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Popular summary

The Sun is just one out of approximately 100 billion stars in our home galaxy, the
Milky Way. Most of these stars are orbiting around the Galactic centre in a thin
disc-like structure, and a small fraction of stars are found in the almost spherical
halo in which the disc is embedded. One of the great questions of astronomy is
how these structures, and the Milky Way as a whole, formed and evolved from the
early universe until today.

The branch of astronomy which deals with the formation history of the Milky
Way is also called Galactic Archaeology. Just like archaeologist can study ancient
artefacts to learn about past civilizations, astronomers can study the properties of
stars to learn about the past conditions of the Galaxy. Among the most relevant
stellar properties are their ages and the abundance of metals (elements heavier
than hydrogen and helium) in their atmospheres. The heavy elements did not
exist in the early universe but have since been produced by stars, for example
when they explode as supernovae. Therefore, the stars we observe today contain
an imprint in their atmospheres left over from previous generations of stars. This
can be combined with knowledge of their ages to retrace when and under which
conditions star formation has taken place.

The field of Galactic Archaeology is currently very active thanks to a number
of large-scale surveys observing more Milky Way stars than ever before. From
the ground, large telescopes can collect spectra for up to thousands of stars at a
time. Analysis of the spectra reveal the detailed composition of metals in the stars.
From space, the Gaia spacecraft is recording the positions and velocities of more
than a billion stars. The focus of this thesis is on estimating stellar ages for use in
Galactic Archaeology in combination with the vast amount of data now available
from these large surveys.

The ages of individual stars can be estimated by comparing their observed
properties with stellar models. Using this method, we study the ages of 33 nearby
bright stars. For about half of these stars we are able to give a well-defined age
which can be used as a reference for future studies. We also present a new statistical
method for obtaining more precise age distributions for large samples of stars with
different levels of heavy elements.

We have used the new method to study the ages of stars in both the halo and
disc of the Milky Way. The halo contains some of the oldest and most metal-poor
stars in the Galaxy which trace the very early formation history. Recently, it was
found that a large number of halo stars were formed in a dwarf galaxy which since
collided with the Milky Way. We find that these stars formed more than 10 billion



years ago at the same time as the first stars were forming in the inner parts of the
Milky Way disc. By considering the disc as a whole, we find that star formation has
proceeded in three main phases. First in the inner disc with a continuous increase
in heavy elements, then across the disc with lower heavy element abundances in
the outer disc, and finally in a recent burst of star formation.

Most of the results presented in this thesis have only become possible to obtain
within the past decade thanks to the many large-scale stellar surveys. Many of these
surveys are still ongoing, and many more are being planned for the future. These
surveys will expand studies of Galactic Archaeology to more distant regions of the
Milky Way and further improve our understanding of its formation and evolution,
as well as galaxy evolution in general.
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Populirvetenskaplig sammanfattning

Solen ir en av de ca 100 miljarder stjirnor som finns i Vintergatan, virt hem i
universum. De flesta av dessa stjarnor rér sig i disklika banor runt Vintergatans
centrum. En liten del av stjirnorna ror sig i banor som tar dem langt frin Vin-
tergatsplanet. De utgor en slags halo av stjarnor runt disken. En av de viktigaste
fragorna inom astronomisk forskning r att forstd hur dessa strukturer och Vin-
tergatan i sin helhet bildades och utvecklades frin universums borjan till idag.

Den del av astronomin som studerar hur Vintergatan bildades kallas ofta for
Galaktisk Arkeologi. Precis som arkeologen hir pé jorden kan studera antika arte-
fakter och genom dessa lira sig om utdéda civilisationer kan astronomer studera
egenskaperna hos stjirnorna for att lira sig om forhdllandena i Vintergatan forr
i tiden. Bland de viktigaste egenskaperna vi kan mita upp for en stjirna ir dess
alder och innehéll av grundimnen tyngre 4n helium och vite, s kallade metaller.
Dessa tyngre grundimnen existerar inte i det tidiga universum utan har produc-
erats i stjarnor, till exempel nir de exploderar som supernovor. Detta innebir att
de stjdrnor som vi observerar idag, i sina atmosfirer, innehéller ett prov pa vad
tidigare stjarngenerationer har limnat efter sig. Genom att kombinera mitningar
av grundimneshalter med stjdrnornas aldrar kan vi dterskapa nir och under vilka
forhallanden som stjdrnor har bildats.

Forskningsomradet 4r fér narvarande mycket aktivt. Detta beror till stor del
pi de genommonstringar av Vintergatsstjarnor som genomfors nu. Fran jorden
kan moderna teleskop registrera spektra for tusentals stjarnor it gingen. Analys
av stjarnornas spektra ger oss detaljinformation om deras grundimnessammansit-
tning. I rymden miter Gaia-satelliten positioner och hastigheter for mer 4n en
miljard stjarnor. Fokus i min avhandling 4r att bestimma aldrar for stjarnor och
att anvinda dem tillsammans med data frin de stora jordbaserade spektroskopiska
genommonstringarna.

En stjirnas dlder kan bestimmas genom att jimfora deras observerade egen-
skaper med modellf6rutsigelser. Genom att anvinda denna metod - dvs jimfora
observationer med modeller - har vi studerat &ldern hos 33 ljusstarka stjarnor. For
ca hilften av dessa kan vi bestimma en vildefinierad alder som kan anvindas som
referenspunkter i framtida studier. Vi har ocksa presenterat en ny statistisk metod
for att ta fram mer precisa dldersférdelningar for manga stjiarnor pa en gang. Meto-
den tar hinsyn till att stjarnorna kan ha olika halter av tunga grunddmnen.

Vi har anvint vir nya metod for att studera dldersfordelningarna hos stjdrnor i
Vintergatans disk och halo. Stjarnhalon innehaller nigra av de allra dldsta stjarnorna
som dessutom har mycket lite av de tyngre grundimnena. Dessa stjirnor ger en
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inblick i de allra forsta stadierna av Vintergatans tillblivelse. Nyligen har forskare
funnit en stor mingd stjirnor som ursprungligen bildades i en dvirggalax men som
senare har kolliderat med och sammansmilt med Vintergatan. I var studie finner
vi att dessa stjarnor bildades f6r mer an 10 miljarder ar sedan och att samtidigt bil-
dades det ocksa stjdrnor i Vintergatans inre delar. Om vi betraktar Vintergatans
stjarndisk i sin helhet finner vi att stjirnbildningen har skett i visentligen tre faser.
Forst i den inre disken med stadigt 6kande mingder av tyngre grundimnen, sedan
i hela disken men nu med en nigot ligre mingd av tunga grundimnen och slut-
ligen i en sen “burst” av stjarnbildning.

Resultaten som jag ligger fram i min avhandling har bara varit méjliga att
erhélla under de senaste tio aren tack vare de stora genomménstringarna av Vin-
tergatans stjarnor. Flera genomméonstringar pigar fortfarande och ytterligare ir
planerade for framtiden. Dessa genomménstringar kommer att mojliggora arke-
ologiska studier pa storre och storre avstind i Vintergatans yttre regioner och hjilpa
oss att forstd hur var hemgalax bildades och utvecklades. Dessa resultat kommer
vara viktiga for var forstaelse av galaxbildning i gemen.
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Stellar Ages for Galactic
Archaeology: Methods and

Applications

1 Introduction

One of the big questions in astronomy is how galaxies form and evolve. To get
a better understanding of this subject, a great deal of insight can be gained by
studying our home galaxy, the Milky Way. From our vantage point inside the
Galactic disc we can study individual stars and stellar populations in extensive
detail. If we manage to understand how the stellar populations of the Milky Way
formed, the results can likely be generalized to other similar galaxies.

The Milky Way is a disc galaxy and is classically divided into three main com-
ponents: the disc, the bulge, and the halo (Bland-Hawthorn & Gerhard, 2016)
(see Figure 1). Stars in the disc, including the Sun, move on more or less circular
orbits around the Galactic centre. The disc can be further divided into a thin and
thick component that were initially defined based on the observation of a break
in the vertical density distribution of stars (Gilmore & Reid, 1983). Stars in the
thick disc — the component that extends furthest from the disc plane — are older
and more metal-poor than thin disc stars. The bulge is located at the centre of the
Galaxy and appears as a thickening of the disc. Finally, the halo surrounds the disc
and contains some of the oldest and most metal-poor stars in the Galaxy. Halo
stars can be identified in the Solar neighbourhood by their large velocities relative
to the circular velocity of the disc.

