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ABSTRACT

Dwarf galaxies are some of the most abundant objects in the Universe, but most of them
are very distant and very faint. While observing these galaxies does pose some challenges,
they are important to study because it is believed that larger galaxies, such as the Milky
Way (MW), form from a series of dwarf mergers in a process called hierarchical merging.
As if by chance, the Magellanic Clouds (MCs) are both bright enough and close enough to
resolve individual stars. These two dwarf satellites of the MW are also in the process of
merging together, presenting a great opportunity to examine how the abundance gradients
of galaxies are impacted by intergalactic interactions. A great tool to study the MCs
is the Apache Point Galactic Evolution Experiment (APOGEE). APOGEE is an H-band
near infrared survey commissioned to measure chemical abundances and accurate radial
velocities of the MW and its neighborhood. In the MCs, APOGEE was able to observe
6130 red giant branch (RGB) stars in the Large Magellanic Cloud (LMC) and 2062 RGB
stars in the Small Magellanic Cloud (SMC). Individual stellar ages are derived using multi-
band photometry and spectroscopic parameters to compare to stellar isochrones. Using the
abundance measurements of 20+ elements and the derived stellar ages, abundance gradients
and their evolutions are extracted from radial abundance trends. The stellar ages in the
LMC reveal that recent star formation has been concentrated in the center of that galaxy.
The elds that overlay a spiral arm in the north of the LMC reveal median ages of.2 Gyr.

The age-metallicity relation (AMR) remains mostly at with the exception of an increase in
overall metallicity 2 Gyr ago. Looking at the evolution of many abundance gradients in
the LMC there is a U-shaped trend with an extremum around the same time as the increase
in metallicity. Additionally, the SMC also shows a U-shaped trend in its abundance gradient
evolutions albeit a few billion years earlier than the LMC. These results all correspond to a
conjectured close interaction between the LMC and SMC in the recent past.
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INTRODUCTION

The Magellanic Clouds

The Magellanic Clouds, also known as the MCs or just the Clouds, have been two
ever-present smudges in the southern night sky since before man walked on Earth. Ancient
accounts of these two galaxies have been preserved in the oral histories of indigenous peoples
of the South American continent that survive to this day including that of the Tupi-Guarani
(Afonso, 2006) and Mapuche (Pozo Menares et al., 2015).

The earliest con rmed written rsthand accounts of the Clouds that still survive to
the present day began with the era of European exploration by the Portuguese in the 16th
century (Dennefeld, 2020). One of the more detailed early passages come from Andrea
Corsali in a letter he wrote in 1516, which was translated into English by Richard Eden in

1555 and published by Arber et al. (1885) is as follows:

Here we sawe a marueylous order of starres, so that in the parte of heauen
contrary to owre northe pole, to know in what place and degree the south
pole was, we tooke the day with the soonne, and obserued the nyght with the
Astrolabie, and sawe manifestly twoo clowdes of reasonable bygnesse mouynge
abowt the place of the pole continually now rysynge and nowe faulynge, so
keepynge theyr continuall course in circular mouying, with a starre euer in the

myddest which is turned abowt with them abowte xi degrees from the pole.

Here Corsali gives a brief description of the position and the kinematics of the clouds, which

he measured with an astrolabe. Many other contemporary sources are even more terse and
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lack information about the motion of the Clouds (Dennefeld, 2020). But this shows there
has been some sort of scienti ¢ interest since the 1500s.

In the centuries since, we have learned a lot more about the Clouds. While they may
not be the closest, they are de nitely the largest satellites of the Milky Way (MW) and so
they pose a great opportunity to study dwarf galaxies. The larger of the two galaxies that
make up the Clouds is called the Large Magellanic Cloud (LMC) and can be found at a
distance of 49.9 kpc (De Grijs et al., 2014; van der Marel & Cioni, 2001) with a total mass
of 1.8 10 M (Erkal et al., 2019; Vasiliev et al., 2021). The stellar mass of this galaxy
comes out to 3.2 10 M (van der Marel et al., 2008). The accordingly-named Small
Magellanic Cloud is at a distance of 62.44 kpc (Graczyk et al., 2020) with a slightly smaller
mass of 1® M (Bekki & Stanimirovi¢, 2009), and only 33.5 10®* M is made up of
stars (Skibba et al., 2012).

In addition to their close distance and size, the Clouds are also very bright. The LMC
and the SMC have apparent V band magnitudes of 0.4 0.1 and 2.2 0.2 respectively
(McConnachie, 2012) and can be seen with the naked eye. To put this in perspective apparent
magnitude is a logarithmic scale that describes how bright objects appear in the sky. A
change of 1 dex (degree exponent) in magnitude is a change in brightness by a factor of
2.512. Rather unintuitively, a larger numeric value for apparent magnitude means an object
is dimmer. The human eye can see down to an apparent magnitude of.0, so quantitatively

the Clouds are extremely bright.

Chemical Abundances

Mass Fractions

The mass fractions of a star are a convenient shorthand that describe its compaosition.

The mass fractions X, Y, and Z are de ned such that:
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X+Y+Z=1 and  X>Y >2Z; (1.1)

where X, Y, Z are the mass fractions of hydrogen, helium, and metals respectively. It is
important to point out that in the eld of Astronomy, metal refers to a chemical species
that is not hydrogen or helium. Hydrogen and helium are assigned their own symbol because
matter in the universe is almost exclusively made up of these elements. Along with trace
amounts of lithium, hydrogen and helium were the rst elements produced in the universe
(Alpher et al., 1948). It is no coincidence that these are also the elements with the simplest
atomic structure. All other elements were created later through stellar nucleosynthesis

(Burbidge et al., 1957).

AbundanceRatios

Though mass fraction are sometimes used, most of the time astronomers opt for using
abundance ratios (or more colloquially abundance) in their place. The abundance ratio is

the logarithm of the ratio of the number of one atomic species to another, which is given as:

_ Na Na .
[A=B] log No . log Ny, (1.2)

where N, is the number of atoms of species A anllg is the number of atoms of species
B (often referred to as the ducial). Here? denotes the star of interest. From the above
de nition, [A/B] = 0.0 means that the ratio of the number of atoms of A to B in a particular
star is the same as it is in the sun.
Since atoms of a particular species have an established mass, the ratio of the number

of atoms of two atomic species is related to ratio of their stellar mass fractions by:

Na
Ng

; (1.3)

3fa
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where X (=Ma=Myy) is the mass fraction of species A anXg (= Mg=My) is the mass
fraction of species B. More explicitly, as an example the relationship between the iron

abundance ratio and the iron mass fraction is:
. Z
Zrer = Zre.  107M1  or more appropriately X—Fe = = 10FMH1 - (1.4)

whereZg.., is the iron mass fraction of the starZg.. is the mass fraction of iron in the sun,
Xy is the hydrogen mass fraction of the star or sun depending on the subscript above, and
[Fe/H] is the abundance ratio of iron for the star using hydrogen as the ducial.

