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ABSTRACT

The Local Group (LG) is an environment accessible to detailed studies of galaxy
formation, providing a complement to the early universe. In particular, spectroscopy
of resolved stellar populations in the LG provides kinematical and chemical infor-
mation for individual stars that can be used to infer the history of !¢ galaxies like
the Milky Way (MW) and Andromeda (M31).

The Gaia revolution in the MW, combined with spectroscopy from APOGEE and
other surveys, has enabled comprehensive observational studies of the MW’s forma-
tion history. In addition, comparisons to simulations can be leveraged to maximally
utilize such observational data to probe the hierarchical assembly of galaxies. To-
ward this goal, I have analyzed simulations of chemical evolution in LG dwarf

galaxies to assess their ability to match observations.

The exquisite detail in which the MW has been studied is currently not achievable in
any other !¢ galaxy. For this reason, the MW is a template for our understanding of
galaxy formation. M31 is the only external galaxy that we can currently hope study
in a level of detail approaching the MW. Studies of M31 have recently taken on
greater significance, given the growing body of evidence that its formation history
differs substantially from that of the MW.

In an era of limited information about elemental abundances in M31, I have devel-
oped a technique to apply spectral synthesis to low-resolution stellar spectroscopy
in order to measure abundances for individual giant stars in distant LG galaxies.
Through undertaking the largest deep, spectroscopic survey of M31 to date with
my collaborators, this has resulted in the first measurements of the elemental abun-
dances in the inner stellar halo and stellar disk of M31, and the largest homogeneous
catalog of elemental abundances in M31. With this foundational work, we have

opened the doors to detailed studies of the chemical composition of M31.

Now, we can begin to ask—and answer—what differences in the elemental abundances
of the M31 and the MW imply for our knowledge of galaxy formation in the broader
universe. At the cusp of next-generation observational facilities and theoretical

simulations, we can only advance toward this goal.
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INTRODUCTION

1.1 Near-Field Cosmology with the Local Group

The term “near-field cosmology” was coined in 2002 in an influential review on
galaxy formation by Freeman and Bland-Hawthorn. In contrast to “far-field cos-
mology,” which relies on high-redshift galaxies to provide a snapshot of structure
formation in the distant past, near-field cosmology aims to use nearby galaxies in
our Local Group (LG) to reconstruct galaxy formation history. An intrinsic as-
sumption of near-field cosmology is that the galaxies of the LG—the Milky Way
(MW)), its sister galaxy Andromeda (M31), and over 50 satellite and isolated dwarf
galaxies—provide an informative, if not representative, picture of galaxy formation
in the broader universe. Although both the near- and far-field contain clues to the
fundamental, physical principles driving galaxy formation, near-field cosmology
has the advantage of enabling exquisitely detailed studies based on bright, resolved

stellar populations.

Whereas near-field cosmology is the ultimate goal, “galactic archaeology” is the
indispensable tool utilized in its achievement. The foundational principle of galactic
archaeology is that stellar populations preserve kinematical and chemical signatures
on timescales of many billions of years, opening a window into the early universe, the
recent past, the present, and even the future formation path of a galaxy. In particular,
the chemical composition of stars, in the form of elemental abundances measured
from stellar spectra, can serve as a fossil record of formation environment. Long after
the distinct spatial and kinematical signatures have disappeared, a stellar population
retains the chemical signatures imprinted at the time of its birth. Thus, stellar
populations with common origins are identifiable in principle by using “chemical
tagging” to associate stars with one another based on their unique set of elemental

abundances.

In addition to kinematical and chemical information, stellar ages can be inferred
from resolved stellar populations using asteroseismology and gyrochronology for
very nearby stars, and more broadly, using color-magnitude diagrams throughout the
LG (Section 6.3). Although the focus of this thesis is stellar structure within galaxies,

itis important to mention that galactic archaeology also provides a promising avenue
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to study the distribution of dark matter in the nearby universe (Section 6.2), which

is intimately connected to cosmology.

In one of the most pivotal papers in the field, Eggen, Lynden-Bell, and Sandage
(1962) illustrated both the feasibility and power of galactic archaeology as an in-
strument to uncover the nature of galaxy formation. Based on an observed anti-
correlation between orbital eccentricity and metallicity in a sample of 221 Galactic
dwarf stars, Eggen, Lynden-Bell, and Sandage (1962) concluded that the metal-poor
stars inhabited a distinct halo-like component of the Galaxy formed via the rapid,
dissipative collapse of a protogalactic cloud. This hypothesis was challenged by
Searle and Zinn (1978), who presented a more inhomogeneous and complex picture
of stellar halo formation. By measuring metallicity for 177 red giant stars across
19 Galactic globular clusters, Searle and Zinn (1978) observed that cluster metal-
licities were independent of Galactocentric distance beyond 8 kpc, leading them
to conclude that the stellar halo must have formed at least in part from distinct
protogalactic fragments. Although Searle and Zinn did not consider a scenario in
which the protogalactic fragments were external in origin, their study heralded the
inception of galactic archaeology as a means to probe the theoretical framework of

the hierarchical assembly of galaxies (e.g., Press and Schechter 1974).

Since the beginnings of this area of study, simulations of galaxy formation and
evolution have contributed significantly to development of the hierarchical assembly
scenario within the CDM paradigm (e.g., White and Rees 1978; Blumenthal et al.
1984). In our current picture the of the formation of MW- and M31-like galaxies,
the importance of hierarchical accretion of external galactic systems is difficult to
disentangle from that of in-situ formation in the classical “protogalactic cloud”
scenario. For example, stellar halos are ideal for studying hierarchical formation,
owing to long dynamical times that maintain the coherence of accreted substructure.
However, stellar halos are predicted to preserve signatures of in-situ stellar formation
(e.g., Zolotov et al. 2009; Font et al. 2011; Tissera et al. 2013; Cooper et al. 2015),
in addition to probing accretion history (e.g., Bullock and Johnston 2005; Font et al.
2006a; Cooper et al. 2010). Furthermore, the stellar halo and stellar disks of MW-
like and M31-like galaxies are connected through accretion events that not only build
up the halo, but can impact the evolution of the disk (Abadi et al. 2003; Penarrubia,
McConnachie, and Babul 2006; Tissera, White, and Scannapieco 2012). In turn,
stellar disks can contribute to the inner stellar halo via heating mechanisms which

serve as a distinct in-situ formation channel (Purcell, Bullock, and Kazantzidis 2010;



McCarthy et al. 2012; Tissera et al. 2013; Cooper et al. 2015).

In order to conclusively settle the relative importance of these various formation
channels for !¢ galaxies, detailed chemical and kinematical information of the
resolved stellar populations of nearby galaxies, such as the MW and M31, are

necessary.

A Brief History of Near-Field Cosmology with the MW

By definition, the galaxy in which we reside is the nearest, and thus the most ac-
cessible for studies of near-field cosmology. Over the last few decades, astronomers
have tirelessly worked toward Freeman and Bland-Hawthorn’s vision of the “New

Galaxy,” an exhaustive reconstruction of formation history for each stellar compo-
nent of the MW.

The genesis of this objective can arguably be traced to the discovery of the tidally
disrupting Sagittarius dwarf galaxy in 1994 by Ibata, Gilmore, and Irwin. At
the time of its discovery, only the “classical” dwarf spheroidal galaxies and the
Magellanic Clouds were known satellites of the MW. Although the Magellanic
Clouds showed signs of tidal interaction with the MW via a stream of neutral gas,
no such stellar streams were detected (e.g., Mathewson, Cleary, and Murray 1974;
Putman et al. 1998). The findings of Ibata, Gilmore, and Irwin (1994) and Ibata,
Gilmore, and Irwin (1995) provided direct evidence that at least some globular
clusters and field stars in the MW’s stellar halo originated from tidally disrupted,
accreted dwarf galaxies, reinvigorating the hypothesis that minor mergers played a
significant role in the formation of MW-like galaxies. Several years later, a plethora
of substructure in the MW’s stellar halo was detected in commissioning data from
the Sloan Digital Sky Survey (SDSS; Yanny et al. 2000; Ivezi¢ et al. 2000), much of
which was attributed the newly discovered stream resulting from the cannibalization
of Sagittarius (Ibata et al. 2001b). Despite early indications (e.g., Lynden-Bell and
Lynden-Bell 1995; Majewski, Munn, and Hawley 1996; Helmi et al. 1999a), the
degree of inhomogeneity and clustering observed in the stellar halo of the MW
was surprising given that the survey had observed 1% of the sky, suggesting that
substructure was likely a common feature of the MW’s halo. The contemporaneous
discovery of Andromeda’s Giant Stellar Stream (GSS, Section 1.2; Ibataetal. 2001a)
bolstered observational support for the predictions of galaxy formation theory (e.g.,
Cole et al. 1994; Johnston, Hernquist, and Bolte 1996; Klypin et al. 1999; Moore
et al. 1999; Helmi and White 1999; Bullock, Kravtsov, and Weinberg 2000, 2001),
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providing the first indication that substructure of external origins may in fact be a

common feature of stellar halos in general (see also Shang et al. 1998).

Notwithstanding the successes of the Searle and Zinn “fragment” hypothesis for the
observed properties of the MW’s stellar halo, a perceived challenge remained from a
theoretical perspective. In 1996, Unavane, Wyse, and Gilmore attempted to quantify
the number of Carina-like and Fornax-like galaxies expected to contribute to the
accreted stellar halo of the MW based onits  + color and photometric metallicity,
relying on the assumption that the accreted progenitor galaxies would have the same
chemical properties as present-day dwarf spheroidal (dSph) satellites. With the
development of 8-10 m class telescopes combined with efficient high-resolution
spectrographs, direct measurements of the chemical abundances of MW dSphs
emerged as a new field of study, enabling comparisons to the Galactic halo (e.g.,
Shetrone, Bolte, and Stetson 1998; Fulbright 2000; Shetrone, Co6té, and Sargent
2001; Stephens and Boesgaard 2002; Fulbright 2002; Shetrone et al. 2003; Tolstoy
etal. 2003; Venn et al. 2004). An unanimous conclusion among these works was that
the chemical abundances of present-day dSphs disagree with the Galactic halo. Most
notably, the dSphs have lower U-element abundances at fixed metallicity compared to
the MW. A proposed remedy to this issue in the hierarchical assembly paradigm was
that the accreted “protogalactic fragments” were not chemically identical to present-
day dSphs. For example, Venn et al. (2004) speculated that these progenitors could
have been high-mass, although the distinct chemical signatures of Sagittarius relative
to the MW presented a potential problem (Bonifacio et al. 2004). Alternatively, the
progenitors could have been low-mass like the dSphs, but accreted early in the MW’s

formation history before they became chemically evolved.

The solution to this challenge for the hierarchical assembly paradigm resulted from
the significant advance of coupling cosmological simulations (e.g., Wechsler et al.
2002; Bullock and Johnston 2005) of galaxy formation with chemical evolution
modeling. Within this framework, Robertson et al. (2005) demonstrated that the
observed differences in chemical abundance patterns between MW dSphs and the
Galactic halo was a natural consequence of CDM cosmology. The primary
progenitors of stellar halos were predicted to be both massive ( 5 10'% ** ) and
destroyed early ( 10 Gyr ago). Thus, their star formation histories were truncated
and dominated by the yields of core-collapse supernovae, resulting in metal-poor
and U-enhanced stars as observed in the Galactic halo (see also Font et al. 2006a;
Johnston et al. 2008; Cooper et al. 2010).
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While this debate on the relationship between the presumably accreted Galactic halo
and MW dSphs occurred, early studies that focused on the MW’s halo alone noticed
stellar populations that appeared to be chemically and/or kinematically distinct (e.g.,
Nissen and Schuster 1997 and Chiba and Beers 2000, with even earlier indications
by Majewski, Munn, and Hawley 1996 and Carney et al. 1996). Such observations
inspired the concept of the “dual halo” (Norris 1994; Carollo et al. 2007; Zolotov
et al. 2009; Carollo et al. 2010; Beers et al. 2012), which consisted of both a
dissipative in-situ component (a la Eggen, Lynden-Bell, and Sandage 1962) and
a dissipationless accreted component (2 la Searle and Zinn 1978). In particular,
Carollo et al. (2007) used SDSS data (York et al. 2000) to associate the metal-
rich ([Fe/H] 1 6), prograde inner halo (10-15 kpc) of the MW with an in-situ
component, and metal-poor ([Fe/H] 2 2), retrograde outer halo (15-20 kpc)
with an accreted component. However, the perceived duality of the stellar halo was
contested by Schonrich, Asplund, and Casagrande (2011) and Schonrich, Asplund,
and Casagrande (2014), who argued that SDSS did not provide robust evidence for
a two-component halo, but rather a single-component halo rife with substructure.
Contemporaneously, Nissen and Schuster (2010), Nissen and Schuster (2011), and
Schuster et al. (2012) identified two chemically and kinematically distinct stellar
populations at fixed metallicity in the halo, characterized by prograde (retrograde)
rotation and high (low) [U/Fe] presumably corresponding to an in-situ (accreted)

component.

As chemical abundance studies advanced our understanding of stellar halo for-
mation, they presented new challenges for our comprehension of disk formation.
Bensby, Feltzing, and Lundstrom (2003), Reddy et al. (2003), and Reddy, Lambert,
and Allende Prieto (2006) identified two tracks in U-element abundance at fixed
metallicity in the MW’s disk for subsolar metallicities, suggesting that the thin and
thick disks have different origins. This dichotomy in the chemical properties of
the MW’s disk consistently appeared in subsequent surveys (e.g., Adibekyan et al.
2013; Bensby, Feltzing, and Oey 2014), as well as different scale lengths for the
chemically thin and thick disks (e.g., Bensby et al. 2011; Cheng et al. 2012a). In
order to explain these interesting abundance patterns, studies largely invoked inter-
nal mechanisms such as two-infall scenarios for disk formation (Brook et al. 2012;
Minchev, Chiappini, and Martig 2014; Nidever et al. 2014).

With the dawn of industrial-scale spectroscopic (e.g., APOGEE, GALAH; Majewski
etal.2017; De Silvaet al. 2015) and astrometric surveys (Gaia; Gaia Collaboration et
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al. 2016a; Gaia Collaboration et al. 2018) of the MW, our understanding of the MW’s

formation history has undergone a revolution. By cross-matching complementary
data across surveys, it has become apparent that the properties of the inner halo are
dominated by a single accretion event (Gaia-Enceladus-Sausage, or GES; Helmi et
al. 2018; Belokurov et al. 2018; Haywood et al. 2018), which is intimately connected
to the evolution of the disk and the emergence of the in-situ halo (Mackereth
et al. 2018; Gallart et al. 2019; Mackereth et al. 2019b; Di Matteo et al. 2019;
Belokurov et al. 2020; Bonaca et al. 2020). The “dual halo” consists of metal-poor,
slightly retrograde tidal debris from the GES merger and a metal-rich, prograde,
proto-disk heated to halo-like kinematics as a result of the merger.l Furthermore,
the distinct chemical tracks in the MW’s disk (further confirmed by APOGEE;
Haywood et al. 2013; Hayden et al. 2014; Nidever et al. 2014) may directly result
from this early ( 10 Gyr), massive (4:1 merger ratio) GES event (Mackereth et
al. 2018; Bonaca et al. 2020). Undoubtedly, future spectroscopic surveys of the
MW (Section 6.2) will unveil new insights into the formation of its bulge, outer

disk, and outermost halo.

The Milky Way versus Andromeda

The MW is the core of near-field cosmology. As a consequence, the MW has
historically served as a template for galaxy formation and as the context in which
we interpret studies of other !¢ galaxies. However, this is potentially problematic
given that the MW’s sister galaxy, M31, appears to be more representative of a
typical spiral galaxy, based on comparisons to local disk galaxies beyond the Local
Group, in terms of rotational velocity, absolute K-band luminosity, and stellar halo
metallicity (Hammer et al. 2007). In contrast, the MW seems to be systematically
offset by 1F in each of these parameters. Thus, studies of M31’s history are

essential to place our understanding of galaxy formation in a cosmological context.

ISee Helmi (2020) for a discussion of the tension between the details of the dual halo picture
proposed by Carollo et al. (2007) and Carollo et al. (2010) and that revealed by Gaia DR2.



Table 1.1: Properties of the Milky Way vs. M31

Property MW M31 References
Total Mass (0.5-1.5) 102" (1-2) 107> "" 41,42

Virial Radius 250-300 kpc 290 kpc 36,47

Stellar Mass (5-7) 10'°M 1 10 40, 43

V-band Luminosity (3-4) 10101 3 10001 4,15

Stellar Disk Mass (3-4) 100" (7-11) 101°M 4,46
Rotational Velocity 220kms ! 250kms ! 7,47

Disk Scale Length 2 kpc 5-6 kpc 5,11,20

Disk Scale Height 0.6-0.7 kpc 0.5-1 kpc 5,13

Thin Disk? Yes Unclear 9,21, 35

Disk Age-Dispersion f- 30kms '(4Gyr) | £ 90kms ' (4 Gyr) | 21,38

Disk [Fe/H] Gradient (0.07-0.09) dex kpc ! 0 02 dex kpc ! 8, 30, 32

Disk [U/Fe] Tracks? Yes Unknown 3, 37,22

Stellar Halo Mass (1-2) 10° " 1 1010 17, 34, 39
Stellar Halo Luminosity (6-10) 108 1 2 1071 17, 34

Stellar Halo [Fe/H] 1.6 ( 1.27) 11 6, 10, 14, 23
Stellar Halo [U/Fe] 0.3 04 23,44

Halo [Fe/H] Gradient Weak (0.01-0.02) dex kpc 1110, 14, 23, 26
Halo [U/Fe] Gradient Weak Negligible 23,26

Density Profile Slope 2-4) 2 16, 28, 34, 39, 45
Density Profile Break? Yes No

In-Situ Stellar Halo? Yes Maybe 2,18, 19, 20, 27
Last Major Accretion Event GES (10 Gya) GSS (1-4 Gya) 1,12, 24,25, 31, 33
Progenitor Stellar Mass 1033 9 =" 107 10 ==

References.—(1) Belokurov et al. (2018), (2) Belokurov et al. (2020), (3) Bensby et al. (2011), (4) Bland-Hawthorn and Gerhard (2016), (5) Bovy et al. (2012),
(6) Carollo et al. (2010), (7) Chemin, Carignan, and Foster (2009), (8) Cheng et al. (2012b), (9) Collins et al. (2011), (10) Conroy et al. (2019), (11) Courteau
etal. (2011), (12) D’Souza and Bell (2018a), (13) Dalcanton et al. (2015), (14) de Jong et al. (2010), (15) de Vaucouleurs et al. (1991), (16) Deason, Belokurov,
and Evans (2011), (17) Deason, Belokurov, and Sanders (2019), (18) Di Matteo et al. (2019), (19) Dorman et al. (2012), (20) Dorman et al. (2013), (21) Dorman
et al. (2015), (22) Escala et al. (2020a), (23) Escala et al. (2020b), (24) Fardal et al. (2007), (25) Fardal et al. (2008), (26) Fernandez-Alvar et al. (2017), (27)
Gallart et al. (2019), (28) Gilbert et al. (2012), (29) Gilbert et al. (2014), (30) Gregersen et al. (2015), (31) Hammer et al. (2018), (32) Hayden et al. (2014),
(33) Helmi et al. (2018), (34) Ibata et al. (2014), (35) Juri¢ et al. (2008), (36) Klypin, Zhao, and Somerville (2002), (37) Nidever et al. (2014), (38) Mackereth
et al. (2019a), (39) Mackereth and Bovy (2020), (40) McMillan (2011), (41) Pefiarrubia et al. (2014), (42) Patel, Besla, and Mandel (2017), (43) Seigar, Barth,

and Bullock (2008), (44) Venn et al. (2004), (45) Walker et al. (2009), (46) Williams et al. (2017), (47) Xue et al. (2008)
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In Table 1.1, I summarize the similarities and differences between the most relevant
properties of the MW and M31 for this thesis. Most notably, there is growing
evidence that the MW has a quiescent merger history that sets it apart from the
active, recent merger history of M31 (Section 1.2). The MW exhibits a broken
power law in its stellar halo density profile (e.g., Watkins et al. 2009; Deason et al.
2013), where the break radius is likely defined by the build-up of accreted stars from
a single, ancient dwarf galaxy (Deason et al. 2018). M31 does not show any break
in its density profile throughout its entire stellar halo (Gilbert et al. 2012), which
indicates that M31 has likely had multiple and continuous contributions to its stellar

halo from accreted galaxies.

In particular, the wealth of stellar structure visible in M31’s stellar halo (Section 1.2)
may partially result from a merger with an external galaxy of ""¢  10'°*" (Ham-
mer et al. 2018; D’Souza and Bell 2018a), whereasa **¢ 1083 2" merger likely
dominates the stellar halo of the MW (Helmi et al. 2018; Belokurov et al. 2018).
Simulations predict that 70% of MW-mass and M31-mass galaxies should have ex-
perienced a major merger (Stewart et al. 2008). If so, a major merger in M31 would
be in accordance with the fact that it seems to better represent spiral galaxies than
the MW. Even if M31 materializes as a less representative galaxy than previously
thought, detailed studies of M31 are still extremely valuable—both as a contrast to
the MW, and in its own right as a unique example of !¢ galaxy formation.

1.2 The History of Resolved Stellar Populations in Andromeda
“It no doubt appears strange that the magnificent Andromeda Spiral,
which under a transparent sky is so evident to the naked eye, should be so
faint spectrographically.”

— V. M. Slipher, 1913

Around the year 964 CE, Andromeda was first described by the Persian astronomer
Abd al-Rahman al-Sufi in the Book of Fixed Stars as al-Latkha al-Sahabiya, a
“nebulous smear” or “little cloud” (Hafez 2010). Later, in 1785, William Herschel
remarked that Andromeda was “undoubtedly the nearest of all the great nebulae”
based on the “faint red colour” of its brightest regions (Herschel 1785). Although
characterized as a nebula, as were all external galaxies, there were early suggestions
that Andromeda—or Messier 31—was indeed a galaxy, or “island universe” (a term
attributed to Immanuel Kant in 1755). In 1864, a spectrum of Andromeda’s inner

spheroid taken by William Huggins revealed stellar absorption features, where “the
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light appeared to cease very abruptly in the orange,” instead of showing signatures of
“the bright lines” characteristic of gaseous nebula (Huggins and Miller 1864). The
first measurement of M31’s line-of-sight velocity of 300 km s ! was the “greatest
hitherto observed” of any astronomical object, suggesting that the “spirals as a class
may have higher velocities than do the stars” (Slipher 1913). Observations of this
nature in Andromeda culminated in The Great Debate of 1920, on the subject of
whether “these spirals [were] in fact congeries of vast numbers of stars, like our own
Galaxy” (Curtis 1988). Several years later, Edwin Hubble conclusively settled this
debate by identifying Cepheid variable stars in photographic plates (taken at Mt.
Wilson observatory) to infer that M31 was at least 275 kpc away (Hubble 1929).
Verily, studies of M31 have served as a foundation of near-field cosmology for well

over a century.

