001) and an SMC centre of (12.60◦,−73.09◦)
from Rubele et al. (2015). Again the central bar is prominent and ap-
pears to display an extended metal-rich association just north of it;
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Figure 4.9: Left (right) column of the figure corresponds to the LMC (SMC).
The top row shows mean metallicity per pixel. The same general
features are seen as in Fig. 4.8 with the central regions of both
Clouds being the most metal-rich and diffuse, metal enhanced
structures seen in the outer LMC disc. The middle row shows the
stellar density map of the Clouds, central regions of high extinc-
tion are most affected yielding gaps in the density profile. The
SMC displays a stretched morphology with wings on the eastern
and western side of the dwarf, a consequence of the tidal interac-
tions with the LMC. The bottom row panels show the extinction
map adopted in this work. Generally, the extinction is low aside
from the eastern side of the LMC lying nearest the Galactic plane
and various filamentary structures throughout it. Stars that fall
between the dashed (dotted) lines are those shown in Fig. 4.11

to trace the metallicity profile of the LMC and SMC along the
projected major and minor axes of their respective bars.
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this extension is most likely the main spiral arm of the LMC. On
slightly decreasing the dynamic range of the pixel colour, a plethora
of diffuse metallicity features within the LMC is revealed in the fig-
ure, notably the strikingly spiral-like feature in the southern portion
of the disc, reaching down to ∼ 6◦ below the LMC centre. Its mor-Assuming an LMC

heliocentric distance
of 49.9 kpc, the
correspondence
between on sky

angular separation
and distance is

1◦ ↔ 0.87 kpc. For
the SMC at 60 kpc,
the correspondence

is 1◦ ↔ 1.05 kpc.

phology is relatively smooth and coherent until (∆L,∆B) ∼ (2◦,−5◦),
beyond which the metallicity structure becomes clumpy. This spiral-
like feature, whilst faint, can also be seen in the corresponding stellar
density map. The lack of correlation with any large scale extinction
patterns, seen in the bottom left-most panel, supports the notion of
this being a genuine feature of the LMC disc.

When comparing our LMC metallicity map with that of Choud-
hury, Subramaniam, and Cole (2016), the large scale features are gen-
erally consistent. In their analysis, they combined giants from the
OGLE-III and Magellanic Cloud Photometric Survey (MCPS) out to
a radius of ∼ 5◦. Taking the slope of the RGB as proxy for average
metallicity, calibrated against spectroscopic data, they estimated the
metallicity of sub-regions through the Cloud. Both samples provide
reasonable coverage of the central LMC with the OGLE-III (MCPS)
footprint covering more of the east-west (north-south) regions. They
observed the LMC bar to be the most metal-rich region and found
evidence for a differing metallicity gradient through different regions
of the disc; a shallower gradient was observed in the north-south re-
gions in comparison to that in the east-west regions of the LMC. Both
of these features are evident in Fig. 4.9, where the metal enhanced
substructures in the top left panel are seen to reside largely in the
north-south direction where they act to flatten any pre-existing gradi-
ent.

With regards to the SMC, it is only the core of the dwarf that dis-
plays any coherent metallicity structure, consistent with the spatial
density patterns observed by El Youssoufi et al. (2019) and the recent
SMC metallicity maps of Choudhury et al. (2020). The outskirts of the
SMC appear to be stretched and show an elliptical appearance, likely
a result of tidal stripping of material through LMC interactions (see
also Belokurov et al., 2017; Massana et al., 2020). The black hashed
(dotted) lines in the figure denote selection bounds to sample giants
lying along the projected major (minor) axis of the Magellanic bars for
use in Section 4.3.1. Owing to the complex three dimensional struc-
ture of the SMC, the exact orientation at which we are viewing it is
highly uncertain, and so in this case, the bar selection is made sim-
ply to isolate the central most metal-rich feature. It is worthwhile to
note that, whilst the stellar density of our data-set in the central re-
gions of the Clouds is patchy and incomplete, we can still gain insight
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into the structure of these regions through the lens of spatially aver-
aged metallicity maps. The spatial incompleteness in these regions is
likely an effect of the CMD giant selection employed by Belokurov
and Erkal (2019).

4.3.1 Metallicity Gradients

We first attempt to quantify the presence of a metallicity gradient
within the LMC by considering the dwarf as an inclined thin disc. The
equations of van der Marel and Cioni (2001) provide the transforma-
tions into a Cartesian system of an inclined thin plane, from observed
on-sky positions, defined by its inclination angle i and position angle
θ measured anticlockwise from west . This allows us to assign each In this context, the

position angle is that
to the line of
intersection between
the disk plane of the
LMC and the on-sky
plane. The usual
astronomical
convention is to
measure this angle
eastward from north
and is related to θ by
PA = θ− 90◦.

LMC giant an in-plane Galactocentric cylindrical radius R. We model
the radial metallicity profile by the simple linear relationship:

[Fe/H]model = Θ0R(α, δ, i, θ) +Θ1 (4.2)

where we wish to infer the gradient and intercept contained in the
parameter vector Θ = [Θ0,Θ1]. The in-plane radius is a function of
the plane geometry and thus dependent on the choice of (i, θ) for
the LMC. We account for this in our inference by marginalising over
these parameters. We fix the centre of the LMC to be at (α0, δ0) =

(82.25◦,−69.50◦) as in van der Marel and Cioni (2001) and specify a
distance of 49.9 kpc (de Grijs, Wicker, and Bono, 2014) to the LMC
centre. Writing the total likelihood as:

p([Fe/H] |Θ, i, θ,α, δ,σFe/H,V) =
N∏
n

1√
2πs2n

exp(−
([Fe/H]model

n − [Fe/H]n)
2

2s2n
) (4.3)

where [Fe/H]n is our metallicity prediction for the nth giant. The term
s2n = σ2n + V encompasses the prediction error σn for each giant and
some general intrinsic scatter in the model through the parameter V .
The full posterior probability can then be written as:

p(Θ,V |α, δ, [Fe/H] ,σFe/H) ∝∫ ∫
p([Fe/H] |Θ, i, θ,α, δ,σFe/H,V)p(Θ,V)p(i, θ)di dθ (4.4)

from which we can draw samples in an MCMC fashion, utilising the
sampler emcee of Foreman-Mackey et al. (2013), for parameters Θ
and V . In practice we compute the marginalisation over the nuisance
parameters (i, θ) by summing the likelihood over a two dimensional
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Figure 4.10: This shows the evolution of LMC giant predicted metallicity
as a function of in-plane cylindrical radius. Pixels are coloured
by stellar counts per pixel. The central regions are seen to be
metal enhanced with respect to the outer regions of the LMC,
where the metal-rich bar dominates. The red markers show the
mean metallicity in bins of radius. A shallow negative metallic-
ity gradient is evident. The solid black lines are samples drawn
from our model. We only show giants with 〈DNN〉 < 0.06 in this
figure to isolate stars that should have reasonable metallicity es-
timates given their colours. In this figure, we adopt the LMC
viewing angles of Choi et al. (2018a)

Gaussian grid with mean (i, θ) values of 30◦ and 235◦. The covariance
matrix of the Gaussian prior was forced to be diagonal with respec-
tive widths of σi = 5◦ and σθ = 10◦. These choices reflect range of val-
ues reported in the literature; recently Choi et al. (2018a) inferred an
LMC inclination and position angle of (25.86◦, 149.23◦) from photo-
metric data alone whereas van der Marel and Kallivayalil (2014) infer
viewing angles of (34.0◦, 139.1◦) from field proper motions and old
stellar line of sight velocities (note in both these cases, the quoted po-
sition angle is in the usual astronomical convention). We perform the
fit on all giants within a 12◦ aperture of the LMC. We also exclude the
most central giants within 3.5◦ so as to avoid the metal-rich bar and
focus on stars primarily tracing the LMC disc. In doing so, we also
mitigate the fact that our metallicity predictions for the most metal-
rich stars, which dominate centrally, incur a degree of bias (at least
∼ 0.1− 0.2 dex) in our regression model. We further limit our analy-
sis to giants with 〈DNN〉 < 0.06 to remove giants whose photometric
colours lie in the domain in which our regression struggles to per-
form adequately. In doing so, we limit our sample to 196, 216 red gi-
ants. We recover a metallicity gradient of −0.048± 0.001 dex/kpc for
our giant sample, consistent with that of Choudhury, Subramaniam,
and Cole (2016) who found a gradient of −0.049± 0.002 dex/kpc in
their analysis of LMC RGBs, as well as that of Cioni (2009) whose
value of −0.047± 0.003 dex/kpc was obtained from a sample of LMC
AGB stars. For our intercept term we recover a value of −0.656±0.004
dex.
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Figure 4.11: Stellar density maps tracing the metallicity profile along direc-
tions aligned with the projected axes of the bars. The left two
panels corresponds to the LMC and the right panels to the SMC.
The top (bottom) row shows the profile of stars that fall within
the dashed (dotted) line in Fig. 4.9. In the case of the LMC,
we have rotated the Magellanic Stream coordinate system clock-
wise by 30◦ so as to approximately align with the major axis of
the bar. We only consider stars with 〈DNN〉 < 0.06 in this figure.
Red markers correspond mean metallicity binned over angular
offset relative to each Cloud’s centre with error bars represent-
ing standard errors in each bin. Both the LMC and SMC show
a flattening in the metallicity profile centrally in the domain of
the bar. Clear negative gradients are observed on increasing dis-
tance away from the central regions, with strong asymmetries
and plateau like features present.