The formation history of the various Galactic structures can be investigated
by studying their stars, a discipline also called Galactic Archacology (Freeman &
Bland-Hawthorn, 2002). In this cosmic branch of archacology, the stars make up



Thick disc

o

Thin disc

Figure 1: Map of point sources (mainly stars) in the Milky Way observed by the Gaia
spacecraft. The main structural components are indicated schematically. Image adapted
from Gaia Data Processing and Analysis Consortium (DPAC) (CC-BY-SA 3.0 IGO).

the fossil record. With each successive generation of star formation, the interstellar
medium is enriched in heavy elements by the products of stellar nucleosynthesis.
This chemical enrichment can be traced through the chemical compositions of
the stars we see today. Additionally, the orbit of a star contains information about
its kinematic history and can be used, for example, to distinguish between stars
from different components of the Milky Way or to identify stars that have formed
in an external galaxy and since accreted onto the Milky Way (Helmi, 2020). To
complete the fossil record it is necessary to know the ages of the stars. Stellar ages
are one of the most challenging properties to estimate precisely (Soderblom, 2010)
but they put crucial constraints on the timeline of star formation and chemical
enrichment.

In recent years, the availability of stellar data from large spectroscopic, photo-
metric and astrometric surveys has increased significantly. This survey data enables
studies of the elemental abundances and kinematics of millions of stars in the So-
lar neighbourhood and beyond. It also enables age estimation for a large number
of field stars based on e.g. fitting stellar evolution models to the observed surface
properties of the stars. The combination of precise spectroscopic data and dis-
tance estimates has made it possible to estimate ages for millions of field stars in
the volume around the Sun (Sanders & Das, 2018).

The work presented in this thesis touches on a variety of topics united under



the subject of Galactic Archaeology and with a common focus on age estimation
for stars observed in large surveys. It can be roughly divided into two main topics.
The first topic is stellar age estimation, using model fitting, both for individual
field stars and for large populations of stars in the Galaxy. The second topic is
the investigation of the formation history of some of the main components of
the Milky Way by combining this age information with the elemental abundances
and kinematics available for large samples of stars. The following sections give a
summary of the data and methods applied in this work as well as the main results
we have obtained. The full research papers are reproduced in the second part of
the thesis.



2 Survey data

The detailed study of stellar populations in the Milky Way relies on data from a
wide variety of sources. The work presented in this thesis is based on data from
a number of large spectroscopic, photometric, and astrometric surveys. In the
following, the main sources of data, which will be referred to in later sections, are
summarised.

2.1 Spectroscopy

Elemental abundances of stars can be determined by studying the absorption lines
in stellar spectra. Knowledge of elemental abundances is important in its own
right in studies of Galactic chemical evolution, but the metallicity, [Fe/H]', and
abundance of alpha elements, [a/Fe], are also crucial for age estimation of in-
dividual stars due to model degeneracies between age and chemical composition
(see e.g. the discussion in Howes et al., 2019). Spectra also provide the effective
temperatures, 1., and radial velocities of stars.

The bulk of the spectroscopic data used in this work comes from two large
ground-based high-resolution spectroscopic surveys: the Apache Point Observa-
tory Galactic Evolution Experiment (APOGEE; Majewski et al., 2017) and the
Galactic Archaeology with HERMES survey (GALAH; De Silva et al., 2015).
Each of these surveys have observed and analysed about half a million stars and
aim to provide abundances for up to 30 elements.

The APOGEE survey operates at near-infrared wavelengths and mainly targets
giant stars which allows for observations of stars in a large volume of the Galaxy,
out to distances of more than 5 kpc. Since 2017 APOGEE has been collecting
spectra from two sites allowing for observations in both the northern and south-
ern hemisphere. The latest release of APOGEE data is Data Release 16 (DR16;
Ahumada et al., 2020; Jénsson et al., 2020) which also includes the first results
from the Southern survey.

The GALAH survey operates at visual wavelengths in the Southern hemisphere
and focuses on the Galactic disc. Most of the GALAH targets are within 2 kpc of
the Sun and are divided almost equally between dwarf and giant stars. The most
recent data release from GALAH is Data Release 3 (DR3; Buder et al., 2021).

"The bracket notation is shorthand for the relative abundance of elements on a logarithmic scale

normalized to the Solar value, i.e. [Fe/H] = log,, (n(Fe)/n(H)) — log,, (n(Fe)/n(H)) -



2.2 Photometry

Photometric surveys provide the apparent magnitudes of stars in different pass-
bands. The Two Micron All Sky Survey (2MASS; Skrutskie et al., 2006) observed
the entire sky in the three near-infrared bands J, H, and K; resulting in a catalogue
of over 400 million point sources. Magnitudes from the 2MASS K, band are ap-
plied in several places in this thesis, e.g. to estimate stellar ages in combination
with spectroscopic data. This band is chosen since it is less sensitive to extinction
due to interstellar dust than bands in the visual wavelength range.

Magnitudes are not the only parameters obtained from photometric surveys.
Some photometric systems, such as the Stromgren uvbyf system, are sensitive to
stellar effective temperatures and metallicities (Stromgren, 1966). A Strémgren-
like system is used by the SkyMapper Southern Sky Survey. Casagrande et al.
(2019) used the SkyMapper photometry to estimate metallicities for about 9 mil-
lion stars in the southern hemisphere. They used stars in common with the GALAH
survey to calibrate the relation between photometry and metallicity.

2.3 Astrometry

Astrometry is the study of the positions of celestial objects. The number of Milky
Way stars with precise astrometric observations has increased significantly in recent
years thanks to the Guia spacecraft (Gaia Collaboration et al., 2016) launched
in 2013. Gaia scans the entire sky periodically from its orbit around the Sun.
It records the magnitudes and positions of stars over time with the objective of
creating a three-dimensional map of the Milky Way.

Following the second Gaia data release (DR2; Gaia Collaboration etal., 2018a)
positions, proper motions, and parallaxes are available for more than a billion stars
in the Milky Way. The early data release 3 (EDR3; Gaia Collaboration et al., 2021)
recently updated the precision of these parameters.

The parallax, w0, is the apparent motion of a star caused by the shifting per-
spective as Gaia orbits around the Sun. It is related to the distance in parsec by the
relation d = 1/w, with the parallax in arcseconds. The nonlinear transformation
between parallax and distance means that the distance estimate may be signifi-
cantly biased if the parallax has a large uncertainty (Astraatmadja & Bailer-Jones,
2016). Therefore, studies using the Gaia parallaxes for distance estimates often
limit the sample to the stars with relative parallax precision better than 20 per
cent. Another solution is to use distance estimates calculated by combining Gaia
parallaxes with some prior information such as the expected density profile of the



Milky Way (Bailer-Jones et al., 2018; Schénrich et al., 2019).

Gaia is also equipped with a radial velocity spectrometer and is able to measure
radial velocities for the brightest stars, amounting to about 7 million in DR2. The
combination of positions, proper motions, parallaxes, and radial velocities (either
from Guia itself or from ground-based spectroscopy) can be used to estimate the
three-dimensional positions and velocities of stars. These can be used in combi-
nation with a model of the Milky Way gravitational potential to estimate orbits
in the Galaxy. Such calculations have become very accessible thanks to publicly
available codes such as the Python package galpy (Bovy, 2015).

The impact of Gaia on contemporary studies of stellar populations in the
Milky Way cannot be overstated. As a testament to this, only Paper I in this thesis
does not include any Gaia data. All remaining papers use some combination of
the astrometry, photometry, and radial velocities from DR2 or EDR3 either for
estimating stellar kinematics, ages, or both.



3 Individual stellar age estimates

Stellar age estimates are a crucial complement to the survey data in studies of
Galactic Archaeology. In this thesis, the focus is on age estimates of the stars
observed as part of photometric or spectroscopic surveys. Most of these are field
stars, i.e. they are not associated with a cluster, and the age of each star must be
assessed individually. Different age estimation methods exist for individual stars,
but no single method works well for stars of all evolutionary stages (Soderblom,
2010). The most widely applicable method is model fitting, in which the age is
estimated by comparing the observed stellar parameters, such as Tig, [Fe/H], and
absolute magnitude, with models of stellar evolution. This method can be applied
to almost all the stars observed by large surveys; however, it does not necessarily
provide a precise age estimate for every star.

A stellar model describes the internal structure and surface parameters of a star
with initial mass 1m;,; and initial total metallicity ¢ = [M/H]ipial at a given age
7. Figure 2a shows a number of stellar models in a Hertzsprung—Russell (HR)
diagram along with 500 stars selected at random from GALAH DR3. The models
are plotted as isochrones — models of different masses grouped by age and initial
metallicity — obtained from the PARSEC model Iibrary2 (Bressan et al., 2012).
The absolute Ky magnitudes of the GALAH stars are calculated from the apparent
magnitudes, mg_, as

Mg, = mg, — Ak, — 5log, [(100 mas) /=] , (1)

where the extinction, Ax_, is taken from the GALAH catalogue and the parallax,
w, is taken from Gaia EDR3. Historically, stellar ages were often estimated either
by eye in an HR diagram like Figure 2a or by interpolating between stellar models
to the observed [Fe/H], Teg, and magnitude (e.g. Ng & Bertelli, 1998; Valenti
& Fischer, 2005). Today more statistically robust methods are used, the most
common being Bayesian model fitting.