The history of resolved stellar population studies in M31 began in 1944 with Walter
Baade. He used red-sensitive plates to show that resolved stars in M31’s central
regions had properties similar to Galactic globular clusters (Baade 1944). In this
fundamental study, Baade developed the broadly influential framework of Population
I and II stars through comparisons between red, old stars in M31’s bulge and blue,
young stars in M31’s disk. The next advance in studies of resolved stellar populations
in M31 did not occur until Mould and Kristian obtained CCD-based photometry for
the galaxy and its companion, M33, in 1986 to discover that M31 had a comparatively
high mean photometric metallicity ([Fe/H]pnoe 0 6 at 7 kpc). The age of modern
M31 studies would not begin until the mid-1990s, ushered in by the launch of the
Hubble Space Telescope in 1990 and the commissioning of the Keck telescopes in
1993 (Keck I) and 1996 (Keck II).

Early studies of resolved stars in M31’s inner spheroid found that its surface bright-
ness profile within 20-30 projected kpc followed a de Vaucouleurs profile similar
to that of M31’s bulge (Pritchet and van den Bergh 1994; Durrell, Harris, and
Pritchet 2004; Irwin et al. 2005), in contrast to the power-law density profile found
for the inner MW (e.g., Yanny et al. 2000). Furthermore, M31’s stellar density
was found to be 10 times higher than the MW at an analogous projected distance
(Reitzel, Guhathakurta, and Gould 1998). Based on color-magnitude diagrams,
early studies also established that M31’s inner spheroid was primarily composed
of red, photometrically metal-rich stellar populations with broad red giant branches
indicative of a spread in metallicity and/or stellar age (Mould and Kristian 1986;
Davidge 1993; Durrell, Harris, and Pritchet 1994; Holland, Fahlman, and Richer
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1996; Rich et al. 1996; Reitzel, Guhathakurta, and Gould 1998; Durrell, Harris,
and Pritchet 2001; Bellazzini et al. 2003; Durrell, Harris, and Pritchet 2004). The
studies that investigated the photometric metallicity distribution as a function of

radius did not find any evidence for a gradient within 30 projected kpc (Durrell,
Harris, and Pritchet 2001; Bellazzini et al. 2003; Durrell, Harris, and Pritchet 2004).

An implicit assumption in the aforementioned studies that relied solely on photom-
etry (e.g., Mould and Kristian 1986; Durrell, Harris, and Pritchet 1994; Holland,
Fahlman, and Richer 1996) was that the spheroid of M31 corresponded to a halo-like
component, except with bulge-like properties. By targeting the innermost regions
of the spheroid ( - 10 projected kpc), such studies largely circumvented the issue of
sample contamination by distant, unresolved background galaxies and foreground
Galactic dwarf stars owing to M31’s high stellar density. A separate question is what
type of M31 giant stars were probed in these regions—genuine halo stars, or interlop-
ing disk giants—since a detailed structural decomposition of M31’s inner spheroid
had not been performed. As noted by Reitzel, Guhathakurta, and Gould (1998),
stellar spectroscopy was necessary in order to kinematically identify a clean sample
of M31 RGB stars in the then putative stellar halo. Reitzel and Guhathakurta (2002)
presented first results from a Keck/LRIS spectroscopic survey, isolating likely M31
RGB stars (with line-of-sight velocities ~ 220km s !)in a field at 19 kpc along the
minor axis, to confirm the existence of metal-poor ([Fe/H] 1) stars in M31 that
had been suggested by previous HST imaging (e.g., Holland, Fahlman, and Richer
1996; Durrell, Harris, and Pritchet 2001). Using the new Keck/DEIMOS instrument
(Faber et al. 2003) to develop spectroscopic (and photometric) diagnostics to isolate
M31 RGB stars (Gilbert et al. 2006), Guhathakurta et al. (2005) discovered M31°s
previously elusive, extended, metal-poor halo component. In contrast to the bulge-
like inner spheroid, this robustly identified halo had a power-law surface brightness
profile (see also Irwin et al. 2005) extending out to 165 projected kpc, and was at

least 3 times larger than any previously mapped stellar component in M31.

Subsequent studies supported the detection of a metal-poor stellar halo (with [Fe/H]
as low as 2) in M31 and aimed to describe its global metallicity properties
(Kalirai et al. 2006b; Chapman et al. 2006; Koch et al. 2008). Both Kalirai et
al. (2006a) and Koch et al. (2008) found evidence of a metallicity gradient in M31’s
stellar halo along the minor axis from photometric and calcium-triplet based metal-
licity estimates, respectively. Although Chapman et al. (2006) detected a significant

metal-poor population from their co-added spectra taken primarily along major axis
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fields, they did not find any metallicity variation as a function of radius. In a more
detailed view of the stellar halo, greater spectroscopic coverage painted a portrait of
an increasingly complex structure. Larger spectroscopic samples of individual RGB
stars from the Spectroscopic and Photometric Landscape of Andromeda’s Stellar
Halo (SPLASH) survey revealed the presence of kinematically distinct substructure
too faint to detect with photometry alone, while enabling the characterization of the
spatial, kinematic, and chemical properties of the prominent GSS tidal feature and
related structures (Guhathakurta et al. 2006; Kalirai et al. 2006a; Gilbert et al. 2007,
Gilbert et al. 2009; Fardal et al. 2012).

As spectroscopic studies of M31°s halo advanced, so did photometric studies using
HST, the Isaac Newton Telescope, and the Canada-France-Hawaii telescope. These
censuses revealed a wealth of substructure and significant inhomogeneity in M31’s
stellar halo (Ferguson et al. 2002; McConnachie et al. 2003; Ferguson et al. 2005;
Ibata et al. 2007; Richardson et al. 2009), most notably the GSS (Ibata et al. 2001a),
and a kinematically detected massive, metal-rich, extended disk (Ibata et al. 2005).
Taken together, these structures contributed to the emerging picture that the accretion
of galactic systems was instrumental in building M31’s halo. Analyses of HST
color-magnitude diagrams consistently provided evidence in favor of intermediate
age ( 8-10 Gyr) stellar populations in M31’s halo, outer disk, and GSS, and a
possible connection between stellar populations in the apparently “smooth” stellar
halo and GSS (Ferguson and Johnson 2001; Brown et al. 2003; Brown et al. 2006;
Brown et al. 2007; Brown et al. 2008; Richardson et al. 2008). Models of the GSS
formation showed that many properties of M31’s inner halo could be explained by
tidal debris related to the GSS merger event (Fardal et al. 2006; Font et al. 2006b;
Fardal et al. 2007; Mori and Rich 2008; Sadoun, Mohayaee, and Colin 2014).

Motivated by the rich substructure content of M31’s halo, a previous imaging survey
(Ibata et al. 2007) was extended to form the Pan-Andromeda Archaeological Survey
(PAndAS; McConnachie et al. 2009), which provides CFHT/MegaCam coverage in
all four quadrants of M31’s halo out to 150 kpc. Both PAndAS and a concurrent
minor-axis photometric survey using Subaru/HSC (Tanaka et al. 2010) aimed to
constrain M31’s formation history by translating the amount of detected substructure
into a mass function of accreted progenitor galaxies. For example, McConnachie
et al. (2018) estimated that the various distinct substructures in M31’s stellar halo
(as seen from PAndAS) were produced by at least 5 separate accretion events within
the last 4 Gyr.
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In the era of large spectroscopic (SPLASH) and photometric (PAndAS) surveys of
M31’s stellar halo, such questions could be addressed using statistically significant
samples of M31 RGB stars for the first time. Studies of the global properties
of M31’s halo revealed that it in fact possessed a steep (photometric) metallicity
gradient (Gilbert et al. 2014; Ibata et al. 2014), suggesting that the inner and outer
halo of M31 had either distinct formation mechanisms or dominant progenitor(s).
Modern determinations of M31’s surface brightness profile (Courteau et al. 2011;
Gilbert et al. 2012; Ibata et al. 2014) showed that it followed a continuous power-law
to large radii ( 90 kpc) without any apparent break, in contrast to the MW (e.g.,
Watkins et al. 2009). This implies that M31 experienced a comparatively prolonged
accretion history (e.g., Deason et al. 2013). M31’s velocity dispersion profile has
also been measured out to about half its virial radius (Gilbert et al. 2018), with the

intention of constraining its total mass.

Globally representative studies of M31’s disk advanced along with that of the stellar
halo. At first, imaging was localized to several pencil-beam HST pointings in both
the southwestern and northeastern disk, which showed evidence for bursts of star
formation 2 Gyr ago and a dominant formation epoch of I . 1 with a median
stellar age of 7.5 Gyr (Bernard et al. 2012; Bernard et al. 2015a; Bernard et
al. 2015b). Using HST, the Panchromatic Hubble Andromeda Treasury (PHAT;
Dalcanton et al. 2012), a multi-cycle program, produced the first spatially resolved
map of M31’s northeastern disk, based on millions of individual stars spanning 0
to 20 projected kpc. This resulted in studies of both the recent (Lewis et al. 2015)
and ancient (Williams et al. 2017) star formation history across M31’s disk, and
the significant detection of an unusual global burst of star formation 2-4 Gyr
(Williams et al. 2015). Using PHAT photometry to isolate SPLASH spectroscopic
targets in M31’s disk, Dorman et al. (2012) performed the first detailed structural
decomposition of M31’s inner regions to disentangle M31’s inner spheroid from its
disk. In a series of studies, Dorman et al. (2012) detected significant rotation of
the spheroid, Dorman et al. (2013) found evidence of kicked-up disk stars in M31’s
inner halo, and Dorman et al. (2015) measured a surprisingly steep age-velocity
dispersion correlation in M31’s disk. Both this fact and the asymmetric drift as a
function of stellar age (Quirk et al. 2019) in M31’s disk pointed to continuous heating
events affecting its evolution. PHAT also resulted in the first systematic study of the
(photometric) metallicity of M31’s disk (Gregersen et al. 2015), whereas previously
the (calcium-triplet based) metallicity of M31’s disk had only been studied from
DEIMOS masks covering a small total area (Ibata et al. 2005; Collins et al. 2011).



13

The kinematical properties of M31’s disk, its star formation history, and the nature of
substructure of M31’s inner halo could potentially be explained by a major merger.
This scenario could result in (1) the formation of an extended disk, (2) an unusually
high velocity dispersion in the inner disk, (3) a global burst of star formation across
the disk, (4) the wealth of substructure observed in the inner halo, such as the GSS,
and (5) the observed similarity between the star formation history of the GSS and
other probed regions in the inner halo. Indeed, such a major merger may be the
merger that formed the GSS. In this unfolding scenario, the origin of the GSS is a
4:1 merger occurring within the last 4 Gyr (Fardal et al. 2008; Hammer et al. 2010;
Hammer et al. 2018; D’Souza and Bell 2018a; Quirk and Patel 2020), as opposed

to the previously assumed origin in a minor merger (e.g., Fardal et al. 2007).

If such a merger occurred, the implications for our understanding of the formation
of 1¢ galaxies in the universe are significant: because M31 may be more represen-
tative of spiral galaxies than the MW (Section 1.1), this suggests that the majority
of spiral galaxies may have experienced a late major merger (e.g., Stewart et al.
2008). Furthermore, the differences between M31 and the MW (Section 1.1) may
indicate that the MW is not a representative template. To conclusively address this
possibility, 6D phase space information (achieved with proper motions and precise
distances), detailed simulations of the formation of M31-like galaxies (Section 6),
and perhaps most crucially, chemical abundance measurements beyond metallicity
are necessary. Thus, we begin our story of elemental abundances in M31 following
the first measurements of [U/Fe] for 4 individual RGB stars in M31’s outer halo
(Vargas et al. 2014).

1.3 Thesis Outline

In the following chapters, I use both state-of-the-art simulations (Chapter 2) and new
observational techniques (Chapter 3) to probe the complex relationship between
chemical abundances of galaxies and their formation histories. In particular, I

focus on measuring [Fe/H] and [U/Fe] for individual red giant branch stars in M31
(Chapters 4, 5).

In Chapter 2, I perform a comprehensive analysis of chemical evolution predictions
of simulated LG dwarf galaxies against observations. I model [Fe/H] distribution
functions and [U/Fe] vs. [Fe/H] abundance patterns in high-resolution, cosmologi-
cal, zoom-in simulations to assess the impact of a sub-grid model for the turbulent

diffusion of metals in gas on the realism of the simulated abundance distributions.
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In Chapter 3, I develop a technique to apply spectral synthesis to low-resolution
stellar spectroscopy (” 2500) to measure [Fe/H] and [U/Fe] for individual red
giant branch stars in distant LG galaxies. Using this technique, I reliably make the
first measurements of [Fe/H] from spectral synthesis and [U/Fe] in the inner stellar
halo of M31.

In Chapter 4, I apply the technique to measure [Fe/H] and [U/Fe] for a sample of 70
individual red giant branch stars across the inner stellar halo, GSS, and outer disk
of M31. These are the first measurements of [U/Fe] in M31’s disk. I also perform
a comparative analysis of chemical abundances between the various probed stellar

structures.

In Chapter 5, I further expand upon this sample to construct the largest homogeneous
set of chemical abundances in M31 to date. Prior to the work of my collaborators
and me, there were only 4 measurements of [U/Fe] in M31, whereas now there are
230 measurements. I compile the available measurements of [Fe/H] and [U/Fe] to

analyze the global chemical properties of M31’s inner stellar halo.

Finally, in Chapter 6, I present a view toward the future of near-field cosmology in
the LG in the era of the 2020s and 2030s. I provide an overview of future instruments

and telescopes and briefly discuss next steps for simulations of galaxy formation.
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MODELING CHEMICAL ABUNDANCE DISTRIBUTIONS FOR
DWARF GALAXIES IN THE LOCAL GROUP: THE IMPACT OF
TURBULENT METAL DIFFUSION

Escala, Ivanna, et al. 2018. “Modelling chemical abundance distributions for dwarf
galaxies in the Local Group: the impact of turbulent metal diffusion”. MN-
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Abstract

We investigate stellar metallicity distribution functions (MDFs), including Fe and U-
element abundances, in dwarf galaxies from the Feedback in Realistic Environments
(FIRE) project. We examine both isolated dwarf galaxies and those that are satellites
of a Milky Way-mass galaxy. In particular, we study the effects of including a sub-
grid turbulent model for the diffusion of metals in gas. Simulations that include
diffusion have narrower MDFs and abundance ratio distributions, because diffusion
drives individual gas and star particles toward the average metallicity. This effect
provides significantly better agreement with observed abundance distributions in
dwarf galaxies in the Local Group, including small intrinsic scatter in [U/Fe] vs.
[Fe/H] of . 0.1 dex. This small intrinsic scatter arises in our simulations because

the interstellar medium in dwarf galaxies is well-mixed at nearly all cosmic times,
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such that stars that form at a given time have similar abundances to - 0.1 dex. Thus,
most of the scatter in abundances at | = 0 arises from redshift evolution and not from
instantaneous scatter in the ISM. We find similar MDF widths and intrinsic scatter
for satellite and isolated dwarf galaxies, which suggests that environmental effects
play a minor role compared with internal chemical evolution in our simulations.
Overall, with the inclusion of metal diffusion, our simulations reproduce abundance
distribution widths of observed low-mass galaxies, enabling detailed studies of

chemical evolution in galaxy formation.

2.1 Introduction

Dwarf galaxies, which probe the low-mass (M . 10° M ) end of the galaxy mass
spectrum, serve as an environment to test models of galaxy formation. Dwarf
galaxies are extremely sensitive to feedback effects from supernovae (SNe) and
stellar winds, owing to their shallow gravitational potential wells. This results in
significant mass loss (e.g., Dekel and Silk 1986), and thus metal loss, which is

relevant for studies of galactic chemical evolution.

Owing to their small sizes, low masses, and relatively ineflicient star formation,
dwarf galaxies can be challenging to simulate accurately. However, given that they
form out of a small volume, dwarf galaxies are ideal for targeted zoom-in simula-
tions. Hydrodynamical simulations of galaxy evolution have achieved increasingly
high baryonic particle mass resolution, such that only a few SNe occur per star
particle, where each star particle represents a single stellar population. The limited
mass-sampling of chemical enrichment histories thus becomes important for simu-
lating dwarf galaxies in the given stellar mass range. Consequently, the predicted
chemical evolution of dwarf galaxies will be impacted by the specific feedback
implementation used in such simulations. For example, the predicted abundances
are subject to stochastic sampling of nucleosynthetic events (e.g., the “enrichment

sampling problem” of Wiersma et al. 2009).

A majority of the studies investigating the detailed properties of chemical evolution
have been based on one-zone numerical models of galactic chemical evolution with
instantaneous mixing (Lanfranchi and Matteucci 2003; Lanfranchi and Matteucci
2007, 2010; Lanfranchi, Matteucci, and Cescutti 2006; Kirby et al. 2011a). Only
recently have hydrodynamical simulations of cosmological isolated dwarf galaxies
attempted to go beyond accurately reproducing the stellar mass-metallicity relation

(Ma et al. 2016) to include more detailed chemical evolution properties (Marcolini
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et al. 2008; Revaz et al. 2009; Sawala et al. 2010; Revaz and Jablonka 2012).

For example, Sawala et al. (2010) simulated the metallicity distribution functions
(MDFs) and U-element abundance ratios for isolated dwarf galaxies, yet the MDF
is broad compared to observations (Kirby et al. 2011a) and contains a pronounced,
unobserved low-metallicity tail, whereas the scatter in the U-element abundances
is large, particularly at low-metallicity (Tolstoy, Hill, and Tosi; Kirby et al. 2011b;
Frebel and Norris 2015). However, both MDFs and abundance ratios can serve as
tests of the metal injection scheme, energy and momentum injection from stellar

feedback, yields, and microphysics in the interstellar medium (ISM).

Until recently (e.g., Shen, Wadsley, and Stinson 2010; Shen et al. 2013; Pilkington et
al. 2012; Brook et al. 2014), sub-grid turbulent diffusion has been neglected in many
astrophysical simulations based on Lagrangian methods, such as smoothed particle
hydrodynamics (SPH) or mesh-free methods. This is despite the fact that supersonic,
compressible flows result in a turbulent cascade that transports momentum to small
scales, where viscous forces begin to dominate (Wadsley, Veeravalli, and Couchman
2008). Furthermore, “standard” SPH methods are known to suppress mixing on
small scales, in contrast to Eulerian codes (Agertz et al. 2007) and other finite-
volume methods (Hopkins 2015), which include intrinsic numerical diffusion (e.g.,
Recchi, Matteucci, and D’Ercole 2001). In contrast to most prior galaxy evolution
simulations, the Feedback in Realistic Environments (FIRE)1 project (Hopkins et
al. 2014; Hopkins et al. 2018) has recently implemented (Su et al. 2017) a model

for turbulent metal diffusion (TMD) due to unresolved, small-scale eddies.

Su et al. (2017) considered the impact of sub-grid metal diffusion in the context of
a realistic, multi-phase ISM influenced by strong stellar feedback processes. They
found that sub-grid metal diffusion does not significantly impact cooling physics,
having no systematic effect on galactic star formation rates. This is in contrast to the
findings of Shen, Wadsley, and Stinson (2010) and Pilkington et al. (2012) on the
effects of including fluid microphysics. For example, Shen, Wadsley, and Stinson
(2010) concluded that simulations without sub-grid metal diffusion produce slightly
fewer stars, since fewer gas particles experience gas cooling and subsequently turn
into stars. Comparatively low spatial resolution, such that the turbulent driving
scales are not resolved, could potentially explain the discrepancy (Su et al. 2017).
Although sub-grid metal diffusion does not significantly impact cooling rates or

star formation rates in the FIRE simulations, sub-grid metal diffusion is expected to

I'The FIRE project website is http://Fire.northwestern.edu.
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strongly impact chemical evolution.

Motivated by previous studies (e.g., Aguirre et al. 2005) that have shown that met-
als are too inhomogeneous in simulations, the introduction of a diffusive term on
sub-grid scales has recently been explored as a promising solution to the problem of
reproducing realistic MDFs and abundances. Shen, Wadsley, and Stinson (2010) im-
plemented a turbulence-induced mixing model in SPH simulations based on velocity
shear, as opposed to the velocity-dispersion based model of Greif et al. (2009). Using
the latter model, Jeon, Besla, and Bromm (2017) incorporated metal diffusion into
a fully cosmological study of the chemical abundances of ultra-faint dwarf galax-
ies. Williamson, Martel, and Kawata (2016) investigated sub-grid metal mixing in
non-cosmological, isolated dwarf galaxies, and found that the metallicity of stars
is not strongly dependent on how the diffusivity is calculated from the the velocity
distribution. In addition, they observed a reduction of scatter in stellar abundances
and the suppression of low-metallicity star formation. Pilkington et al. (2012) found
that sub-grid metal diffusion reduced the overproduction of extremely metal poor

stars, except for M33-like spiral galaxies, as opposed to dwarf galaxies.

Hirai and Saitoh (2017) explored the efficiency of sub-grid metal mixing in non-
cosmological isolated dwarf galaxy simulations, focusing on reproducing the scatter
in barium inferred from extremely metal-poor stars (Suda et al. 2008). They con-
cluded that the timescale for metal mixing necessary to reproduce observations of
barium is . 40 Myr, which is shorter than the typical dynamical timescale of dwarf
galaxies (100 Myr). Kawata et al. (2014) investigated the impact of strong stel-
lar feedback in a simulation of a WLM-like, non-cosmological dwarf disk galaxy,
finding that including sub-grid diffusion maintained low-metallicity in star-forming
regions owing to efficient metal mixing in the ISM. Comparing their results on the
dispersion in the abundances of newly formed stars to observations, they concluded
that their sub-grid diffusion was likely too strong. Revaz et al. (2016) showed that
metal diffusion can reproduce the low scatter in U-elements at low metallicity in
particle-based simulations. However, they concluded that a “smoothed metallicity
scheme” (Wiersma et al. 2009), in which metallicity is treated as a smoothly varying
function and involves no explicit redistribution of metals, is preferable over sub-
grid metal diffusion to reproduce the observed dispersion in abundances of dwarf

galaxies.