Composite abundance ratios can be calculated from single species abundance ratios
using:

" #
X P 1009 x, 120+{A=B]
A =B =log s NTEETRE and log x, log(Nx,=Ny)+12:0;

A
(1.5)

wherelog x, is the logarithmic solar abundance, witHog x, de ned to be 12.0, and A/ B]
is the individual constituent abundance ratios as de ned in equation 1.2.

The abundance ratio that represents the total metal content of star is called metallicity
and is normally denoted as [M/H]. Often times iron is used as a proxy for all metals because
[M/H] [Fe/H]. Throughout this work | will use [Fe/H] for metallicity to be in line with

modern convention unless otherwise speci ed.

Abundance Measurements

While it is possible to get some abundance information from photometry (mainly
metallicity), spectroscopy is primarily used for measuring chemical abundances since
it generally produces more accurate results (Favata et al.,, 1997; Lianou et al.,, 2011).
Spectroscopy measures the ux of a source across a large range of wavelengths creating

a spectrum. The largest component of a stellar spectrum is the continuum. Spectral lines
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represent deviations from the continuum and can be caused by either emission or absorption
at the discrete energies of atomic electron transitions. Emission lines will appear as an excess
of ux at certain wavelengths above the continuum while absorption lines will appear as ux
that is missing creating dips below the continuum.

Historically it was not immediately obvious that spectral lines of stars corresponded
to di erent transitions. The rst spectra of a star (the sun) were taken in the early 1800s
by Wollaston (1802) and Fraunhofer (1817). It was not until a few decades after this that
Kirchho (1860) made the connection which laid the ground work for spectroscopy and
eventually abundance analysis in Astronomy.

It has been long established that the shape of a spectrum is sensitive to many di erent
parameters such as e ective temperature (J'), the logarithm of the surface gravity (ogg),
total metallicity ([M/H]), total abundance ([ /M] 1), etc. Of course this also includes
di erent abundances not just [M/H] and [ /M]. An example how spectra are sensitive
a ected by the listed parameters can be seen in the top panel of Figure 1.1. The bottom
panel of the same Figure demonstrates how changing theéf1] a ects a spectrum. Di erent

abundance values a ect the width and depth of a line in a similar fashion.

The Chemical Evolution of Galaxies

A galaxy is a complex object made up of many di erent components and not just
stagnant conglomerations of stars, even though the timescales of their evolutions make them
appear as such. It is only possible to gain an understanding of how galaxies evolve through

indirect measurements.

[ /M] is de ned as the multi-element abundance that represents the total abundance relative to the
total metals of a star. For more on -elements see the next section.



Figure 1.1: A gure from Nidever et al. (2020) that shows how stellar spectra are sensitive
to di erent parameters. (Top) The observed stellar spectra are shown in black and best t
stellar spectra are shown in red around di erent elemental absorption lines for ve di erent
stars with various metallicities, abundances, T , and logg values. The blue vertical lines
are to help guide the eye to the position of the absorption lines. This shows how spectra
are generally sensitive to di erent physical parameters of a star. (Bottom) An observed
APOGEE spectrum for a single star is shown in black with spectra t using di erent
abundance values in color. This plot shows how changing the abundance a ects the
goodness of t to the observed spectrum. The measuredabundance will be the abundance
value of the best t spectrum.



Galactic Chemical Evolution

Stars form from the collapse of giant molecular clouds (GMCs) made up of the
interstellar medium (ISM). As a GMC collapses, it fragments, creating groups of similar
stars that will have compositions indicative of the material in the GMC (Lada & Lada,
2003). This means we can use the compositions of stars in the present day as a fossil record
of the original GMC composition. Major contributors to the composition of star forming
gas in galaxies include the following: Supernovae (SNe), asymptotic giant branch (AGB)
winds, neutron star mergers, in ows, and out ows. Instead of looking just at a single star in
isolation, this can be scaled up to explore galactic chemical evolution (GCE) by combining
observations of all the stars in a galaxy. GCE uses the present day abundances of stars to
determine how galaxies evolved in the past to end up where they are today. The GCE of a
galaxy is highly sensitive to its star formation history (SFH).

The SNe that have the largest e ect on GMC composition are type la and type II.
Type la SNe do not have Balmer lines, but they do contain ionized silicon. Stars with
masses between 0.58 M will go through a type la SNe. These SNe start as a binary
system containing at least one white dwarf (WD) and once enough mass is transferred to the
WD to make it more massive than the Chandrasekhar mass of 1.4 Ma thermal runaway
leads to a supernova explosion (Khokhlov et al., 1993). Because these SNe require a WD,
which is an evolved star, there is a delay between when a galaxy forms and when type la
SNe typically begin. These SNe contribute iron peak elements, which include: chromium,
manganese, iron, cobalt, nickel, vanadium, copper, and zinc (Nomoto et al., 2013). Type
Il SNe have Balmer lines and result from the core collapse of massive stars (Woosley &
Janka, 2005). Here massive is anything above 8 M Type Il SNe can almost be thought
of as instantaneous compared to type la SNe because more massive stars evolve faster and
these SNe do not require an evolved stellar companion. These type Il SNe inject carbon and

nitrogen into the ISM (Kobayashi et al., 2006) as well as the -elements including oxygen,
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magnesium, silicon, sulfur, calcium, titanium, and neon as well as the odd-Z elements sodium
and aluminium (Nomoto et al., 2013; Weinberg et al., 2019). It is important to keep in mind
that many elements can be released or created through both types of SNe, but here only the
primary SNe products for each is stated.

Stellar winds results from the forceful removal of material from the outer layer of a
star. One common type of stellar wind that contributes material to the ISM is an AGB wind
(Ferrarotti & Gail, 2006; Hofner & Olofsson, 2018). AGB stars are giants that have started
to burn helium, which initially moves the star to a warmer part of the Hertzsprung-Russell
(HR) diagram? and then move back toward the red giant branch (Vassiliadis & Wood, 1993).
AGB stars can appear quite similar to red giant branch (RGB) stars, hence the asymptotic
in their name. It is thought that intermediate mass stars, such as AGB, produce a large
portion of carbon and nitrogen (Kobayashi et al., 2006; Ventura et al., 2013).