3.1 Bayesian model fitting

Bayesian model fitting was introduced and popularized by Pont & Eyer (2004) and
Jorgensen & Lindegren (2005a) as a way to determine statistically robust stellar
ages and associated uncertainties. The version described in the following is based
on the implementation by Howes et al. (2019).

2 At the time of writing, PARSEC stellar evolution models are available through the web interface
athttp://stev.oapd.inaf.it/cgi-bin/cmd
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Figure 2: (a) Hertzsprung—Russell diagram of 500 GALAH DR3 stars coloured by their
metallicity. PARSEC isochrones (Bressan et al., 2012) are plotted for two different initial
metallicities and four ages: 2, 6, 10, and 14 Gyr. The younger isochrones have a hotter
turnoff. The mean observational uncertainty on T.4, K;, and [Fe/H] are given in the panel.
(b) G functions (marginal likelihood distributions for the age) of three stars in different
stages of evolution marked by big symbols in panel a. The mode of the distributions,
which can be used as the age estimate, are marked by the same symbols and by vertical
dashed lines. Approximate 16 and 84 per cent confidence limits on the age estimate are
given by the points of intersection with the horizontal dotted line. (c) Like panel b, but for
three turnoff stars.



In addition to the initial mass, miy;, initial metallicity, ¢, and age, 7, which are
intrinsic model parameters, the distance modulus, t = m — M, can be added as
an external parameter defining the distance (or parallax) and apparent magnitude,
m = p + M, of the model. The likelihood of observing parameters x, with
Gaussian uncertainties o, if the stellar model represents the true star, is given by

1 'L_Xl 5 &y Tini, 2
L(x|7, C, i, pt) = exp [—Z <x (r,¢,m M))

2, o;
T

(@

where X;(7, (, Mini, pt) is the model prediction of the observable z;. A constant
depending only on o has been omitted from the likelihood. Since the observables
are assumed to have Gaussian uncertainties it is best to avoid using the absolute
magnitude as calculated from Eq. (1) because of the nonlinear transformation from
parallax. Instead, the observables can be taken to be x = (T, [Fe/H], mk_, @),
including the parallax directly as a constraint on the distance modulus of the
model. The likelihood can of course be calculated for any set of observables that
the models can predict and it is not uncommon to use magnitudes from different
passbands, a colour index instead of T.¢, or the surface gravity instead of (or in
addition to) the magnitude and parallax.

In stellar models, the initial metallicity is typically given by ¢ = [M/H]ipia =
log,,(Z/X) —log,,(Z/X)w, i.e. the abundance fraction of all elements heav-
ier than helium to hydrogen, scaled to the Solar value. This is equivalent to the
observed [Fe/H] only as long as the star has the same relative heavy element abun-
dances as the Sun. If, for example, the observed star is enhanced in alpha elements,
with [a/Fe] > 0, the observed [Fe/H] is not comparable with the model [M/H].
According to Salaris et al. (1993) this alpha enhancement can be accounted for
approximately by using a stellar model with a total metallicity of

[M/H] = [Fe/H] + log,,(0.638 x 101/ 1 0.362) . (3)

Rather than using alpha-enhanced stellar models, the observed total metallicity
can be defined using this equation. That is, the observables are taken to be x =
(Tetr, [IM/H], mk,, @), with [M/H] calculated according to Eq. (3).

Another effect that must be taken into account is atomic diffusion which
causes a difference between the initial metallicity and the surface metallicity at later
times. If ignored, stellar ages may be overestimated by up to 20 per cent (Dotter
etal., 2017). The model surface metallicity depends not only on the initial metal-
licity, but also on the initial mass and age, so it can be denoted ¢'(7, (, Mini).



With these details taken into account, the explicit form of the likelihood given in
Eq. (2) becomes

[\

2
} (Teff,obs - Teff(Tv Cy mini))

O-Teff ,obs

L(x|7, {, Mini, 1) = exp [—

1 ([M/H] — ¢, c,mmi>>2

2 o
[M/H] ) (4)
. } mg, — MKS(Ta C’mini) — M
2 Tmp,
1 (@ — (100 mas) x 107020\ ?
2 O ’

Bayesian model fitting is based on Bayes’ theorem which states that the pos-
terior probability density of the model parameters is given by the likelihood mul-
tiplied by the prior probability of the model parameters. Therefore, to get a prob-
ability density function over the age, the likelihood is multiplied by prior proba-
bilities and then marginalized over all other parameters than the age. This finally
gives what Jorgensen & Lindegren (2005a) called the G function, i.e. the relative
probability of different stellar ages

Glxlr) = /< / / Q)& mun (1) (x|, ¢ iy ) dCmumdia . (5)
Mini

In all applications in this work, the initial mass prior is the Salpeter initial mass
function, &(myy;) = m;f 35 (Salpeter, 1955). Other initial mass functions could
be applied, but they are not significantly different from the Salpeter function in the
limited range of masses considered in this work. The priors on initial metallicity
and distance modulus, x(¢) and 9(11), are kept constant.

Figure 2b shows three examples of G functions for stars highlighted in the
HR diagram in Figure 2a. These three stars represent different stages of evolution:
One example star is on the main sequence, another is on the turnoff, and the
final one is on the giant branch. The most precise age estimate is obtained for
the turnoff star. For this star the age, estimated as the mode of the G function,
is 7 = 5.30 Gyr. Assuming the G function is a Gaussian, the uncertainty can
be estimated as half the width of the G function at a value of about 60 per cent
of the mode, in this case 0, = 0.95 Gyr. This gives a relative age uncertainty
of o7 /7 ~ 18 per cent. Relative age uncertainties at the level of 20 per cent is
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about what can be expected for turnoff stars with the precision of stellar parameters
from the combination of spectroscopic surveys and Gaia. Further down the main
sequence, or on the giant branch, the isochrones are not as well separated as on the
turnoff. This causes wider G functions, as seen in Figure 2b, and less precise age
estimates. For the main sequence example, the relative age uncertainty is about
68 per cent and for the giant it seems that only a lower limit can be put on the age.
This effectively limits the application of Bayesian model fitting for age estimation
to turnoff and subgiant stars.

Even on the turnoff there is significant variation in the precision of age esti-
mates. Figure 2c shows three G functions for turnoff stars of different ages. From
young to old, the age estimates become less precise in both absolute and relative
terms.

3.2 Asteroseismology

More precise age estimates can be obtained for stars showing solar-like oscilla-
tions, including giant stars. Solar-like oscillations are observed as a range of nearly
equally spaced peaks in the power spectrum of the stellar light curve. These peaks
represent stochastically excited pulsation modes. The mean frequency separation
between the modes is related to the density of the star and the frequency of maxi-
mum power is related to its surface gravity (Chaplin & Miglio, 2013). These two
parameters constrain the mass of the star which in turn constrains the age. Ages
estimated in this way are often referred to as seismic ages. Seismic ages of giant
stars have relative precisions down to about 20 per cent (Silva Aguirre et al., 2018),
matching the precision of turnoff stars without seismology.

The challenge with solar-like oscillations is that their amplitudes are so small
that it requires long continuous photometric observations to detect and charac-
terize them. So far only the Kepler spacecraft has provided the data necessary to
detect solar-like oscillations in thousands of stars (Pinsonneault et al., 2014). Even
though the number of stars with seismic data is still relatively low, the Kepler seis-
mic ages have been used extensively to calibrate other age estimation methods for
giant stars. For example, machine learning methods, trained on seismic ages, have
been developed to estimate ages for more than 100 000 giant stars based on the
carbon and nitrogen features in their spectra (Ness et al., 2016; Ho et al., 2017).
These age estimates are less precise, however, with typical relative uncertainties of
around 40 per cent.

11



3.3 Rotation and activity-based ages

Ages of low-mass main sequence stars can be estimated based on their rotation
rate using the method called gyrochronology (Barnes, 2003). All low-mass stars
have convective outer layers, and this convective motion interacts with the stellar
rotation to sustain a magnetic field. The resulting magnetic activity leads to stellar
winds that carry off angular momentum and causes the rate of rotation to decrease.
Thus, older stars are expected to show lower rates of rotation. As the star spins
down, the magnetic field strength also decreases. This leads to a secondary relation
between chromospheric activity and age (chromochronology).

The utility of gyro- and chromochronology is limited partly by our ability
to calibrate the relations between rotation rate, or activity level, and age. The
most extensive calibrations of the methods have used stars in open clusters (e.g.
Mamajek & Hillenbrand, 2008). All stars in a cluster can be assumed to be born at
the same time, so a single isochrone can be fitted to the cluster HR diagram in order
to constrain the ages of the low-mass main-sequence stars. However, most open
clusters are young which limits the calibration of the relation to stars with ages
of a few gigayears. A few studies of rotation rates in older clusters have indicated
that gyrochronology is applicable up to the Solar age, i.e. about 4.5 Gyr (Meibom
etal., 2015; Barnes et al., 2016). On the other hand, older field stars with seismic
age estimates have been found to deviate from the open cluster activity-age relation
(Angus et al., 2015). This discrepancy has been attributed to a possible weakened
magnetic braking for stars past the halfway-point of their main-sequence lifetime
(van Saders et al., 2016).