In this chapter, we use the high-resolution, cosmological zoom-in simulations of

the FIRE project to analyze the impact of turbulent metal diffusion on observables
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Table 2.1: FIRE Simulation Properties

Simulation® P00 ) h[Fe/H]i¢ (dex) T (dex)
m10q 1.7 2.16 0.55
m10g.md 2.0 2.12 0.41
m10v? 1.1 1.82 0.52
m10v.md 1.5 1.54 0.34
Note. — All quantities are determined at | = 0. For all isolated dwarf galaxy

simulations, the star particle spatial resolution is 1.4 pc and the mass resolution
is 250 "* . For more details on the methods used to simulate the cosmological,
isolated dwarf galaxies, see Ofiorbe et al. (2014), Hopkins et al. (2014), and
Hopkins et al. (2018).

2 The simulation naming convention reflects the halo mass, e.g., m10 =) ""La0

1019 "™ at I = 0. The designations “q" and “v" reflect initial conditions

that distinguish between halos dominated by early- and late-time star formation
respectively. The addition “.md" indicates that the simulation was run with
sub-grid turbulent metal diffusion (Section 2.2).

b Defined as the mass within the radius that contains 90% of the stellar mass, Ago.

¢ The mass-weighted average metallicity of star particles within Agg (Eq 2.4) and,

d the associated standard deviation, or intrinsic spread in the metallicity distribu-
tion.

related to chemical evolution for simulated dwarf galaxies in the mass range M (I
=0) 7 10°-2 108 M . First, we study a small sample of cosmological
field dwarf galaxies simulated at very high resolution, then expand our analysis
to include satellite and isolated dwarf galaxies of a Milky Way (MW) mass halo
(Wetzel et al. 2016). We find that the inclusion of a physically-motivated, sub-grid
turbulent diffusion model produces MDFs and abundance ratios consistent with
observations of Local Group (LG) dwarf galaxies. We confirm the necessity of
including sub-grid metal mixing in Lagrangian hydrodynamical codes, while taking
into account a multi-phase ISM, explicit stellar and radiative feedback, the impact

of cosmological accretion, and environmental effects.

2.2 Simulations

>The galaxy labeled m10v analyzed in this chapter (and the version of the run with sub-grid
metal diffusion, m10v.md) is not the usual m10v included in previous FIRE papers. Instead, this
m10v is a significantly contaminated galaxy in the same cosmological volume with a larger stellar
mass (1.1 10 M , as compared to  10° M ) at the outskirts of the high-resolution region. We
emphasize that the comparisons between our m10v and m10v.md are internally consistent, since they
both suffer from low-resolution dark matter contamination, and that despite this, they still produce
realistic dwarf galaxies. Additionally, the majority of our conclusions are based on the properties of
the collective simulated dwarf galaxy sample, particularly m10q and the satellite and isolated dwarf
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We present a generalized summary of the relevant features of the FIRE simulations
(Hopkins et al. 2014; Hopkins et al. 2018). The simulations analyzed here (e.g.,
Table 2.1) were run with the “FIRE-2" (Hopkins et al. 2018) rerun of GIZMO3 in
its Meshless Finite Mass (MFM) mode (Hopkins 2015). All feedback quantities
are based on stellar evolution models that are identical between “FIRE-1" (Hopkins
et al. 2014) and “FIRE-2”, such that galaxy-scale properties do not qualitatively

change between versions of the code (Hopkins et al. 2018).

The MFM method combines advantages from both SPH and grid-based codes. FIRE
cosmological simulations of dwarf galaxies have reproduced several key observa-
tions. These include the bursty star formation and outflows generated by low-mass
galaxies at high redshift (Muratov et al. 2015), the stellar mass-halo mass relation at
both | =0 (Onorbe et al. 2015) and at high redshift (Ma et al. 2018), the dark matter
halo profile in dwarf galaxies (Chan et al. 2015), the size evolution and age gradients
of dwarf galaxies (El-Badry et al. 2016), the stellar mass-metallicity relation (Ma
et al. 2016), and the stellar kinematics of dwarf galaxies (Wheeler et al. 2017), all

without calibration to match observations at | = 0.

Gas Cooling, Star Formation, and Feedback

Gas follows a cooling curve from 10 — 10'° K, with cooling at low temperatures due
to molecular transitions and metal-line fine structure transitions, and primordial and
metal line cooling at higher temperatures ( 10* K). A uniform, redshift-dependent
photoionizing background (Faucher-Giguere et al. 2009) is taken into account at

each timestep when determining the cooling rates.

Star formation occurs only in dense, molecular, self-gravitating regions with = i
1000 cm 3. When these conditions are met, stars form at 100% efficiency per local
free-fall time, although stellar feedback rapidly regulates the global star formation
efficiency to a few percent on the scales of giant molecular clouds (Orr et al. 2018).
The newly formed star particle inherits its metallicity from its progenitor gas particle.
11 total chemical species (H, He, C, N, O, Ne, Mg, Si, S, Ca, Fe), including U-
and Fe peak elements, which are particularly relevant to constraining star formation
history (SFH), are tracked in addition to the total metallicity (Wiersma et al. 2009).
Each star particle is treated as a single stellar population with a Kroupa (2002) initial

mass function (IMF), with known age, mass, and metallicity. Feedback quantities

galaxies around m12i (Section 2.5)
3The public version of GIZMO is available at http://www.tapir.caltech.edu/
~phopkins/Site/GI1ZMO._html
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such as luminosity, Type II SN rates, and the rates of mass and metal loss are
calculated based on stellar population models (STARBURST99; Leitherer et al.
1999). SN explosions occur discretely, as opposed to modeling their collective
effects. Metal yields for Type Ia SNe are adopted from Iwamoto et al. (1999), where
the rates follow Mannucci, Della Valle, and Panagia (2006), including both prompt
and delayed populations. Metal yields for Type II SNe (Nomoto et al. 2006) and
stellar winds (AGB & O-stars) are also included, as well as their contributions to
ejecta energy, momentum, and mass. All feedback quantities are deposited directly
into the ISM (gas particles) surrounding a given star particle, where mass, energy,
and momentum are conserved. Radiative feedback from local photo-ionization,

photo-electric heating, and radiation pressure are also included.

Turbulent Metal Di [udion

Although metals are diffused via turbulence in a realistic ISM, this has yet to be
taken into account in many galaxy evolution and formation simulations (Wadsley,
Veeravalli, and Couchman 2008). Lagrangian codes, such as SPH and MFM, follow
fluid elements of fixed mass. Particles conserve metallicity unless injected with
metals or metal loss occurs owing to SNe/stellar winds. However, SPH, or any
Lagrangian methods (MFM), do not account for additional mixing that occurs via
sub-grid Kelvin-Helmholtz instabilities, Rayleigh-Taylor instabilities, and turbulent
eddies between gas particles. That is, without sub-grid metal diffusion, the metals
assigned to a given gas particle are locked to that particle for all time. Consequently,
gas particles may never become enriched, resulting in artificial noise in the MDF.
Other sources of noise that may impact the appearance of the MDF are addressed
in Appendices 2.7 and 2.7. Moreover, even enriched particles contribute to an
unrealistic spread in metallicity in the absence of sub-grid mixing. To account for
such unresolved mixing processes, some of the simulations include an explicit metal
diffusion term between particles, following the prescription investigated by Shen,
Wadsley, and Stinson (2010) based on the Smagorinsky (1963) model,

M
m 8 2 r ” rMB" = 0
me @.1)

= okSk;h?
where h is the resolution scale, and ¢ is proportional to Smagorinsky-Lilly constant
calibrated from direct numerical simulations (Su et al. 2017; Hopkins et al. 2018).

For a discussion of the coefficient calibration, see Appendix 2.7. We adopt a value
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of ¢ 0.003. The symmetric traceless shear tensor is given by

1

1
S rv, ,rv? §)A STV (2.2)

where V is the associated shear velocity.

More simplistically, _eddyEeddy, Where the largest unresolved eddies dominate
the sub-grid diffusivity, i.e., _caqy ~h. The only effect of a sub-grid prescription
is to smooth variations in metallicity between fluid elements. However, since the
shear tensor (Eq 2.2) can be artificially triggered by bulk motion such as rotation,
the above model for turbulent diffusion likely over-estimates the true diffusivity. We
further address the possibility of over-mixing and illustrate the robustness of our

results with respect to the diffusion coefficient in Appendix 2.7.

2.3 Metallicity Distribution Functions
In this section, we define stellar metallicity in the simulations and analyze the
resulting metallicity distribution functions in relation to observations of Local Group

dwarf galaxies.

Metallicity Definitions

We analyze the stellar-mass weighted4 metallicity distribution functions of the
simulations to quantify the impact of metal diffusion. The abundances from the
simulation are calculated from the absolute metal mass fractions per element of a

star particle,

— Llogn_ logn._
<- (2.3)

logn_ =logg.#- # ", 12

»— .. = lOglO

where — and . represent chemical species, <_ is the atomic mass for a given species,
""_ is the metal mass fraction, and n_ is the abundance relative to solar (Anders
and Grevesse 1989; Sneden et al. 1992), observationally determined from #_, the

number density of the species.

“We weight the MDFs and mean metallicities by stellar mass, though mass-weighting does not
significantly impact these quantities. The FIRE simulations include standard particle splitting and
merging such that no particle ever deviates from the median particle mass by more than a factor
of 3. That is, 99.99% of all star particles are within 0.2 dex of the median particle mass (Hopkins
et al. 2018).

>We adopt the observational convention, where metallicity refers to stellar iron abundance
([Fe/H])
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Figure 2.1: A comparison between the stellar mass-metallicity relation (MZR) at | =
0 for different definitions of the mean metallicity of simulated galaxies (Section 2.3).
All data analysed in this chapter are shown, including isolated dwarfs galaxies from
FIRE simulations (grey circles) (Table 2.1), dwarf galaxies from the Latte simulation
(blue circles) (Section 2.5), and observed LG dwarf galaxies (red stars) (Table 2.2).
The label TMD indicates the presence of sub-grid turbulent metal diffusion (filled
circles). Additional observations of LG dlIrrs and M31 dSphs are included (small
red stars) (Kirby et al. 2013). We do not show observational errors for clarity. (Top)
The MZR for h[Fe/H]i, defined analogously to the observational data (Eq. 2.4).
(Bottom) The MZR for the definition of mean metallicity used in Eq. 2.5, based
on mean metal mass fractions of entire simulated galaxies. Note that the latter
definition shows some overlap with the observations for M > 10° M . However,
the definition motivated by observational methods is systematically offset from the
observed MZR by 0.3 dex.
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We adopt the following definition of mean metallicity, h[Fe/H]i (Table 2.1), moti-
vated by observational measurements of Local Group dwarf galaxies (Kirby et al.
2010; Kirby et al. 2013; Table 2.2),

—

i JFe/Hlymy

g Mg

h[Fe/H]i = (2.4)

where [Fe/H]; is the metallicity of an individual star particle, calculated according to
Eq. 2.3, mg is the mass of the star particle, and # is the total number of star particles
in a given simulation. This is in contrast to the definition of mean metallicity
based on mass-averaged metal mass fractions used previously in FIRE papers (Ma
et al. 2016; Wetzel et al. 2016),

fr f
[Fe/H] = log,, fi};’ log;o fl:
- 2.5
- _ f,fFe8nl8 ( )
fre = —% —
g I

where ff. g is the absolute iron mass fraction of a star particle. Eq. 2.4 is the mean

of the logarithm, whereas Eq. 2.5 is the logarithm of the mean.

The Eq. 2.5 definition is appropriate for more distant galaxies, where the stel-
lar metallicity is determined from galaxy-integrated spectra. In this case, stellar
population synthesis models are used to measure Fe and Mg, which dominate the
absorption features in stellar atmospheres (e.g., Gallazzi et al. 2005). However,
Eq. 2.5 is not consistent with mean metallicity measurements based on spectra of

resolved stellar populations, i.e., LG dwarf galaxies.

In the Eq. 2.5 mean metallicity definition, metal-rich stars are weighted heavily,
particularly for galaxies with skewed MDFs, such that the scatter in the stellar mass-
metallicity relation and the mean metallicity for such galaxies increases. As shown
in the right panel of Figure 2.1, this results in a 0.3 dex discrepancy in the FIRE
stellar mass-metallicity relation between definitions of mean metallicity. Adopting
the observationally motivated definition (Eq. 2.4) similarly results in a 0.3 dex
offset relative to the observed mass-metallicity relation for LG dwarf galaxies,

whereas the alternate definition (Eq. 2.5) shows some overlap with observations.

The offset in the FIRE stellar mass-metallicity relation relative to observations of
low-mass galaxies is likely caused by systematic uncertainties in the SNe Ia delay

time distribution, and potentially the yields. The systematic offset ( 0.03 dex) from
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adopting the solar abundances of, e.g., Asplund et al. (2009), is negligible. Assuming
a SNe la rate with prompt and delayed components (Mannucci, Della Valle, and
Panagia 2006), as opposed to a power-law rate (e.g., Maoz and Graur 2017), can
result in a factor 2 reduction in the number of SNe la for a xed stellar population
over 10 Gyr, given the same minimum age for the onset of SNe la. Adopting
a SNe la delay time distribution with a larger integrated number of events could
therefore su ciently increase the FIRE mean metallicity (Eq. 2.4) of simulated dwarf
galaxies to result in better agreement with observations. Conclusively resolving this
discrepancy is beyond the scope of this chapter, and will be addressed in future
work.

Although the o set between the FIRE stellar mass-metallicity relation and obser-
vations is 0.3 dex for low-mass (M. 10° M ) galaxies, it only impacts the
metallicity normalization, as opposed to comparisons of the overall MDF shape, the
width of the MDF, and the intrinsic scatter ibJFe] vs. [Fe/H]. In what follows,
[Fe/H] refers to the Eq. 2.4 de nition.

Narrowing E ect of Turbulent Metal Di usion

Compared to simulations without sub-grid di usion, we observe a narrowing of the
characteristic width of the MDF when including sub-grid di usid(Figure 2.2).
Form10q, the standard deviation of the MDF is reduced from 0.55 dex to 0.41 dex
(a factor of 1.4), whereas fom10v it is reduced from 0.52 dex to 0.34 dex (a
factor of 1.5, Table 2.1). This is in better agreement with the MDF width for a
majority of the LG dwarf galaxies (Table 2.2), particularly for those within the mass
range spanned by the simulations.

Although this narrowing e ect of the MDF when including di usion may initially
seem counterintuitive, it is in accordance with expectations, given that individual
particles are being driven toward the average metallicity as a result of sub-grid
mixing. Star particles are no longer born on the low-metallicity tail of the distribution
([Fe/H]. 3 dex), which corresponds to extreme, improbably low metallicities, or
the high-metallicity tail ([Fe/HE 0.5 dex), which corresponds to metallicities that
are not observed in most LG dwarf galaxies.

5We acknowledge the potential of run-to-run variations in stellar mass and SFH due to stochas-
ticity caused by random system perturbations (Su et al. 2017). Any individual detailed feature in
the MDFs could be due to stochastic uctuations, but general MDF properties such as the reduction
of the MDF width and behavior at the tails are retained in statistical populations of simulated dwarf
galaxies (Section 2.5). Stochastic e ects are generally small in magnitude compared to the magnitude
of systematic e ects we observe in the MDF adeblement abundance ratio distributions.
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Figure 2.2: An example of the comparison between the stellar mass-weighted
metallicity distribution functions of stars in the galaxylat 0 with and without
turbulent metal di usion fom10qg. The metallicity distribution functions are plotted

in terms of probability density on a log scale to emphasize the behavior at the tail of
the distributions. The narrowing e ect of di usion is clear, resulting in a reduction

in the width of the MDF by 0.14 dex, or a factor of 1.4 (40%). Similar behavior
occurs in the case agh10v.

The Milky-Way mass FIRE simulatiom12i (Y5) (Wetzel et al. 2016) (M 6.5

10'°M ), including sub-grid metal di usion, also exhibits a narrowing of the MDF.
Considering that the e ects of metal mixing microphysics on galaxy dynamics, as
well as other global galaxy properties, are negligible (Su et al. 2017), our results are
likely applicable to dwarf galaxy simulations within a broad mass range.

Comparison to Observed MDFs

Next, we investigate whether the narrowed theoretical MDFs are in better agreement
with observations via comparison to those of MW satellite dwarf spheroidal (dSph)
galaxies and LG isolated dwarf irregular (dirr) galaxies (Table 2.2), for which we
have metallicity measurements &f100red giants per galaxy (Kirby et al. 2010;
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Table 2.2: Properties of Local Group Dwarf Galaxies

Galaxy D (kpc} logM /M )° HFe/HJi¢ (dex) fd9(dex) #pem®
MW dSphs

Canes Venl 217 23 5.48 0.09 1.91 0.44 (0.39) 151
Draco 75 5 5,51 0.10 1.98 0.42 (0.35) 333
Ursa Minor 75 3 5.73 0.20 2.13 0.43 (0.34) 670
Sextans 85 3 5.84 0.20 1.94 0.47 (0.38) 96
Leoll 233 13 6.07 0.13 1.63 0.40 (0.36) 256
Sculptor 85 4 6.59 0.21 1.68 0.46 (0.44) 365
Leo | 253 15 6.69 0.13 1.45 0.32 (0.28) 774
Fornax 147 9 7.39 0.14 1.04 0.33(0.29) 665
dirrs

Leo A 787 29 6.47 0.09 1.58 0.42 (0.36) 146
Pegdirr 920 29 6.82 0.08 1.39 0.56 (0.54) 99
NGC 6822 459 8 7.92 0.09 1.05 0.49 (0.47) 298
IC1613 758 4 8.01 0.06 1.19 0.37(0.32) 132

a Distance from the Milky Way (Kirby et al. 2014 and references therein).

b Stellar masses determined by Woo, Courteau, and Dekel (2008), with the ex-
ception of Canes Venatici | (Martin, de Jong, and Rix 2008).

¢ Error-weighted mean metallicity, determined analogously to Eqg. 2.4. All galax-
ies have a standard error of the mean of 0.01 dex, except Leo A, with a standard
error of the mean of 0.02 dex (Kirby et al. 2013).

4 The MDF width (error-corrected in parenthesis), calculated by Kirby et al. 2013.

€ The number of con rmed radial velocity members with [Fe/H] 3 dex and
measurement uncertainty0.5 dex.

Kirby et al. 2013)7

To determine the similarity between the observed and simulated MDFs, we quantify
the likelihood that the observed stars could have been drawn from the simulated
MDF. The log-likelihood is given byn ! ,

= g (2.6)

"We do not anticipate any bias due to mass-weighting of red giants (M).8 M ) in the
mean metallicity or MDF for dSphs, which have uniformly old stellar populations. However, dirrs
contain intermediate age stellar populations, with higher metallicity and longer lifetimes on the red
giant branch. For this reason, the mean metallicity of dirrs may be slightly biased toward higher
metallicity, and the MDF width may also be a ected (Kirby et al. 2017; Manning and Cole 2017)
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where = is the number of measurements for a given observed dwarf gaBaxy,
corresponds to an individual measurement (i.e. red giani3,the number of star
particles in a given simulation, anél corresponds to an individual star particle.
f ([Fe/H]) is the observed measurement uncertainty in metallicity Xifak/H]) is

a delta function for a star particle with a given metallicity.

We approximate the probability distribution for the theoretical metallicity as a sum
of a delta functions with no associated error. When computing the likelihood
between each pair of simulated and observed galaxies, we exclude measurements
with f [Fe/H]j 0.5 dex from the observational data and [Fe¥H] 3 dex from both

the observational and simulated data sets. At such low metallicity, it is more likely
for the metal content of star particles to be dominated by a single SN event in the
simulations. It is also possible for the star particles to be dominated by relics of
Population Il stars, owing to the initialization of particles at [Fe/H] 4 in the
absence of explicit modeling of the transition to Population Il stars. The fraction of
stars in the relevant stellar mass range for dwarf galaxiésNito. M . 10°M )

with [Fe/H] Y 3is. 4.5% for the high-resolution simulations, such that it impacts
the detailed shape of the low-metallicity tail of the distribution, as opposed to the
MDF width. Thus, we exclude the potentially unphysical, extremely metal-poor
stars present in the simulations that are not seen in observational data.

Figure 2.3 shows the results of the likelihood estimation method of comparison,
where the theoretical MDFs are mass-weighted and smoothed to reproduce the
e ects of observational uncertainty. As an example, we consider the highest like-
lihood case for each simulated dwarf galaxy, where we compared to 12 LG dwarf
galaxies with a variety of stellar masses and SFHs. We emphasize that the e ects
of including TMD, in relation to observations as discussed below, are generalizable
to average populations of simulated dwarf galaxies (Section 2.5).

MW dSphs Ursa Minor (UMi) and Leo | (M 5.4 10°M and 4.9 10°M
respectively; Woo, Courteau, and Dekel 2008) have the most statistically similar
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Figure 2.3: A comparison between the MDFs fiot0q (left) andm10v (right) at
|=0(M 1-2 10°M ) with and without TMD plotted against observational
data (Kirby et al. 2010) of MW dSph satellite galaxies (Ursa Minor, Leo |: M

54 10°,4.9 10°M respectively; Woo, Courteau, and Dekel 2008). The two
observed dSph MDFs exhibit the highest likelihood of being drawn from these two
simulations. The theoretical MDFs are weighted by stellar mass and have been
smoothed to reproduce the e ects of observational uncertainty. By comparison
with the MDFs without sub-grid metal mixing, TMD appears to better reproduce
the narrowness, and overall shape, of the dwarf galaxy MDFs.
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MDFs, according to Eq. 2.7, as compared to both simulatiof8g/m10g.mdand
m10v/m10v.mdrespectivel\8 The m10g.mdUMi and m10v.mdLeo | pairs also
have the highest avera@kkelihoods compared to ath10g/LG dwarf galaxy and
m10v/LG dwarf galaxy pairs. Then1l0g/UMi pair has the highest probability of

all LG dwarf galaxies of being drawn from that particular simulation. Ay,
comparisons to Leo Il and Leo | yield similar likelihoods, such that one simulation
is not strongly favoured over the other. In the following discussion, we compare
m10vto Leo | given that it is strongly favoured bgl10v.md

Each highest-likelihood pair of simulated and observed dwarf galaxies have similarly
shaped SFHs (Weisz et al. 2014), dominated by either an early burst of star formation
(m10g.mdUMi) or rising late time star formatiom¢10v.mdLeo I). Form10qgvs.

UMi, In! = 437, whereas fom10g.mdvs. UMi,In! = 343. Form10vvs. Leo

[,In! = 425, whereas fan10v.mdvs. Leol,In! = 129. Itis clear both from the
increase in the values & ! between cases with and without TMD and Figure 2.3
that TMD improves the ability of the simulations to match observations in terms of
MDF shape. In general, the observed MDFs are narrower than the simulated MDFs
without TMD (Table 2.1, 2.2). The ability of TMD to reproduce this e ect results

in the increased likelihood.