Neutron stars (NS) in binaries have been observed to merge, with the rst con rmed
instance being Abbott et al. (2017). Neutron capture elements are heavy atoms produced
through the rapid neutron capture processr(-process) and slow neutron capture process (s-
process). Manyr-process elements are thought be produced in neutron-rich environments
such as jets from some core collapse supernovae (Thielemann et al., 2011) and neutron star
mergers (Chen et al., 2021; Thielemann et al., 2011). On the other hasgrocess elements
can be created in less violent neutron-rich environments such as normal AGB stars (Karakas
& Lattanzio, 2014). The neutron capture elements explored in this work are cerium and
neodymium. Both of these are produced in the- and s-processes with substantial fractions
created by r-process (Prantzos et al.,, 2020). A large amount of these elements probably
formed from neutron star mergers.

The last major contributors to ISM enrichment are in ows and out ows of gas (Bouché

2An HR diagram is much like a color magnitude diagram (CMD), but it uses T, and logg instead of
color and magnitude respectively.



9

et al., 2010; Davé et al., 2011, 2012; Lilly et al., 2013; Peng & Maiolino, 2014). An in ow
is the accretion of extragalactic low-metallicity gas onto a galaxy. This new alien material
mixes with the in situ ISM and will go on to create stars. An out ow is the opposite of
an in ow and is the forceful ejection of gas from a galaxy. Two major causes of out ows in
galaxies include active galactic nucleus (AGN) jets (e.g. Bower et al., 2006; Santoro et al.,
2020) and ram pressure stripping (e.g. Cayatte et al., 1994; Treyer et al., 2018). A galaxy
moving through a medium will experience ram pressure, which under the right conditions
can remove material Gunn & Gott (1972). Hence the name ram pressure stripping.

There are also two internal parameters of a galaxy that can aect chemical
abundances. These are the star formation rate (SFR) and the initial mass function (IMF).
The SFR is, as the names suggest, the birth rate at which stars form and it is generally
measured in solar masses per year (Myr). This is closely related to the star formation
e ciency (SFE), which is the SFR surface density ( sgr) divided by the surface density of
gas ( 4) so SFE= gsr= 4. An increase in the SFR means that more stars were able to
be formed in the past while an increase in SFE means that the galaxy was more e cient
in the past at creating stars from gas. An increase in SFR or SFE will result in more stars
forming at higher [Fe/H] before type la SNe ignite. This is because more stars will be born
earlier including higher mass stars, which release their material faster than low mass stars
into the ISM. On the other hand the IMF is a probability distribution that describes the
initial overall mass distribution of a population of stars or the probability a star having a
certain mass. The mass of a star will determine the evolutionary path that it takes over its
lifetime, such as what type of supernova it has and what elements it will primarily enrich
the ISM with.

A nice way to illustrate and summarize the above outlined processes is to look at how
the abundance of the -elements change in relation to [Fe/H] in a galaxy (see Figure 1.2).

As previously mentioned the -elements enrich the ISM through type Il SNe, which are
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caused by the explosion of single very massive stars that die quickly without the need for a
companion WD. This means that initially the [ /Fe] will be higher due to its dependence
on SNe that happen early on in a galaxy's lifetime. How high the [Fe] will be depends on
the IMF of the system. More higher mass stars initially will mean more type Il SNe which
in turn means higher abundance in the past. How long the [/Fe] remains high compared

to [Fe/H] is controlled by the SFR (or SFE) for the reasons given in the previous paragraph.
Once type la SNe turn on there will be a decrease in the/Fe] with respect to [Fe/H]. As
galaxies age there is a general trend for increasing metallicity, but if gas accretes onto the
galaxy as an in ow, then the metallicity will be driven down causing the GCE trend to turn
back and appear like time has reversed somewhat. A starburst will cause an increase in the
[ /Fe] for the same reason that it is elevated early on in a galaxy. And nally an out ow will
remove gas quenching star formation and allowing more metal-rich material to form and/or
prevail. In this example it is clear that many of the di erent mechanisms listed above are

related to each other and they all a ect the general GCE.

Abundance Gradients

From the previous section, we established that there are many di erent processes that
lead to change in the composition of the ISM and stars. Since there is no requirement
that these processes are homogeneous throughout a galaxy, star formation and evolution
will progress at di erent rates across a galaxy. This results in the formation of abundance
gradients (Pagel & Edmunds, 1981; Tinsley, 1980). An abundance gradient is simply the
slope with respect to radius of an abundance trend for any measured elemental abundance
ratio. Metallicity gradients have been shown to be sensitive to mass (e.g. Bel ore et al., 2017)
and angular momentum of a galaxy (e.g. Schroyen et al., 2013). This should also be true
for other abundance gradients not just for metallicity. While the formation of a metallicity

gradient or other abundance gradients is complicated, these have the ability to summarize a
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Figure 1.2: Adapted from McWilliam (1997). A schematic of how the GCE can be sensitive
to the SFH in the [ /Fe] [Fe/H] plane. The GCE trend is shown in red with arrows on it
denoting the direction of time. An increase in the IMF will raise the trend to higher [/Fe]

at the metal-poor end while an increase in the SFR will pull the knee to higher [Fe/H].
The knee is the point at which type la SNe turn on in the system. A late burst will raise
up the metal-rich end due to an increase in-element production. In ows of material will
drive the [Fe/H] down causing the trend to become more metal-poor. Out ows do the exact
opposite of in ows in this diagram.
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large part of GCE because certain processes are responsible for di erent abundances.
Abundance gradients can be measured for a myriad of di erent types of sources such
as the ISM or groups/individual stars. The choice will depend on each particular study.
ISM gradients can be found using Hregions by measuring the compositions of the gas (e.g.
Searle, 1971). As for groups of stars, gradients have been derived using both globular clusters
(GCs, e.g. Cohen et al., 1998) and open clusters (OCs, e.g. Andreuzzi et al., 2011; Donor
et al., 2020; Twarog et al., 1997) by measuring the average abundance over a cluster. In the
case for individual stars, gradients can be measured with O/B stars (e.g. Cunha & Da on,
2003; Da on & Cunha, 2004), Cepheids (e.g. Luck et al., 2003), red giant branch stars (RGB
stars, e.g. Escala et al., 2021), planetary nebulae (PNe, e.g. Henry et al., 2010; Maciel &
Koppen, 1994), etc. Throughout this work the focus will be on individual RGB eld stars.
Abundances and their gradients can change over time, becoming either steeper or
shallower, via the same processes that form the gradients as well as through the kinematics
of the system. Kinematic mechanisms that lead to changes in abundance gradients include
churning (Bilitewski & Schonrich, 2012; Sellwood & Binney, 2002; Vickers et al., 2021) and
blurring (Jia et al., 2018; Sellwood, 2014). Churning happens when a spiral arm feature
interacts with a star which, in response, changes its galactic radius to conserve angular
momentum. If this happens on a large scale then the distribution of elements will change
and so will the corresponding gradients, at least if using stars. Blurring occurs due to the
slight oscillations around the galactic radius of a star. The distribution of stars will appear
to smooth out causing less apparent variation in the abundances across a galaxy leading to
atter gradients. With temporal information, it becomes possible to track the evolution of
abundance gradients. Because of the complicated and broad nature of gradient evolution,
this work only considers the e ects of galaxy interactions on abundance gradients measured

with individual stars.
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Interacting Galaxies