In Fig 4.10, we show the radial metallicity profile of our LMC giants.
Our fit describes the negative profile well through the LMC disc, with
the inner regions being the most metal enhanced. We show the metal-
licity profiles along the projected bar major and minor axes for both
Clouds in Fig. 4.11; the giants used in the figure were selected to lie
between the hashed and dotted lines in Fig. 4.9 respectively. For the
LMC, we transform to a coordinate system that is approximately bar
aligned through a clockwise rotation of 30◦ into the system we denote
(Lrot, Brot). In the Magellanic Stream coordinate system, the major axis
of the SMC bar is very nearly aligned with the vertical and so no ro-
tation was performed. Both of the Clouds display a flattening of their
metallicity profiles centrally in the bar dominated regions. Outside of
this domain, the profiles show clear negative gradients outwards into
the disc. This is consistent with the findings of Fraser-McKelvie et al.
(2019), who studied a sample of 128 barred galaxies finding both the
age and metallicity gradients to be flatter in the bar as opposed to
the discs of the galaxies, indicative of bars being confined structures,
efficient in radially mixing their stellar populations (see Seidel et al.
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(2016) also). Through the LMC disc, complex structure is observed
with asymmetric gradients and plateau features present. The black
solid line in these panels shows our model projected into this coor-
dinate system to highlight the large degree of asymmetric metallicity
structure that exists throughout the LMC; the western portion of the
disc (i.e. towards positive ∆Lrot) shows a depletion in metallicity with
respect to the model whereas the northern and southern regions show
mild excesses. Whilst we have hesitated to quantify the metallicity
gradient in the SMC, owing to the uncertainty of the dwarf’s mor-
phology, Fig. 4.11 demonstrates asymmetric gradients in the smaller
Cloud also.

In Fig. 4.12, we compare the mean metallicity maps of our LMC gi-
ants with that of an inclined disc whose radial metallicity profile fol-
lows that in our inference. The bottom-most panel shows the metal-
licity residual, obtained by subtracting the model from the data, in
which the LMC bar and main spiral arm are clearly revealed as cen-
trally enhanced regions. The main spiral arm of the LMC is a feature
usually only observed in young stellar tracers (ages / 1 Gyr) such as
main sequence stars and supergiants (e.g. Cepheid Variables), notably
so in the recent morphological mapping of the LMC by El Youssoufi
et al. (2019) using VMC data. Utilising stellar synthesis models to
calibrate stellar ages, they obtain age estimates for LMC stellar popu-
lations right across the CMD. Panels B, C and H of their Fig. 5 show
the extent of the main spiral arm, with an additional faint arm emerg-
ing to the north of it; such a bifurcation is revealed in our metallicity
residuals also and is annotated in the figure as a spiral extension.
In the northern regions of the outer disc we isolate an arc like area
of metallicity enhancement. This portion of the LMC is coincident
with the structure labelled "Arc" in Fig. 3 of Besla et al. (2016), lying
∼ 5− 7◦ above the LMC centre with no symmetric counterpart in the
southern regions.

This feature is likely a remnant of tidal interactions between the
Clouds. Indeed the simulations of Besla et al. (2016) suggest that it is
repeated close encounters between the Clouds that seed such stellar
arcs in the northern periphery of the LMC, in isolation of the Milky
Way. This notion is supported by the observation of the Clouds ap-
pearing to be on their first infall (see e.g. Besla et al., 2007; Kallivay-
alil et al., 2013). The curious spiral/arc like feature seen in Fig. 4.9 is
also revealed in Fig. 4.12, which we label as a Southern Arm, wrap-
ping from ∼ −4◦ to 2◦ in latitude and looks to emanate from the
bar downwards by ∼ 6◦. This feature is curious in its apparent asym-
metry, with typical spiral galaxies possessing spiral arms emanating
symmetrically from the bar. This residual feature is largely coinci-
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Figure 4.12: Top-left: Giants within 12◦ of the LMC are shown in Magel-
lanic Stream coordinates (relative to the LMC centre) with pix-
els coloured by mean metallicity. The metal-rich central region
traces the bar and the dominant spiral arm of the Cloud. The
northern portions of the disc trace arc like features and the
southern region shows a spiral like feature with moderately
enhanced metallicity. Top-right: Mean metallicity map of and in-
clined disc with viewing angles of Choi et al. (2018a) and radial
metallicity function defined by the parameters found by out fit-
ting method. Bottom: We subtract the metallicity of the model
pixels from that of our data to highlight regions that are en-
hanced/depleted with respect to a disc whose radial metallicity
distribution follows the form of eqn (4.2). Red pixels correspond
to metal-richer regions and blue pixels metal-poorer with re-
spect to the model. The most striking revelation in doing this is
that of the LMC’s metal-rich bar and inner northern spiral arm
emanating from the north-west end of the bar. The giants used
to make this figure were subject to our nearest neighbour selec-
tion in feature space. Prominent regions, other than the bar, of
enhanced metallicity are annotated and labelled.

dent with the ring like over-density uncovered by Choi et al. (2018b).
Through modelling the LMC stellar density with a disc and bar com-
ponent, their residuals revealed a structure akin to ours composed of
stars older than ∼ 1 Gyr. They observe the feature to wrap around
more extensively on the western side of the LMC in comparison to
our metal-rich feature, which diminishes at (∆L, ∆B) ∼ (2◦,−6◦) in
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Figure 4.13: Histograms show reflex corrected proper motion dispersions in
the Magellanic Stream coordinate system (L,B). We have nor-
malised the histograms such that their areas integrate to unity.
The black lined histogram corresponds to pixels bound by the
polygon in Fig. 4.12 and the dashed line histogram are stars
bound by the aperture described in the text. The grey histogram
represents the metal-rich pixels in the LMC bar region which
are distinctly hotter than the two disc populations. Stars in the
Southern Arm appear to share similar dispersions to those ly-
ing at a similar (projected) radius across all azimuthal angles.

our residuals, and is more reminiscent of a spiral/arc as opposed to
a ring. Curiously however, the signal of their over-density appears to
diminish in strength near to the tip of our residual spiral. Beyond this,
the Choi et al. (2018b) over-density becomes patchy as it continues to
wrap around the LMC centre. Looking at our data in the left panel of
Fig. 4.12, we observe similar behaviour; the coherent spiral-like struc-
ture emerges from the south-west end of the bar and wraps eastward
until (∆L, ∆B) ∼ (2◦,−6◦), beyond which we see a patchy continua-
tion of slight [Fe/H] enhancement. We note however that, as can be
gleaned from Fig. 4.9, the extinction pattern in this region of the LMC
is itself patchy and may be influencing the small scale structure of the
metallicity feature. El Youssoufi et al. (2019) also saw evidence of such
a southern structure in their analysis of VMC data, with aging main
sequence stars and sub-giants (∼ 1− 2.5 Gyr) a faint extension from
the south-west region of the bar. Bica et al. (2008) mapped the spatial
distribution of Magellanic star clusters (ages < 4 Gyr), indeed observ-
ing a southern spiral/ring like structure that our metal rich feature is
spatially coincident with.