With the introduction of metal di usion, it becomes possible to construct simu-
lated and observed MDFs that are nearly indistinguishable. Forrdthg.md
andm10v.md, however, the simulations have a larger population of stars at low-
metallicity as compared to observations. The lack of stars at the low-metallicity
tail of the observed MDF may be caused by selection e ects. Observational bias,
which does not signi cantly a ect the mean metallicity, may resultin the preferential
exclusion of rare, extremely metal-poor stars that tend to inhabit galaxy outskirts.
These stars also may have been tidally stripped, now absent from satellite dwarf
galaxy stellar populations. However, this only impacts the detailed shape of the
metal-poor portion of the MDF (Kirby et al. 2013).

8In the case of Ursa Minor ani10q, we observe a 0.6 dex discrepancy between the simulated
and observed galaxy stellar masses for similar mean metallicity. This results in an o set in the FIRE
stellar mass-metallicity relation relative to observations. This o set is likely a consequence of our
choice of Type la SNe delay time distribution, as discussed in Section 2.3. We emphasize that the
o set in the FIRE stellar mass-metallicity relation at low stellar masses does not alter any of our
conclusions regarding the MDF shape, or scattelifr¢] at xed [Fe/H] (Section 2.4).

9The average log-likelihood is de ned d5= 1 In!, where= is the number of measurements
for a given observed dwarf galaxy. estimates the expected log-likelihood of a single observation,
given the model simulation. This estimator enables comparisons between di erent sample sizes,
i.e., di erent LG dwarf galaxies, for a given simulation.
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Nonetheless, the tails of the distribution are signi cantly reduced compared to the
case without sub-grid metal mixing (Figure 2.3). The mean metallicities of the
distributions approximately coincide, although we note the o set in the normaliza-
tion of the mean metallicity (Section 2.3). Most signi cantly, the shapes of the
distributions in terms of skewness and kurtosis are consistent with TMD runs, but
inconsistent with non-TMD runs. This indicates that metal di usion may be nec-
essary to bring theoretical predictions into agreement with observations in realistic
simulations of the formation and evolution of low-mass galaxies.

Although we have thus far considered only eld galaxy simulations, they most
resemble the classical dSphs in the sample, as opposed to LG dirrs such as NGC
6822 and IC 1613, or even more massive dSphs such as Fornax. This is due to
the limited mass sampling of our isolated dwarf galaxy simulations, which have
masses in the range corresponding to the observed classical dSphs. The likelihood
estimation method described above is, to rst order, sensitive to mean metallicity,
which is dictated by the stellar mass of the galaxy. By including the isolated dwarf
galaxies that form in the zoom-in region well beyond the MW-mass host halo in
the Latte simulation (Section 2.5), we expand the current isolated galaxy simulation
suite with metal di usion to contain more massive, metal-rich dwarf galaxies ([Fe/H]

& 1.4) that may provide better analogues to more massive LG dwarf galaxies.

Overall, it appears that TMD results in a better match to observations. However, it is
not immediately clear if metal di usion is the only process that can narrow the MDF
su ciently to match observed galaxies. Alternatively, environmental e ects, such
as ram-pressure stripping (Lin and Faber 1983; Marcolini, Brighenti, and D'Ercole
2003), may have similar impacts on the appearance of the MDF as sub-grid metal
di usion. We explore this possibility in Section 2.5 by analysing simulated dwarf
galaxies from the Latte simulation (Wetzel et al. 2016).

2.4 Alpha Element Distributions

In this section, we analyzed the relationship betweleglement abundances and
metallicity in the simulations and performed comparisons to observations of Local
Group dwarf galaxies.

Narrowing of the Alpha-Element Abundance Ratio Distributions

Here, we represent the scatterUiffe] using [Si/Fe] as a proxy, owing to the lack of

a theoretical analogue to measurementd-ehhancement (Section 2.4). Figure 2.4
illustrates that, for the simulations, we observe the same reduction in scatter as in
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Figure 2.4: Silicon abundance versus iron abundancefdig at| = 0 excluding

(top) and including botton) sub-grid turbulent metal di usion. The simulated data

is represented as the relative number of star particles in 0.05 dex bins, with the
darkest pixels corresponding &100 particles. The reduction in scatter of [Si/Fe]

as a function of [Fe/H] is clear (0.14 dex to 0.06 dex with di usion). Note that
the upper (lower) envelope in the case without di usion corresponds to enrichment
by only Type Il (Type la) SNe. The inclusion of di usion signi cantly reduces the
envelope for Type Il SNe, whereas it vanishes completely for Type la SNe. The
abundances show less dispersion at a given metallicity with di usion turned on.
This is consistent with observations, which we show in Section 2.4 to have near-zero
intrinsic scatter in [Si/Fe] at xed [Fe/H].
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the MDF width for theU-element abundance ratio distributions. There is also an
apparent reduction in the envelopes corresponding to enrichment events of a single
type. The envelopes originate from the initialization of the star particles at [Fe/H]

= 4 and U/Fe] = 0, where enrichment by only Type Il (Type la) SNe results in
the upper (lower) envelope. The faint lower envelope disappears entirely with the
inclusion of TMD. Sub-grid metal mixing reduces the probability that any given
progenitor gas particle, where the star particle inherits the gas particles' metallicity,
will only contain elements yielded from a single type of enrichment event.

In an analogous fashion to the MDF widths, we quantify the reduction in dispersion
in the U-element abundance ratio distributions caused by sub-grid turbulent metal
diusion. The intrinsic scatter in /Fe] as a function of [Fe/H] has physical
implications for metal mixing and chemical evolution. [Fe/H] correlates with stellar
age, and so can be used as a proxy for time. Thus, a quanti cation of the intrinsic
scatter inU-enhancement contains information about the homogeneity of the ISM
on typical galaxy evolution timescales.

We analyze the intrinsic scatter, in the U-element abundance ratios as a function
of metallicity for the simulations with and without sub-grid metal di usion. We
calculate by tting a cubic spline (error-weighted for observations) in the range
3Y[Fe/H]Y 0.5 tothe abundance ratios as a function of metallicity for both the
simulated and observed LG dwarf galaxies. We assume that [Si/Fe] either remains
constant or monotonically decreases with [Fe/H]. To calculate the intrinsic scatter
at xed [Fe/H], we rst determine the distance in [Si/Fe] from the curve for each
data point (Figure 2.5). The distribution of distances provides a standard deviation,
which is the intrinsic scatter for the simulated data. Table 2.3 contains the results
for the simulations.

The scatter fom10qgreduces from =0.14 dex to 0.06 dex with sub-grid di usion,
whereas form10v, which is dominated by late-time star formation,= 0.13 to
0.03 dex. This corresponds to a reduction in the width by a factor ®f2 and

1.3 respectively, which is comparable to the narrowing factor of the MDF width
(Section 2.3). The near zero value oin the case of TMD implies that metals in
the cool gas of the ISM are well-mixed at any given [Fe/H], or time in the galaxy's
evolutionary history. We show this explicitly for the simulations in Section 2.4.
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Figure 2.5: An illustration of the intrinsic scatter calculation et 0q.md (top) at

| =0 and Ursa Minorl§ottom). The simulated data is colour-coded according to the
relative number of star particles in 0.05 dex bins. The size of the data points for Ursa
Minor is proportional to the inverse-squared measurement uncertainty in [Si/Fe].
The turquoise curve is the best- t cubic spline, error-weighted for the observational
data, assuming that [Si/Fe] either remains constant or monotonically decreases with
[Fe/H]. The dotted magenta line is the di erence between a data point and the curve
approximating{Si/Fe]i, where this di erence is used to determihg Eq. 2.8).
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The Intrinsic Scatter at Fixed Time

To identify the origin of the low intrinsic scatter ib-elements al = 0 in the
simulations, we calculate the scatter at a xed time in a galaxy's history. Using the
formation times of star particles in the galaxy (withs; Table 2.1) at = 0, we
determine the dispersion in [Si/Fe], [Si/H], and [Fe/H] of star particles formed in
100 Myr time bins, a timescale comparable to the typical dynamical time of dwarf
galaxies.

We base our analysis oh = 0 star particles partly because it is analogous to
observational methods. Additionally, we expect a negligible contribution from
mergers to thé = 0 stellar population in dwarf galaxies. As a check, we followed
the evolution of simulated dwarf galaxy progenitors to high-redshift. Using a
de nition of in-situ formation within 10 kpc of the galactic centre, we found tRat
98% of star particles present in the galaxy at 0 formed in-situ. Anglés-Alcazar

et al. (2017) and Fitts et al. (2018) similarly found in a detailed study that ex-situ
star formation contributes negligibly to the stellar mass growth of isolated dwarf
galaxies. In principle, all star particles from these mergers could form a distinct
[Si/Fe] vs. [Fe/H] track. In this way, all star particles brought in by mergers could
contribute to, or even dominate the outliers of, the scatter in abundances at a given
age. Despite this, we assume that a signi cant majority of stars present in simulated
dwarf galaxies at = 0 formed in-situ, with a negligible contribution from mergers.

Figure 2.6 illustrates the scatter in [Si/Fe], presented as a standard deviation,
f ([Si/Fe]), with respect to lookback time for FIRE isolated dwarfs with and without
sub-grid metal di usion. We describe the scatter in terms of [Si/Fe] for consistency
with the intrinsic scatter calculation (Section 2.4). We overplot the star forma-
tion rates, wheren10g/m10g.mdhave SFHs dominated by early bursts, whereas
late-time star formation dominates in10v/m10v.md The scatter in [Si/Fe] as a
function of age clearly reduces with the inclusion of TMD. At any given time, the
typical scatter in all quantities ([Si/Fe], as well as [Si/H] and [Fe/H]) ranges from
0.05 - 0.1 dex. The trend between scatter and age is characterized by mostly
near-zero scatter, punctuated by periods of a relatively high rate of star formation
that cause the ISM to become inhomogeneous and increase the scatter. We conclude
that most of the scatter in [Si/Fe] (and [Si/H] and [Fe/H] by extension) at xed time
results from starbursts. However, the persistent near-zero scatter in the abundances
of newly formed stars across cosmic time implies that most of the scatter present in
stellar abundance distributionslat 0 is caused by time evolution, as opposed to
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Figure 2.6: The standard deviation of the distribution of [Si/F&]Si/Fe]) (grey),

for star particles formed in 100 Myr time windows versus lookback time in Gyr.
Star formation rates (turquoise) are overplotted for comparison. BAqg (top)
andm10v (bottorm) are shown for cases with (solid lines) and without (dashed lines)
sub-grid metal di usion. The typical scatter in [Si/Fe] at a xed time i9.05-0.1

dex, where most of the scatter in [Si/Fe] at a xed time is caused during short bursts
of star formation. This implies that a majority of the= O scatter in the [Si/Fe]
distribution (0.06 and 0.03 fan10g.mdandm10v.mdrespectively) is due to time
evolution of the quantity, as opposed to signi cant scatter in the ISM at a xed time.



37

signi cant scatter in the abundances of newly formed stars at any xed time.

The fact that [Si/Fe] shows small scatter at any given time, where the naive expec-
tation is that it should depend on both [Si/H] and [Fe/H], implies that Si enrichment
correlates strongly with Fe enrichment. This is likely a result of the Type la and Il
yields (lwamoto et al. 1999; Nomoto et al. 2006) and SN rates (Mannucci, Della
Valle, and Panagia 2006; Leitherer et al. 1999) employed in FIRE. Type la SNe
produce a Fe yield an order of magnitude larger than that of Type 1l SNe, whereas
the total Si yield integrated over several Gyr di ers only by a factor of 2 between the
SNe Il and la. The cumulative number of core-collapse events per star particle at
ages of 100 Myr - 1 Gyr (corresponding to the delay time of las in FIRE; Hopkins

et al. 2018) is 10 - 20 times larger than the integral number of SNe la explosions.
As a consequence, the total amount of Fe produced is comparable between SNe I
and la channels, whereas core-collapse singly dominates Si production. Thus the
correlation between Si and Fe enrichment.

We thus conclude that (1) the most likely value of the intrinsic scatter in the abun-
dances of stars forming at any given time across a simulated galaxy's evolutionary
history is near-zero, (2) deviations from near-zero scatter at a given time result from
starbursts, and (3) Si enrichment correlates strongly with Fe enrichment in FIRE.
The ISM is well-mixed at all times in the simulations when taking into account
TMD, excepting brief starburst periods. If the intrinsic scatter in [Si/Fe] vs. [Fe/H],
where [Fe/H] approximates age, is also small for observations of LG dwarf galaxies,
then observed dwarf galaxies have a nearly homogeneous ISM at a given time.

Observational Intrinsic Scatter

To determine if TMD produces results consistent with observations, we calculate
the observational intrinsic (error-corrected) scatter. Despite having meakliredl |
directly using spectral synthesis, simultaneously ttinglddelement lines present

in the spectra, we choose to represent the intrinsic scatter in the observations by
a singleU-element. This is a consequence of the di culty in interpreting a t
based on multiple chemical species and constructing a theoretical abundance ratio
counterpart. [Mg/Fe] tends to have large uncertainties, resulting in fewer data
points and a less precise determination of the scatter. Although [Ca/Fe] can be
measured with higher precision, the theoretical [Ca/Fe] abundances do not agree
with simulations for very low metallicity (Section 2.4). Thus, we adopt [Si/Fe] as a
proxy for determining the intrinsic dispersionlihkelements as a function of [Fe/H].
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Table 2.3: Intrinsic Scatter infFe] as a Function of [Fe/H]

Galaxy f 2a(dex) b (dex) B (dex)
Simulations

m10q 0.144

m10g.md 0.058

m10v 0.127

m10v.md 0.033

MW dSphs

Canes Venatici | 0.901 0.073 0.152
Draco 1.182 0.09P+036 0.098
Ursa Minor 0.989 0.061 0.069
Sextans 1.003 0.01%103 0.181
Leo Il 1.061 0.06g0046 0.104
Sculptor 1.173 0.07822 0.079
Leo | 0.991 0.055 0.056
Fornax 1.417 0.14@272 0.059
dirrs

Leo A 0.962 0.159 0.171
Peg dlirr 0.667 0.174
NGC 6822 1.045 0.0558046 0.092
IC 1613 1.083 0.089-082 0.160

Note. All quantities calculated in terms of [Si/Fe] vs. [Fe/H] dt=0. The
ranges of represent the most likely values for observational data, although all
calculations are consistent with zero.

a The initial calculation of the standard deviation of the di erences between the
data and the curve (Eq. 2.8), assuming zero intrinsic scatter.

b The intrinsic scatter, numerically solved for using Eq. 2.8 suchftBat 1. Not
all values of have both upper and lower limits, owing to limits on the range
of the functional relationship betweenandf 2. In some cases, whef&? 1
(e.g., Ursa Minor), only an upper limit is possible to determine.

¢ The standard deviation of the sample variance for observational data (Eg. 2.9).
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In the following calculation, we only consider the measurement uncertainty in
[Si/Fe], as opposed to simultaneously taking into account the uncertainty in [Fe/H],
XFe/H]. In comparison to the range of the data and the scales over which the slope
of the relationship between [Si/Fe] and [Fe/H] varid$,e/H] is insigni cant. The
typical value of d[Si/Fe]/d[Fe/H] varies between0.1 - 0.2 and 0.2 - 0.8 for

the simulations and observations respectively, which corresponds to a variation in
[Si/Fe]of 0.01-0.02and 0.02-0.08 dex for atypicaf{Fe/H] 0.1dex. Thisis
small compared to the variation in [Si/Fe] given a typig&i/Fe] of 0.2 dex. We
therefore conclude that the impact on our calculation of the intrinsic scatter owing to
measurement uncertainty in [Fe/H] is negligible, such that the uncertainty in [Fe/H]
can be reasonably neglected.

For the observational case, we rst calculété the variance of the distribution of
distances for each galaxy (Figure 2.5), normalizing to the measurement uncertainty,
ie.,

. . o
£2 = yar [Si/Fek splinet[Fe/H]g

- (2.8)

)<[Si/Fe§, 2
where8is the index for a given red giant with measurements of both [Fe/H] and
[Si/Fe], {Si/Fe] is the measurement uncertainty in [Si/Fe], ant the intrinsic
scatter in [Si/Fe] at xed [Fe/H]. Eq. 2.8 follows a reduced chi-squared distribution
with an expectation value of unity. We rst calculat€ assuming zero intrinsic
scatter, then enforce the conditiérf = 1 to numerically solve for the most likely
value of the intrinsic component,.

We calculate the uncertainty of each measurementusing an unbiased estimator
for the standard deviation of the sample variance,

r
2

B= 1 (2.9)

EqQ. 2.9 is dependent on the number of [Si/Fe] measuremgnes/ailable for each

dwarf galaxy, where in genersil < #re/H) (Table 2.2). We then udéto numerically

solve for the corresponding upper and lower limits arWe present our results for
observations in Table 2.3.

If f 2=1, =0, whereasif ?Y 1, the most likely value of cannot be properly
determined. As long a2 j 1, B we cannot reliably constrain the lower limit for
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, as in the case for Draco, Fornax, and Sculptor. In these casss;onsistent
with zero within one standard deviation. However, we still present the most likely
range of for these dwarf galaxies in Table 2.3. Evemi f j 1, not all values have
both upper and lower limits, given the functional relationship betwegand . If
f2Y 1 B asinthe case of Peg dlrr, overestimated observational errors result in
the lack of a well-determined.

Accordingly, the intrinsic scatter is highly dependent on the magnitudgSif-e].

If X[Si/Fe] is increased (decreased)decreases (increases). Thus, the measure-
ment uncertainty in [Si/Fe] must be both accurate and precise to produce a reliable
estimate of the intrinsic scatter. The uncertainties of Whenhancement of the
observed dwarf galaxies, determined using the Kirby, Guhathakurta, and Sneden
(2008) method of spectral synthesis of medium-resolution spectroscopy, have been
validated in terms of both precision and accuracy. Kirby, Guhathakurta, and Sne-
den (2008) showed that errors id/Fe] determined from medium-resolution spec-
troscopy remain below 0.25 dex for spectra with su ciently high signal-to-noise

(& 20 A). Based on duplicate observations of red giants in dwarf galaxies and the
comparison to measurements of error bfFe] from high-resolution spectroscopy,
Kirby et al. (2010) showed that the estimated uncertaintidd-element abundance
ratios are accurate, and that the uncertainties have not been underestimated, even on
an absolute scale. This indicates that our analysis sets upper limits on the true value
of the intrinsic scatter for observed LG dwarf galaxies.

In most cases, we nd that the most likely values afange from 0 - 0.1 dex, except
Fornax ( = 0414  0+02), with upper limits of 0.1 - 0.17 dex. All values are
consistent with zero intrinsic scatter. We do not take into account the sampling
bias associated with the observations, which primarily target the central, denser,
and more metal-rich regions of the dwarf galaxies (Kirby et al. 2011b). However,
the calculations of both the likelihood statisti¢,(Section 2.4, Eq. 2.11) and the
intrinsic scatter, , take into account the limited observational sample size and
observational uncertainties. For the most likely intrinsic scatter (Table 2.3), larger,
non-zero values result from sample size (Eq. 2.9), excepting Fornax. Assuming
that galaxies with larger sample sizes provide a more accurate measurement of the
intrinsic scatter, we can conclude that it is near zero for a majority of LG dwarf
galaxies10

10we note that medium-resolution spectroscopy data sets necessarily have larger uncertainties
than those from high-resolution spectroscopy. Although high-resolution data sets do not contain as
many stars, the smaller measurement uncertainties would provide a preferable data set for quantifying
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If the ISM is indeed homogeneous at a given time, then we should nd that the
intrinsic scatter at a given metallicity is nearly zero (Section 2.4). We conclude that,
based on the near zero intrinsic scatter in [Si/Fe] at a given [Fe/H] in both simulated
and observational data, including sub-grid turbulent metal di usion in simulations
produces results consistent with observations. Based on this agreement, we infer that
the ISM in LG dwarf galaxies is well-mixed, to within the given scatter, throughout

a galaxy's history.

Comparisons to Observed Alpha-Element Abundance Patterns

To determine whether the-element abundance ratio distributions with sub-grid
metal di usion improve statistical agreement with observations, we compare the
simulations to LG dwarf galaxies. We compute a likelihood estimator, simulta-
neously using [Fe/H], [Mg/Fe], [Si/Fe], and [Ca/Fe], which are included in both
simulated and observed data sets, as constraints.

For each red giant star in a given observed dwarf galaxy that has a measurement for
all four abundance ratios, we de ne a 4D Gaussian per star,

& 1 In-o Yane 182e2f 2
6g = 4|3:4 ”
g1 foreivgs 2C

L (2.10)
where»- . ¥is an abundance ratib,, . 1,is the associated errdd,s the index for

the abundance, a8k the index for a star. Again, we considered only measurements
with errors below 0.5 dex and [Fe/H] 3 dex. The 4D probability distribution for

an observed dwarf galaxy withmeasurements is therefore,

G

Bly- o, V%=

Inile

Bgt» o, Y42 (2.11)
&1
where the prefactor is included such that the integral of the function over 4D space

is unity. This can be used to estimate the log-likelihood,

G
| = Blyy o, 1/:40_
=1 (2.12)
N 1 In!1—
<

the intrinsic scatter. For example, high-resolution data sets for Sculptor (de Boer et al. 2012b; Hill
et al. 2019) and Fornax (Letarte et al. 2010; de Boer et al. 2012a) could be used for this purpose.
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where< is the number of star particles in a given simulated galaxy :amlthe
index of each particle. In this case, we cite the average log-likelihood (Section 2.3)
to enable comparisons between di erent simulation/LG dwarf galaxy pairs.

We choose to include calcium abundances in the statistic determination despite
a systematic o set in [Ca/Fe] in the simulations relative to observations. The
simulation yields for Type Il SNe result in a maximum of [Ca/Fe] = 0.1 dex at low
metallicity, despite observations indicating that [Ca/Fet0.2 - +0.4 dex (Venn

et al. 2004; Kirby et al. 2011b). This is likely a consequence of our assumption
that there is no strong dependence of the yield on metallicity for [F&/HP dex

in GIZMO. This is in contrast to the predictions of Nomoto et al. (2006), which
assumes metallicity dependence of the yields at low [Fe/H].

We computed the likelihoods both with (4D) and without (3D) including calcium in
the product in Eq. 2.10. The results of the likelihood comparison for the abundance
ratios do not di er substantially between the 3D (excluding calcium) and 4D cases
in terms of the maximum likelihood matches, so we adopt the results from the 4D
case, assuming that it includes additional information and subsequently provides a
tighter constraint.