To summarise, gyro- and chromochronology provide a means of estimating
ages of low-mass main-sequence stars, but the methods may be limited to stars of
roughly Solar age or younger.

3.4 Benchmark stellar ages

When studying small samples of stars it is possible to assess the quality of each
individual age estimate. For model fitting this can be done by visually inspecting
the G functions like in Figure 2b,c. However, this is not possible when working
with samples of hundreds of thousands of stars. If the automatic age estimation
produces spurious results for parts of the sample it may be overlooked. The same
challenge exists for stellar parameters from large spectroscopic surveys. Stellar pa-
rameters determined by automatic pipelines, often involving machine learning,
must be verified or calibrated against a well-characterized reference sample.
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One such reference sample is called the Gaia benchmark stars (Jofré et al.,
2014; Heiter et al., 2015). This is a sample of 33 nearby, bright stars selected to
be representative of the main Galactic stellar populations, i.e. it includes dwarfs,
subgiants, and giants with a range of metallicities and temperatures. Since the
stars in this sample are meant as a starting point for calibrating spectroscopic data,
their effective temperatures and surface gravities have been estimated indepen-
dently from spectroscopy using their angular diameters and bolometric fluxes. In
Paper I we assessed the ages of the Gaia benchmark stars. The paper had two
main aims: Firstly, to test the limits of Bayesian model fitting on a set of nearby
stars with high-quality parameters, and secondly to investigate the possibility of
determining benchmark ages for this sample of stars.

A compilation of ages for the benchmark star y Ara is shown in Figure 3.%
The age estimates labelled “This work” are based on Bayesian model fitting using
three different sets of stellar models: PARSEC (Bressan et al., 2012), YY (De-
marque et al., 2004), and MIST (Choi et al., 2016; Dotter, 2016). For each
set of stellar models the age has been estimated following the method described
in Section 3.1 with data x = (T [M/H],my,w) (subscript “magV”) or
x = (T., [M/H],logg) (subscript “logg”). For this star, and for most of the
other dwarfs and subgiants in the sample, these six age estimates agree to within
roughly 1 Gyr. For p Ara the scatter is within the statistical uncertainties on the
individual age estimates, but this is not the case for every star in the sample. For the
turnoff star 5 Hyi, the scatter — also around 1 Gyr — is larger than the individual
uncertainties. The literature age estimates for ;o Ara based on model fitting show a
larger scatter, from 4 to 10 Gyr (with the extreme values reported by Ibukiyama &
Arimoto, 2002; Schonrich & Bergemann, 2014), likely reflecting the diversity of
stellar models, fitting methods, and observational parameters used. This scatter is
also greater than the statistical uncertainties which in most cases are below 1 Gyr.

These results highlight the difficulty of determining accurate stellar ages, partly
due to uncertainties in stellar modelling. Another good example of the accuracy
limit is the spread of ages for the Solar-like star 18 Sco. 18 Sco is a solar twin —a
star with physical parameters very close to those of the Sun — which enables very
precise measurements of T, and [Fe/H] by applying high-resolution differential
spectroscopy relative to the Sun. Several studies have determined T and [Fe/H]
of 18 Sco with values agreeing to within 20 K and 0.01 dex, respectively (Porto
de Mello et al., 2014; Nissen, 2015; Tucci Maia et al., 2016; Nissen, 2016; Spina
et al., 2016); yet, they report ages ranging from 3 to 5 Gyr.

>The complete collection of 33 age figures can be found after Paper I at the end of the thesis.
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Figure 3: Ages and HR diagrams for the star u Ara (HD 160691). (a) Ages collected
from the literature (top panel), and ages determined in this work (bottom panel). The
different methods used in the literature are indicated with different colours and symbols.
Uncertainties on the ages are plotted for all of the literature values for which they were
available, and for all ages determined in this work; however, they may be smaller than the
symbol size in both cases. The vertical dashed line is to indicate the age of the Universe of
13.7 Gyr as determined by WMAP (Bennett et al., 2013). (b) Location of the star in (T.g,
log g)-space (star symbol) with MIST isochrones of the given metallicity and ages of 0.5, 1,
3, 6, 10, and 15 Gyr. (c) The same as panel b, but in (T.4, distance modulus)-space where
the observed distance modulus is based on the parallax, and the distance modulus of the
models is based on the observed apparent V' magnitude. Adapted from the supporting
material for Paper .
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We decided to define benchmark ages in the form of lower and upper limits
to take into account both the statistical and systematic uncertainties. These age
ranges are well defined for 16 out of the 33 benchmark stars and can be used
for validation purposes in surveys that include observations of this sample. A
major shortcoming of the sample is the fact that most of the 16 stars with well-
defined ages are dwarfs and subgiants because the age constraints come mainly
from model fitting. We find that for dwarf stars with logg > 4.4 dex model
fitting gives little to no age information. Only a single such low-mass dwarf star
has been dated in the benchmark sample; namely, € Eri for which several studies
exist based on gyro- and chromochronology consistent with an age in the range
4 — 900 Myr (e.g. Wright et al., 2004; Barnes, 2007; Mamajek & Hillenbrand,
2008). For the benchmark giants, strong age constraints have only been obtained
for those younger than 2 Gyr. These young giants can be dated precisely because
the young isochrones separate from the older ones (2 2 Gyr) in the HR diagram
(see Figure 3¢). A future expansion of the benchmark sample to include giants
with asteroseismic age constraints would be optimal to extend the sample to older
giants.

Even if the absolute ages of individual stars are limited in accuracy to around
1 Gyr, the relative ages within a sample are likely more accurate. Some studies
have found that ages of dwarf and subgiant stars determined with different stellar
models show systematic differences of up to 1 Gyr; however, the difference is ap-
proximately constant with age for stars older than about 2 Gyr (e.g. Hayden et al.,
2017; Silva Aguirre et al., 2017). This gives some confidence that relative ages of
stars in similar stages of evolution are accurate to better than 1 Gyr as long as they
have been homogeneously derived.
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4  Stellar age distributions

When studying ages of stellar populations for Galactic Archacology we are often
more interested in the age distribution of the sample as a whole (as a proxy for the
star formation history) than the ages of each individual star. In this case, it may be
beneficial to combine the age information in the sample without assigning each
star an individual age.

4.1 CMD fitting

One of the methods used to estimate age distributions for large samples of stars is
called colour-magnitude diagram (CMD) fitting (Tosi et al., 1991; Gallart et al.,
2005). This method is based on reproducing the observed CMD with a synthetic
population drawn from stellar models. The star formation history is estimated by
varying the contribution of different isochrones to the synthetic sample until the
best match is found to the observed density of stars across the CMD.

The fact that CMD fitting requires the absolute magnitudes of entire stellar
populations has limited its use mostly to dwarf galaxies (e.g. Dolphin, 2002) where
all stars are at approximately the same distance. However, following the release of
parallaxes from the Hipparcos mission (the predecessor to Gaia) the method has
also been applied to field stars in the Milky Way (Hernandez et al., 2000). Most
recently the Gaia data has allowed CMD fitting of about 500 000 stars in the Milky
Way thick disc and halo to constrain the time of the last major merger (Gallart
etal., 2019) — a topic we will return to in Section 5.

4.2 HR diagram inversion

A variant of CMD fitting was introduced as HR diagram inversion by Hernandez
etal. (1999). Instead of comparing densities of stars across the CMD, this method
is based on calculating the probability of any given data point being consistent with
a certain model CMD described by a star formation rate SFR(7). This probability,
for a single star with G function G;(7), is given by the integral in the following
expression adapted from Tolstoy & Saha (1996)

L lj [ / " SER(7) G (r)dr | ©)

0

By taking the product over all stars, Eq. (6) gives the probability of the entire
sample of stars being drawn from a population with star formation rate SFR(7).
In other words, SFR(7) can be estimated by maximising Eq. (6).
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The G functions in the original formulation by Hernandez et al. (1999) were
not based on Bayesian model fitting; instead, they used the likelihood as given by
Eq. (2). They only allowed the colour to vary while keeping the luminosity and
metallicity fixed. By testing the method on synthetic stellar samples they showed
that various shapes of the input SFR(7) could be recovered with good accuracy.

Following the popularization of Bayesian model fitting for age estimation, Jor-
gensen (2005) introduced the use of G functions as defined in Eq. (5) to this
method. They tested the method on synthetic samples with G functions con-
strained by temperature, metallicity, and absolute magnitude, each assigned an
uncertainty on the level expected from spectroscopic or photometric surveys. The
recovered SFR(7) was found to be a more accurate representation of the input than
the distribution of individual ages, i.e. the histogram of age estimates derived from
each individual G function. As discussed by Jorgensen & Lindegren (2005b), the
issue with using distributions of individual ages is that the most uncertain estimates
will smear out the distribution. The SFR(7) obtained from Eq. (6) is seemingly
less affected by this issue, likely because wider G functions contribute less proba-
bility at any specific age and are therefore less important in shaping the most likely
SFR(7). By using the full G functions we are also accounting for the fact that they
can be bimodal or otherwise non-Gaussian; this is not accounted for when the age
estimate is reduced to a single value.