We attempt to determine if our Southern Arm giants are kinemat-
ically distinct in any way by considering their proper motion dis-
persions. To do so, we first select all pixels bound by the polygon
in Fig. 4.12. We further select all pixels within a 5 − 7.5◦ aperture
around the LMC centre, rejecting those within the polygon, to repre-
sent stars at a similar radius as the arm for a ’local’ comparison. We
also select metal-rich pixels associated with the LMC bar. As a simple
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investigation, we plot the histograms of pixel proper motion disper-
sion in Fig. 4.13 where we see both disc populations to co-exist in
proper motion dispersion, distinctly cooler than the bar region. This
combined with the fact that this spiral like structure is a metal-rich
feature is suggestive of it harbouring LMC disc stars. We conjecture
that these stars may have been perturbed in some way, giving rise to
the coherent, spiral like structure we see. Many barred galaxies dis-
play a symmetrical appearance, with spiral arms emerging from both
ends of the bar. The LMC however has long been known to possess
only one dominant spiral arm. Recently, Ruiz-Lara et al. (2020) de-
termine the LMC spiral arm to be a spatially coherent structure that
has been in place for the last ∼ 2 Gyr, supporting the notion that it
was seeded through a historic close encounter with the SMC, as ob-
served in simulations (see e.g. Besla et al., 2012; Pearson et al., 2018).
The N-body simulations of Berentzen et al. (2003) demonstrate that
the collision of a small companion with a larger barred galaxy can
seed complex structures such as spiral arms, stellar rings and stel-
lar spurs, and those of Walker, Mihos, and Hernquist (1996) further
display the prominence of one sided spiral features seeded by the ac-
cretion of a satellite galaxy onto a large disc galaxy; single spiral arms
emanate from the bar and wrapped spiral arms form in the disc. It is
likely that the southern spur we observe has arisen from the historic
interactions between the LMC and SMC and is a metal-rich counter-
part of the structure observed by Choi et al. (2018a). Our residual
maps show the northern and southern portions of the LMC to be
metal enhanced with respect to the eastern and western regions, an
observation consistent with that of Choudhury, Subramaniam, and
Cole (2016), indicative of the former regions being most disrupted by
previous tidal interactions. The region of slight metallicity depletion,
running interior to the Southern Arm, is evident in the top left panel
of Fig. 4.11 as the plateauing region at ∆Lrot ∼ 3

◦ − 5◦, beyond which
the metallicity diminishes as outer metal-poor stars begin to domi-
nate. The two slight bumps in metallicity in the bottom left panel of
Fig. 4.11 correspond to the northern arc and Southern Arm features
we present in Fig. 4.12. Thus, whilst our giant sample is incomplete
and much of the LMC structure difficult to discern from our density
maps alone, we utilise our metallicity estimates as a probe into LMC
disc structure. In considering the deviation away from a smooth, sim-
ple axisymmetric metallicity model, we readily observe the complex
structures that are known to reside in the LMC disc at once, in effect
overcoming the completeness limitations of our sample.
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Figure 4.14: Stellar density maps of our red giants in the three metallic-
ity bins described in the text with metal-poor in the leftmost
panel and metal-rich in the right. The general evolution in mor-
phology is a decrease in outer substructure in both Clouds on
increasing stellar metallicity. The most metal-rich bin shows
the LMC and SMC to be isolated, whereas the metal-poor
bin shows the Clouds to be connected, both in the Magellanic
Bridge region and further south where the outer stellar arc of
the LMC attaches to the eastern edge of the SMC. The most
metal-poor giants in the SMC shows a high central density with
the outer regions appearing stretched horizontally, likely due to
tidal interactions with the LMC. At the metal-rich end, the SMC
is much more compact and shows a weaker signature of tidal
disruption.

4.3.2 Slicing the Clouds by Metallicity

We consider the broad scale morphology of the Clouds as a function
of metallicity in Fig. 4.14 where we show the stellar density in the
three metallicity bins of: [Fe/H] < −1.1,−0.9 < [Fe/H] < −0.75 and
[Fe/H] > −0.65, each containing ∼ 44, 000 giants. We will refer to
these bins as M1, M2 and M3 hereafter. Although there exists a de-
gree of scatter between the bins due to the uncertainty in our metallic-
ity predictions, we present this map to provide a sense of the general
structural trends of the Clouds on increasing metallicity. The majority
of outer substructure around the Clouds is made of the metal-poorer
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stars in M1. It is in this bin that the northern substructure identified
by Mackey et al. (2016) is most prominent. A region at the base of this
structure was recently analysed by Cullinane et al. (2020), finding it to
be kinematically perturbed from an equilibrium disc, likely through
SMC/MW interactions. Furthermore, the southern stellar stream like
feature that connects to the SMC, first observed by Belokurov and
Erkal (2019), is only apparent in this bin and appears to be the sym-
metric counterpart to the northern outer arc. The LMC+SMC+MW
N-body simulations conducted by Belokurov and Erkal (2019) found
that as recently as ∼ 150 Myr after a close encounter with the SMC,
such outer spiral-like features can be induced in the LMC. Indeed, the
SMC is thought to have experienced a direct collision with the LMC
on a timescale comparable to this from the kinematical modelling of
Zivick et al. (2018). Another diminishing feature on increasing metal-
licity is the density of stars in the old stellar Magellanic Bridge region,
likely composed of outer, tidally stripped stars originating from both
the LMC and SMC. The general shape of both Clouds also appears
to evolve in a sensible way, presenting themselves as extended, rather
diffuse objects at the metal-poorer end in M1 through to much more
centrally concentrated objects at the metal-rich end in M3. In the case
of the SMC, it demonstrates a degree of ellipticity in M1 (and slightly
so in M2), indicative of strong tidal disruption induced in the outer
metal-poor regions.

We consider the proper motions of our giants in the three bins in
Fig. 4.15 and Fig. 4.16. We correct for the solar reflex motion assuming
a constant heliocentric distance of 49.9 kpc (with the main focus be-
ing the LMC). The dominant signal is that of rotation within the LMC
disc, apparent by the gradient across the Cloud. As in Belokurov and
Erkal (2019), the northern and southern arm like features display a co-
herent rotation signal, lagging that of the LMC disc; both arms bear
motions that are consistent with the bulk of the LMC and appear dis-
tinct from the proper motions of the SMC. In Fig. 4.15, a significant
portion of the SMC nearest to the LMC shows prominent motion to-
wards the larger Cloud, with the signal appearing to persist across
the three metallicity bins. The lower left panel of Fig. 4.15 shows
there to be significant dispersion in M1, precisely at the SMC edge
of enhanced proper motion and at the LMC-SMC interface, where a
mixture of Cloud populations is to be expected. The SMC is known
to be disrupting (see e.g. De Leo et al., 2020; Zivick et al., 2018) and
the perturbed motions we observe here are likely a result of this, with
the LMC violently dragging the eastern edge of the SMC towards it.
The fact that we observe this signature in all three of the top pan-
els indicates that the disruption is severe, penetrating through to the
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Figure 4.15: In the left-hand panels, we show reflex corrected mean µL in
three metallicity bins M1, M2 and M3 from top to bottom. The
right-hand panels show the respective dispersion in each pixel.
The LMC displays a coherent rotation signal across all the metal-
licity bins, with the two outer arms appearing to lag somewhat
behind the inner disc. The SMC shows a gradient in its motion,
with the edge nearest the LMC displaying prominent motion
towards the larger Cloud. The greatest dispersion in the motion
of the giants appears in the metal-poorest bin at the interface
between the Clouds – a region where we expect mixing of stel-
lar populations and turbulent motion due to tidal interactions
within the system. The central-most region of the LMC, in the
vicinity of the bar and spiral arm, is mildly visible as a region
of enhanced dispersion.
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Figure 4.16: As in Fig. 4.15 but pixels now coloured by mean µB in the left
panels and corresponding dispersions in the right panels. Again
the dominant signal within the LMC is that of ordered rotation
within the disc. The regions of most turbulent motion appear to
exists at the bases of the two outer spiral like features. Through
the inner regions of the disc, there also appears to be enhanced
dispersion in this direction in comparison to that of µL. This is
perhaps indicative of the tidal disruption endured by the LMC
occurring mostly in the north-south regions where the majority
of stellar substructure is observed (see Fig. 4.12).

more centrally concentrated metal-rich giants in M3. With respect to
the motions of µB, the two main regions of significant heating appear
in M1: at the base of the northern arm and another diametrically op-
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posed to this in the southern region. Between these two points we
also observe a vertical region of moderate dispersion in the LMC.
That is, the dispersion in µB is greater along north-south direction
than so along east-west. This may be a consequence of how the LMC
has been perturbed by the SMC, as the majority of substructure ob-
served in Sec. 4.3.1 is observed to lie in the northern and southern
regions of the LMC disc. In each bin, the central bar region also dis-
plays a degree of enhanced dispersion, both in µL and µB, owing to
the complex orbits hosted by galactic bars.