Currently, the most accepted paradigm of galaxy formation is known as hierarchical
merging, or sometimes, hierarchical clustering (Searle, 1971; White & Rees, 1978). The
main idea is that in the early universe dark matter began to clump together forming dark
matter halos and then baryonic matter fell into them due to gravity, creating dwarf galaxies.
As these rst galaxies moved throughout the universe, they interacted with other galaxies,
sometimes even fully merging with them. These new galaxies then went on to merge with
other galaxies. Thus studying interacting (dwarf) galaxies is key to lling in the gaps of our
knowledge about galaxy formation.

Close galactic interactions or collisions are violent events that lead to the rapid in ow
of material onto a galaxy, which in combination with shocks (e.g. Saitoh et al., 2009), and
tidal compressions (e.g. Renaud et al., 2009) lead to starbursts (Knapen & Cisternas, 2015;
Larson & Tinsley, 1978; Schweizer, 2005; Toomre & Toomre, 1972). In hydrodynamics, a
shock is a discontinuity in pressure that propagates through a medium. Unlike an acoustic
wave in a uid, a shock propagates at a speed faster than the speed of sound in the medium.
This means that a uid parcel is blissfully unaware that a change to its state will happen
until the front of the shock reaches it. The shock will cause areas of higher density gas
which can collapse to form stars. Similarly, with tidal compression the interactions between
galaxies can squeeze the ISM leading to higher density pockets and creating conditions ripe
for star formation. The chemical evolution of a galaxy will be marred by the ignition of
these starburst events, which will be re ected in the distribution of abundances and hence
the abundance gradients of the system

The organization of this work is as follows. Chapter 2 presents the method used to
calculate the ages of individual RGB stars. Next, Chapter 3 explores the gradients and the
variations of abundances over time for the LMC. Chapter 4 explores the evolution of the

SMC abundance gradients using a similar analysis to the LMC. Finally, Chapter 5 o ers



some concluding remarks.
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Abstract

Stellar ages are critical for understanding the temporal evolution of a galaxy. We
calculate the ages of over 6000 red giant branch stars in the Large Magellanic Cloud (LMC)
observed with SDSS-IV / APOGEE-S. Ages are derived using multi-band photometry,
spectroscopic parametersT( , logg, [Fe/H], and [ /Fe]) and stellar isochrones and the
assumption that the stars lie in a thin inclined plane to get accurate distances. The isochrone
age and extinction are varied until a best match is found for the observed photometry.
We perform validation using the APOKASC sample, which has asteroseismic masses and
accurate ages, and nd that our uncertainties are 20% and range from 1 3 Gyr for the
calculated age values. Here we present the LMC age map as well as the age-radius relation
and an accurate age-metallicity relation (AMR). The age map and age-radius relation reveal
that recent star formation in the galaxy was more centrally located and that there is a slight
dichotomy between the north and south with the northern elds being slightly younger. The
northern elds that cover a known spiral arm have median ages & 2 Gyr, which is the
time when an interaction with the SMC is suggested to have happened. The AMR is mostly
at especially for older ages although recently (about 2.0 2.5 Gyr ago) there is an increase
in the median [Fe/H]. Based on the time frame, this might also be attributed to the close

interaction between the LMC and SMC.

Introduction

The ages of stars is very important for understanding galaxy evolution and galactic
archaeology. Without temporal information it becomes much more di cult to pinpoint how
galaxies evolved to what we see today. Unfortunately, determining ages is not without its
challenges as we rely on indirect means to nd ages. Often times limited photometry or low

resolution spectra make ages nearly impossible to determine because there is not enough
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information to constrain the ages of stars provided by these methods.

Stellar clusters have been accurately age-dated for many decades, taking advantage of
the age-sensitivity of turno and subgiant branch stars (e.g. Flower et al., 1983; Sandage,
1970; Sarajedini, 2008). It is substantially more challenging to measure the ages of
individual eld stars. However, there are several methods that have been developed
to calculate ages of individual stars. Some of the more popular methods include:
nucleocosmochronometry, gyrochronology, asteroseismology, chemical abundance ratios, and
using isochrones. Nucleocosmochronometry relies on measuring the abundance of radioactive
nuclides and their daughter products and is much like the analog of radiocarbon dating, but
for stars (Frebel et al., 2007; Hill et al., 2002). Very high signal-to-noise and high resolution
spectra are required to make these measurements and even then the relevant absorption lines
may not exist in the spectrum. In general, nucleocosmochronometry has only been performed
for a small number of stars. Gyrochronology uses the rotation rate of a star to calculate its age
because as a star ages its rotational speed decreases (Barnes, 2007; Mamajek & Hillenbrand,
2008). This requires precise, time-series photometry of cool, main-sequence stars which can
be challenging to obtain for external galaxies like the LMC. Asteroseismology uses scaling
relations and the oscillations inside of a star to obtain precise masses and then ages using
isochrones (Cunha et al., 2007; Pinsonneault et al., 2014). Since mass and age are strongly
anticorrelated on the giant branch, measuring mass accurately also allows for an accurate
age to be determined. However, very precise and high-cadence photometry is required to
derive good asterseismologic masses and this is currently only available for small portions of
the sky (i.e., Kepler, K2, CoRoT, TESS). More recently, spectroscopic chemical abundances
have been used to determine masses of RGB stars with [C/N] and*f{C %] ratios (Ness
et al.,, 2016a). These ratios are sensitive to the mass-dependent dredge-up that happens
on the giant branch and pulls up nuclear-processed material from the interior. Currently,

this technique only works for metal-rich populations ([Fe/H]& 0.5), and, therefore, is
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not applicable for the relatively metal-poor LMC stars. Arguably one of the most popular
methods to nd ages is using isochrones. Isochrone- tting involves tting theoretical stellar
models to either individual or groups of stars. Many of these methods rely on comparing to
stellar evolutionary models and to be able to truly do this we need many photometric bands
that constrain the spectral energy distribution (SED) or high resolution spectra. ThBEAST
(Gordon et al., 2016) compares a grid of isochrones to multi-band photometry to determine
mass, age, metallicity,T. , and logg on a star-by-star basis. This has been used successfully
in M31 using the PHAT survey (Dalcanton et al., 2012). All of these methods come with
their own set of pros and cons and the choice of which one to use is often dictated by context.