The comparison between the pairs of observed and simulated galaxies results in
the highest likelihoods (compared to every simulation/LG dwarf galaxy pair) of
M= 0u56and!" = 0s542for m10g.mdUMi and m10v.mdLeo | respectively.

In comparison to the simulations without sub-grid metal di usiorl,0vVUMi and
m10g/UMi have the highest likelihoods df = 1798 By including TMD, we gain

an increase in the statistical likelihood that the simulated and observed galaxies are
similar. Thus, we further establish (Section 2.3) that Ursa Minor and Leo | are the
most statistically similar dwarf galaxies in our sample to the simulations with metal
di usion, using abundance ratios in addition to MDFs. Including sub-grid di usion
enables galaxy simulations that provide good statistical analogues to observed dwarf
galaxies.

2.5 Environmental E ects

We apply the same methodology outlined in Section 2.3 and Section 2.4 to analyse
dwarf galaxy simulations captured in the high resolution regions of the Latte sim-
ulations (Wetzel et al. 2016). Latte is run with GIZMO in MFM-mode (Hopkins
2015) and includes the standard FIRE-2 implementation of gas cooling, star forma-
tion, stellar feedback, and metal enrichment as summarized in Section 2.2 (Hopkins
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et al. 2018). We consider tha12i simulations, with baryonic mass resolution of
7070 M and star particle spatial resolution of 4 pc, run with and without TMD
(Section 2.2). The originah12i did not include TMD. We present a version of the
simulation, rerun with the same initial conditions and physics, including sub-grid
metal di usion in this chapter. We consider (sub)halos uncontaminated by low-
resolution dark matter particles in the stellar mass range 518 M Y M Y

9.9 10° M , where the lower limit is based on our metallicity convergence tests
(Hopkins et al. 2018). We de ne satellite and isolated dwarf galaxies around
the MW-like host(M 6.5 10'°M ) by distance3hos; With 3nest Y 300 kpc and
300 kpcY 3nost Y 1 Mpc respectively, considering only simulated dwarf galaxies
within the distance range of the observed LG dwarf galaxies (Table 2.2). Using
these criteria, we identify 10 satellite and 3 isolated dwarf galaxiemfd2i with

M 7 10°-2 10°M , covering a majority of the mass range spanned by the
observed dwarf galaxies.

The Lattem12i simulation with TMD M12i.md) is statistically consistent with

the satellite mass function and the stellar 1D velocity dispersiomti?i without

TMD (Wetzel et al. 2016)m12i.md similarly falls between the mass functions for
the Milky Way and M31 (excluding the LMC, M33, and Sagittarius). Although
m12i.md produces fewer satellites at M 10° M , this likely arises because

of stochasticity in when satellites are disrupted by the host (Garrison-Kimmel et
al. 2017): the mass functions of isolated dwarf galaxiggss{d 300 kpc), which

are not a ected by disruption, are nearly identical. Qualitatively, the stellar mass-
metallicity relation between runs is in broad agreement, where the simulated dwarf
galaxies agree with observations for M 10° M for a de nition of the mean
metallicity based on average mass fractions (Section 2.3). This is consistent with
our previous results, where including TMD narrows the scatter in the metallicity
distribution, but does not signi cantly change the galaxy-averaged mean metallicity.

Satellite and Isolated MDFs

Including TMD, we observe the same narrowing e ect in the widths of the MDFs for
the Latte satellite and isolated dwarf galaxies as in the isolated FIRE dwarf galaxies.
Figure 2.7 shows the average MDF for dwarf galaxies withiM.0O° M , excluding

and including TMD. We show the MDFs for both satellite and isolated dwarf galaxy
populations, where we normalize each individual dwarf galaxy MDF to its mean
metallicity before averaging. The reduction in the width of the MDF is apparent,
narrowing from 0.50 dex to 0.42 dex (a factor ofl.2) on average for combined
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Figure 2.7: A comparison between average MDFs, relative to the mean metallicity
for each dwarf galaxy, for both satellite and isolated dwarf galaxies with>M

10° M atl = 0. Data is shown for the Latte simulations withotap) and with
(middlg TMD and observed LG dwarf galaxielsdtton). The simulated MDFs are
mass-weighted and smoothed to reproduce the e ects of measurement uncertainty,
whereas the observational MDFs are error-weighted. For comparison, we overplot
average width of the observed MDFs for both satellite (red) and isolated (pink)
dwarf galaxies at half maximum, as well as the full observed MDFs (dotted), on the
simulated data. TMD brings the MDFs into better agreement with the observations
in terms of both width and shape of the distribution, where status as a satellite or
isolated galaxy does not appear to impact MDF appearance for the simulations. A
distinction between satellite and isolated galaxies may be present in the observed
dwarf galaxies, although di erences could be due to observational bias.
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satellite and isolated galaxy populations. This agrees with our higher-resolution
isolated dwarf galaxy simulations in Section 2.3.

Figure 2.8 shows the MDF width, as a function of stellar mass, for all simulated and
observed data sets. As also illustrated in Figure 2.7, the Latte dwarf galaxies with
TMD have narrower MDF widths on average. The values for the Latte dwarfs are
consistent with those from the FIRE isolated dwarfs, albeit potentially exhibiting
more scatter. Figure 2.8 emphasizes that the simulations with TMD show reasonable
agreement with observational, error-corrected MDF widths (Table 2.2), as opposed
to runs without TMD. This is especially true for satellite dwarf galaxies. No apparent
trend between MDF width and stellar mass exists for both simulated and observed
dwarf galaxies. This implies that factors other than stellar mass, such as the star
formation history, dictate the MDF width. In addition, it suggests that the MDF
width converges in the simulations (Appendix 2.7), since there is no mass-dependent
behavior that may result from secondary resolution e ects (Section 2.5).

For the simulations, both Figures 2.7 and 2.8 do not show any systematic di erences
between MDF width for satellite versus isolated galaxies. The di erences between
the average individual MDF widths (mass-weighted and un-smoothed) across the
entire stellar mass range of simulated satellite (0.51 to 0.43 dex, or a factor of
1.2) and isolated (0.47 dex to 0.39 dex, or a factor df.2) galaxies without and

with TMD are comparable. For botim12i with and without TMD, the average
MDF width of isolated dwarf galaxies is narrower than the corresponding average
for satellite dwarf galaxies for Mj 10° M and 3nost Y 1 Mpc. Within these
constraints, there are only a few isolated dwarf galaxies in each ruml@i, as
compared to the more numerous satellite dwarf galaxies. Expanding the sample
size by incorporating a couple of uncontaminated isolated dwarf galaxies Xd
1Mpcand 16 M Y M Y 10° M ) from them12i simulated volume brings the
average individual MDF width of isolated dwarf galaxies up to 0.50 dex and 0.42
dex, without and with TMD respectively. Thus, the average individual MDF widths
between the simulated satellite and isolated dwarf galaxies are similar.

By including sub-grid metal di usion, the average simulated MDF widths better
approximate the averages of the error-corrected MDF width of individual observed
galaxies (Table 2.2) across the entire stellar mass range for each galaxy population.
The observed average satellite MDF width is 0.35 dex, whereas the observed average
isolated MDF width is 0.42 dex, in comparison to 0.43 dex and 0.42 dex respectively
for m12i.md. The observed average satellite MDF width is80% that of the
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Figure 2.8. The MDF width as a function of stellar masd at 0. Best-t lines

for the trends in the simulations with stellar mass are shown for cases with (solid)
and without (dashed) TMD. Latte satellite (dark blue circles) and isolated dwarf
galaxies (light blue circles) with sub-grid metal di usion, on average, have narrower
MDFs across the entire stellar mass range, as compared to the run without sub-grid
metal di usion (open circles). For comparison, the error-corrected MDF width
(Table 2.2) for observed satellite (red stars) and isolated (pink stars) dwarf galaxies
are shown. No apparent trend of the MDF width with stellar mass is present for all
simulated dwarf galaxies with sub-grid metal di usion. Simulations including sub-
grid di usion agree reasonably with observations, and values for the MDF width
between the eld FIRE and Latte dwarf galaxies are consistent with each other.

observed isolated galaxies, at odds with predictions from our simulations.

Figure 2.7 shows the analogous observational average MDFs, separated according
to satellite and isolated dwarf galaxy populations. In contrast to the simulations,
the average satellite MDF is more sharply peaked and narrow (0.41 dex) than the
broader average isolated MDF (0.46 dex), including scatter due to observational
uncertainty. Kirby et al. (2013) found a less than 0.02 % likelihood that the dis-
tributions originate from the same parent distribution, attributing the disparity to

di erences between star formation histories (truncated vs. extended) for satellite
and isolated dwarf galaxies (Mateo 1998; Orban et al. 2008; Weisz et al. 2014).
Despite the similarity of the simulated satellite and isolated MDFs, both the Latte
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simulations and observations show no systematic di erendgFe/H]i at a given
stellar mass for satellite and isolated dwarf galaxies. Further investigation of this
discrepancy, such as quantifying impact of observational bias, is beyond the scope
of this chapter.

However, the similarity between satellite and isolated galaxy MDFs for the same
stellar mass range in the simulations indicates that TMD ultimately produces better
agreement with observations. The alternate hypothesis, in which TMD mimics the
impact of environmental e ects (Section 2.3), such as ram-pressure stripping, on
the appearance of satellite MDFs, is thus excluded for the FIRE simulations. This
is further supported by a likelihood estimation comparison between the observed
MDFs and the Latte simulations, in which the most similar simulated galaxies to
observations were dictated solely by MDF shape, i.e., stellar mass range and star
formation history, as opposed to any innate separation between isolated and dwarf
galaxy MDFs. In general, the simulation suite including TMD provides better
matches to the observed MDF shapes compared the case without TMD.

Figure 2.7 illustrates that TMD ultimately better reproduces the narrowness of the
observed MDFs, the truncation of stars at high metallicity, and the skew toward high
metallicity. We do not observe the latter e ect in the average (or any individual)
MDFs for the Latte simulations without sub-grid di usion, for both isolated and
satellite galaxies. The characteristic cuto at high metallicity in MDFs can be
attributed to ram-pressure stripping and the subsequent quenching of star formation
(Bosler, Smecker-Hane, and Stetson 2007). Despite this, we see similar cuto s
at high metallicity for both satellite and isolated galaxies, where isolated galaxies
remain star-forming td = 0. It is unclear to what extent the cuto is driven by
environmental e ects versus internal chemical evolution. Nonetheless, the cuto
appears in the simulations for M. 10’ M onlyin the case of sub-grid metal mixing.
This suggests that turbulent metal di usion is the primary source of agreement
between simulations and observations, in contrast to any signi cant role played by
interaction with the host galaxy in the simulations.

Intrinsic Scatter in the Latte Simulations

We calculate the intrinsic scatter for Latte dwarf galaxies, with and without TMD.
The average reduction in the intrinsic scatter for galaxies with MO° M is from
0.16 to 0.12 dex, or a factor of 1.1. This is comparable to the reduction in the
width of the MDF and the average reduction factor for the FIRE isolated dwarfs (
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Figure 2.9: The intrinsic scatter in [Si/Fe] at xed [Fe/H] as a function of stellar
mass atl = 0. Best-t lines for the trends in the simulations with stellar mass are
shown for cases with (solid) and without (dashed) TMD. Latte satellite (dark blue
circles) and isolated dwarf galaxies (light blue circles) with metal di usion have
lower intrinsic scatter across the stellar mass range M® - 168 M as compared

to the runs without sub-grid metal di usion (open circles). The reduction in the
intrinsic scatter upon including TMD is less pronounced for the Latte simulations
as compared to the FIRE isolated dwarfs (grey circles) at a given stellar mass for
M . 10°° M , owing to resolution e ects. For comparison, upper limits of the
the most likely values of the intrinsic scatter for the for observed satellite (red stars)
and isolated (pink stars) dwarf galaxies are shown. The higher-resolution isolated
dwarf galaxy FIRE simulations, for which the e ects of TMD are more important,
are in better agreement with MW dSphs, which tend to have better measurements
of U-enhancement than LG dlrrs.
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1.2). However, the reduction in intrinsic scatter including TMD at a given stellar
mass is less pronounced (Figure 2.9) in the lower-resolution Latte simulations, as
compared to the higher-resolution isolated FIRE dwarf galaxies. In addition, the
Latte dwarf galaxies have larger intrinsic scatter overall as compared to the FIRE
isolated dwarf galaxies atM 10°°M .

This is likely caused by secondary resolution e ects (Appendix 2.7). Numerically
enhanced burstiness (Hopkins et al. 2018) results in stronger periods of inhomogene-
ity for the less well-resolved low-mass (M 10°° M ) Latte dwarf galaxies. By

de nition, the intrinsic scatter is more sensitive to inhomogeneities than the MDF
width, which is more sensitive to the long-term star formation history, arti cially
increasing the dispersion in tlhkelement abundances at xed metallicity. For this
reason, low-mass Latte dwarf galaxies do not agree with most observations of the
MW dSphs with near-zero intrinsic scatter 0.1 dex), which have more reliable
measurements d-enhancement than LG dlirrs (Figure 2.9). The impact of turbu-
lent metal di usion is more important for higher-resolution simulations, in which
the e ects of numerical noise become more pronounced (Appendix 2.7, 2.7), in
terms of bringing simulations of dwarf galaxies into agreement with observations.

2.6 Summary & Discussion

We have examined the metallicity distribution functions and enrichment histories,
including [Fe/H]U-element abundances, of dwarf galaxies using the FIRE-2 cos-
mological simulations of dwarf galaxies, to investigate the chemical enrichment
histories of dwarf galaxies. We have shown that turbulent metal di usion, at levels
suggested by converged simulations, is necessary to include in Lagrangian, hydro-
dynamical simulations of the formation and evolution of dwarf galaxies to obtain
realistic predictions of chemical evolution.

Contrary to a majority past studies of the chemical properties of simulated dwarf
galaxies, we have successfully modeled full abundance distributions, in addition to
global properties such as the stellar mass-metallicity relation. As a caveat, we note
the presence of an o set in the normalization of our stellar mass-metallicity relation
compared with observations of low-mass dwarf galaxies. This is likely caused by
systematic e ects, such as our choice of the Type la SNe delay time distribution.
However, this does not impact properties such as the MDF width and the intrinsic
scatter in J/Fe] at xed [Fe/H].

Through statistical comparison of FIRE simulations to observations of LG dwarf
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galaxies, we have demonstrated that simulations including TMD are in agreement
with the width of the MDF and the intrinsic scatter id/Fe] vs. [Fe/H]. For both

the MDF and theU-element abundance ratios, a reduction in the scatter occurs
compared to simulations without TMD, as well as a reduction in numerical artifacts
such as star particles with [Fe/M] 3 and envelopes corresponding to Type la/Type

Il SNe yields.

The same e ects are present in both satellite and isolated dwarf galaxies from the
Latte simulation, albeit the reduction iblfFe] vs. [Fe/H] scatter is subdued owing

to resolution e ects. Most signi cantly, we nd that a distinction between satellite
and isolated dwarf galaxies does not factor into our conclusions on the agreement
between simulations and observations in terms of the shape and width of the MDF
and dispersion in th&-element abundance ratio distributions. Just as simulated
and isolated dwarf galaxies are similar in these quantities, all dwarf galaxies, both
observed and simulated, lie on the same stellar mass-metallicity relation regardless
of environment or star formation history (Skillman, Kennicutt, and Hodge 1989;
Kirby et al. 2013). In addition, both satellite and isolated dwarf galaxies primarily
form as dispersion-dominated systems regardless of current proximity to the host
(Wheeleretal. 2017; Kirby etal. 2017). This also poses a challenge to the traditional
separation between dwarf galaxy populations. Our work suggests that galactic
chemical evolution depends predominantly on the stellar mass of dwarf galaxies.

We analyze realistic galaxy evolution and formation simulations, taking into ac-
count a multi-phase ISM, explicit stellar feedback, and the impact of cosmological
accretion. Our analysis serves as a robust con rmation of previous work done in the
case of idealized, non-cosmological simulations. We have illustrated that a sub-grid
turbulent di usion model, owing to the physically-motivated nature of the imple-
mentation and its ability to match observations, is a valid alternative to methods such
as a smoothed-metallicity scheme (Wiersma et al. 2009; Revaz et al. 2016). Similar
to Williamson, Martel, and Kawata (2016), we nd that the strength of mixing due
to turbulent di usion is stable against variations in the di usion coe cient within

an order of magnitude above a minimum di usion strength (Appendix 2.7).

In addition, for the rst time, we have presented an explicit calculation of the
intrinsic scatter from medium-resolution spectroscopy of 12 LG dwarf galaxies.
Previous studies of metal poor Galactic stars (Carretta et al. 2002; Cayrel et al. 2004;
Arnone et al. 2005) similarly found near-zero intrinsic scattetf@lements at xed
metallicity. Based orJ-element abundance ratios (see Hirai and Saitoh 2017 for
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an analysis based on barium abundances), we conclude that the timescale for metal
mixing is shorter than the typical dynamical timescale for dwarf galaxies. This is
evidenced by the homogeneity of the ISM, as implied by the near zero intrinsic
scatter for LG dwarf galaxies.

The implication of a well-mixed ISM for one-zone chemical evolution models (e.g.,
Lanfranchi and Matteucci 2003; Lanfranchi and Matteucci 2007, 2010; Lanfranchi,
Matteucci, and Cescutti 2006) is that 3D hydrodynamical models (Mori, Ferrara,
and Madau 2002; Revaz et al. 2009; Sawala et al. 2010) may not be necessary to re-
lax the instantaneous mixing approximation, since the cool gas of the ISM becomes
homogeneous within approximately a dynamical time for dwarf galaxies. This is
in contrast to previous studies (Marcolini et al. 2008) that investigated the e ects
of inhomogeneous pollution by SNe on chemical properties in 3D hydrodynamical
simulations of isolated dSphs. However, Marcolini et al. (2008) did not include
a prescription for sub-grid metal mixing, which washes out temporary inhomo-
geneities in the ISM. Based on our analysis, one-zone approximations in chemical
evolution models may be appropriate for dwarf galaxies.

Turbulent metal di usion is important for accuracy in modelling the ISM as well
as processes relevant for chemical evolution. The inclusion or exclusion of TMD
will therefore in uence predictions drawn from simulated chemical abundances.
For example, Bonaca et al. (2017) justi ed the use of the Latii primary halo

as a Milky Way analogue for comparison to data fr@aia Data Release 1 (Gaia
Collaboration et al. 2016c; Gaia Collaboration et al. 2016b) using the width of
the MDF including TMD. The authors then drew inferences on the hierarchical
formation of the Galaxy and its halo structure based on the simulation. Including
turbulent metal di usion can thus enable the use of simulations in detailed, chemical
abundance based investigations of galaxy formation and evolution.
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2.7 Appendix: Numerical E ects
In this section, we explored the impact of numerical e ects in the simulations on
the conclusions of this chapter.

Stochastic IMF Sampling

Here, we note that additional scatter can be introduced into the MDFs and abun-
dances as a consequence of stochastic IMF sampling at su ciently high resolutions,
such that a star particle no longer approximates a single stellar population. Estimates
from Revaz et al. (2016) for SPH methods suggest that the single stellar population
approximation no longer holds for star particles with ¥11000 M , which includes

the standard FIRE dwarf galaxies with mass resolution 260 M .

We do indeed expect that the IMF is not being individually well-sampled at these
masses. However, we anticipate that this is more of an issue in ultra-faint dwarf
galaxies, which have su ciently low stellar masses such that the star formation
history of the galaxy is substantially impacted by a single SN. In contrast, a majority
of the FIRE dwarf galaxies have M& 10° M , such that the e ects of individual
SNe on galaxy-scale properties are negligible, or weak at most (Su et al. 2018).

We expect that the additional numerical scatter introduced by IMF sampling is
o set by the inclusion of IMF-averaged yields (Iwamoto et al. 1999; Nomoto et
al. 2006). Ultimately, we are concerned with total metallicity distributions and the
behaviour ofU-element abundance ratios as a function of metallicity, as opposed to
detailed abundance patterns. In the latter case, the e ects of IMF sampling would
be more pronounced, and would require proper quanti cation. Particularly in the
case of metal di usion, we do not anticipate that stochastic IMF sampling will have
a signi cant e ect on the MDFs and abundance ratios, since metal di usion drives
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the metallicity of a star particle toward the average metallicity of the galaxy, and so
can reduce arti cial noise from a number of di erent sources.

Sub-grid metal mixing, which we have argued is necessary to include in Lagrangian
simulations of galactic chemical evolution, has interesting implications for modeling
individual abundance patterns. That is, the presence of sub-grid di usion or the
lack thereof dictates the amount of information that can be extracted from detailed
abundance patterns. With the inclusion of metal di usion, only the rst few SN
explosions individually a ect a galaxy, after which metals are quickly homogenized.

Overall, this study will be informative for addressing how much scatter can be
attributed to IMF sampling, and to what degree numerical artifacts can be reduced
via sub-grid metal mixing.

Metal Deposition

Altering the metal deposition algorithm could potentially impact the MDF and
abundances by introducing an additional source of numerical scatter. For example,
gas particles with di erent distances from the exploding star particle may receive
varying amounts of metals, a xed number of particles may be injected with metals,
or a xed volume surrounding such an exploding star particle may be enriched.
A more realistic metal deposition prescription, or one in which the metals are dis-
persed more uniformly, will intuitively introduce less scatter into chemical evolution
observables as compared to, e.g., the injection of all metals from a SN into a single
gas particle.

To illustrate the robustness of our results with respect to the details of mechanical
feedback when including di usion, we compare the unphysical, extreme case of
single-particle metal injection to that of the standard FIRE implementation. In the
standard method, an e ective neighbor number is determined based on a kernel
function and search radius within a sphere de ned by these quantities, such that the
resulting distribution of ejecta is isotropic, including regions with highly disordered
gas particle positions (Hopkins et al. 2018).