4.3.3 SMC shape and disruption

In Fig. 4.17, we show the density of stars lying around the SMC in
Magellanic Bridge coordinates. The top left panel of the figure shows
an ellipse fitted to an outer SMC density contour for which a mild el-
lipticity value of ∼ 0.21 is obtained. Upon plotting a set of iso-density
contours to the SMC giants in the top right panel, a distinctive twist-
ing is seen, with the outer regions displaying an S-shape that is char-
acteristic of a tidally perturbed system. Similar SMC morphology was
observed by Belokurov et al. (2017) in the Gaia DR1 data. They found
that the orientation of the S-shaped tails aligned conspicuously with
the SMC’s proper motions vector (relative to the LMC). Based on this,
they designated the tail nearest to the LMC to be the trailing arm and
that stretching towards the top right in Fig. 4.17 to be leading. In the
lower panels of the figure, we have sliced the stars into two metallic-
ity bins, symmetrically offset from the mean of our SMC metallicity
distribution, so as to investigate the morphology of a relatively metal-
poorer and metal-richer subset of SMC giants. The bottom left panel
of Fig. 4.17 shows the stellar density of stars with [Fe/H] < −1.25 dex.
These metal-poorer giants constitute a relatively diffuse, fluffy popu-
lation with their outermost contour again showing the tidally symp-
tomatic S-shape. The bottom right panel of the figure shows stars with
predicted metallicities [Fe/H] > −0.75 dex and we show the same iso-
density contours as in the metal-poor bin in black for comparison.
The bulk of these metal-richer giants are confined to the most cen-
tral regions, with little extent beyond ∼ 5◦ of the Cloud centre. The
red solid line traces the outer-most contour level of the metal-poorer
bin which highlights that the outskirts of these relatively metal-richer
giants also show symptoms of tidal disruption.

We consider the motion of the SMC in a simple fashion by first
studying the spatially averaged proper motion components in Fig. 4.18.
In the figure, we have set the origin of the coordinate system to
the SMC centre. The pixels in the left (right) panel are coloured by
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Figure 4.17: We show the stellar density of stars near to the SMC in Mag-
ellanic Bridge coordinates. Top left: Black solid line is an outer
isodensity contour corresponding to 10 stars per square degree.
We fit an ellipse to this contour, shown by the solid red line,
whose ellipticity is mild at ∼ 0.21. Top right: We overlay logarith-
mically spaced isodensity contours on the SMC where a clear S-
shape is apparent, reminiscent of tidal tails and consistent with
the RR Lyrae SMC morphology observed by Belokurov et al.
(2017). Bottom left: We now only show giants with predicted
metallicities of [Fe/H] < −1.25 dex and contours trace pixels
corresponding to the 2.5th, 5th, 10th, 25th and 50th percent con-
tour levels for stars around the SMC. Bottom right: We only con-
sider stars with [Fe/H] > −0.75 dex and trace the same contour
levels with black solid lines. The red line corresponds to the
outermost contour of the metal-poor SMC giants. Whilst the
metal-rich giants are located much more centrally within the
SMC, the outer regions still bear the signature of tidal disrup-
tion, indicating that the SMC has been significantly disrupted
across a range of stellar populations.

mean µXMB (µYMB), where we have centred the proper motion distri-
butions around the bulk values for our SMC giants. We compute
these based on the mean proper motions of giants lying within a
3◦ aperture of the SMC for which we obtain the SMC motion to be
(µα,µδ) = (0.65,−1.21)mas yr−1, consistent with the recent determi-
nation of De Leo et al. (2020) and similar to that of Zivick et al. (2018).
We note that the RA component of our measured proper motion is
smaller than that of recent ground based measurements, with Nieder-
hofer et al. (2018) measuring (1.087± 0.192,−1.187± 0.008)mas yr−1

from VMC data. We have also corrected the proper motions for the
perspective expansion/contraction induced by the systematic centre
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Figure 4.18: SMC giants shown in the Magellanic Bridge coordinate system.
Pixels in the left (right) panel are coloured by mean proper mo-
tion along XMB (YMB). The black arrow in the left panel points
towards the centre of the LMC in this system. There is little sign
of internal motion in µYMB with a distinct lack of rotation signal.
In the left panel, a clear gradient is seen with SMC giants resid-
ing on the side nearest the LMC clearly being disrupted toward
the larger Cloud.

of mass motion along the line of sight, following van de Ven et al.
(2006). The left panel of the figure shows stars residing on the edge
nearest the LMC (on the side of the trailing tail), being pulled directly
towards the larger Cloud, with giants on the opposite leading edge
of the dwarf showing little sign of such effects. Further, the motion
of the giants in µYMB shows very little structure, with no indication of
ordered rotation. Note that the faint vertical, banding structure seen
in this panel is an artefact of the Gaia scanning law (see Gaia Collab-
oration et al. (2018b)). Thus, in the picture we present here, it would
seem that the region of the SMC nearest the LMC, and coincident
with the trailing arm, is being violently hauled towards the LMC. Re-
cent detailed kinematic analysis of SMC RGB stars by De Leo et al.
(2020) found the dwarf to be undergoing strong tidal disruption, with
a net outward motion of RGB stars in the direction of the LMC. The
giants display strong tangential anisotropy in their proper motion
dispersions, right down to the SMC centre. Through comparison to
a suite of N-body simulations of the Clouds in orbit about the MW,
they argued this effect is due to unbound material lying in front of the
SMC, distinct in their kinematics due to tidal stripping by the LMC.
The proper motion analysis of Zivick et al. (2018) also showed the
SMC to bear little sign of ordered rotation, but rather mean ordered
motion radially away from the galaxy in its outer regions, consistent
with heavy disruption.

The geometry of the SMC is complex, with a substantial line of
sight depth. The north-eastern regions of the dwarf appear to lie
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Figure 4.19: Upper left: CMD of SMC giants within a fixed metallicity range
of −1 < [Fe/H] < −0.9 dex. The solid red line shows the polyno-
mial fitted to the RGB in this bin, offsets from which are taken
as a proxy for heliocentric distance. As described in the text, we
have fitted such polynomials to SMC giants lying in the range
−1.2 < [Fe/H] < −0.5 dex, over metallicity bins of width 0.1 dex.
In computing the magnitude offset of our giants, we only con-
sider those falling between the black hashed lines in the panel.
Upper middle: We show the distribution of the magnitude offset
of the SMC giants we select to analyse. The distribution is cen-
tred about zero and appears to be relatively symmetric about
its peak, with a slight tail to negative values with these stars
likely lying in front of the dwarf. Three bins in this distance
proxy where selected to study the behaviour of giants lying in
front of, coincident with and behind the centre of the SMC. The
boundaries of these bins are shown by the red, green and blue
hashed lines respectively. Upper right: Grey scale pixels show the
logarithmic density of stars in their relative offset from the SMC
centre as a function of their motion in µXMB . There is a distinct
population of stars with excessive motion in µXMB along increas-
ing ∆XMB, towards the LMC. The scatter points are coloured by
their respective distances, and show mean proper motion val-
ues as a function of ∆XMB. We see that it is those giants lying
predominately in front of the SMC who exhibit such perturbed
motion. This sequence becomes distinct in its behaviour very
centrally, and rapidly evolves out to high values of µXMB on in-
creasing angular distance away from the SMC core. Error bars
represent the standard error weighted by the Poisson noise in
each bin. Lower panels: We show the SMC giants in the three dis-
tance bins, with the closet in the left panel and the most distant
in the right. Pixel colours correspond to mean values of µXMB .
This view of the SMC reinforces the result of the upper right
panel, where we can clearly see the giants lying closer to use
being those most heavily disrupted in the direction of the LMC.
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closer to us than its western edge, as perceived through numerous
stellar tracers including star clusters, red clump stars, Cepheid Vari-
ables and RR Lyrae (see e.g. Crowl et al., 2001; Deb et al., 2019, 2015;
Haschke, Grebel, and Duffau, 2012; Muraveva et al., 2018; Scowcroft
et al., 2016; Subramanian and Subramaniam, 2012). The SMC red
clump analysis of Nidever et al. (2013) revealed a stellar structure
lying eastward at ∼ 10 kpc in front of the dwarf, a structure they in-
terpret to have been tidally stripped and dragged toward the LMC/-
Magellanic Bridge region. Further to this, Subramanian et al. (2017)
also found evidence for such a tidally stripped stellar structure in
identifying a population of VMC red clump stars lying ∼ 12 kpc in
front of the main SMC body, tracing them from the direction of the
Magellanic Bridge right down to ∼ 2.5◦ − 4◦ of the SMC centre. Very
recently, Omkumar et al. (2020) identified this foreground red clump
population in Gaia, tracing it from the inner 2.5◦ out to ∼ 6◦ from the
centre of the SMC.