Previous work of nding ages using isochrones for giant stars include works such as
Feuillet et al. (2016). In that work ages are found two di erent ways: 1) calculating the
mass from measured stellar parameters from which the mass age relation can be used to get
age and 2) using a Bayesian isochrone matching technique with a constant star formation
history (SFH) to derive an age probability distribution for each star. Through mock data
tests it was found that this method shows that decent ages can be derived for individual stars
using a combination of photometry and spectroscopy with isochrones using a probabilistic
approach.

This work uses isochrones to determine the age of individual red giant branch (RGB)
stars using photometric and spectroscopic observations through direct calculation that is
non-probabilistic. We take advantage of the fact that the absolute magnitude of giant stars
vary substantially with age for xed T, , by as much as 0.8 magnitudes between 1 Gyr and
10 Gyr at an average LMC metallicity of [Fe/H]= 0.5. One potential drawback of using
isochrones is the age-metallicity degeneracy of RGB stars, but we overcome this by using
the metallicity measured with high-resolution spectroscopy.

The method presented in this work nds the age by calculating the model photometry

age in six di erent passbands spanning both optical and infrared wavelengths using a single
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common trial and comparing to the observed photometry of a star. This method is possible
due to accurate distances, which are needed to constrain the absolute magnitude of a star.

There are two main reasons for studying the ages of red giant branch (RGB) stars in
the LMC. The rst reason is that the literature is scant on the spatial distribution of ages in
the galaxy especially using individual stars. The LMC is a relatively close satellite galaxy of
the Milky Way (MW) at 49.9 kpc (De Grijs et al., 2014; van der Marel & Cioni, 2001) and
so it makes sense to analyze it as it does not pose as many challenges compared to galaxies
which are farther away that may or may not be resolved. The second reason is that accurate
ages are needed on a star-to-star basis to study the chemical evolution of the LMC at very
high resolution.

Galaxies are the sum of their parts and stars make up a large portion of them. With
a large enough sample of stars with good spatial coverage, it becomes possible to study the
chemical evolution of a galaxy. When a star dies, material is ejected into the interstellar
medium (ISM) making it available to form newer stars. Thus enriching the reservoir of gas
in the ISM to higher metallicities through the yields of the now deceased star. This leads to
new stars having elevated chemical abundances and hence higher metallicities. It is also well
known that metallicity is a proxy for age. While the particular age-metallicity (AMR) for
galaxies will di er, they are an extremely useful tool to study galaxy evolution. The AMR
reveals how a galaxy evolved over time. Generally the AMR is measured using clusters or
eld stars.

Studies of the star formation history (SFH) of a galaxy have the potential to yield
AMRs. Usually, observations of resolved stellar population observations are t with stellar
evolutionary models using a combination of distance, age and metallicity parameters. This
means that as a result one ends up having a relation between the age and metallicity of
stars in the galaxy. Normally though, this method gives very approximate results. For the

LMC, there are very few examples where these results are used to draw conclusions about
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the galaxy's evolution. Harris & Zaritsky (2009) used the MCPS survey (Zaritsky et al.,
1997) to derive SFH across the main-body of the LMC. Because of the shallow nature of the
photometric survey, the study was limited to younger ages and only four metallicity bins per
single age stellar population. The general conclusions were that the LMC seemed to remain
at a constant metallicity in the old ages until around 4 Gyr ago, when it started to increase
to the present day value. A more recent approach with larger photometric depths was used
by Meschin et al. (2014), covering three small elds in the LMC. The AMR derived from
the SFH results had a good t with spectroscopic results from eld stars by Carrera et al.
(2008), but the spatial scope of the study was still relatively small. Furthermore, Weisz et al.
(2013) used deepiST imaging to derive the SFH in eight elds in the LMC (as well as seven
more in the SMC), but released no metallicity information due to the focus being on the
comparison of star formation between the two galaxies. In Monteagudo et al. (2018), SFHs
for several small elds in the central parts of the LMC were released, but again contained
no metallicity information. Ruiz-Lara et al. (2020) used the deep, multi-band, contiguous
SMASH data (Nidever et al., 2017) in the LMC to derive spatially-resolved SFHs. The
paper was focused on the formation of the LMC's spiral arm and also did not include any
metallicity information. Finally, Mazzi et al. (2021) used infrared VMC data Cioni et al.
(2011) covering the entire main body of the LMC. Unfortunately, infrared photometry is
even less well suited than optical photometry for metallicity determination because it is less
sensitive to metallicity, and the study does not include any AMR results. But they state
that populations of stars made up of younger ages should have a lower metallicity than
what is predicted from Carrera et al. (2008). This is not to say that infrared photometry
should not be used in studies of metallicity. In Choudhury et al. (2021) it was shown that
metallicities derived from NIR photometry can be useful in exploring variations across the
LMC. Therefore, establishing a precise and reliable source for an LMC AMR will bene t

the current literature. Our goal is to take advantage of the precision in our metallicities and
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Figure 2.1: Map of the APOGEE-2 Magellanic Cloud elds lled circles) and the background
showing the density of MC RGB stars selected with Gaia. The LMC elds analyzed here
are shown as purple lled circles. For some basic statistics on the LMC elds see Table 2.

the extent of our data to generate an AMR that will cover more areas of the LMC to an
unprecedented precision.

Alternatively, there have been many di erent studies of the LMC that speci cally target
the calculation of the AMR in the past. For example Dirsch et al. (2000); Grocholski et al.
(2006); Olszewski et al. (1991) derive the AMR using clusters, while some papers such as
Carrera et al. (2008) derive the AMR using spectroscopy of eld stars. Most previous studies
have a preference for clusters instead of individual stars and so with the derived individual
ages and the known metallicities, we also explore the AMR of the LMC.

One drawback with using clusters for AMR and other age studies is that an age gap
exists creating a bimodal cluster age distribution (Da Costa, 1991; Geisler et al., 1997).
Only two clusters in the LMC have been con rmed having ages between3 12 Gyr old.