Figure 2.10 shows the logarithmic MDFs of four simulations run at a comparatively
lower mass resolution of 2100 Mfor m10g. As expected, the MDF for the case

of single-particle injection, without TMD, exhibits an unrealistically large scatter
characterized by a series of disconnected peaks. In this prescription, some star
particles are never enriched, whereas others are enriched to high values of metallicity
([Fe/H]i 0.5) that are not observed in LG dwarf galaxies.
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Figure 2.10: Stellar-mass weighted metallicity distribution functionis=a0 with

di ering combinations of metal injection methods and including (solid lines) and
excluding (dashed lines) turbulent metal di usion. The simulations are run at a
comparatively lower mass resolution of 2100 Mvith the same initial conditions
asm10g. The identi er inject indicates that all metals are injected into a sin-
gle particle per enrichment event (blue lines), as opposed to the standard metal
injection scheme (black lines), whereas TMD indicates the presence of turbulent
metal di usion. The metallicity distribution functions are plotted on a log scale to
emphasize the behavior at the tail of the distributions. The inclusion of di usion
o sets the e ects of the unphysical metal injection scheme, implying that di usion
stabilizes results against di erences in the speci ¢ numerical implementation of
metal deposition.
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The inclusion of TMD brings the single-particle injection method into better ap-
proximate agreement with standard FIRE MDFs with and without sub-grid di usion
in terms of the shape of the distribution (Figure 2.10). All simulations presented in
Figure 2.10 have approximately the same stellar massatz=0 (2 - 1.7 10°

M ). The same narrowing e ect of the MDF is exhibited, with a reduction in the
width fromf [Fe/H] = 0.41 dex to 0.30 dex. This accompanies a signi cant shift of
the average metallicity from -1.51 dex to -2.49 dex (as compared to average metal-
licity values of [Fe/H] = -2.18 and -2.15 for the standard metal deposition scheme
with and without sub-grid di usion). The narrowing e ect is not as pronounced in
the runs with standard metal deposition, wWitfiFe/H] = 0.50 and 0.46 dex with and
without di usion respectively, most likely owing to lower mass resolution (2100 M

as compared to 250 M.

Thus, we conclude that the presence of di usion stabilizes the MDFs and abundances
against di erences in the speci ¢c numerical implementation of metal deposition.

Di usion Coe cient Calibration

While the implementation of turbulent metal di usion is more physical, given
the nature of turbulence in the ISM, the di usion coe cient must be calibrated
independently for di erent numerical methods, owing to the di erent e ective
resolution scale of the turbulent cascade associated with each simulation. For
example, the relevant scale at standard FIRE dwarf resolutiod50 M ) will

di er compared to other simulations, since a majority of the mixing is resolved.
Colbrook et al. (2017) tested the FIRE implementation of turbulent metal di usion
in idealized, converged turbulent box simulations, verifying that the prescription is
valid with 0.05, where ¢ = 2 2, given our de nitions ofh andS. This is
further con rmed by a more comprehensive study by Rennehan et al. (2019), which
similarly indicates that  0.03 - 0.05. Thus, a proper calibration of the coe cient

is necessary to ensure that sub-grid metal di usion approximates a physical process
at a given resolution-scale. We emphasize through the numerical tests shown in
Section 2.7 that the method is not especially sensitive to the exact value of the
coe cient for a given calibration.

Robustness of Results with Respect to the Di usion Coe cient

A potential drawback of the sub-grid turbulent metal di usion implementation is
possibly unphysical amounts of di usion. To address the possibility of signi cant
over-mixing, we varied the di usion coe cient, ¢ (Section 2.2), to test the impact
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Figure 2.11: Stellar mass-weighted metallicity distribution functions at z = 0 with
varied di usion coe cients (blue lines), altering the overall di usion strength, for
runs of m10g. m10q without sub-grid metal di usion is shown for reference
(dashed black line). The metallicity distribution functions are plotted on a log scale
to emphasize the behaviour at the tails of the distribution. 1@, represents a

di usion strength a factor of ten larger than the default value gf (.003 (thick
black line; Section 2.7), and so on.o @presents the minimum di usion strength
for signi cant sub-grid metal mixing to occur. The lack of a signi cant di erence
between di usion e ects for di erent values of the coe cient beyond our ducial
range suggests that MDF predictions are not extremely sensitive to the exact adopted
value of the free parameter above the minimum di usivity. However, in the case of
the a di usion strength larger by two orders of magnitude (100), the e ects of
over-mixing become apparent.
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on the strength of metal di usion on the MDF.

As illustrated in Figure 2.11, an increase in the coe cient by an order of magnitude
for runs ofm10qg does not signi cantly change the appearance of the MDF above a
minimum di usivity. A reduction of the di usion strength by an order of magnitude
(0.1 Cy), relative to the standard adopted di usion strength € 0.003), results in

a broader MDF (0.50 dex). Although the detailed distribution at the high-metallicity
tail changes for a di usion strength of 0.1Cy, the low-metallicity tailand main body

of the MDF are comparable to the case without any sub-grid metal di usion. We
calibrate the value of o such that it corresponds to the minimum di usion strength
that results in signi cant sub-grid metal mixing. Abovg = 0.003, increasing the

di usion strength results in some reduction in the number of stars present in both
the high- and low-metallicity tails. Despite the increase in the di usion coe cient,
the widths of the distributions remain approximately constant at 0.44 dex and 0.46
dex for di usion coe cients of Co and 10 Cy respectively. However, in the case

of an increase in the coe cient by two orders of magnitude (10Qp), the e ects

of over-mixing become apparent with a reduction in the width to 0.29 dex, as well
as in the complete absence of the tails of the distribution.

This suggests that MDF predictions are not extremely sensitive to the exact di usion
coe cients above a minimum di usivity within an order of magnitude, as long as
some degree of sub-grid turbulent mixing is present. Together, the insensitivity of
the MDF to the di usion coe cient and the narrowing of the MDF relative to runs
without TMD (Section 2.3) imply that the timescale for metal mixing is shorter than
a dynamical time for dwarf galaxies. As we show explicitly in Section 2.4, with any
given burst of star formation, we can assume that the ISM is well-mixed and nearly
homogeneous, resulting in a stellar population born with approximately the same
metallicity.

Previous work by Williamson, Martel, and Kawata (2016) involving idealized,
non-cosmological simulations of dwarf galaxies came to a similar conclusion con-
cerning the robustness of the di usion strength relative to the di usion coe cient.
However, this work does not include the infall of pristine gas, galaxy interactions,
galaxy evolution through cosmological time, the initialization of star particles at
low-metallicity at early times (to approximate the Population Il to Population Il
transition), and self-regulated star formation, which are essential for an accurate
model of the chemodynamical evolution of a galaxy. Thus, we con rm that the
addition of di usion still contributes to the robustness of results in the case of more
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Figure 2.12: MDF width as a function of mass resolutioh-=a0 for the FIRE isolated
dwarfsm10vandm10q. Isolated dwarf galaxy subhalos of batiil1qg, a primary

host with LMC mass, andnl12i are also shown. We consider runs with TMD,
since runs without TMD have star particles with more improbable metallicities and
have comparatively enhanced numerical noise in the MDF. The data is colour coded
according to the stellar mass of the galaxy, to account for the potential of associated
variation in the MDF width. No systematic trend of the MDF width exits with mass
resolution for baryonic particle massesl0* M .

realistic galaxy evolution simulations.

Mass Resolution

We consider the impact of mass resolution on the width of the MDF and the intrinsic
scatter in [J/Fe] vs. [Fe/H]. The star particle mass resolution for the isolated FIRE
dwarfs is 250 M whereas the Latte dwarf galaxies are at lower mass resolution
(7070 M ), and thus resolution e ects may factor into our comparisons between
isolated FIRE dwarf galaxies and dwarf galaxies from the Latte simulations.

First, we establish that most results, such as the stellar mass and star formation rates,
converge with mass resolution after the Toomre scale (i.e. the largest self-gravitating
structures) is resolved (Hopkins, Quataert, and Murray 2011; Hopkins et al. 2018).
The metallicity and burstiness of dwarf galaxy star formation histories converge
to within 10 % (to 20% maximum) di erences for (1} & 100, where# is
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the number of star particles in a galaxy, such that the self-enrichment history is
well-sampled, and (2) star particle mas40* M for Mpaoe  10*°M |, such that
numerically enhanced burstiness does not occur (Hopkins et al. 2018).

Figure 2.12 illustrates the results of mass resolution tests for the MDF width. Data
from the FIRE isolated dwarfs, including an ultra high-resolution (30 kun of
m10q (Wheeler et al. 2019), in addition to isolated dwarf galaxies in the zoom-in
region of bothm11lg, a LMC mass halo, anth12i are shown. We consider only
isolated dwarfs for the resolution test to account for di erences in the disruption of
satellites by the host (Section 2.5). All runs include TMD, where runs without TMD
contain star particles with more improbable metallicites and have comparatively
enhanced numerical noise in the MDF.

Although the MDF width exhibits some variation for the isolated dwarf galaxies

in simulations with a primary host, it can be attributed to the typical scatter (stan-
dard deviation 0.1 dex) at a given stellar mass expected from stochastic e ects.
Nonetheless, the mean MDF width appears to systematically decrease for mass
resolution& 10* M . We note that the lowest resolution run, at baryonic particle
mass of 160,000 M, has a near zero MDF width likely owing to a truncated SFH
caused by numerically enhanced burstiness, a secondary resolution e ect. Exclud-
ing the lowest resolution run and taking into account the typical scatter at a given
stellar mass, we conclude that the MDF width of the FIRE isolated dwarfs and Latte
satellite and isolated dwarf galaxies are converged for mass resoluiohM .

Similarly, Figure 2.13 shows mass resolution tests for the intrinsic scatter in [Si/Fe]
at xed [Fe/H]. In contrast to the MDF width, the intrinsic scatter increases with
mass resolutio& 10° M for the lowest mass simulated dwarf galaxies (M10P®

M ). This is due to secondary resolution e ects resulting in numerically enhanced
burstiness, as discussed in Section 2.5. We quantify the degree of burstiness as a the
fraction of the total = 0 stellar mass formed when the star formation rate averaged
over short timescales (10 Myr) exceeds (by a factor of 1.5) the average star
formation rate averaged over longer timescale$@0 Myr). We nd that burstiness
converges for baryonic particle mass resolutiof0®* M . For mass resolutio&

10°, burstiness in dwarf galaxies increases with decreasing mass resolution, while
simultaneously exhibiting mass-dependent behaviour, such that lower-mass dwarf
galaxies are burstier.

Hence, the intrinsic scatter in Latte dwarf galaxies with baryonic particle mass 7070
M increases for less well-resolved, lower-mass dwarf galaxies. The intrinsic scatter
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Figure 2.13: Intrinsic scatter in [Si/Fe] at xed [Fe/H] as a function of mass resolu-
tion atl = 0. All other aspects of the gure are identical to Figure 2.12. In contrast
to the MDF width, the intrinsic scatter,, appears to converge for baryonic particle
masses 10° M , taking into account the full range of stellar masses. Considering
only high-mass (better resolved) dwarf galaxies, the intrinsic scatter converges for
mass resolution 10* M . Thus, we expect to be larger on average for the Latte
simulations as compared to the higher-resolution FIRE isolated dwarf galaxies at
low stellar masses (M. 10°°M .

converges at higher mass resolution than the MDF width, because the burstiness
is more sensitive to mass resolution than the long-terrd@ Gyr) star formation
history. Since we cannot separate resolution e ects from stochastic variation in the
intrinsic scatter at a given stellar mass for these dwarf galaxies, we do not quantify
the typical variation expected in the intrinsic scatteras in the case of the MDF
width, f ([Fe/H]). Considering only the better resolved, high-mass dwarf galaxies
(M & 10P° M ), no trend exists in the intrinsic scatter with baryonic particle mass
resolution for. 10* M for both the FIRE isolated and Latte dwarf galaxies.
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Abstract

Measurements of [Fe/H] andJ[Fe] can probe the minor merging history of a
galaxy, providing a direct way to test the hierarchical assembly paradigm. While
measurements offFe] have been made in the stellar halo of the Milky Way, little

is known about detailed chemical abundances in the stellar halo of M31. To make
progress with existing telescopes, we apply spectral synthesis to low-resolution
DEIMOS spectroscopy (R 2500 at 7000 A) across a wide spectral range (4500 A

Y _ Y 9100 A). By applying our technique to low-resolution spectra of 170 giant
stars in 5 MW globular clusters, we demonstrate that our technique reproduces
previous measurements from higher resolution spectroscopy. Based on the intrinsic
dispersion in [Fe/H] andW/Fe] of individual stars in our combined cluster sample,
we estimate systematic uncertainties d@f.11 dex and 0.09 dex in [Fe/H] and
[U/Fe], respectively. We apply our method to deep, low-resolution spectra of 11 red
giant branch stars in the smooth halo of M31, resulting in higher signal-to-noise per
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spectral resolution element compared to DEIMOS medium-resolution spectroscopy,
given the same exposure time and conditions. We HidFe] = 0.49 0.29 dex
andHFe/H]Ji = 1.59 0.56 dex for our sample. This implies that much like the
Milky Way the smooth halo eld of M31 is likely composed of disrupted dwarf
galaxies with truncated star formation histories that were accreted early in the halo's
formation.

3.1 Introduction

Stellar chemical abundances are a key component in determining the origins of stel-
lar halos of Milky Way (MW) like galaxies, providing insight into the formation of
galaxy-scale structure. The long dynamical times of stellar halos allow tidal features
to remain identi able in phase space, in terms of kinematics and chemical abun-
dances, for Gyr timescales. Stellar chemical abundances of stars retain information
about star formation history and accretion times of progenitor satellite galaxies, even
when substructures can no longer be detected by kinematics alone. In particular,
measurements of metallicityandU-element abundances provide a way of directly
testing the hierarchical assembly paradigm central@M cosmology, providing

a fossil record of the formation environment of stars accreted onto the halo.

The [U/Fe] ratio serves as a useful diagnostic of formation history, given that it
traces the star formation timescales of a galaxy (e.g., Gilmore and Wyse 1998).
Type Il supernovae (SNe) produce abundaiglements (O, Ne, Mg, Si, S, Ar, Ca,

and Ti), increasing/Fe], whereas Type la SNe produce Fe-rich ejecta, reducing
[UFe]. While measurements of)fFe] have been made in the stellar halo of the
MW, little is known about the detailed chemical abundances of the stellar halo of
M31. A comparable understanding of the properties of the MW and M31 stellar
halos is required to verify basic assumptions about how the MW evolved, where
such assumptions are used to extrapolate MW-based results to studies of galaxies
beyond the Local Group.

Although high-resolution’( & 15,000), high signal-to-noise (S/N) spectra enables
simultaneous measurements of a star's temperature, surface gravity, and individual
element abundances based on individual lines, it is impractical to achieve high
enough S/N for traditional high-resolution spectroscopic abundance analysis (e.qg.,
Kirby and Cohen 2012) for red giant branch (RGB) stars at the distance of M31 (783
kpc; Stanek and Garnavich 1998).

lwe de ne metallicity in terms of stellar iron abundance, [Fe/H], where [Fe/l8b, =re* =H°
l0g; o' =Fe* =H°
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It is possible to obtain spectroscopic metallicity measurements of M31 RGB stars
from medium-resolution spectra ( 6000) using spectral synthesis (e.g., Kirby,
Guhathakurta, and Sneden 2008). This method leverages the entire spectrum's
metallicity information simultaneously, enabling measurements of abundances from
relatively low S/N spectra. Kirby et al. (2008), Kirby et al. (2010), and Kirby et

al. (2013) successfully measured [Fe/H] abtHe] in MW globular clusters (GCs),

MW dwarf spheroidal (dSph) satellite galaxies, and Local Group dwarf irregular
galaxies, showing that abundances can be measured to a precisiGrRalex from
spectra with S/N 15 A 1,

Only in 2014 has spectral synthesis been applied to individual RGB stars in the
M31 system for the rsttime (Vargas, Geha, and Tollerud 2014; Vargas et al. 2014).
Existing spectroscopic chemical abundance measurements in M31 are primarily
based on metallicity estimates from the strength of the calcium triplet (Chapman
et al. 2006; Koch et al. 2008; Kalirai et al. 2009; Richardson et al. 2009; Tanaka
etal. 2010; Ibata et al. 2014, Gilbert et al. 2014; Ho et al. 2015). Vargas, Geha, and
Tollerud (2014) measuredU[Fe] and [Fe/H] for a total of 226 red giants in 9 M31
satellite galaxies. Although Vargas, Geha, and Tollerud (2014) measufied] [

for 9 M31 dSphs, only a single dSph, And V, shows a clear chemical abundance
pattern, where J/Fe] declines with [Fe/H]. However, the present spectroscopic
sample size and measurement uncertainties of the And V data enable only qualitative
conclusions about the chemical evolution of the dSph. Obtaining more quantitative
descriptions of the chemical enrichment and star formation histories of the M31
system requires higher S/N spectroscopic data, which results in smaller uncertainties
on abundance measurements. Only then can one-zone numerical chemical evolution
models (Lanfranchi and Matteucci 2003; Lanfranchi and Matteucci 2007, 2010;
Lanfranchi, Matteucci, and Cescutti 2006; Kirby et al. 2011a) be reliably applied to
measurements to derive star formation and mass assembly histories.

Although Vargas, Geha, and Tollerud (2014) and Vargas et al. (2014) demonstrated
the feasibility of measuring [Fe/H] andJfFe] at the distance of M31, measur-

ing [Fe/H] and [U/Fe] more precisely requires deep6( hour) observations with
DEIMOS using the 600 line mm grating to yield higher S/N for the same ex-
posure time and observing conditions. For magnitudes fainter than21 (0.5
magnitudes below the tip of M31's RGB), sky line subtraction gt 7000 A be-
comes the dominant source of noise in DEIMOS spectra observed with the 1200
line mm 1 grating. Given the access to blue optical wavelengths granted by the



64

600 line mm* grating, its spectra are less susceptible to the e ects of sky noise.
Additionally, using the 600 line mnt grating achieves higher S/N per pixel for stars
as faintasg 21.8.

Although using the 600 line mm grating with DEIMOS results in a gain in S/N

and wavelength coverage, it corresponds to a decrease in spectral resol@tin (

A FWHM, or R 2500 at 7000 A, compared tol.3 A and R 5400 for 1200

line mm 1). Increasing the spectral range compensates for the decrease in spectral
resolution, given the increase in the amount of available abundance information
contained in the spectrum resulting from the higher density of absorption features
at bluer optical wavelengths.

Here, we expand upon the technique rst presented by Kirby, Guhathakurta, and
Sneden (2008), applying spectral synthesis to low-resolution spectroscopy (LRS;
R 2500) across a wide spectral range (4500 - 9100 A). In Section 3.2, we
describe our data reduction and GC observations. Section 3.3 and Section 3.4 detall
our preparations to the observed spectrum and the subsequent abundance analysis.
This includes a presentation of our new line list and grid of synthetic spectra. In
Section 3.5, we illustrate the e cacy of our technique applied to MW GCs and
compare our results to chemical abundances from high-resolution spectroscopy in
Section 3.6. We quantify the associated systematic uncertainties in Section 3.7. We
conclude by measurindgJ/Fe] and [Fe/H] in a M31 stellar halo eld in Section 3.8

and summarize in Section 3.9.

3.2 Observations

We utilize observations of Galactic GCs, MW dwarf spheroidal (dSph) galaxies,
and MW halo stars (Table 3.1) taken using Keck/DEIMOS (Faber et al. 2003) to
validate our LRS method of spectral synthesis. For our science con guration for
all observations, including M31 observations (Section 3.8), we used the GG455
lter with a central wavelength of 7200 A, in combination with the 600ZD grating
and 0.7 slitwidths. When targeting individual stars, such as the MW halo stars
in Table 3.1, we utilized the longslit, as opposed to a slitmask intended to target
multiple stars simultaneously.

The spectral resolution for the 600 line mingrating is approximately 2.8 A
FWHM, compared to 1.3 A FWHM for the 1200 line mm' grating used in prior
observations (Kirby et al. 2010; Kirby et al. 2013). The wavelength range for each
spectrum obtained with the 600ZD grating is within 4100 AL ~ m, where we
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generally omit_. 4500 A, owing to poor S/N in this regime and the presence of the
G band. We also omit > 9100 A, which extends beyond the wavelength coverage
of our grid of synthetic spectra (Section 3.4).

To extract one-dimensional spectra from the raw DEIMOS data, we used a mod-
i cation of version 1.1.4 of the data reduction pipeline developed by the DEEP2
Galaxy Redshift Survey (Cooper et al. 2012; Newman et al. 2013). Guhathakurta
et al. (2006) provides a detailed description of the data reduction process. Modi -
cations to the software include those of Simon and Geha (2007), where the pipeline
was re-purposed for bright unresolved stellar sources (as opposed to faint, resolved
galaxies). In addition, we include custom modi cations to correct for atmospheric
refraction in the two-dimensional raw spectra, which a ects bluer optical wave-
lengths, and to identify lines in separate arc lamp spectra, as opposed to a single
stacked arc lamp spectrum.

3.3 Preparing the Spectrum for Abundance Measurement
Here, we detail our preparations to the observed spectrum for the subsequent abun-
dance analysis.

Telluric Absorption Correction

Unlike the red side of the optical (6300 - 9100 A), there is no strong telluric
absorption in the bluer regions (4500 - 6300 A). As such, we do not make any
corrections to the observed stellar spectra to take into account absorption from
Earth's atmosphere in this wavelength range.

For the red (6100 - 9100 A), we correct for the absorption of Earth's atmosphere
using the procedure described in Kirby, Guhathakurta, and Sneden (2008). We
adopt HD066665 (B1V), observed on April 23, 2012 with an airmass of 1.081,
using a long slit in the same science con guration (Section 3.2) as our data, as our
spectrophotometric standard.

Spectral Resolution Determination

In contrast to Kirby, Guhathakurta, and Sneden (2008), who determined the spectral
resolution as a function of wavelength based on the Gaussian widths of hundreds
of sky lines, we assume a constant resolution, expressed as the typical FWHM of
an absorption line, across the entire observed spectrdB00 9100 A). Owing

to the dearth of sky lines at bluer wavelengths, the number of available sky lines

is insu cient to reliably determine the resolution as a function of wavelength. As
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an alternative, we introduce an additional parameter,or the spectral resolution,
into our chi-squared minimization, which determines the best- t synthetic spectrum
for each observed spectrum (Section 3.4).

Continuum Normalization

Itis necessary to normalize the observed ux by its slowly varying stellar continuum
in order to meaningfully compare to synthetic spectra for the abundance determina-
tion (Section 3.4). To obtain reliable abundances from spectral synthesis of low- and
medium-resolution spectra dominated by weak absorption features, the continuum
determination must be accurate (Shetrone et al. 2009; Kirby et al. 2009). This is
particularly important for bluer wavelengths, where absorption lines are so numer-
ous and dense that we cannot de ne continuum regions (Kirby, Guhathakurta,
and Sneden 2008) in the blue. Instead, we utilize the entire observed spectrum,
excluding regions with strong telluric absorption and bad pixels, to determine the
continuum for 4500 9100 A. In contrast to Kirby, Guhathakurta, and Sneden
(2008), we do not utilize continuum regions at redder wavelengths (6300 - 9100
A), despite the fact that they can be reliably de ned, to maintain consistency in the
continuum normalization method between each wavelength region of the observed
spectrum.