We attempt to discern whether those giants whose on-sky motion
is prominently towards the LMC in Fig. 4.18, are indeed lying closer
to us as a result of tidal stripping by the larger Cloud. To do so
we first select all SMC giants lying within the 8◦ aperture shown in
Fig. 4.18. We then attempt to use each star’s relative position within
the observed CMD as a proxy for heliocentric distance. We first se-
lect stars for which we have predicted metallicities in the range of
−1.2 < [Fe/H] < −0.5 dex, a region where there is sufficiently low
bias and variance in our predictions that our estimates are reason-
able. We then divide these giants into metallicity bins of width 0.2
dex and, considering each metallicity bin independently, fit a poly-
nomial to the CMD of the giants, an example of which is shown by
the solid red line in the upper left panel of Fig. 4.19. We choose to
utilise the CMD of RP −H vs H owing to the limited spread it dis-
plays at fixed metallicity and clear correlation in the CMD. We do
this to minimise the broadening of the CMD due to the spread in
metallicities of the SMC population. Utilising these polynomials fits
as base ’spines’, we compute the magnitude offset H−Hspine for the
selected SMC stars relative to the spine, such that stars with a nega-
tive (positive) offset are likely closer (farther) in distance. We only use
stars which fall in the range 1.6 < RP −H < 1.9, a region where the
polynomial fits appear most reasonable and indicated in Fig. 4.19 by
the vertical black hashed lines. The upper middle panel of Fig. 4.19

shows the distribution of this magnitude offset, where we see it to be
centred at zero and approximately symmetric. The histogram shows
a slight skew towards negative values, indicative of a higher relative
proportion of SMC giants lying in front of the dwarf’s core. We then
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choose three bins in H−Hspine initially centred at −0.3 mag, 0 mag
and 0.3 mag, corresponding to ∼ ±10 kpc in front of and behind the
SMC, with the bin edges shown by the red, green and blue lines re-
spectively. We have then allowed the widths of the two outer bins to
be broad so as to roughly equalise the counts per bin (∼ 3, 000) and to
encompass stars lying in the tails of the distribution. The upper right
panel of the figure shows the logarithmic density of our selected SMC
stars’ spatial coordinate XMB as function of their motion in µXMB (ap-
proximately) towards the LMC. From this density plot alone, there is
a clear population of stars with high µXMB values, deviating from the
bulk beyond µXMB ∼ 2◦. For the three distance bins we have defined,
we show the mean proper motion binned over coordinate XMB where
a clear distinction is observed between the different distance bins. At
a value of XMB ∼ 2◦, the stars most likely lying in front of the SMC
display a sharp turn toward stronger motion in the LMC direction,
dominating the population of stars exhibiting high values of µXMB . It
therefore seems that the stars apparently being ripped from the SMC
are predominately those lying closer to us, tracing the disruption of
the trailing arm down to the inner regions of the SMC. On increasing
heliocentric distance, the signal diminishes with little sign of a com-
panion leading arm in the proper motions. The bottom panels of the
figure are coloured by mean µXMB where we show each of the three
distance bins independently, with stars lying in front (behind) of the
SMC in the left (right) panel and stars approximately at the SMC dis-
tance in the middle panel. The evolution of disruption on increasing
distance is evident, with the closer stars being those most strongly
dragged towards the LMC.

Thus, our interpretation is that the portion of the SMC in which
we see strong motion towards the LMC in Fig. 4.15 and Fig. 4.18 con-
sists largely of tidally stripped stars; stars that have been dragged out-
wards to closer heliocentric distances with their motions disrupted to-
wards the larger Cloud, in effect forming a tidal tail trailing the SMC.
We observe the signature down to angular separations of ∼ 2◦ − 3◦

from the SMC centre, indicative of heavy disruption of SMC stars
lying along our line of sight. The fact that we do not observe a signif-
icant kinematic counterpart to the trailing tail lying beyond the SMC
(i.e the leading arm) is somewhat at odds with simulation models of
the Magellanic system. Whilst the majority of simulations in the liter-
ature aim to primarily trace the gaseous features of the Clouds, those
of Diaz and Bekki (2012) do well in replicating the general properties
of the Magellanic bridge region, with signs of stars being drawn east-
ward and towards the LMC (see Nidever et al., 2013, for discussion).
However, these models also predict a ’counter-bridge’, lying at large
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heliocentric distances and predominately directly behind the SMC
(see also Belokurov et al., 2017). Such a feature is predicted to be much
more diffuse than its bridge counterpart which may indicate why no
stellar detection has been made, either in this work or by Nidever et
al. (2013) and Subramanian et al. (2017). Indeed, the counter-bridge,
if present, may be so diffuse that it exists as a purely gaseous feature
with minimal stellar counterpart (see Diaz and Bekki (2012)). Interest-
ingly, however, in their analysis of SMC Cepheids, Ripepi et al. (2017)
found evidence for a population of variables located toward the an-
ticipated region of the counter-bridge.

We note that the stellar content of the SMC is complex, with stars
spanning a range of metallicities and ages. In our above analysis, we
have alleviated the effect that metallicity has in broadening the CMD.
We cannot, however, account for the fact that giants of differing ages,
at fixed metallicity and distance, will induce a magnitude offset in
H−Hspine. Thus our distance proxy is rather a convolution of helio-
centric distance, stellar age as well as reddening effects along the line
of sight. Nonetheless, the results are tantalising, and appear in agree-
ment with previous studies of SMC debris. As a consistency check,
we applied our procedure to subsamples of LMC giants lying in the
north-east and south-west regions of the disc. Given the viewing an-
gles of the LMC, the north-east disc is lying at a closer heliocentric
distance to us than the south-western edge. Thus, this should be de-
tectable in our method; indeed we find a median magnitude offset
of −0.12 mag for the giants located in the north-east and one of 0.03
mag for those in the south-west. These offset values are comparable
to those of Li et al. (2016) who applied a similar method to M-giants
in the LMC.

4.3.4 Old stellar Bridge

Given that we have found evidence for a population of stars within 8◦

of the SMC centre, lying in front of the dwarf, and displaying a kine-
matic signature of tidal disruption, a natural avenue of exploration is
to now assess the stars lying directly in the inter-Cloud region. His-
torically, the detection of a continuous path between the Clouds in
intermediate and old stellar populations has proved elusive. Utilising
2MASS and WISE photometry, Bagheri, Cioni, and Napiwotzki (2013)
selected a sample of giants with ages ranging from ∼ 400Myr− 5Gyr
in the bridge region at low stellar density. The analysis of OGLE RGB
and RC stars by Skowron et al. (2014) found little evidence of a co-
herent stellar bridge, but rather posited that the presence of evolved
stellar populations in this region stems from overlap of the MC’s ha-
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Figure 4.20: The top left panel shows the logarithmic density of giants
in Magellanic Bridge coordinates. In the region between the
Clouds, there exits a population of stars whose nature we would
like to probe. On selecting stars falling within the black rectan-
gle, we show their metallicity along the bridge in the top right
panel. The column normalised density shows the evolution of
giant metallicity upon the passage from the SMC to the LMC.
Between the Clouds, it appears as if they are joined by a con-
stant ridge at ∼ −1 dex, a value consistent with both the outer
regions of the LMC and the median value of all SMC giants. On
moving outwards from the SMC, there appears to be two se-
quences: the ridge that connects to the LMC and a metal-poorer
population that extends out to XMB ∼ −13◦. The lower two pan-
els show the column normalised proper motions of the stars
through the bridge region, with a relatively smooth transition
between the Clouds being apparent. The motion along µXMB
shows a degree of dispersion that is consistent with Fig. 4.15.