These being ESO 121-SC 03 (Mateo et al., 1986; Olszewski et al., 1991) and KMHK 1592
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(Piatti, 2022) respectively. Having only two clusters for such a wide range of ages leads
to large uncertainties in the behavior of the LMC for intermediate ages. However, Gatto
et al. (2020) make the claim using YMCA (Gatto et al. in prep) and STEP Ripepi et al.
(2014) data that the gap is observational bias. That work nds 16 candidate intermediate
age clusters, which if con rmed will change our understanding of how star clusters formed
in the LMC. Currently the only way to get data for intermediate ages is to use eld stars
to Il in the age gap where clusters are not present or to con rm the existence of more so
called age gap clusters.

This paper starts in Section 2.2 by presenting the four datasets used. Sections 2.3, 2.4,
and 2.5 introduce how distances to the individual LMC stars are calculated, the extinction
laws used, and the Salaris correction to the metallicity, respectively. Next, Section 2.7
outlines how the extinctions, ages, and masses are calculated for each star with the validation
explained in Section 2.8. In Section 2.9, the bias correction applied to the LMC stars is
discussed. Finally, the LMC results are presented in Section 2.10 and discussed in Section

2.11.

Data

APOGEE
The Apache Point Observatory Galactic Evolution Experiment (APOGEE, Majewski

et al. 2017) is a valuable tool to study the LMC. APOGEE is part of the broader Sloan
Digital Sky Survey (SDSS IV, Blanton et al. 2017). APOGEE's main goal is to accurately
and extensively study the chemistry and kinematics of the Milky Way (MW). It does this
with two identical H-band spectrographs (Wilson et al., 2019) in the northern and southern
hemispheres. For the northern hemisphere the spectrograph (APOGEE-N) is located at
the Apache Point Observatory (APO) and takes data on the Sloan 2.5 m (Gunn et al.,

2006) and NMSU 1.0 m (Holtzman et al., 2010) telescopes. As for the southern hemisphere,
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the spectrograph (APOGEE-S) is located at the Las Campanas Observatory (LCO) and
connected to the du Pont 2.5 m telescope (Bowen & Vaughan, 1973).

The raw APOGEE are processed with the data processing pipeline (Nidever et al., 2015)
producing 1-D extracted and wavelength calibrated spectra with accurate radial velocities
(RVs) determined with Doppler (Nidever, 2021). Spectral parameters and abundances are
then determined with the APOGEE Stellar Parameters and Chemical Abundances Pipeline
(ASPCAP, Garcia-Pérez et al. 2016). This compares the normalized observed spectra with
a large grid of synthetic spectra using-ERREAllende Prieto et al., 2006). The most up-to-
date version of the data used in this work is part of SDSS-IV Data Release 17 (Abdurro'uf
et al., 2022). In particular for DR17, the APOGEE spectral grid was created usingynspec
(Hubeny et al., 2021). Updates speci ¢ to DR17 can be found in Holtzmann et al. (in prep).

The main ASPCAP spectral tting determines the spectral parameters which a ect

a signi cant fraction of the spectrum: T, , 1099, Vmicro, [M/H], [C/M], [N/M], [ /M], and
Vmacro TOr giant stars. Individual elemental abundances are then determined from the same
spectral grid by holding the spectral parameters constant but varying [M/H] (or [/M],
depending on the element) with the use of narrow spectral windows speci c to each element.
Chemical abundances provided in DR17 from ASPCAP are: C,iCN, O, Na, Mg, Al, Si,
S, K, Ca, Ti, Tiii, V, Cr, Mn, Fe, Co, Ni, and Ce. For this work we extensively us@. ,
[Fe/H], and [ /Fe] (=] /M]+[M/H]-[Fe/H]) derived by ASPCAP. Uncalibrated T, , logg,
vmicro, [M/H], [C/M], [N/M], [ /M], and v sini can be found in each star's-PARARtray in
the data catalog.

There are both systematic and statistical errors present in the APOGEE data. To
minimize the e ect of systematic errors, stars with known solar-like metallicity in the solar
neighborhood were observed. From these stars o sets were derived and corrected for in the
APOGEE data. Statistical uncertainties were calculated by performing multiple visits of

single stars and tting function of T, , [M/H], and SNR to the observed scatter. More
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information on -abundance uncertainties can be found in Nidever et al. (2020).

The LMC selection for DR17 is almost identical to that described in Nidever et al.
(2020) for DR16. The biggest di erence is the coverage that has been extended to roughly
twice the previous size (compare Fig. 2.1 here to Fig. 1 in Nidever et al. 2020). The quality

cuts applied to each eld star were:

~ Teff BAD LOGG_BAIMICRO_ BAKL PHAFE BATFE_BADIFE_BADO_ASPCAP RESULT

ags are not set
" Te < 5200K
" logg < 34
"~ SI/N > 20.

After the membership selection and applying the above quality cuts, the total number
of stars in the LMC sample is 6130. A CMD and HR diagram for the LMC RGB star sample
can be seen in Figure 2.2.

Detailed information on the APOGEE-1/-2 targeting can be found in Zasowski et al.
(2013) and Zasowski et al. (2017). APOGEE DR17 has excellent spatial coverage of a
signi cant portion of the LMC as seen in Figure 2.1 out to a radius 10 (or 8 kpc). More

information on the elds can be seen in Table 2.

Gaia EDR3

The Gaia mission (Gaia Collaboration et al., 2016, 2021a) is an extensive space-based
all-sky survey. We use both photometric and astrometric data from the early data release 3
(Gaia EDR3), which contains over 1.8 billion sources. Gaia obtains photometric data in three
optical bands: denotedBP, G, and RP. All of the Gaia EDR3 data are publicly available
online from the Gaia Archivé. The APOGEE DR17 catalog includes the corresponding

Ihttps://gea.esac.esa.int/archive/
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Figure 2.2: (Left) A 2MASS color magnitude diagram of the selected APOGEE LMC RGB
stars colored by [Fe/H]. The tip of the RGB is assumed to be aH 12.35 for the LMC
(Nidever et al., 2020). Right) A Kiel diagram for the APOGEE LMC RGB stars colored by
[Fe/H].
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Table 2.1: A table of positional data for each of the APOGEE LMC elds including the
number of RGB stars observed. R and PA are the projected radius and position angle
respectively. Ny is the number of identi ed bright RGB stars while N is the number of
faint sources (see Section 2).