We determined the initial continuum tto the raw observed spectrum, which we shift
into the rest frame, using a third-order B-spline with a breakpoint spacing of 200
pixels, excluding 5 pixels around the chip gap and at the start and stop wavelengths
of the observed spectrum. In all steps, we weighted the spline t by the inverse
variance of each pixel in the observed spectrum. We performed sigma clipping, such
that pixels that deviate by more thah %0.1f ) above (below) the t are excluded
from the subsequent continuum determination, wlieiie the inverse square root

of the inverse variance array. We did not perform the t iteratively beyond the above
steps, given that our stringent criterion to prevent the numerous absorption lines
from o setting our continuum determination can eliminate a signi cant fraction of
the pixels from subsequent iterations of the t.

To further re ne our continuum determination, we recalculate the continuum t
iteratively in the initial step of the abundance analysis (Section 3.4). Once we have
found a best- t synthetic spectrum, we divide the continuum-normalized observed
spectrum by the best-t synthetic spectrum to construct a at noise spectrum,
which captures the higher order terms in the observed spectrum not represented
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Table 3.2: Spectral Features (4100 - 6300 A)

Feature Wavelength(s) (A)
HX 4101.734

Cal 4226.730

G band (CH absorption) 4300-4315
HW 4340.462 (4335-4348)
HV 4861.35 (4856-4866)
Mg | (b4) 5167.322

Mg | (b2) 5172.684

Mg | (b1) 5183.604

Mg H 4845,5622

Na D1,D2 5895.924,5889.951 (5885-5905)

aWavelength regions indicated in parenthesis indicate regions that are omitted
from the spectral t.

in the t. We t a third-order B-spline with a breakpoint spacing of 100 pixels

to the at noise spectrum, excluding 3deviant (above and below the t) pixels,
dividing the continuum-normalized observed spectrum by this t. The modied
continuum-normalized spectrum is then used in the next iteration of the continuum
re nement until convergence is achieved (Section 3.4).

Pixel Masks

In addition to wavelength masks corresponding to a particular abundance (Sec-
tion 3.4), we constructed a pixel mask for each analyzed observed spectrum. Typ-
ically excluded regions include 5 pixels on either side of the chip gap between the
blue and red sides of the CCD, areas with improper sky line subtraction, the region
around the Na D1 and D2 lines (5585 - 5905 A), and other apparent instrumental
artifacts. Table 3.2 includes a summary of prominent spectral features in DEIMOS
spectra between 4100 - 6300 A, where wavelength ranges given in parenthesis in-
dicate regions that are masked. For example, we excluded 10 A regions arééind H
(4335 - 4345 A) and N (4856 - 4866 A). Given that MOOG (Sneden 1973), the
spectral synthesis software utilized to generate our grid of synthetic spectra (Sec-
tion 3.4), does not incorporate the e ects of non-local thermodynamic equilibrium,

it cannot properly model the strong Balmer lines. If necessary, we also masked
regions where the initial continuum t failed, most often owing to degrading signal-
to-noise as a function of wavelength at bluer wavelengthé500 A). As for the red
(6300 - 9100 A), we adopted the pixel mask from Kirby, Guhathakurta, and Sneden
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(2008), which excludes spectral features such as the Ca Il triplétakid regions
with strong telluric absorption.

Signal-to-Noise Estimation

We estimate S/N per Angstrom for objects observed with the 600 line'rgrating

from wavelength regions of the spectrum utilized in the initial continuum determina-
tion (Section 3.3). Given that we cannot de ne continuum regions for wavelengths
blueward of 6300 A, we calculate the S/N after the continuum re nement process
(Section 3.4). We estimate the noise as the deviation between the continuum-re ned
observed spectrum and the best- t synthetic spectrum and the signal as the best- t
synthetic spectrum itself. The S/N estimate per pixel is the median of the S/N as
a function of wavelength calculated from these quantities, where we exclude pixels
that exceed the average noise threshold by more thaiT8 convert to units of per
Angstrom, we multiply this quantity by the inverse square root of the pixel scale (
0.64 A for the 600 line mm' grating).

3.4 Chemical Abundance Analysis

Here, we present a new library of synthetic spectra in the range 4100 - 6300 A.

In this section, we describe our procedure for spectral synthesis in the blue, where
we use our new grid in conjunction with the red grid of Kirby, Guhathakurta, and
Sneden (2008) to measure abundances across an expanded optical range (4100 -
9100 A).

Line List

We constructed a line list of wavelengths, excitation potentials (EPs), and oscillator
strengthslpg 6 5) for atomic and molecular transitions in the spectral range covering
4100 - 6300 A for stars in our stellar parameter rafge ( 4000 K). We queried

the Vienna Atomic Line Database (VALD; Kupka et al. 1999) and the National
Institute of Standards and Technology (NIST) Atomic Spectra Database (Kramida,
Ralchenko, and Reader 2016) for all transitions of neutral or singly ionized atoms
with EPY 10 eV andog6 5 -5, supplementing the line list with molecular (Kurucz
1992) and hyper ne transitions (Kurucz 1993). All Fe I line oscillator strengths
from Fuhr and Wiese (2006) are included in the NIST database.

Next, we compared synthetic spectra (Section 3.4) of the Sun and Arcturus, generated
from our line list and model stellar atmospheres, to high resolution spectra (Hinkle
et al. 2000) of the respective stars. We adopted= 5780 K, log 6 = 4.44 dex,
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Figure 3.1: Top A comparison between high-resolution spectra (Hinkle et al. 2000)
(blue) of the Sun left) and Arcturusiight) and synthetic spectrafange generated

using the blue line list (Section 3.4). Both spectra are smoothed to the expected
resolution of the DEIMOS 600ZD grating (2.8 A). For a description of synthetic
spectrum generation, see Section 3Bbt{on) The di erence between the observed

and synthetic spectra for the Sun and Arcturus. To improve the agreement between
the synthetic and observed spectra, we have manually vetted the line list, adjusting
the oscillator strengths of discrepant atomic transitions as necessary. In this process,
we have favored the Sun over Arcturus, thus the larger residuals between the observed
and synthetic spectra for the latter star (which has a lower e ective temperature).

[Fe/H] = 0 dex, and [/Fe] = O dex for the Sun. For Arcturus, we adopjed =
4300 K, log 6 = 1.50 dex, and [Fe/H] = -0.50 dex, and/Fe] = 0 dex (Peterson,
Dalle Ore, and Kurucz 1993).

To produce agreement between the synthetic and observed spectra, we vetted the
line list by manually adjusting the oscillator strengths of aberrant atomic lines as
necessary. We preferred the Sun over Arcturus in this process, given that Arcturus
is a cool K-giant star with stronger molecular absorption features (e.g., the G band)
that are more di cult to match. For features absent from the line list, which could
not be resolved by considering lines witg 65 Y 5, we included Fe | transitions

with EPs andog 6 5to match the observed strength in both the Sun and Arcturus.
We present the nal blue line list in a format compatible with MOOG in Table 3.3.
The line list contains 132 chemical species (atomic, molecular, neutral, and ionized),
including 74 unique elements and 2 molecules (CN and CH). In total, the line list
contains 53,164 atomic line transitions and 58,062 molecular transitions.

Figure 3.1 illustrates a comparison between the Hinkle spectra and their syntheses
for the Sun and Arcturus. Atthe expected resolution of the DEIMOS 600ZD grating

( 2.8 A), the mean absolute deviation of the residuals between the observed spectra
and their syntheses across the wavelength range of the line list arel®3 and



71
Table 3.3: Blue Line List (4100 - 6300 A)

Wavelength (A) Speciés EP° (eV) log 6 5°
5183.409 57.1 0.403 -0.6
5183.414 69.1 4.744 -2.65
5183.436 24.1 6.282 -3.172
5183.465 26.0 3.111 -5.06
5183.466 27.0 4113 -1.187
5183.493 106.00112 3.244 -2.848
5183.506 106.00113 1.569 -3.974
5183.518 607.0 1.085 -4.211
5183.544 26.0 5.064 -3.886
5183.55 58.1 1.706 -2.27
5183.565 106.00112 3.55 -2.811
5183.578 607.0 1.204 -2.653
5183.598 23.1 6.901 -3.568
5183.604 12.0 2.717 -0.167
5183.615 607.0 1.085 -3.003
5183.683 607.0 1.205 -4.499
5183.683 106.00113 1.29 -4.921
5183.686 106.00113 2.371 -3.586
5183.708 40.0 0.633 -1.62
5183.709 22.1 1.892 -2.535
5183.748 58.1 1.482 -1.56
5183.794 106.00112 1.43 -2.866
5183.803 24.0 5.277 -3.52

Note. The line list presented here is a subset of the entire line list, which spans 4100 - 6300 A. The
range of wavelengths presented here spans 0.4 A around the strong Mg | line at 5183.604 A. The line list
is formatted to be compatible with MOOG.

& A unique code corresponding to chemical species. For example, 12.0 indicates Mg |, 22.1 indicates Ti Il,
106.00112 indicates CN for carbon-12, and 106.0113 indicates CN for carbon-13.

b Excitation potential.

¢ Oscillator strength. Transitions modi ed in the vetting process have less than three decimal places.

2.2 10 ?for the Sun and Arcturus respectively.

Synthetic Spectra

We employed the ATLAS9 (Kurucz 1993) grid of model stellar atmospheres, with

no convective overshooting (Castelli, Gratton, and Kurucz 1997). We based our
grid on recomputed (Kirby et al. 2009 and references therein) ATLAS9 model
atmospheres with updated opacity distribution functions, availabléJfée] = 0.0

and +0.4 (Castelli and Kurucz 2003). We adopted the solar composition of Anders
and Grevesse 1989, except for Fe (Sneden et al. 1992). The elements considered to
be U-elements are O, Ne, Mg, Si, S, Ar, Ca, and Ti.
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Figure 3.2: Wavelength regions sensitive to changetJiRd] for the spectral res-
olution of the DEIMOS 600ZD grating 2.8 A). We show an example spectrum
(black) over the wavelength range 4508100 A, where we corrected the spectrum

for telluric absorption (Section 3.3) and performed an initial continuum normaliza-
tion (Section 3.3). We do not show spectral regions with wavelengths below 4500
A, since low S/N generally prevents utilization of the observed spectrum in this
wavelength range. The spectrum is for a star in the globular cluster NGC 2419.
Spectral regions sensitive to Mg, Ca, and Si are shown as highlighted ranges in
magenta, blue, and green respectively. The atmospheric valué-ef[is measured
using the union of the Mg, Ca, and Si spectral regions.

For stellar parameters between grid points, we linearly interpolated to generate
model atmospheres within the ranges 350% K45 5Y 8000 K, 0.0Y log 6 Y 5.0,

45Y [Fe/H] Y 0.0, and -0.8Y [U/Fe] Y +1.2. A full description of the grid is
presented in Table 3.4. HerdJ/Fe] represents #otal U-element abundance for
the atmosphere, which augments the abundances of individekments without
distinguishing between their relative abundances. In total, the grid contains 316,848
synthetic spectra.

We generated the synthetic spectra using MOOG (Sneden 1973), an LTE spec-
tral synthesis software. MOOG takes into account neutral hydrogen collisional
line broadening (Barklem, Piskunov, and O'Mara 2000; Barklem and Aspelund-
Johansson 2005), in addition to radiative and Stark broadening and van der Waals
line damping. The most recent version (2017) includes an improved treatment of
Rayleigh scattering in the continuum opacity (Alex Ji, private communication). The
resolution of each generated synthetic spectrum is 0.02 A.
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Table 3.4: Parameter Ranges of Blue Grid (4100 - 6300 A)

Parameter Minimum Value Maximum Value Step
e (K) 3500 5600 100
5600 8000 200
log6(cms?) 0.0 (e Y 7000K) 5.0 0.5
0.5 (e i 7000 K) 5.0 0.5
Fe/H 4.5 ()e 4100K) 0.0 0.1
5 ()e | 4100K) 0.0 0.1
UFe 0.8 1.2 0.1

2Below [Fe/H]Y 4.5forTe 4100 K, certain stellar atmosphere models fail to
converge when solving for molecular equilibrium in each atmospheric layer.
Synthetic spectra with [Fe/Hf 4.5 exist for a majority of T -log 6 pairs for Te

4100 K, but our grid is complete for all parameter combinations only above
[Fe/H] = 4.5 in this regime.

Photometric Constraints

To reduce the dimensionality of parameter space and to optimize our ability to
nd the global chi-squared minimum in the parameter estimation (Section 3.4), we
constrained the e ective temperature and surface gravity of the synthetic spectra by
available Johnson-Cousias photometry for red giant stars in our sample. The
photometric e ective temperature is estimated using a combination of the Padova
(Girardi et al. 2002), Victoria-Regina (VandenBerg, Bergbusch, and Dowler 2006),
and Yonsei-Yale (Demarque et al. 2004) sets of isochrones, assuming an age of 14
Gyr and anU-element abundance of 0.3 dex. If available, we also employed the
Ramirez and Meléndez (2005) color temperature. We adopted a single e ective
temperature)e phot) and associated uncertaintf( ) from an average of the
isochrone/color temperatures for each star.

We determined the photometric surface gravity in a similar fashion. However, no
colordog 6 relation exists, so we could not include this additional source for the
photometric surface gravity. Unlike the e ective temperature, we did not solve for
log 6 using spectral synthesis techniques, as the errors on the photometric surface
gravity are negligible when the distance is known. Additionally, LRS and MRS
spectra cannot e ectively provide constraints on its value owing to the lack of ionized
lines in the spectra. Thus, we hét)6 xed in the abundance determination.
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[Fe/H] and [U/Fe] Regions

In order to increase the sensitivity of the synthetic spectrum tto a given abundance
measurement, we constructed wavelength masks that highlight regions that are
particularly responsive to changes in [Fe/H] at#iHe]. We employed the same
procedure as Kirby et al. (2009) to make the masks, starting with a base synthetic
spectrum for each combination p§ (3500 - 8000 K in steps of 500 K) arldg

g (0.0 - 3.5 in steps of 0.5 dex). We assumed a bulk metallicity [Fe/H] = -1.5 and
solar [U/Fe] for the atmosphere. We then generated synthetic spectra with either
enhanced or depleted values of individual element abundances (Fe, Mg, Si, Ca, and
Ti) for each) ¢ -log 6 pair and compare to the base synthetic spectra, identifying
wavelength regions that di er by more than 0.5%. In the determination of the
[Fe/H] and U/Fe] wavelength regions, we smoothed all synthetic spectra used to an
approximation of the expected resolution of the 600ZD grating.8 A) across the
entire spectrum (4100 - 9100 A). We then compared the spectral regions for each
element against the line list and high signal-to-noise (§/M00) spectra of cool

Oe Y 4200 K) globular cluster stars, eliminating any regions that do not have a
corresponding transition in the line list or an absorption feature in the spectra.

Although our measurements re ect the atmospheric valu&iéid], we constructed

the associated wavelength mask from the regions sensitive to changes in the in-
dividual elements Mg, Si, and Ca. We excluded Ti from tb¥-E] mask owing

to the prevalence of regions sensitive to Ti at bluer optical wavelengths, such that
we cannot meaningfully isolate its elemental abundance. Figure 3.2 illustrates our
[U/Fe] mask across the entire usable spectral range (480D A; Section 3.2).

The [Fe/H] spectral regions cover 92% and 51% of the wavelength range in the blue
and red respectively, whereas thd/He] regions span 15% and 12% of the same
wavelength ranges. The overlap between the [Fe/H] regionsldir@][regions is

16% and 23% in the blue and red respectively. We emphasize that [Fe/HJid®] [

are measured separately and iteratively (Section 3.4).

Parameter Determination from Spectral Synthesis

Here, we outline the steps involved in our measurement of atmospheric parameters
and elemental abundances from spectral synthesis of low-resolution spectra. Fig-
ure 3.3 illustrates an example of a nal continuum-normalized observed spectrum
and best-t synthetic spectrum resulting from our measurement procedure for a
high S/IN RGB star in a MW GC. Our method is nearly identical to that of Kirby

et al. (2009), excepting our introduction of an additional free parameterthe
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Figure 3.3: An example of a continuum-normalized observed spectigim flue)

and its best- t synthetic spectrunor@angg. The observed spectrum corresponds to
the same object in Figure 3.2. We show the the entire tted wavelength range (
4500 - 9100 A) for this object. The highlighted regiomsey) correspond to our
standard mask (Section 3.3), which excludes lines suchvadlel D1 and D2 from

the t. We adopt the parameters of the best- t synthetic spectrum for the observed
spectrum) . =4300 K,log 6 =0.71 dex, [Fe/H] = 2.07 dex, J/Fe] = 0.29 dex,

and _ =2.60 A FWHM. We measurp2 = 1.63 for the quality of the t across the

full wavelength range, based on the regions of the spectrum used to measure [Fe/H]
(Section 3.4). The normalized residuata(k blug between the continuum-re ned
observed spectrum and best- t synthetic spectrum are also shown. The residuals
have been scaled by the inverse variance of the observed spectrum and the degree
of freedom of the t, such that each pixel represents the direct contributipg.to

resolution of the observed spectrum. We use a Levenberg-Marquardt algorithm

to perform each comparison between a given observed spectrum and a synthetic
spectrum. We weight the comparison according to the inverse variance of the ob-

served spectrum. In each step, the synthetic spectra utilized in the minimization are
interpolated onto the observed wavelength array and smoothed to the tted observed
resolution, _, prior to comparison with a given observed spectrum.

1. )e, [Fe/H], and _, rst pass. All three parameters are allowed to vary
simultaneously in the t. We use only regions sensitive to [Fe/H] (Section 3.4)
in this measurement. We choose to measuresimultaneously with ¢ and
[Fe/H] to prevent the chi-squared minimizer from under- or over-smoothing
the synthetic spectrum to compensate for the initial guesges ahd [Fe/H],
which are o set from the nal parameter values corresponding to the global
j 2 minimum. The [Fe/H] regions cover almost the entire spectrum (92%) in
the wavelength range 4100 - 6300 A and a majority of the spectrum (51%) in
the range 6300 - 9100 A, such that using the entire spectrum to measure
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does not change the results within the statistical uncertainties.

We assume a starting value )af phot (Section 3.4) for the spectroscopic ef-
fective temperature).e is constrained by photometry using a Gaussian prior,
such thatj 2 increases if ¢ deviates substantially frone ,phot, as de ned

by the associated error in the photometric e ective temperafure (). As
motivated in Section 3.4pg 6 is xed at the photometric value in all steps.
We initialize [Fe/H] at 2 dex, where we performed tests to ensure that the
nal value of [Fe/H] does not depend on the initial guess. Similar to the
approach fo) . , we enforce a Gaussian prior with a mean of 2.8 A and stan-
dard deviation of 0.05 A on _, according to the expected spectral resolution
for the 600ZD grating For the rst iteration of the continuum re nement,
[UFe] remains xed at solar. In subsequent iteratioh$FE] is xed at the
value determined in step 2. The other parameters are allowed to vary until the
best- t synthetic spectrum is found.

2. [UFe], rst pass. )e, [Fe/H], and _ are xed at the values determined
in step 1 while [J/Fe] is allowed to vary, assuming a starting value of solar
for the rst iteration of the continuum re nement. Otherwise, the starting
value is the value of(/Fe] determined in the last iteration of the continuum
re nement. As inthe case of [Fe/H], the nal value dffFe] does not depend
on the initial guess. In the determination of the best- t synthetic spectrum,
only wavelength ranges sensitive to variationdJielement abundance are
considered (Section 3.4).

3. Iterative continuum re nementAfter a best- t synthetic spectrum is deter-
mined according to steps 1 and 2, we re ne the continuum normalization
according to Section 3.3. We perform the continuum re nement iteratively,
enforcing the convergence conditions that the di erence in parameter values
between the previous and current iteration cannot exceed 1 K, 0.001 dex,
0.001 dex, and 0.001 A for. , [Fe/H], [U/Fe], and _ respectively. If these
conditions are not met in a given iteration, the continuum-re ned spectrum is
used to repeat steps 1 and 2 until convergence is achieved. If the maximum

2Approximating the spectral resolution by constant value ofover the full spectrum does not
impact the determination of either [Fe/H] dd/Fe]. Even if _ over-smooths (under-smooths) the
spectruminthe tting procedure, it should not alter the identijefiminimum for [Fe/H] and [/Fe],
given that the e ect of over-smoothing (under-smoothing) the core and wings of an absorption feature
should e ectively negate each other. However, approximating the spectral resolution byuld
increasq 2, consequently increasing the statistical uncertainties on the abundances.
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number of iterations (M, max = 50) is exceeded, which occurs for a small
fraction of observed spectra, we do not include the observed spectra in the
subsequent analysis.

4. [Fe/H], second pass[Fe/H] is redetermined, whede , _, and U/Fe] are
xed at their converged values from step 3. We use the nal continuum-re ned
observed spectrum determined in step 3 in this step and all remaining steps.

5. [U/Fe], second and nal passWe repeat step 2, holding [Fe/H] xed at the
value determined in step 4.

6. [Fe/H], third and nal pass. We repeat step 4, holdingJ[Fe] xed at the
value determined in step 5.

3.5 Globular Cluster Validation Tests

We demonstrate the robustness of our LRS technique by applying it to a set of MW
GCs: NGC 2419, NGC 1904 (M79), NGC 6864 (M75), and NGC 6341 (M92) and
NGC 7078 (M15).

NGC 2419 is a luminous outer halo GC locate®0 kpc away from the Galactic
center (Harris et al. 1997) with multiple stellar populations, but no detected variation
in [Fe/H] (Cohen and Kirby 2012). NGC 6864 also exhibits evidence for chemically
distinct populations, including a marginal spread in [Fe/HP(07 dex; Kacharov,
Koch, and McWilliam 2013). It is a relatively young GC (Catelan et al. 2002) at
a Galactocentric radius of 15 kpc (Harris et al. 1997). NGC 1904 (19 kpc;
Harris et al. 1997) possesses an extended blue horizontal branch, but it is otherwise
a typical cluster. NGC 6341 (9 kpc; Harris et al. 1997) is notable primarily for
being very metal-poor ([Fe/H] 2.3 dex). NGC 7078 is similarly metal-poor,
and has been observed to exhibit variationdJirlements (Sneden, Pilachowski,
and Kraft 2000; Carretta et al. 2009c¢). For a summary of observations used in our
validation tests, see Table 3.1.