los. They did, however, observe the diffuse structure of giants to lie
predominately south of the young bridge. This is consistent with the
findings of Belokurov et al. (2017) who, on selecting RR Lyrae out of
the Gaia DR1 catalogue, were able to trace a continuous structure be-
tween the Clouds, offset by ∼ 5◦ south of the young Magellanic Bridge.
They argued this offset was formed under the scenario that both the
gas and old RR Lyrae were stripped coevally from the SMC. The
stripped gas was accosted by the hot gas of the Milky Way corona in
the form of ram pressure, essentially pushing it back and forming the
offset. The spectroscopic study of inter-Cloud red giants by Carrera
et al. (2017) found the chemistry and kinematics of their intermediate
aged sample to be consistent with that of an tidally stripped SMC
population, adding weight to the notion that an older stellar bridge
exists in some form. Subsequently, the deep Dark Energy Camera
imaging of Mackey et al. (2018) and the highly-pure giant sample of
Belokurov and Erkal (2019) revealed the presence of a tangled mix of
ancient stellar populations between the Clouds and confirming the
earlier discovery of Belokurov et al. (2017).
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In the top panel of Fig. 4.20, we show the stellar density of our gi-
ants in MB coordinates, with the black dashed box indicating the se-
lection of stars lying in the bridge region. In the panel below, we show
the distribution of metallicity of these giants progressively through
the bridge. On moving through the outer LMC disc, the metallicity
shows a steady decline, with the SMC profile remaining relatively
flat out to XMB ∼ −15◦, just beyond which appears to lie a metal-poor
sample of stars with [Fe/H] ∼ −1.5 dex. Moving through the region of
−15◦ < XMB < −10◦, the metallicity structure becomes more complex
and difficult to discern owing to the low stellar density in this region.
Interestingly, however, there does appear to be a continuous ridge of
constant metallicity, [Fe/H] ∼ −1 dex, running through this region,
connecting to the outer edge of the LMC out toward XMB ∼ −15◦. It
is noteworthy that the metallicity along this ridge is consistent with
the mean value of SMC giant’s lying within the inner 4◦ of the dwarf,
as well as that of the outer regions of the LMC. The lower two pan-
els of the figure trace the proper motions through the bridge region,
with µYMB showing a relatively coherent structure that smoothly links
the motions of the SMC to the LMC. The motion in µXMB is less well
defined through the bridge region, with greater scatter about the gen-
eral trend. This is consistent with the high level of dispersion we see
in the lower left panel of Fig. 4.15 at the interface of the two Clouds, as
well as our results from Section 4.3.3. The signature of a flow of stars
through the bridge region is consistent with the findings of Zivick
et al. (2019) whose proper motion analysis of red giants through the
bridge closely resembles our findings (see their Fig. 8). The relatively
complex metallicity distribution in the inter-Cloud region, alongside
the high dispersion in µXMB render it difficult to exactly discern the
origin of the stars lying in this region. Further to this, the MB region is
composed of giants tending toward the metal poor end of our sample
where our regression predictions are inherently more uncertain. This
adds to the difficulty in drawing firm conclusions on the metallicity
distribution through the MB. It is, however, highly likely that the pop-
ulation of stars in this region are a mixture of both LMC and SMC
giants. The origin of LMC debris in the bridge could be attributed to
the effect of Milky Way tides acting on the larger dwarf, with the N-
body simulation of Belokurov et al. (2017) and Belokurov and Erkal
(2019) demonstrating that such an effect can quite easily strip LMC
debris to align well with the old stellar bridge.

In Fig. 4.21, we show the sample of Gaia DR2 RRL described in
Sec. 4.1 for which we are afforded heliocentric distance estimates. The
left panel of the figure shows the Clouds in MB coordinates with pix-
els coloured by mean heliocentric distance, where we see RRL lying
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Figure 4.21: We show the Gaia DR2 RR Lyrae whose selection was described
in Sec. 4.1. Left: Pixels are coloured by mean RRL heliocentric
distance. A gradient is observed across the face of the LMC
disc owing to its inclination. We also see RRL residing in the
eastern portion of the SMC to lie at closer heliocentric distances.
Between the Clouds, we see the old stellar bridge with stars
lying at distances consistent with both Clouds. Middle: RRL
distance is shown along XMB for stars lying in the slice of
−10◦ < YMB < 0◦. The SMC morphology is cigar-like, stretch-
ing along our line of sight. There appears to be two distinct
structures lying between the Clouds at heliocentric distances of
∼ 50 kpc and ∼ 55 kpc. The inset panel shows the distance distri-
bution for RRL lying in the slice −14◦ < XMB < −10◦ in which
we observe a bi-modality, with the two peaks associated with
the dual structures stretching between the Clouds.

at distances consistent with both the LMC and SMC in the old stellar
bridge. Selecting RRL in the slice of −10◦ < YMB < 0

◦, we show the
distance distribution of these stars along XMB, revealing three inter-
esting structures that pervade through the bridge region. First, two
distinct filaments peel away from the LMC’s western edge; one sits
at ∼ 50 kpc, while the other some 5 kpc farther away. The closer RR
Lyrae sequence stretching from the LMC meets half way with the
trailing tail of the SMC, emanating from the near end of the dwarf
in the direction of the LMC. This appears to be consistent with our
findings in Sec. 4.3.3, where we saw evidence for (likely unbound)
giants lying in front of the SMC and kinematically disrupted towards
the larger Cloud. The interpretation of the nature of the second (more
distant) part of the bifurcated structure attached to the LMC at ∼ 55
kpc is more challenging. Are these LMC stars that have been stripped
towards the SMC or vice versa? In the right panel, we show a column-
normalised version of this representation. The distance gradient as
mapped by the RR Lyrae appears to run almost uninterrupted from
the east side of the LMC to the far side of the SMC. This is akin to
the findings of Wagner-Kaiser and Sarajedini (2017) who observed a
smooth transition in the distances of OGLE RR Lyrae between the
Clouds. In this view of the line-of-sight distance distribution, the bi-
furcation in the LMC side of the old bridge is even more evident
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(also see the 1D slice shown in the inset). Whilst the exact nature
of the old bridge is still unclear, it appears from the RRL that both
Clouds are joined by a population of stars over heliocentric distance,
whose nature is likely dual, with debris having been stripped from
both galaxies. The metallicity distribution of our giants between the
Clouds supports this notion; giants with a wide range of metallici-
ties appear to inhabit this region with two main structures apparent.
We observe a metal poor continuation of the outer SMC, appearing
to extend out to XMB ∼ −15◦, consistent with the SMC RRL we ob-
serve peeling away from the dwarf’s trailing tail. Second to this is the
ridge of [Fe/H] ∼ −1 dex that looks to span far into the bridge region,
where from the RRL we see such LMC debris exists. We have seen
the proper motion distribution of the giants to be turbulent through
the bridge region, as stars from both Clouds are being stripped and
thrust towards each other in a complex way.

4.4 summary

We have amassed a sample of Magellanic red giants, drawn from
Gaia DR2, demonstrating the ability to predict accurate photometric
metallicities for such stars utilising machine learning methods. In do-
ing so, we have produced some of the largest scale metallicity maps
of the Clouds to date. Utilising our metallicity predictions in conjunc-
tion with the proper motions of our giants, we produced a chemo-
kinematical mapping of the Magellanic system, which shows it to be
fraught with intricacy as a consequence of its severe disruption.

We observe negative metallicity gradients on moving outwards through
both Clouds. In modelling the LMC as a thin inclined disc, we in-
fer a metallicity gradient of −0.048± 0.01 dex/kpc, a value in good
agreement other estimates in the literature (see e.g. Choudhury, Sub-
ramaniam, and Cole, 2016; Cioni, 2009). Centrally, the profiles flatten
as this region becomes dominated by the metal-rich bars. Various
asymmetries are present in the metallicity profiles when considering
different regions of each galaxy. Such features are readily visible in
the LMC, where we observe the stellar bar, main spiral arm and dif-
fuse regions of metallicity enhancement in the disc. The most striking
example is perhaps the southern spiral arm feature seen in the inner
regions, a metal-rich component appearing to emanate from the west-
ern end of the bar and wrapping clockwise through the LMC disc.
Spatially, this spiral-like feature is coincident with the stellar over-
density observed by Choi et al. (2018b) and it is very likely that his-
toric LMC-SMC interactions have given rise to this intermediate aged
stellar structure. We further observe a northern arc-like region of rela-
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tive metal enhancement, coincident with the stellar feature observed
by Besla et al. (2016) in their optical images of the LMC periphery. In
their simulations of the Magellanic system, they concluded it is the
repeated close encounters with the SMC that primarily seeds such
one-sided stellar structures in the northern portion of the LMC, with
the tidal field of the SMC alone able to induce one-armed spirals
within the larger Cloud.