Name R.A. Decl. R PA Nsge Ngrit Nent
(J2000.0) (J2000.0) (deg) (deg)

30Dor 05:34:3.30 -69:21:6.40 0.8 52.0 41 41 0
LMC1 04:14:32.0 -71:59:22.2 6.3 2420 169 10 159
LMC2 04:13:14.9 -68:28:21.6 6.7 272.0 148 9 139
LMC3 04:49:10.2 -75:11:489 6.1 204.0 188 26 162
LMC4 04:54:54.6 -68:48:6.80 3.1 287.0 254 254 0
LMC5 04:57:10.3 -71:08:54.2 2.9 240.0 236 236 0
LMC6 05:10:55.5 -65:46:21.7 44 337.0 200 200 0
LMC7 05:14:46.4 -62:43:22.3 7.3 349.0 171 62 109
LMC8 05:20:48.5 -72:32:48.2 2.8 191.0 220 220 0
LMC9 05:22:15.7 -69:48:1.30 0.7 260.0 143 143 0
LMC10 05:30:28.3 -75:53:11.2 6.1 178.0 171 35 136
LMC11 05:41:49.0 -63:37:17.1 6.4 140 195 128 67
LMC12 05:44:9.90 -60:38:40.1 94 13.0 138 17 121
LMC13 05:44:24.1 -67:41:59.7 2.7 38.0 173 173 0
LMC14 05:50:34.4 -70:58:29.1 2.2 1220 152 152 0
LMC15 06:08:2.80 -63:47:245 7.3 38.0 175 47 128
LMC16 06:29:7.50 -75:04:58.8 6.9 145.0 131 13 118
LMC17 06:29:59.5 -70:17:23.1 5.3 102.0 176 44 132
LMC18 06:06:28.4 -66:26:29.5 5.0 51.0 192 192 0
LMC19 06:12:35.8 -69:27:47.4 4.0 90.0 182 182 0
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LMC20 05:14:31.3 -74:25:36.5 4.7 191.0 208 208 0
LMC21 04:35:3.80 -67:39:8.40 5.3 289.0 205 118 87
LMC22 04:35:47.4 -71:37:220 4.7 2420 205 167 38
LMC23 07:07:56.0 -73:45:55.5 8.6 128.0 86 4 82
LMC24 05:44:24.8 -79:06:120 93 1750 70 4 66
LMC25 06:33:14.1 -63:39:58.6 89 540 170 15 155
LMC26 04:15:7.10 -62:35:31.7 10.1 307.0 65 4 61
LMC27 05:12:55.0 -67:59:33.1 2.3 321.0 152 152 0
LMC28 04:56:36.5 -60:48:53.1 9.6 337.0 185 11 174
LMC29 06:23:21.8 -65:40:18.9 6.7 58.0 210 79 131
LMC30 04:50:5.40 -65:11:226 59 3180 205 125 80
LMC31 05:31:58.7 -66:27:10.7 3.5 13.0 152 152 0
LMC32 04:27:18.9 -65:41:49.5 7.1 299.0 221 24 197
LMC33 06:51:56.5 -67:24:9.50 8.1 83.0 180 12 168
LMC34 06:05:43.3 -72:55:21.2 4.4 140.0 201 201 0
LMC35 04:06:26.5 -74:54:2.80 79 221.0 160 7 153

Gaia photometry and astrometry columns and much of Gaia EDR3 and Gaia DR3 (Gaia
Collaboration et al., 2022) are the same for the LMC stars in this work.

Our age calculations in Section 2 require uncertainties in the photometric magnitudes.
We calculate these from the relative ux uncertainties provided in the data release catalog.
Flux and magnitude are related bym = 2:5log(F ), wherem is the magnitude andF
is the ux. Using general error propagation methods and taking into account the zero point
for each Gaia band, the magnitude error is given by

S

1:085 2

— +zP

= @)
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Figure 2.3: A reproduction of the magnitude error curve for Gaia EDR3 calculated using

the Gaia photometry and equation 2.1. The blue, green, and red curves represent the BP,
G, and RP bands respectively. The curves here match qualitatively to the curves in Riello

et al. (2021).

where , is the magnitude uncertainty for the Gaia band,F = isthe ux over its error
provided by Gaia, andzp 2 is the zero point o set for the band. Plotting the calculated
error as a function of the magnitude produces the curve in Figure 2.3. This was created
by taking a large selection of stars and interpolating the error as a function of magnitude.
Qualitatively this gure closely resembles the analogous gure in Riello et al. (2021).

Gaia EDRS includes very accurate proper motions | and parallaxes ). The
reciprocal of the Gaia parallax is used to calculate distances of stars in the APOKASC
validation set (see Section 2). While taking the parallax reciprocal is non-optimal for low-

S/N values, the large majority of stars in the APOKASC sample have S/B70 where this

2Seehttps://www.cosmos.esa.int/web/gaia/dr3-passbands for these values
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is less of a problem.

APOKASC

APOKASC is a joint spectroscopic and asteroseismic dataset created by combining
APOGEE and Kepler data (Pinsonneault et al., 2014, 2018). The APOKASC stars have
well-determined masses, radii and ages. We use the APOKASC 3 (Pinsonneault et al. in
prep) catalog to validate our estimated ages and masses.

The following selection criteria are applied to the APOKASC data to best match the
APOGEE data for the LMC sample:

"~ APOKASC3 _CONS_EVSTFATES
T %= ¢ > 30

where APOKASC3_CONS_EVST&NBes RGB stars in the 6.7.4 version of the APOKASC
dataset (in contrast to red clump stars). The parallax cut is performed to ensure accurate
distances can be found by taking the reciprocal. After the selection criteria is applied, there
are 4058 RGB stars left in the APOKASC sample that spaff from 3712 to 5345. A Kiel

diagram of the nal selection is shown in Figure 2.4.

PARSEC Isochrones

In order to derive extinction, age, and mass estimates of stars we rely on the use of
PARSEC (Bressan et al. 2012; Marigo et al. 2017) isochrones, which are available orline
These containT, , logg, metallicity, initial mass, the photometric absolute magnitudes, as
well as a convenient stellar evolutionary phase labdlABE). We downloaded a nely-spaced
grid of isochrones in age and metallicity for the Gaia EDR3 and 2MASS bands. The ages
span 25 Myr to 17 Gyr in steps of 50 Myr, and the metallicities span [M/H]= 2.3 to +0.5
in steps of 0.02 dex.

Shttp://stev.oapd.inaf.it/cgi-bin/cmd
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Figure 2.4: An HR diagram for the selected APOKASC RGB stars colored by [Fe/H].