Now that we have large samples of stars for which ages can be estimated, a
method like the one presented above is perhaps more relevant than ever. This
was the main motivation behind developing an updated and extended version of
it. In Paper III we present an algorithm for estimating the sample age-metallicity

distribution (SAMD) ¢(7, ) by minimising the expression

—InL =— Zln < / Gi(T, ) o(r, g)mg)

2¢ 82¢
+a/< 52T 38C2> drdc¢,

where G; (7, () is the two-dimensional G function of an individual star calculated
using Eq. (5) but without marginalising over the metallicity. The second term is a
regularisation term necessary to ensure a smooth solution. This term is regulated
in strength by the parameter v, and the parameters s, and s¢ act to nondimen-
sionalise the term and set the relative strength of regularisation along the age and
metallicity dimensions.

17



In practice, Eq. (7) is defined on a discrete grid of ages and metallicities. The
expression is then minimised by calculating the derivatives with respect to the
values of ¢ at each grid point and iteratively changing the values in the direction
of the gradient.

By including the metallicity as a second dimension in the method, we are not
attempting to derive the metallicity distribution of the sample. The metallicity
is still assumed to be known for each individual star and included in the model
fitting to constrain G;(7, ¢). The main motivation for including it is that the two-
dimensional G function captures the correlation between age and metallicity. It is
also a proof of concept to show that this method can be extended to multidimen-
sional distributions, and there is no reason, in principle, that it cannot be further
extended to add e.g. the alpha-element abundance as a third dimension. How-
ever, at present, the minimisation algorithm is not well enough optimised to add a
third dimension without a significant increase in computation time or a decrease
in resolution (i.e. number of grid points).

We tested the recovery of the age-metallicity distribution of various synthetic
samples restricted to turnoff stars; some of these tests are shown in Figure 4. In
general, for samples of at least 1000 stars, there is good qualitative agreement
between the true age-metallicity distribution and the SAMD. This agreement is
also seen between the true age distribution and the sample age distribution (SAD),
¢(7), obtained by integrating the SAMD over the metallicity dimension. Even if
the agreement is not perfect, the SAD is almost always an improvement over the
use of histograms of individually estimated ages. This is true especially at the old
end of the age distribution where the distribution of individual ages tends to flatten
due to the smearing effect of the most uncertain ages.

For the tests shown in Figure 4 the regularisation parameter, o, has been tuned
to achieve the best possible recovery of the input age-metallicity distribution. If
a is too low, the SAMD usually shows a number of more localised spikes. For
very high values of o, the SAMD goes towards a flat distribution. In Paper III
we found that the optimal value of « is close to the one for which the SAMD
integrated over the age dimension, ¢((), is a good match to the input metallicity
distribution. However, when applying it to real data from GALAH in Paper V
we find very little difference in ¢(() for different values of ov. Therefore, we apply
an alternative method based on limiting the noise in the SAMD as estimated by
bootstrapping. In that way we ensure that « is large enough that the solution is not
dominated by statistical fluctuations. The choice of « still leaves some ambiguity
in the results, and it is important that the method is applied for a range of c-values
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Figure 4: Tests of recovering the sample age-metallicity distribution (SAMD), using Eq. (7),
for three synthetic samples with different input age-metallicity distributions. The “Con-
stant” and “On-off” samples contain 10 000 turnoff stars and have a Gaussian distribution
of metallicities centred on [Fe/H] = —0.1 dex at all ages. The former has a flat age distri-
bution up to 10 Gyr and the latter has a flat age distribution in the intervals 0 to 2, 4 to 6,
and 8 to 10 Gyr. The “Milky Way-like” sample contains 1600 stars divided into a few sub-
populations with Gaussian metallicity distributions centred on different values depending
on the age following the populations of the Besancon Galaxy model (Robin et al., 2003).
Only the turnoff stars highlighted in the HR diagrams are included in the test. Comparing
the sample age distribution (SAD) and the distribution of individual age estimates, it is clear
that the former gives a better recovery of the true age distribution. Adapted from Paper Ill.
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in order to assess how robust features in the resulting distribution are.

Similar methods to the one discussed above have previously been presented
for recovering both age distributions (Mints et al., 2019) and age-metallicity dis-
tributions (Small et al., 2013). It is difficult to compare with these methods since
they are tested in different ways. In the future it would be interesting to compare
our method with other similar implementations, and with CMD fitting, when
applied to the same sample of stars.
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5 Formation of the stellar halo

Papers I and I1I focused on methods for estimating individual stellar ages and age
distributions. The remaining three papers focus on applying this age information
in combination with elemental abundances and kinematics to study the formation
of stellar populations in the Milky Way. One of these populations is the stellar
halo. As mentioned in the introduction, the halo contains mainly old stars on
high-velocity orbits relative to the circular velocities of disc stars. The stellar halo
makes up just one per cent of the total stellar mass of the Milky Way (Bland-
Hawthorn & Gerhard, 2016), but it is an important tracer of the early Milky Way
formation (Helmi, 2008).

Among the first models of halo formation, the ELS model (Eggen etal., 1962)
was one of the most influential. In this model the halo stars form during the
rapid collapse of a large proto-galactic nebula before the gas settles into a disc. An
alternative model, put forward by Searle & Zinn (1978), is that halo stars originate
in protogalactic fragments that fell into the Milky Way on a longer time scale.
These two classical formation scenarios for the halo are not necessarily mutually
exclusive. One can imagine that the halo contains both a component formed iz
situ during the initial collapse of the Galaxy and an accreted component of stars
formed outside the Milky Way progenitor. There is no doubt today that the halo
contains a significant number of substructures related to accreted dwarf galaxies.
One of the most well-known examples is the accreting Sagittarius dwarf galaxy
(Ibata et al., 1994) which is seen as a stream of tidally stripped stars wrapping
around the Milky Way (Majewski et al., 2003).

In the past few years, mainly thanks to the Gaia data, the number of halo field
stars with precise kinematic parameters has increased significantly. Combined with
the elemental abundance data from large spectroscopic surveys, this has led to new
insights into the early assembly of the Milky Way halo. In this section some of
these recent findings are summarised.

5.1 Two populations in the halo

Nissen & Schuster (2010) found that high-velocity stars in the Solar neighbour-
hood (i.e. nearby stars thought to belong to the halo) can be divided into two pop-
ulations based on their detailed elemental abundances. Specifically, they found
two sequences in [a/Fe] against [Fe/H], at metallicities below —0.4 dex, di-
viding their sample into a high-alpha and low-alpha population. The relation-
ship between [a/Fe] and [Fe/H] is interesting because it reveals details about the
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Figure 5: Magnesium to iron abundance, [Mg/Fe], against metallicity, [Fe/H], for a selec-
tion of stars in APOGEE DR16. The blue points show stars believed to have been accreted
during a major merger of the Milky Way with an external galaxy dubbed the Gaia-Sausage-
Enceladus (GSE). The black contours indicate the distribution of Milky Way stars which can
be divided into an alpha-rich and alpha-poor component (in this case magnesium is the al-
pha element), often associated with the thick and thin discs, respectively (see Section 6 for
more details about the disc components). GSE stars show a decrease in magnesium abun-
dance at a lower metallicity than the Milky Way stars which supports the interpretation
that they originate in a less massive system (see Section 5.1). Adapted from Paper IV.

early chemical evolution. At early times in the universe, the chemical enrichment
is dominated by type II supernovae, resulting from the core-collapse of massive
short-lived stars, that produce large amounts of alpha elements in addition to iron.
Later on type la supernovae, resulting from exploding white dwarfs, produce sig-
nificant amounts of iron causing [cv/Fe] to decrease while [Fe/H] continues to in-
crease. The metallicity at which type Ia supernovae become dominant, and [c/Fe]
decreases, depends on the initial star formation rate and therefore the mass of the
system (Tinsley, 1979). This means that halo stars accreted from dwarf galaxies
less massive than the Milky Way progenitor are expected to have lower [cv/Fe]
at low metallicities than stars formed 77 situ (see Figure 5). These considerations
led Nissen & Schuster (2010) to conclude that their high-alpha population was
formed in situ and that their low-alpha population had been accreted from one or
more dwarf galaxies.