On slicing the Clouds by metallicity, we observe global evolution in
the morphology of the two galaxies. Naturally, the majority of outer
substructure is observed in the more metal-poor giants, with those
that are metal-richer residing much more centrally in both instances.
The outer northern and southern thin spiral-like arms in the LMC
are again observed to rotate with the Cloud, lagging in their orbits,
as was first noted by Belokurov and Erkal (2019). The metal poor
SMC giants located nearest to the LMC are hot in their motions with
high dispersion observed at the interface between the two dwarfs, a
region where we naturally expect a mixture of stars originating from
both the LMC and SMC. Further to this, in Fig. 4.15, we observe the
eastern portion of the SMC to bear increased motion in the direction
of its larger counterpart. On studying the iso-density contours of the
SMC, we observe them to display the S-shape signature characteristic
of tidal disruption, a feature that appears to persist at all metallicities.
We probe the SMC disruption further through a simple consideration
of the proper motions of our giants. Utilising each star’s relative po-
sition in the CMD as a proxy for heliocentric distance, we ascertain
that it is those giants likely lying closer to us that exhibit such fer-
vent motion towards the larger Cloud. Our interpretation is that we
are observing a tidal tail trailing the SMC, projected along our line
of sight, that has been stripped away from the dwarf’s core by the
LMC. We trace this disruption down to the inner ∼ 2◦ − 3◦ of the
SMC, consistent with the foreground red clump population observed
by Subramanian et al. (2017) and traced down to the inner ∼ 2 kpc
of the dwarf (see Nidever et al., 2013, also). In essence, this stripped
population constitutes the start of the old stellar bridge emanating
away from the SMC towards the LMC. We do not observe any lead-
ing counterpart, and it may simply be that we do not possess enough
distant giants in our sample to do so, as such debris is expected to lie
∼ 20 kpc directly behind the SMC (Diaz and Bekki, 2012).

Finally, we consider giants lying in between the Clouds in the Mag-
ellanic Bridge region. We, for the first time, trace the metallicity distri-
bution through the region and find its nature to be dual; we observe
a metal-poor component of [Fe/H] ∼ −1.5 dex lying just beyond the
eastern edge of the SMC, with a continuous metallicity ridge of ap-
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proximately −1 dex appearing to span much of the distance between
the two Clouds. We further consider the Gaia DR2 RR Lyrae around
this region, with the added benefit that we can easily estimate the
heliocentric distances for such stars. Two thin appendages appear to
link the Clouds, lying at distances of ∼ 50 and 55 kpc. The SMC mor-
phology appears cigar-like, with stellar debris appearing to peel away
from the near-end of the dwarf, warping towards the LMC. It also ap-
pears that a population of LMC stars extend into the bridge region,
indicating that the old stellar populations inhabiting the bridge are a
mixture of stripped stars from both the LMC and the SMC.



5
C O N C L U S I O N S A N D O U T L O O K

In this thesis I have studied Galactic structure in both the Milky Way
and the Magellanic Clouds. For the former, I have utilised O-rich Mira
variables on a scale, to the knowledge of this author, not done so be-
fore in the astronomical literature. The works published in Grady,
Belokurov, and Evans (2019) and Grady, Belokurov, and Evans (2020)
form the basis of Chapters 2 and 3 in this thesis. With respect to the
Clouds, I have produced large scale metallicity maps from photomet-
ric information which, when coupled with Gaia’s proper motion mea-
surements, provides the basis for a chemo-kinematic analysis of the
system. The work published in Grady, Belokurov, and Evans (2021)
forms the basis for Chapter 4 of this thesis.

5.1 conclusions

The goal of Galactic research is to understand the origins of the
Milky Way; how has it evolved from the cosmological initial con-
ditions that seeded it, through to its current state today? Gaia has
provided us with astrometric measurements for over a billion stars,
information on both how far away stars are from us and how they
are moving through space; a Galactic census. Modern spectroscopic
surveys provide us with abundance data for stars in the Galaxy, al-
lowing a glimpse into the chemical enrichment history of the Milky
Way. Constraints on the ages of stars in the Galaxy are invaluable;
in slicing the Milky Way chronologically, one can build a picture of
its assembly and test predictions of Galactic models in a temporal
fashion. Many studies of Galactic structure have limited ability to age
date their stellar samples, even on a relative basis, and largely rely
on chemo-dynamical analyses, itself a powerful tool. The study of
Galactic structure as a function of stellar age is a key ingredient to
understanding the history of formation, dynamics and enrichment.

The first two chapters of this thesis are directly concerned with
the view of the Galaxy as a function of stellar age. In Chapter 2 I
assembled a catalogue of O-rich LPVs, mostly Miras, from the CRTS
and ASAS-SN data-sets. Under the interpretation that the pulsation
periods of such stars correlates inversely with their stellar ages, as
has been observed kinematically (Feast and Whitelock, 2000b) and in
cluster associations (see Fig. 2.7), I trace age gradients through the
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Galactic disc and out into the halo. On increasing radius through the
disc the period profile is observed to show a negative gradient con-
sistent with the notion of inside-out disc formation. The transition to
the halo is marked by a plummeting in the profile with a population
of relatively younger stars observed far from the plane, likely kicked
to such heights by some disc perturbation. The overall theme of this
chapter is to establish O-rich LPVs and Miras as useful Galactic trac-
ers. For these we can obtain accurate distance estimates, observe them
to great distances, owing to their intrinsic brightness, and exploit the
ability to stratify the sample by relative age based on their observed
periods.

Developing on these ideas I utilise the Gaia DR2 LPV data-set in
Chapter 3, extracting a clean sample of Miras for which Gaia obtained
period estimates. Miras pervade through the Galactic disc and bulge
and I model the stellar density profiles of both components simul-
taneously. Afforded the ability to slice the sample by relative age, I
chronologically dissect the disc and bulge at once for the first time.
The picture of inside-out disc formation in the Miras is evident again;
the older stars form a stubby disc, radially constricted and vertically
extended. On increasing period the disc settles into a thinner and
more radially extensive structure. The bulge is modelled well by a tri-
axial boxy distribution inclined at a bar angle of ∼ 21◦. Interestingly,
the most ancient Miras do not appear to trace the bar, echoing previ-
ous results of metal poor RR Lyrae in the bulge region. Indeed it is
only the youngest Miras that are observed to show the characteristic
X-shape of a bar having buckled.

With respect to the Clouds, the discussion in Sec. 1.4, and refer-
ences therein, highlights the fact that the influence of the satellites
on the Milky Way is indeed non-negligible. That is, to understand
our Galaxy we must also understand the nature of the Magellanic
Clouds. Furthermore, they represent an ideal laboratory to study in-
teracting dwarf galaxies; a great deal of substructure has been ob-
served within the system, largely attributed to their self interaction.
Dedicated spectroscopic surveys are ongoing, e. g. The Magellanic
Edges Survey (Cullinane et al., 2020), to ascertain the nature of such
substructures observed in the periphery of the LMC. The Clouds are
important for detailed study of how interactions affect galaxy evolu-
tion.

In Chapter 4 I study the chemo-kinematics of the Magellanic Clouds.
In combining photometry from Gaia, 2MASS and WISE for a sample
of Magellanic red giants, I estimate photometric metallicities for them,
calibrated by APOGEE spectroscopic measurements. A shallow, ra-
dial metallicity gradient is confirmed in the LMC. Residual to this is
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much of the diffuse substructure known to reside in the Cloud, seen
to correlate with regions of relatively enhanced metallicity. Combin-
ing my metallicity estimates with Gaia proper motion measurements
I observe the SMC to be disrupting, with giants lying in front of the
dwarf showing strong apparent motion towards the larger Cloud. The
the inter-Cloud region shows complex metallicity structure with the
Gaia DR2 RRL further indicating the old stellar bridge region is pop-
ulated with a mixture of stripped stars.

5.2 outlook

Much of the work undertaken in this thesis has been done so in the
era of Gaia DR2. The third data release from Gaia is expected in the
first half of 2022 with the sample of classified variables set to be an or-
der of magnitude greater (millions) than currently available. Further-
more, the release of the Gaia EDR3 data-set occurred on 3rd December
2020 now providing improved astrometry and photometry for ∼ 1.8
billion sources. The advancement in our Galactic understanding con-
tinues to progress with the ever increasing precision and accuracy
provided by Gaia.

An interesting future project would be the search for stars that have
migrated between the Magellanic Clouds. It is known that the Clouds
have experienced historic close encounters, though the exact details
are still to be ascertained, and the degree to which stars are accreted
between the Clouds is not well understood. The kinematically dis-
tinct and metal poor sample of LMC giants identified by Olsen et al.
(2011) were postulated to be such a population of stars, those hav-
ing been accreted from the SMC. Gaia provides good proper motion
measurements for bright giants in the Clouds. It is yet to be deter-
mined whether it is possible from the apparent motion of stars alone
(i. e. without radial velocity measurements) to identify kinematic out-
liers within the system. One could devise an algorithm whereby the
proper motions of individual stars are compared to the local bulk mo-
tion in the LMC, searching for those differing significantly. In Chap-
ter 4 I demonstrated that one can obtain accurate photometric metal-
licity estimates for Magellanic giants. In principle one could combine
such estimates with proper motion measurements and use a classify-
ing scheme, e.g. a mixture model, to hunt for stars in the LMC that
are distinct in their motion and chemistry. Such a line of inquiry is
interesting in the perspective of constraining the historic encounters
between the Clouds. For example, the simulations of Besla et al. (2012)
show the degree of accretion of SMC debris onto the larger Cloud to
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be dependent on the number of passages the smaller dwarf has com-
pleted about the LMC.