LMC Distances

The geometry of the LMC disk is well-modeled as a thin, inclined plane. Using this
simple model and well-constrained observational parameters, the distances for the LMC disk
stars can be calculated. The mathematical basis of this model comes from van der Marel &
Cioni (2001) and Choi et al. (2018b).

To calculate the distance in the inclined disk model, the rst step is to convert the (, )
celestial coordinates to a cylindrical coordinate system ( ). These coordinates are de ned
such that is the angular distance from the LMC center (radius) and is the position angle

(east of north). This is analogous to polar coordinates in 2D, but on the celestial sphere.
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The coordinate conversion to the cylindrical coordinates is:

COS =C0S Cos cos( o) +sin gsin;
sin cos = cos sin( 0); (2.2)
sin sin = cos sin sin ocos cos( 0);

where( o; o) =(82:25; 6950) is from van der Marel & Cioni (2001).
The distance can be calculated by projecting the angular coordinates onto a plane which

means the distance is the given by

Dy cosi
D= — S ; (2.3)
cosicos  sinisin sin( )

where Do = 49:9 kpc (De Grijs et al., 2014; van der Marel & Cioni, 2001) is the distance
from the Sun to the center of the LMC,i = 25:87 is the inclination of the LMC disk, and

=149:23 is the position angle of the line of nodes. Both the inclination and position angle
of the line of nodes comes from the Choi et al. (2018b) analysis of the SMASH (Nidever
et al., 2021) red clump stars. When using equation 2.3, it is important to note that many
angle are measured from North and not East, s80 is added to in practice.

We take the equation for nding the radius directly from Choi et al. (2018b), which is

2

in +
X sin y cos ; 2.4)

b=a

r(x;y)>=(xcos ysin )%+

where (= 227:24) is the position angle of the semi-major axis, and=a(= 0:836) is ratio
of the semi-minor axis to the semi-major axis. For angles measured from the norél§) must
be added to just like with above. A distance map of the LMC with the added elliptical

radius contours (annuli) can be seen in Figure 2.5.
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Figure 2.5: The resulting distance map for the LMC using Equation 2.3. The contours show
lines of constant elliptical radius starting at 1 kpc for the center contour out to 8 kpc
calculated using equation 6 from Choi et al. (2018b)
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Extinction Laws

Cardelli Extinction Law

In order to calculate and constrain the extinction across multiple bands, we adopt
the extinction law directly from Cardelli et al. (1989, hereafter CCM89) for calculating the
extinction coe cients.

The extinction relative to the V band can be found with

A =Ay = accm (X) + beem (X)=Ry; (2.5)

where accy (X) and beey (X) are functions of wavelength X = 1= ) with functional forms
that vary with the particular wavelength regime (i.e. IR, Optical) andRy Ay=E(B V).

For the IR regime 3 x 11 m 1), acem (X) and beew (X) are simply

acem (X) = 0:574¢ 1%L (2.6a)

beem (X) = 0:52716%: (2.6b)

For the NIR and Optical regime (L1 x 33 m 1), acem (X) and beey (X) are

y(x)= x 182 (2.7a)
acem () =1+0:1769y 0:5047%° 0:02427%3
+0:7208%* + 0:01979° 0:7753G° (2.7b)
+0:32999
beem (Y) = 1:41338 + 2:22830%2 + 1:07233°
5:38434% 0:6225)° + 5:3028¢/° (2.7¢)

2:09003
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As noted in CCM89, a value of 3.1 foRy reproduces what would be expected for the
di use interstellar medium and only starts to substantially deviate from this value in the
UV regime ( < 0.303 m). Since we are only considering the optical and IR regimeRy,
= 3.1 is used throughout this work unless, otherwise speci ed.

In this work, the G band extinction (Ag) is taken as the ducial instead of A, and this
is accomplished by simply dividing Equation 2.5 by A/A\. A gure of extinctions of all
six photometric bands relative to As can be seen in Figure 2.6. The CCM89 extinction law
is included in the dust_extinction 4 Python package, which is used throughout this work

for the actual calculation of the extinction coe cients.

Fitzpatrick Extinction Law

We make use of a second extinction law to validate the extinctions from Fitzpatrick
(1999, hereafter F99). For a more detailed discussion on why F99 is used see Section 2. Also,
as with CCM89, we make use oflust_extinction to calculate the extinction coe cients.

While similar to CCM89, F99 gives slightly di erent results (see Figure 2.6).

Salaris Correction

Most stellar isochrone models are based on a scaled solar composition, but in actuality
stars have a variety of chemical compositions. One solution that allows the use of the solar
scaled isochrones for stars with a more complex composition is to shift the [Fe/H] of the
isochrone based on the star's [Fe] abundance. Stars that are enhanced in-elements will
appear to have a cooleff than expected. This can result in an older age being assigned
to the star. Salaris et al. (1993) determined that an -abundance correction of the following
form would x this:

[Fe/H] .., = [Fe/H] +log(asaf + bsa); (2.8)

sal —

“https://dust-extinction.readthedocs.io/en/stable/#



37

Figure 2.6: The relative extinction curve ofA =E(B V) from both CM89 and F99. The
top axis shows the di erent photometric Iters used in this work.
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where [Fe/H] is the uncorrected metallicity,asy and by, are coe cients and f = 100~ Fl,
The original values foragy and by, are 0.638 and 0.362, respectively (Salaris et al., 1993).
For this work we recalculate theas; and by, using the solar composition from Asplund

et al. (2021). Calculating the coe cients is done using

X Ax Z 1
= 10%~ 12-°ﬁ < (2.92)

X X
dsg| =
X X

ba=1 as (2.9b)

wherelog x is the value reported in Asplund et al. (2021)Ax =A4 is the atomic mass ratio

of elementX to hydrogen from IUPAC® (not to be confused with the relative extinction
coe cients used elsewhere in this work), andZ=X) is the Asplund et al. (2021) value of
0:0187 0:0009 The sum is over the exact same elements used in Salaris et al. (1993) (i.e.
O, Ne, Mg, Si, S, Ca). The new updated values for the correction ag, = 0:659 and

by, =0:341

Calibrations

E ective Temperature

Having an accurate temperature for a star is critical as the calculation of ages and
extinctions in Section 2 relies heavily on this value. It is also important that the observed
T. and isochroneT. values agree with each other. We nd that the results from our age
validation sample is greatly improved when the temperatures provided by APOGEE are
recalibrated and the named TEFFvalues are not used directly.

Here we outline how the recalibration was performed with the stars in a two step process

by using PARSEC isochrones and low extinction RGB stars in the full APOGERIIStar

Shttps://iupac.gmul.ac.uk/Atwt/
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