The presence of two halo populations became very clear following the release
of Gaia DR2. The colour-magnitude diagram of Gaia stars with high velocity, de-
fined as stars with velocity tangential to the line of sight greater than 200 km s,
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Figure 6: (a) Gaia DR2 CMD of 70000 SkyMapper stars with tangential velocity (perpen-
dicular to the line of sight) greater than 200 km s™*. Isochrones fitted by eye are overlaid
each of the sequences. The metallicities of the isochrones have been selected based on the
SkyMapper metallicities after which the age has been adjusted to match the peak density
of the turnoff. Both sequences match isochrones with ages in the range 11 to 13 Gyr,
indicating that the stars formed at similar times in the early universe. (b) Distribution of
individual ages and SAD for GSE stars in Gaia DR2 selected kinematically like the APOGEE
sample shown in Figure 5. The SAD is shown for three different values of the regularisa-
tion parameter: a = 0, 2000 (thick line), 10°. Regardless of the level of regularisation, the
SAD is consistent with the vast majority of GSE stars being formed more than 10 Gyr ago.
Adapted from Paper Il (panel a) and Paper IV (panel b).

split into a blue and red sequence (Gaia Collaboration et al., 2018b) (see Fig-
ure 6a). These sequences were tentatively associated with the populations found
by Nissen & Schuster (2010) in the sense that the blue sequence would be made
up of accreted stars and the red sequence of 7 situ stars. The interpretation of the
blue sequence as a population of accreted stars was strengthened by several studies
indicating that the stars follow a chemical sequence distinct from Milky Way stars
(Haywood et al., 2018; Helmi et al., 2018; Mackereth et al., 2019) as also shown
in Figure 5 adapted from Paper IV. Helmi et al. (2018) argue that most of the blue
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sequence is made up of stars from a single object they dub the Gaia-Enceladus.

The blue sequence stars also stand out in terms of their kinematic properties.
They have been associated with a population of stars on very radial orbits i.e. with
high Galactocentric radial velocity and a distribution of azimuthal velocities cen-
tred around zero (Koppelman et al., 2018; Belokurov et al., 2018). Due to the
large range of radial velocities and small absolute azimuthal velocities, the popu-
lation takes on a sausage-like shape in a plot of azimuthal against radial velocity.
This shape led to the name Gaia-Sausage for the progenitor of the accreted pop-
ulation. The Guia-Enceladus and Gaia-Sausage are generally considered to be the
same accreted object that is now often referred to as the Gaia-Sausage-Enceladus
(GSE).

In Paper II we studied the two CMD sequences using a sample of 70 000
high-velocity SkyMapper stars with photometric metallicities. We defined high
velocity in the same way as in the Gaia DR2 study, i.e. as stars with tangential
velocities greater than 200 km s~1. The initial aim was to estimate ages of the
turnoff stars; however, the metallicity calibration was found to be unreliable for
the most metal-poor dwarf and subgiant stars. Instead, we focused on stars on
the red giant branch and found that the metallicity distributions of blue and red
sequence stars peak at —1.4 and —0.7 dex, respectively. Isochrones were then fitted
by eye to match the turnoff of the CMD sequences using metallicities around the
peak values (see Figure 6a). This exercise indicated that the two sequences formed
at roughly the same time, with stellar ages in the range 11 to 13 Gyr. This age
range is broadly consistent with other estimates based on isochrone fitting (older
than 10 Gyr; Helmi et al., 2018), the estimated time of the merger (9 to 11 Gyr
ago; Di Matteo et al., 2019), and CMD fitting (half the stars were formed already
12 Gyr ago; Gallart et al., 2019). The fact that these populations formed at similar
times with such different metallicities is further evidence for an accreted origin of
the blue sequence stars.

In Paper IV we revisited the age distribution of the blue sequence stars, or
GSE, using turnoff stars in the Gazia DR2 data. The Gaia data does not include
metallicities, so we selected GSE stars from both the Gaia catalogue and APOGEE
DR16 using the same kinematic definition as Feuillet et al. (2020). The metallicity
distribution of APOGEE GSE stars was then used as a prior in the age analysis of
Gaia turnoff stars. The resulting age distribution, shown in Figure 6b, is consistent
with the previous age estimates and the SAD shows a single peak between 10
and 13 Gyr indicative of a single main population. Overall, there is now much
compelling evidence that the inner parts of the Milky Way halo is dominated by
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the ancient stellar debris from a single merger event.

5.2 Connection to the thick disc

As discussed in Section 5.1, the initial interpretation of the red sequence in the
Gaia CMD was that it represents the iz situ halo counterpart to the accreted blue
sequence. However, these 7 situ halo stars are not thought to have formed dur-
ing the initial collapse of the Galaxy as described by the ELS model. Instead,
their kinematic properties are more consistent with a high-velocity extension of
the thick disc (Bonaca et al., 2017; Haywood et al., 2018; Di Matteo et al., 2019).
That is, their orbits are preferentially in the direction of disc rotation. This has led
to the interpretation that the red sequence seen in the Gaia CMD is the heated
thick disc, i.e. disc stars formed prior to the GSE merger and moved onto high-
velocity orbits during it. In this interpretation there is little room for a population
of halo stars formed i situ prior to the formation of the galactic disc. The merger
heating scenario has also given this population of stars the name “the Splash” by
Belokurov et al. (2020) who finds it to connect smoothly with the thick disc stars
on more circular orbits in alpha-element abundances and ages. Although this is
the most common interpretation in the recent literature, simulations of isolated
disc galaxies have shown that a Splash-like population can form purely due to sec-
ular processes. Specifically, stars scattering off of dense clumps in the early Galaxy
can lead to a kinematically hot population of old disc stars similar to the Splash
(Amarante et al., 2020).

In Paper II we investigated the connection between the red sequence stars and
the thick disc. First of all, we find that the maximum tangential velocity of stars in
the SkyMapper sample increases monotonically as the metallicity decreases. This
trend goes from the stars with low tangential velocities at high metallicities, which
are clearly disc stars, down to the metallicity of —0.7 dex where a fraction of the
stars, i.e. those in the red sequence, reach tangential velocities above the somewhat
arbitrary halo value of 200 km s~1. In this way, the red sequence looks like the
tail of the velocity trend found in disc stars at higher metallicities.

Another connection between the red sequence and the thick disc is found in
the spatial distribution of the stars. We assume that the stars in both sequences
follow an exponentially decreasing radial density profile given by

n(R) = kexp (_Ij) ®)

where R is the distance from the Galactic centre, L is the radial scale length, and &
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Figure 7: (@) SAMD and (b) SAD of 900 stars in GALAH DR3 with galactocentric azimuthal
velocity below 120 km s™*. The SAMD has a local minimum along the metallicity dimension
at [M/H]iniia = —0.8 dex indicated by a dashed line. This minimum separates two peaks
associated with accreted stars at low metallicities and kinematically hot disc stars, or in
situ halo stars, at higher metallicities. The SAD is shown for the entire sample as well as
for metallicities above and below the minimum at —0.8 dex. The accreted population is
found to be slightly older on average than the in situ population for this particular sample
selection. Adapted from Paper V.

is a normalization constant. This expression cannot be fitted directly to the obser-
vations due to the survey selection function dominating the spatial distribution of
the sample. However, by assuming that stars in both the blue and red sequences
are affected by the same selection function, the observed relative densities should
correspond to the true values. By fitting the observed number densities to the ex-
pression Nyed /Ny (R) with the scale lengths free to vary, we find a red sequence
scale length of 2 to 3 kpc. The lower end of this range is comparable to the scale
length of the Milky Way thick disc (Bland-Hawthorn & Gerhard, 2016). The
scale length of the blue sequence, on the other hand, is in the range 30 to 60 kpc
indicating an almost flat radial distribution within the observed volume. This is
likely due to the highly radial orbits of these stars with apocenters at Galactocentric
radii of up to 30 kpc (Deason et al., 2018).

In Paper V we investigated the SAMD of the turnoff stars in GALAH DR3
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which includes a small number of halo stars. Belokurov et al. (2020) noted that
the transition between what they define as the Splash and the thick disc is at an
azimuthal velocity (in galactocentric cylindrical coordinates) Vi, ~ 100 km sL.
We increased this limit to 120 km s~ 1, in order to get a significant sample size, and
calculated the SAMD for all stars with an azimuthal velocity below this value. The
resulting SAMD, shown in Figure 7, has two peaks at ages greater than 10 Gyr sep-
arated by a minimum in the metallicity distribution at [M/H];jqa = —0.8 dex.
We interpret these peaks as corresponding to accreted stars at low metallicities and
in situ stars from the kinematically hot tail of the disc at higher metallicities. The
in situ population is found to be slightly younger than the accreted population;
however, the difference is small and depends on the selection of the populations.

5.3 The modern zoo of halo substructures

So far we have discussed the existence of two main populations of halo stars: one
accreted in the GSE merger and one formed 77 situ in the early Milky Way disc.
These two populations, however, do not account for all stars on halo-like orbits.
In addition to the halo substructures known prior to Gaia, like the Sagittarius
stream, a large number of new structures have been identified in the past few
years. One of the most prominent of these is a population of stars on highly
retrograde orbits associated with the retrograde globular cluster FSR 1758. These
stars are thought to originate in a dwarf galaxy named the Sequoia (Myeong et al.,
2019) which is distinct from the GSE progenitor. In addition to being on different
orbits, the Sequoia stars have a lower mean metallicity (—1.6 dex) than GSE stars.
Koppelman et al. (2019) claim that Sequoia stars only occupy the high-energy
retrograde orbits while the stars on retrograde orbits of lower energy belong to
another distinct population they name Thamnos. Naidu et al. (2020) present
four additional substructures, two of which further subdivides the retrograde halo
population.