An important aspect in the study of Mira variables is the calibration
of the period-age relation. An empirical investigation could be con-
ducted utilising the velocity dispersion relations provided by Sharma
et al. (2020), functions separable in stellar age, metallicity, angular mo-
mentum and height above the plane. Currently only ∼ 650 high am-
plitude LPVs with radial velocity measurements exist in the Gaia DR2
catalogue. Future data releases should bolster this number providing
a sample of LPVs with full velocity information and whose distances
can be accurately predicted from the Mira period-luminosity relation
or, for nearby stars, from their parallaxes. One could then probe the
velocity dispersion of the sample as a function of pulsation period
and attempt to calibrate the latter with stellar age. This would im-
mediately add large value to Miras as tracers of Galactic structure as
one could then, based purely on their measured pulsation period, age
date swathes of the Galaxy and potentially do so in the Magellanic
Clouds and Sgr dwarf galaxy too.

A note of consideration regarding Miras is their ability to act as
cosmic distance indicators. The successor to Hubble, the James Webb
Space Telescope, will observe the sky in the infra-red, the domain in
which Miras shine their brightest. Thus they have the potential to act
as independent anchors of the Type Ia supernovae distance scale. Mi-
ras are evolved stars and visible in the haloes of galaxies and thus
can be observed across all galaxy types with varying degrees of on-
sky inclinations. They should act to bolster the sample of Type Ia su-
pernovae calibrators, with Huang et al. (2019) recently demonstrating
the feasibility of utilising Miras in such a way.

Another, more exploratory, avenue of investigation would be to as-
sess how feasible it is to attain photometric distance estimates for red
giants; a regression problem in predicting the absolute magnitude
of RG’s from their photometric colours. Red giants are numerous
throughout the Galaxy, produced in populations of varying metallic-
ity and stellar age. Studies such as mapping MW halo substructure in
three dimensions would be greatly aided by such distance estimates.
An initial investigation into this subject was conducted wherein a
sample of local giants, with good parallaxes, was paired with the
Magellanic giant sample of Belokurov and Erkal (2019) and the Sgr
dwarf giant sample of Vasiliev and Belokurov (2020). Cross-matching
these with the 2MASS survey yields a training set with broad pho-
tometric coverage and reasonable distance estimates. A regression
model was trained on this data to predict MKs . Vasiliev, Belokurov,
and Erkal (2021) provide a sample of Sgr giants pervading through



5.2 outlook 119

180 150 120 90 60 30 0 30 60 90 120 150 180

Sgr (deg)
0

10

20

30

40

50

60

70

80

D
 (k

pc
)

0.5 1.0 1.5 2.0 2.5 3.0 3.5
BP RP

40

30

20

10

0

10

20

30

40

D
RR

L
D

ph
ot

 (k
pc

)

Figure 5.1: Left: Red markers show the photometric heliocentric distance
estimates of giants along the Sgr stream. Each giant has a cor-
responding distance estimate from nearby RRL as provided by
Vasiliev, Belokurov, and Erkal (2021). The black contours delin-
eate the stream with these RRL distances assigned to the giants.
Right: Column normalised distance offset as a function of Gaia
BP − RP colour; there is a portion of giants for which there is
little bias in the photometric distance method.

both tidal arms associated with the dwarf, painted with distances of
nearby RRL. In Fig. 5.1 I show the results of such a preliminary analy-
sis where, in the left panel, the red markers delineate the photometric
distance estimates assigned to the giants across the stream. The right
panel shows the column normalised offset in these prediction, as com-
pared to those of the nearby RRL, as a function of Gaia BP−RP colour.
Whilst preliminary, the result is encouraging with a relatively small
degree of bias present; it may be plausible that such methods could
be employed to study halo structure out to large distances.
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A P P E N D I X

a.1 mira cluster associations

Mira RA (deg) Mira Dec (deg) Cluster RA (deg) Cluster Dec (deg) Cluster Name

75.3828 -68.6918 75.3729 -68.7117 KMHK448

76.1248 -69.3232 76.1625 -69.3409 NGC1830

76.2188 -69.4008 76.2779 -69.4042 NGC1835

76.4310 -69.1061 76.3887 -69.1164 HS112

76.4538 -68.6334 76.3987 -68.6283 NGC1836

76.6068 -68.7011 76.6079 -68.7033 HS117

77.4052 -69.0758 77.4554 -69.0842 HS141

77.5206 -69.3357 77.4917 -69.3531 SL276

77.5597 -69.1029 77.5254 -69.0888 OGLE-LMC0169

78.2803 -69.0481 78.2646 -69.0505 HS177

78.7717 -68.9685 78.7750 -68.9792 NGC1885

79.2006 -70.2146 79.1558 -70.2108 BSDL1102

79.3180 -69.3416 79.3417 -69.3381 NGC1903

79.3224 -69.3485 79.3417 -69.3381 NGC1903

79.4868 -69.6439 79.4550 -69.6441 H2

79.7282 -69.0660 79.6737 -69.0796 H88-269

80.0841 -69.5624 80.0983 -69.5851 SL402

80.4405 -69.9429 80.3629 -69.9504 NGC1939

84.6330 -68.7837 84.5917 -68.7807 SL629

87.0700 -71.4776 87.0483 -71.4808 NGC2121

Table A.1: LMC pairs of clusters and Mira shown in Fig. 2.7. We provide he-
liocentric coordinates and cluster names for each of the pairings.
Coordinates are given to 0.0001◦ to show the angular separations.

Mira RA (deg) Mira Dec (deg) Cluster RA (deg) Cluster Dec (deg) Cluster Name

271.5503 -27.8131 271.5269 -27.7507 NGC6540

268.4649 -32.3238 268.4760 -32.4662 ESO 456-09

232.0031 -50.7856 231.9916 -50.6716 NGC5927

273.4691 -28.6639 273.5120 -28.6342 vdBergh-Hagen 261

215.5882 -71.9603 215.4072 -72.0828 FSR 1667

247.3279 -35.3601 247.1580 -35.3527 Terzan 3

262.9789 -39.8512 262.8952 -39.8401 FSR 1758

264.8100 -35.6040 264.6566 -35.6506 ESO 393-12

247.3693 -27.9688 247.2783 -27.9610 FSR 1761

Table A.2: As Table A.1, but for the Milky Way Mira cluster pairs in Fig. 2.7
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a.2 density profile likelihood

For stars observed at position vectors ri and for some density profile
model ρ(r |Θ) for parameter vector Θ over volume V, we seek the
likelihood of observing the data. Splitting the observed volume into
a grid of pixels, the expected number of points observed in the ith

pixel is:

Ni = ρ(ri |Θ) δV (A.1)

Denoting the number of observed data points in the ith pixel as xi,
the associated probability of such an observation is given by the Pois-
son distribution as:

P(xi|Ni) =
Nxii e

−Ni

xi!
(A.2)

Thus the likelihood of observing the total data over all pixels is:

L =
∏
i

Nxii e
−Ni

xi!
(A.3)

In the limit that δV 7→ 0, xi 7→ 1 if a star is observed is at the associ-
ated position and xi 7→ 0 if absent. As such, the total likelihood can
the be split over pixels that are occupied and empty pixels as:

L =
∏
i

e−Ni
∏
j

Nj e
−Nj (A.4)

where the product over i corresponds to empty pixels and that over
j to occupied pixels. Taking the natural logarithm in this limit then
yields:

lnL = −

∫
V

ρ(r |Θ)dV +
∑
i

ln ρ(ri |Θ) (A.5)

with the right hand summation occurring over all observed data points.
Any selection function can be incorporated into the normalising inte-
gral above.
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Figure A.1: Comparison of our Mira sample in each period bin with model
M2, as in Eq. 3.7, in Galactocentric (X, Y) projection. We show
residuals, weighted by Poisson noise, for two instances: that
with a disc + bulge and that for a disk component only. In the
latter case, the bulge residual is stronger than in Fig. 3.9 owing
to the flattening of the model.
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Figure A.2: Equivalent to Fig. A.1 but in Galactocentric (X,Z) projection.
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Figure A.3: Equivalent to Fig. A.2 but in Galactocentric (Y,Z) projection.
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