In Paper IV, we investigated the abundances and age distribution of Sequoia
stars selected according to the definition of Myeong et al. (2019). The Sequoia
stars do not appear to follow a single abundance sequence in the same way as
the GSE stars (compare Figures 8a and 5). Instead, it looks like a mixture of
populations with a significant fraction of the sample following what seems to be a
low-metallicity extension of the thick disc. The SAD shown in Figure 8b has been
derived in the same way as we did for the GSE (Figure 6), i.e. by applying the
APOGEE metallicity distribution as a prior in the analysis of Gaia DR2 turnoff
stars. The fact that the SAD has two old peaks is another indication that we are
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Figure 8: (a) Magnesium to iron abundance, [Mg/Fe|, against metallicity, [Fe/H], for a
selection of stars in APOGEE DR16. The red points show stars on highly retrograde orbits
associated with the Sequoia population. The black contours indicate the distribution of
Milky Way stars which can be divided into an alpha-rich and alpha-poor component (in
this case magnesium is the alpha element), often associated with the thick and thin discs,
respectively (see Section 6 for more details about the disc components). (b) Distribution
of individual ages and SAD for Sequoia stars in Gaia DR2 selected kinematically like the
APOGEE sample shown in panel a. The SAD is shown for three different values of the
regularisation parameter: a = 0, 2000 (thick line), 10°. Regardless of the level of regulari-
sation, the SAD shows two main peaks at ages greater than 9 Gyr which may indicate that
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Sequoia is a mixture of different stellar populations. Adapted from Paper IV.
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seeing a mixed population.

Our results question the idea that Sequoia is a distinct population of stars
accreted from a common progenitor; at least when defined simply as highly ret-
rograde stars. Another recent study finds that the kinematics of the globular clus-
ter FSR 1758 agree well with the definition of GSE (Romero-Colmenares et al.,
2021). A possible alternative explanation for part of the Sequoia population is
that it is made up of the low-metallicity GSE stars. One could imagine that the
GSE dwarf galaxy had a negative radial metallicity gradient and that the outer
low-metallicity stars were accreted onto retrograde orbits while the core collided
head-on with the Milky Way (Helmi, 2020).

Whatever the origin of the retrograde stars, it is clear that there is still some
uncertainty regarding the significance of the large number of recently identified
halo substructures. This is only natural given the recent influx of data, and more
work must be done in the future to robustly categorize stars beyond the two boxes
labelled accreted and in-situ. To this end, age distributions can give some clues to
the origin of substructures, as we have achieved for GSE and Sequoia. However,
it is difficult to order these events chronologically with the current age precision
and accuracy. Most Milky Way mergers are believed to have happened in the
early universe (2 10 Gyr ago) (e.g. Ruchti et al., 2015) and at these ages most of
our age distributions overlap heavily and possible systematic uncertainties can be
significant relative to the differences we are attempting to quantify.
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6 Formation of the stellar disc

The majority of stars in the Milky Way reside in the disc structure which can be
divided geometrically into a thin and a thick component with scale heights of
around 300 and 1000 pc, respectively (Gilmore & Reid, 1983; Bland-Hawthorn
& Gerhard, 2016). The Sun is located close to the disc plane at a distance of about
8 kpc from the Galactic centre. Unlike halo stars which are almost exclusively old
and metal-poor, stars in the disc cover a large range of parameters from ancient
thick disc stars — some of which are on halo-like orbits as discussed in Section 5
— to the younger stars in the more metal-rich thin disc where star formation is
still ongoing. The terms thin and thick disc are not only used in the geometrical
sense, they are also used when referring to two populations with different elemental
abundances and kinematics. For example, disc stars separate into two sequences
in the [ov/Fe| against [Fe/H] plane as shown in Figure 5. These sequences were
first identified in the Solar neighbourhood and the high-alpha stars are found to be
older and have larger vertical velocities (perpendicular to the disc plane) than the
low-alpha stars (Fuhrmann, 1998; Bensby et al., 2003). Later studies of giant stars
across the disc have found that the high-alpha sequence shows similar metallicities
atall positions in the disc and that it is centrally concentrated, disappearing beyond
10 kpc from the Galactic centre (Nidever et al., 2014; Hayden et al., 2015). Low-
alpha stars, on the other hand, are found across the disc with outwardly decreasing
metallicities.

The low- and high-alpha stars are often referred to as chemically defined thin
and thick disc stars. However, there is not a direct correlation between the chem-
ically and geometrically defined disc components which can make the thin and
thick disc terminology confusing (Hayden et al., 2017). Regardless of the defi-
nition of thin and thick disc components, any model of Galactic disc formation
must be able to reproduce the trends found in elemental abundances and their
correlation with stellar age. This section gives a short summary of a selection of
disc formation models as well as the main results of Paper V in which we studied
the relationship between age and metallicity of disc stars.

6.1 Disc formation models

One of the early attempts at reproducing the dual elemental abundance sequences
of the Milky Way was made using a two-infall model (Chiappini et al., 1997). As
the name suggests, this model considers two episodes of gas infall building up the
stellar disc. The first infall results in a burst of star formation in which type II
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supernovae dominate the chemical enrichment creating the high-alpha sequence
on a timescale of about 1 Gyr. After a short pause in star formation, and the
onset of type la supernovae, the second infall brings new low-metallicity gas which
builds up the low-alpha sequence on a time scale of 8 Gyr. In a recent update of
the model, the second infall is delayed by 4 Gyr to allow the metallicity to reach
Solar values before the dilution by the second infall (Spitoni et al., 2019).

The two-infall model describes a scenario in which the thick (high-alpha) and
thin (low-alpha) discs are distinct components that formed in a sequential manner.
In another chemical evolution model, by Schénrich & Binney (2009), the two
elemental abundance sequences arise without any dip in the star formation rate
and without distinct gas infall episodes. Instead, it is a consequence of radial
migration of stars bringing together stellar populations from different regions of
the Galaxy where the chemical enrichment has proceeded at different rates. This
leads to a Solar neighborhood population made up of high- and low-alpha stars
primarily from the inner and outer disc, respectively.

In recent years the analytical models of chemical evolution have been supple-
mented by cosmological simulations of galaxy formation. Such simulations follow
galaxy evolution all the way from the cosmologically informed initial conditions
of the universe until the present day (see e.g., Naab & Ostriker, 2017). State of the
art simulations are now able to produce Milky Way-like disc galaxies that show two
sequences in [«/Fe| against [Fe/H] similar to the observed ones (e.g., Grand et al.,
2018; Buck, 2020; Agertz et al., 2021). In general, these simulations show chem-
ical enrichment histories which are qualitatively similar to the two-infall model.
That is, an initial central starburst forms the high-alpha sequence on a short time
scale. Later on, a more extended disc forms out of a mixture of gas enriched by
the initial starburst and metal-poor gas accreted from the surrounding medium.
The source of the metal-poor gas, and the formation of the low-alpha sequence,
differs between the simulations. Examples include a gas-rich merger diluting the
gas left over from the initial starburst (Buck, 2020) and the formation of a distinct
outer disc fed by metal-poor gas inflow (Agertz et al., 2021). Radial migration
does redistribute stars in these simulations, but it is not the dominant mechanism

behind the bimodal distribution of [cv/Fe].
6.2 'The age-metallicity relation

In addition to the two [/ Fe| sequences, the relationship between age and metal-
licity of disc stars is an important constraint on disc formation models. Studies
of the age-metallicity relation in the Solar neighbourhood have shown that there
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is no clear relation for stars younger than about 8 Gyr (Edvardsson et al., 1993;
Casagrande et al., 2011). Instead, there is a large scatter in metallicity at all ages.
This is consistent with a superposition of stars originating in different regions of
the disc where the chemical enrichment has proceeded to different levels of metal-
licity at a given time. For the oldest stars, however, an age-metallicity relation
has been found for stars selected kinematically to belong to the thick disc (Bensby
etal., 2004) or selected to have high [a/Fe] (Haywood et al., 2013). This is in line
with the models discussed above since the initial starburst happens in a well-mixed
medium giving a single chemical evolution sequence.

In Paper V we present the SAMD of almost 200 000 dwarf and subgiant stars
in GALAH DR3. This is the first large-scale application of the method aimed at
providing a more precise view of the age-metallicity distribution of Milky Way
disc stars. With such a large sample we have also divided it kinematically into four
subsamples. The four subsamples, Populations A to D, are divided according to the
Galactocentric azimuthal velocity component, V% as shown in Figure 9a. They
correspond roughly to the kinematically defined halo (Population D), thick disc
(Population C), and thin disc (Populations A and B). The SAMD of Population D
was discussed in Section 5.2 and shows two peaks corresponding to the metal-poor
accreted stars and the more metal-rich, kinematically hot disc stars.

The main result of this work is the identification of clear features and local
minima in the SAMD which are not usually seen in age-metallicity scatter plots.
One of these features is the clear age-metallicity relation seen in Population C
which connects smoothly at the old end with the kinematically hot disc stars of
Population D. The stars in Population C all belong to the inner disc, with mean

Galactocentric radii Rpean < 7 kpc.5 This is consistent with the idea of an initial

starburst in a well-mixed medium in the inner disc leading to a single well-defined
chemical evolution sequence. Interestingly, there is a local minimum in the age
distribution at 10 Gyr as seen in the SAD in Figure 9c. This minimum roughly
separates the Population C stars with high and low [a/Fe] (see Figure 9b) and also
marks a transition from high to low vertical velocity dispersion. Only after this
transition in Population C (the inner disc) does significant star formation begin
in Population A which contains the outer disc stars with Riesn 2 9 kpe. Thus,

the outer disc started forming while the metallicity was still increasing in the inner

*Here we use Vr to denote the azimuthal velocity component because this is the notation used in
the GALAH catalogue. It is, however, the same velocity component referred to as Vg in Section 5.2.

>In this case the terms inner and outer are used in relation to the location of the Sun which in
the GALAH catalogue is assumed to be at a Galactocentric radius of R = 8.21 kpc.
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Figure 9: The SAMD and SAD of the GALAH sample in four different bins of Galactocentric
azimuthal velocity, V. (a) Vr against [Fe/H] as a row-normalised 2D histogram. The
dashed lines indicate the division between the four populations, A to D, at V¢ = 120,
180, and 270 km s~!. (b) Distribution of alpha abundance against metallicity for each
population in the form of a half-of-maximum contour line. (c) SAD of the four populations.
(d)-(g) SAMD of the four populations. In each panel the half-of-maximum contour line of
the SAMD is shown in black and the contour lines from the other SAMDs are shown in
white. Part of the SAMD of population D falls outside of the age-metallicity grid used in
this figure, but it is shown in full in Figure 7. Adapted from Paper V.

disc. Populations A, C, and D can all be considered tails of the overall distribution
of the sample. The vast majority of the sample is contained in Population B at Vp
around the Solar value defined to be 248 km s~! in the GALAH data. Stars in
this population are found mainly at metallicities intermediate between the inner
and outer populations.

Looking at the more recent history, there is a local minimum in the SAMD
of Populations A and B at ages between 4 and 6 Gyr. The young peak between

33



‘A Joded wouy pardepy ‘saseyd urew aa4y1 03Ul dsip Aepp AN[IA Y3 JO UOIBWIOS 3y} SPIAIP JAD 0T
pue G 1NogPe 4O S9be 1e puNo} "BwIUIW 353y "QVS dY3} Ul PUNOY S1e BUIIUIW YdIym Je sabe s1ewixoidde sy siew suoibal paydley ay |
"3SIP J3UUl BY} Ul J9Y10 3y} 03Ul AY100WS SUOIHISURI} SUO 1ey] 31eDJIpUl 01 PUS PO 8y} 1B P31DaUU0d ale g pue D suonendod "6 ainbi4
Ul umoys sajdwesgns paldalas Ajjedewsury Inoy syl Jo suonnqguisip abe ayy 4o MalABA0 Ue BulAb sulswil diewsyds gl 3nbi4

(41A9) awi3 3oeE 007

0 4 14 9 8
| ] ] ] ]
| | | | |
Y, uwavs
B  dod
o ‘dod ojey niss uj
I g dod -+ 0t1
[ v dod 2sIp p|o3 Jauu| asIp 30y Jauu| I
4081 §
354N Jauu| asip Jauu| =
154nq |B207] JsIp |B207]
-1 0L¢
3s4nq J2INQ 2sIp J3INQ
v

34



ages of 2 to 4 Gyr is consistent with studies using different tracers, such as white
dwarfs, suggesting a recent burst of star formation in the disc (Mor et al., 2019;
Isern, 2019). Peaks in the recent star formation history were also found by (Ruiz-
Lara et al., 2020) based on CMD fitting of Gaia DR2 stars. They suggest that
these periods of enhanced star formation were induced by pericentre passages of
the Sagittarius dwarf galaxy. The greatest enhancement they find is at ages of
5.7 Gyr which is significantly older than the young peak in the SAMD, also when
allowing for systematic age uncertainties on the level of 1 Gyr. Perhaps future
studies comparing the results of the SAMD and CMD fitting can shed light on
these differences.

The main results of Paper V can be summarised in terms of the schematic
timeline shown in Figure 10. The timeline is divided into three main formation
phases separated by the two local minima in the age distribution. In the first two
phases, stars are formed with distinct kinematics and elemental abundances and
separated by a local minimum in the age distribution at 10 Gyr. The last phase, a
recent burst of star formation, is not clearly distinct in terms of stellar parameters
but is marked by a local minimum in stellar age distribution.

This work comes in the wake of other observational studies arguing for distinct
formation pathways of the inner and outer disc (Haywood et al., 2019; Ciuci et al.,
2021). Together with this work, these studies indicate that the disc did form in at
least two distinct phases resulting in the two alpha-abundance sequences. One of
the challenges for the future is to work out the detailed circumstances surrounding
the transition from an inner starburst to a more extended star formation. The halo
formation scenario discussed in Section 5 could explain the transition as being the
time of the GSE merger. Such a scenario is supported by at least one cosmological
galaxy simulation in which a GSE-like merger heats the existing disc stars (creating
the Splash population), brings in new metal-poor gas, and induces star formation
in a thin component (Bignone et al., 2019). On the other hand, the transition
could be caused by secular processes like the end of an early phase of high star
formation rate in dense star forming clumps (Clarke et al., 2019; Amarante et al.,
2020).
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7  Outlook

The high level of activity currently seen in the field of Galactic Archacology is
likely to continue for many years to come. In some sense, the era of large surveys
has only just begun, and a number of large-scale surveys of stars in the Milky Way
will begin observing in the near future. On the side of spectroscopy, surveys like
the WHT Enhanced Area Velocity Explorer (WEAVE) and the 4-metre Multi-
Object Spectroscopic Telescope (4MOST; de Jong et al., 2016) are set to provide
elemental abundance data for a combined 20 million stars across the northern
(WEAVE) and southern (4MOST) hemisphere.

Of particular interest for age estimation is the coming seismic data from the
Transiting Exoplanet Survey Satellite (TESS; Ricker et al., 2015) and the Planetary
Transits and Oscillations of Stars mission (PLATO; Rauer et al., 2016). These
missions are primarily focused on exoplanetary science, but the long and precise
time series photometry necessary for characterizing exoplanet transits are also well
suited for studying stellar oscillations. The first seismic analysis of TESS data
has shown that relative age precisions of 20 per cent are achievable for oscillating
giant stars (Silva Aguirre et al., 2020). In total these missions are expected to
increase the number of stars with detected oscillations by at least a factor of ten
(Hon et al.,, 2021). This seismic data is useful for age estimation of the oscillating
stars themselves, but also as an expansion of the training samples used in machine
learning methods for age determination of giant stars.

In light of this upcoming data it would be interesting to apply the SAMD-
method presented in this work to a sample of giants with seismic age estimates.
In Paper III we carried out a single test applying the method to synthetic data
including seismic parameters. This test showed that it can recover the age distri-
bution of seismic giants more precisely than the distribution of individual seismic
ages, especially for the oldest stars. If this carries over to samples of real stars, we
could potentially obtain precise age distributions for stars in a wider volume of the
Galaxy than we have been able to using GALAH dwarfs and subgiants.

The SAMD method could also be expanded to include other parameters. The
most obvious extension would be to include the alpha-element abundance as a
model parameter and study the age-alpha relation of different stellar populations.
The method is also not restricted to age estimates from model fitting. In principle,
the G-function in Eq. (7) can be any age-metallicity (or just age) probability den-
sity function. An interesting prospect is to combine the method with age estimates
from machine learning methods calibrated on seismic ages. Such age estimates are
available for hundreds of thousands of stars based on their spectra, but only in
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the form of point estimates. If we can find a way to express these estimates in the
form of probability density functions it might be possible to get more precise age
information out of this great source of data.

While the amount of data is increasing and data analysis methods are im-
proving, galaxy models are also becoming more sophisticated. High-resolution
cosmological simulations open up the possibility of detailed comparisons between
models and observations. Such comparisons have been made in a qualitative sense
in this work (mainly in Paper V), and in the future it would be interesting to
make detailed quantitative comparisons, for example, between the age distribu-
tions of stars in different regions of the Galaxy. Of course, any given simulation
is just one realisation of a model galaxy and is therefore not expected to match the
observations perfectly. But perhaps future advances in computational power can
provide us with large enough samples of high-resolution simulations that they can
be compared with Milky Way observations in a statistical sense.

All things considered, it is easy to imagine that our understanding of the for-
mation and evolution of the Milky Way will continue to improve rapidly in the
coming decades.
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