Membership

For all subsequent analysis in this section, we utilize only stars that have been
identi ed as RGB or AGB star members by Kirby et al. (2016). Membership is
de ned using both radial velocity and metallicity criteria based on MRS, such that
any star whose measurement uncertainties are greater th&moi® the mean of
either radial velocity or metallicity is not considered a member. The colors and
magnitudes of member stars must also conform to the cluster's giant branch.
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Figure 3.4. Error-weighted metallicity ([Fe/H]) distribution functions for RGB
members of Galactic globular clusters NGC 24¢@:{), NGC 1904 ¢yan), NGC
6864 (magenty, NGC 6341 @greer), and NGC 7078gurple). Only stars for which
XFe/H] Y 0.3 dex are shown. We nd mean cluster metallicities &.14 dex,
1.70 dex, 1.22 dex, 2+45dex, and 2.50 dex for the four respective clusters.

Metallicity

As described in Section 3.4, we measure metallicity from spectral regions sensitive
to variations in [Fe/H]. In addition to membership criteria (Section 3.5), we further
re ne our sample by requiring that thef 5contours in)e , [Fe/H], and /Fe]
(Section 3.4) identify the minimum. This condition is e ectively equivalent to
requiring that a given star has su cient S/N, a converged continuum iteration, and
overall high enough quality tj 2) to produce a reliable abundance measurement.

We illustrate our results for [Fe/H] in the form of metallicity distribution functions
(Figure 3.4) for NGC 2419, NGC 1904, NGC 6864, and NGC 6341, where we
weight the distribution according to thetal error in [Fe/H]. For a discussion of the
measurement uncertainties, including systematic uncertainties, see Section 3.7. We
nd that HFe/H]i = 2.18 0.15dex, 1.70 0.08 dex, 1.23 0.15dex, 2.45

0.12 dex, and 2.53 0.19 dex for NGC 2419, NGC 1904, NGC 6864, NGC
6341, and NGC 7078 respectively, whef€&e/H]i is weighted according to the
inverse variance of the total measurement uncertainty. These values approximately
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Figure 3.5: Top) metallicity ([Fe/H]) and bottom) [U/Fe] vs. spectroscopic e ective
temperature)( ). We show only stars with{Fe/H] Y 0.3 dex and{U/Fe] Y 0.3 dex

in each panel. The lack of a trend between both [Fe/H] &itEd] with respect to

)e foreach GC implies that our chemical abundance analysis is robust to systematic
covariance in these parameters.

agree with the corresponding quantities from HR3:12 0.09 (Cohen and Kirby
2012), 1.58 0.03 (Carretta et al. 2009c¢),1.16 0.07 (Kacharov, Koch, and
McWilliam 2013), 2.34 dex (Sneden, Pilachowski, and Kraft 200@nd 2.32

0.07 dex respectively. In particular, we note that we nd a spread in [Fe/H] for
M15 that is likely not intrinsic (Carretta et al. 2009a), but rather a consequence
of measurement uncertainty. Our estimate of the systematic uncertainty in [Fe/H]
(Section 3.7) incorporates this dispersion in [Fe/H] measurements. We present a
detailed comparison of our [Fe/H] measurements to HRS abundances in Section 3.6.

As another example of our ability to reliably recover abundances, we show [Fe/H] and
[U/Fe] vs. spectroscopically determingg in Figure 3.5 for all GCs. In a nearly
mono-metallic population like a GC, correlation of metallicity with other tted
parameters, such ag , would indicate the presence of systematic e ects. Because
) e Is strongly covariant with [Fe/H], the tting procedure might erroneously select

3Sneden, Pilachowski, and Kraft (2000) do not cite random uncertainties on their abundances.
We represent their [Fe/H] antlfFe] (Section 3.6) values as simple means.
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Figure 3.6: AtmospheridJ/Fe] versus [Fe/H] for the same data set as Figure 3.4,
where we also exclude points wit[U/Fe]) > 0.3 dex. There is no apparent
anticorrelation betweerfFe] and [Fe/H] within a GC, indicating that our method
does not show any unphysical covariance between these two parameters.

a lower value of [Fe/H] ande in order to match spectral features. Figure 3.5
presents evidence against any such correlation. The same argument can be extended
to theU-element abundance of a GC, given the assumption of chemical homogeneity.
Similarly, we do not see any correlation betwet¥He] and) e .

U-element Abundance

Similarly, we do not anticipate a correlation between [Fe/H] asiét¢] within a GC.

[U/Fe] abundance impacts the determination of [Fe/H] via its contribution of H
opacity to the stellar atmosphere through electron donation. Thus, the abundance of
[U/Fe] alters stellar atmospheric structure, requiring a re-evaluation of [Fe/H] in the
spectral tting process. The presence of trends betwéihd] with [Fe/H] (e.g.,
increasing U/Fe] with decreasing [Fe/H]) within a GC, which we expect to contain
no such correlations, would indicate systematic e ects in measuring abundances.
As summarized in Figure 3.6, no such systematics are consistently present in our
data for each GC. Even in the worst case scenario of M15, a massive, very metal-
poor GC with knownJ-element variation, any apparent anticorrelation is primarily
driven by a few outliers in both [Fe/H] antfFe].
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3.6 Comparison to High-Resolution Spectroscopy
Here, we compared our derived stellar parameters and elemental abundances from
LRS to HRS literature measurements as a validation of our method.

High-Resolution Data

Given the variety in approaches of HRS studies of the MW GCs, MW dSphs, and
MW halo stars listed in Table 3.1, we provide a summary of the stellar parameter
determination and abundance analysis in each case. For all systems, membership is
determined based on radial velocities.

" NGC 2419 Using Keck/HIRES'(  34,000) spectroscopy, Cohen and Kirby
(2012) measured [Fe/H], [Mg/Fe], [Si/Fe], and [Ca/Fe] for 13 RGB stars in
NGC 2419. They used MOOG (Sneden 1973) in combination with Castelli
and Kurucz (2003) atmospheric models to derive equivalent widths from
neutral lines across the wavelength range 4500 - 8350 A, including the Mg
triplet. Stellar parameters were set to photometric values. Measurement
uncertainties represent the dispersion of the mean abundance based on the
various lines used in the abundance determination.

" NGC 6864 Kacharov, Koch, and McWilliam (2013) used Magellan/MIKE
(" 30,000) to observe 16 RGB stars in NGC 6864 over a wavelength range
of 3340 - 9150 A. They measured [Fe/H], [Mg/H], [Si/H], and [Ca/H] via
equivalent width measurements using MOOG and Castelli and Kurucz (2003)
atmospheric models. Mg was measured from a single line (5711 A). They
determined T from excitation equilibrium and surface gravities from T
extinction-corrected bolometric magnitudey), and the known distance to
the cluster. The measurement uncertainties are a combination of the random
error (based on the number of lines used in the abundance analysis for a
given element) and a component that re ects the error from adopted stellar
atmosphere parameters. For the latter component, we adopt the larger, more
conservative errors that re ect averages based on the entire GC sample of
Kacharov, Koch, and McWilliam (2013).

" NGC 1904 From VLT/UVES ( 40,000), Carretta et al. (2009c) and
Carretta et al. (2010) performed an abundance analysis based on equivalent
width measurements for Fe, Mg, Si, and Ca, respectively, for a sample of
10 RGB stars, over the wavelenth range 4800 - 6800 A. Following Carretta
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et al. (2009b), the authors adopded from calibratedr- colors and surface
gravity from)e , " pol, and distance moduli, and used Kurucz atmosphere
models (with convective overshooting). To determine errors in the stellar
atmospehric parameters, Carretta et al. repeated their analysis for each star,
varying a single atmospheric parameter each time, to derive an average internal
error, in addition to the rms error.

NGC 6341 Based on WIYN/Hydra (R 20,000,5740AY Y 5980
Aspectra, Sneden, Pilachowski, and Kraft (2000) measured [Fe/H], [Si/Fe],
and [Ca/Fe] abundances for RGB stars in NGC 6341 and NGC 7078. A single
Si transition is used to determine [Si/Fe]. They adopted atmospheric parame-
ters from  + photometry calibrations and employed MARCS atmosphere
models in combination with MOOG. Given that Sneden, Pilachowski, and
Kraft (2000) did not provide an estimate of abundance errors, we assume an
uncertainty of 0.1 dex for all elemental abundances.

NGC 7078 We utilize a compilation of data from Carretta et al. (2009c)
and Carretta et al. (2010) and Sneden et al. (1997) and Sneden, Pilachowski,
and Kraft (2000). The latter two studies employed similar techniques, where
Sneden et al. (1997) used a mix of observations from both Hamilton and
HIRES. In contrast to Sneden, Pilachowski, and Kraft (2000), Sneden et
al. (1997) measured Mg abundances, based on a combination of equivalent
width measurements 2 strong Mg | lines and spectral synthesis of a slightly
weaker line. We use [Fe I/H], as opposed to [Fe/H], which is given as the
mean of [Fe I/H] and [Fe II/H] and assume 0.1 dex uncertainties on the HRS
abundances.

MW dSphs For Canes Venatici | (CVnl) and Ursa Minor (UMi), we nd

a single star in common between each of our DEIMOS slitmasks and the
HRS literature (Frangois et al. 2016; Shetrone, Coté, and Sargent 2001).
Francois et al. (2016) used VLT/X-shooter spectra=(300 nm 1 "m,

" = 7900 12600 to measure [Fe/H], [Mg/Fe], and [Ca/Fe] for two stars

in CVnl. They determined¢ using a color-temperature relation and
photometrylog 6 from" ), and abundances via spectral synthesis using OS-
MARCS (Gustafsson et al. 1975; Plez, Brett, and Nordlund 1992) atmosphere
models. We estimated the HRS abundance errors based on the typical un-
certainties of the published data. Based on Keck/HIRES spectroséb49 (

A. . 70208), Shetrone, Coté, and Sargent (2001) measured [Fe/H],
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[Mg/Fe], and [Ca/Fe] for several stars in UMi, using MOOG and MARCS
model atmospheres. They provided large upper limits on [Si/Fe], which we
exclude from our analysis. Atmospheric parameters were determined simulta-
neously and iteratively using deredderied +° color-temperature relations,
excitation equilibrium, and ionization balance. As for Draco, we use a mixture
of data (Shetrone, Bolte, and Stetson 1998; Shetrone, Coté, and Sargent 2001;
Fulbright, Rich, and Castro 2004; Cohen and Huang 2009). The methods of
Shetrone, Bolte, and Stetson (1998) are nearly identical to those of Shetrone,
Coté, and Sargent (2001), as is the case for Cohen and Huang (2009) in rela-
tion to Cohen and Kirby (2012). Aside from using Keck/HIRES spectroscopy
and adopting photometric values for atmospheric parameters, the analysis
of Fulbright, Rich, and Castro (2004) is similar to that of Fulbright (2000)
(see discussion of MW halo HRS abundances). Additionally, the majority of
Draco stars do not have a HRS measurement of Si abundance.

" MW Hala We selected 5 MW halo stars from Fulbright (2000) with6 Y
3.5dexand{/Fe]. 0.15dex or{J/Fe]& 0.4 dex. Using high-resolution (
50,000), high S/N Lick/Hamilton, Fulbright (2000) measured Mg, Si, and Ca
for 168 halo and disk star$ andlog 6 were determined iteratively using Fe
lines, with initial guesses determined from photometry. Abundances
were determined from equivalent width measurements using MOOG and
Kurucz model atmospheres with convective overshooting. We use [Fe I/H],
as opposed to [Fe/H], which is given as the mean of [Fe I/H] and [Fe II/H]. The
abundance errors re ect the rms uncertainty in each elemental abundance.

We emphasize that the HRS abundances do not include true estimates of system-
atic uncertainty, e.g., resulting from limitations from the selected grid of model
atmospheres or line list. Additionally, we are comparing our homogeneous LRS
abundances to an inhomogeneous HRS sample. As a result, some of the di erences
among the HRS studies can be attributed simply to di erent abundance measurement
tools and techniques.

Abundance Comparison

We nd good agreement in [Fe/H] for the 30 stars common between both data
sets,where we have included abundance measurements of MW dSphs and MW halo
stars, in addition to GCs, to expand our sample size with HRS overlap. In order to
perform the comparison, we have shifted the HRS abundances (Cohen and Meléndez
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Figure 3.7: Metallicity measured from LRS ([Fe/H]) versus HRS ([Fe I/H]) for MW
GCs, dSphs, and halo stars for NGC 2419, NGC 1904, and NGC 6864. Between LRS
and HRS data sets, we have measurements in common for 30 stars. Although some
scatter is present between data sets, [Feqkklhnd [Fe/H] are strongly correlated

at high signi cance across multiple orders of magnitude in metallicity.

2005; Gratton et al. 2003; Asplund et al. 2009; Grevesse and Sauval 1998; Anders
and Grevesse 1989) to the same solar abundance scale as the LRS abundances.
Figure 3.7 shows a strong correlation between the LRS and HRS measurements
across a wide metallicity range ( 30 00 dex).

In order to compare outfFe] measurements to an analogous HRS quantity, we
construct J/Felyrs based on a weighted sum of Mg, Si, and Ca elemental abun-
dances. To derive the weights, we start with a reference synthethic spectrum de ned
by Te =4400 K,log 6 = 1.0 dex, [Fe/H] = 1.8 dex, which correspond to mean
parameter values from HRS studies of NGC 2419, NGC 1904, NGC 6864, and NGC
6341, and/Fe] = 0. We assume a spectral resolution of= 2.8 A and interpolate



85

Figure 3.8: [J/Felrs versus [J/Fe] rs for the same data set as Fig. 3.7. We
construct [J/JFelyrs based on a weighting (Section 3.6) of its individubélement
abundances. Open symbols indicate valuesUdF¢}rs constructed from two

or fewer individualU-element abundance ratios. The LRS and HRS abundances
exhibitbroad agreement and show a clear correlation, despite the intrinsic di erences
between the sets of measurements.

the synthetic spectrum onto a wavelength array with spacing equal to the pixel scale
of the 600 line mm! grating ( 0.64 A). Next, we enhance/deplete tHeslement
abundance by 0.1, 0.2, and 0.3 dex, calculating the sum of the absolute di erence
between the reference and enhanced/depleted synthetic spectrum in each case. For
eachU-element, we utilize only the relevant wavelength regions (Section 3.4) and
spectral coverage that corresponds to our data set (4500 - 9100 A). Additionally,
we exclude contributions from masked wavelength regions (Section 3.3). We adopt
the normalized average value of the summed absolute ux di erences as our nal
weight for a given element, i.e.,
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Table 3.5:HU/Fe] in MW GCs

GC HU/Fe]lrsi (dex) HUFelrs (dex)
NGC 2419 0.26 0.13 0.21 0.09
NGC 1904 0.20 0.09 0.28 0.02
NGC 6864 0.18 0.18 0.28 0.07
NGC 6341 0.10 0.16 0.37
NGC 7078 0.30 0.15 0.32 0.06

Note. The HRS references for NGC 2419, NGC
1904, NGC 6864, NGC 6341, are Cohen and
Kirby (2012), Carretta et al. (2009c) and Carretta
et al. (2010), Kacharov, Koch, and McWilliam
(2013), and Sneden, Pilachowski, and Kraft (2000).

sUs Felfirs = 0282 [Mg/Felyrs, 0136 [SilFelrs

(3.1)
N 0582 [Ca/Fe]_"qs—

h
XAl Felars = 0282 XMg/Felyrs °. 04136 XSi/Felrs
12 (3.2)
0582 XCa/Felps 2

In Figure 3.8, we utilize Egs. 3.1 and 3.2 to directly compare HRS and URS
element abundances for the same sample as Figure 3.7. A clear positive correlation
exists betweenlW/Fe] rs and U/Felyrs, with some degree of scatter present. We
emphasize that)Fejyrsrepresents only an approximation to the atmospheric value
of [U/Fe], given the fundamental di erences between the HRS and LRS methods
(Section 3.6).

In Table 3.5, we summarize our ndings fofU/Fefi rs in MW GCs and compare

to equivalent HRS measurements constructed using Egs. 3.1 artlirBtBe case

of NGC 6341, we constructfFelyrs based only on [Ca/Fe] and [Si/Fe] because
Sneden, Pilachowski, and Kraft (2000) did not measure [Mg/Fe]. In any instance
of an incomplete set of Mg, Ca, and Si abundances for our HRS comparisons,
we renormalized the weights in Egs. 3.1 and 3.2 accordingly. The average LRS

4The HRS reference used to construdfeirs for NGC 7078 is based on the most recent study
of U-enhancement in this cluster. The star-to-star HRS comparisons of Figures 3.7 and 3.8 are based
on a compilation of values from Sneden et al. (1997) and Sneden, Pilachowski, and Kraft (2000) and
Carretta et al. (2009c) and Carretta et al. (2010) for NGC 7078.
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U-element abundances are in some cases lower than the HRS measurements by
0.1 dex, but overlap within the associated standard deviation on the measurement,

excepting the case of NGC 6341. We nd a signi cantly lower valueidd/Feji,

although we note that it is particularly di cult to compare between LRS and HRS

in this case. Given that NGC 6341 lacks HRS Mg abundances, we cannot perform a

meaningful direct comparison of our constructfd/Felyrsi to our measurements

of HU/Fe] rsi, which include Mg.

This apparent o set in between the LRS and HRS measurements can be charac-
terized in terms of a systematic uncertainty component. We nd that a star-by-star
comparison of /Fe] and [Fe/H] shows that our LRS results are consistent with
those from HRS within the systematic uncertainties (Section 3.7). We estimate the
systematic error by calculating the additional error term that would be required to
force the LRS and HRS measurement to agree within one standard deviation. The
relevant equation is,

& NRs, MRS, 2

8 Xifrs,» Xffirs,» XMHe

wheren represents a given elemental abundance, such as [Fe/HJFa][ Xnis the
corresponding statistical uncertainty on the measurer8enan index representing
a given star in common between both the HRS and LRS data set#, @rttie total
number of common stars.

1 —_
= = 1- (3.3)

Forn = [Fe/H] and# = 30 stars, we numerically solve Eq. 3.3 to xdyys= 0.176

dex. A majority of this systematic term is driven by a single MW halo star with

a discrepant value of [Fe/ll}s. Excluding it from the calculation, we n&Knys

= 0.143 dex for# = 29 stars. This value is likely more representative of the true
systematic uncertainty, given that it is not subject to extreme outliers and exhibits
better agreement with an independent calculation of the systematic uncertainty from
the intrinsic spread in GCs (Section 3.7, Table 3.6). In the case=ofU/Fe] we

nd Xnys= 0.058 dex and 0.039 dex, respectively, in the cases of30 and# =

29. For consistency, we adopt the latter value to re ect the systematic uncertainty
in [U/Fe] rs from HRS comparisons. Given the intrinsic heterogeneity of the HRS
sample (Section 3.6) and the comparatively limited sample ¢ize @9 versus

# = 154), we chose not to adopt these values as our systematic uncertainty. Instead,
we favor values calculated from the internal spread in GCs (Section 3.7).
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Table 3.6: Systematic Uncertainty

Parameter Xoys HrS (deX) #prs Yeys,gl (deX) #qc°
Fe/H 0.143 29 0.111 154
UFe 0.039 29 0.094 68

4 Number of stars with both LRS and HRS abundance measurements used to
determine the systematic uncertainty from HRS

b The systematic uncertainty as calculated from the intrinsic spread in GCs
(Section 3.7). We adopt these values over the systematic uncertainty determined
from comparison to HRSgys Hrs(Section 3.6), given the heterogeneity of the
HRS sample (Section 3.6).

© Number of stars used to determine the systematic uncertainty from the intrinsic
spread in GCs.

3.7 Systematic Uncertainty from Internal Spread in Globular Clusters

The total uncertainty on tted parameters is composed of two components added
in quadrature, the statistical (t) uncertaint);, and a systematic component,
Xys The tuncertainty is calculated according to the reduced chi-squared value
(j 2) and the diagonals of the covariance matrix of thefigy, i.e., f gdj 2°1°2.

We calculatej 2 using only the regions of the observed spectrum utilized in the

t, e.g., in the case of [Fe/H], we use the wavelength regions sensitive to [Fe/H]
(Section 3.4) and not excluded by the pixel mask (Section 3.3). The systematic
component encapsulates uncertainty intrinsic to our method, owing to sources such
as the linelist (Section 3.4), assumptions involved in spectral synthesis (Section 3.4),
details of our method, such as the continuum normalization (Section 3.3) and tting

procedure (Section 3.4), and covariance with other tted paraméters.

Metallicity

Because most GCs, including those in our sample, are nearly monometallic (Car-
retta et al. 2009a), we can derive an estimate of systematic uncertainty in [Fe/H],
NFe/H]sys by enforcing the condition that the intrinsic dispersion in the GC is zero,
ie.,

[Fe/Hlg h[Fe/H]

f2=var =1- (3.4)

12
XFelHF; g XFelHJ,

SWe do not completely characterize the systematic uncertainty.oraiid _ because our
primary goal is to determine abundances. The systematic efi&esH])sysandX([U/Fe]kysalready
account for errors propagated by inaccuraciesdnand _. All of the of uncertainties in ¥ and

_ presented in this chapter re ect only the statistical uncertainty.
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Figure 3.9: Probability distribution function of [Fe/H] normalized to the mean
metallicity of a given cluster{Fe/H]i ) and weighted by the total error in metallicity.
We show the distributions for NGC 2419réy), NGC 1904 ¢yan), NGC 6864
(magenty, NGC 6341 @reer) , and all ve clustersiflue) 154 stars). The total error

is composed of the statistical uncertainty from theX{fe/H]; ) and the systematic
uncertainty Fe/H]sy). We determine the systematic uncertainty from the intrinsic
dispersion in the combined distribution for all three clusters. The Gaussian de ned
by the systematic uncertaint{{Fe/H])sys= 0.111 dex) is overplotted.

where8is the index for a star in the G[Fe/H]; is the S/N-dependent statistical
uncertainty in [Fe/H], andiFe/H]i is the mean metallicity of the GC, where the
mean is weighted by the statistical uncertainty on each measurement of [Fe/H].
Eq. 3.4 follows a reduced chi-squared distribution with an expectation value of
unity. Enforcing the conditiofi 2 = 1, we can numerically solve for the most likely
value of the systematic uncertainty.

First, we re ne our sample by removing outliers in [Fe/H] for each GC. Follow-
ing Kirby et al. (2016), we calculate the mean metalliclffse/H]Ji, and standard
deviation,f ([Fe/H]), for each cluster, and we remove stars that deviate by more
than 2.58 (99% con dence level). Then, we re-compu{&e/H]i andf ([Fe/H])

from this re ned sample, including stars from the full sample that ful Il the crite-
ria j[Fe/H] h [Fe/H]ij X[Fe/HP: Y 3f . The inclusion ofXt [Fe/H]°; in the
inequality allows stars to be considered members even if they fall outside of the



90

allowed metallicity range, as long as some part of theicon dence intervals falls
within the range.

After performing this sigma clipping for each individual cluster, we subtract the
mean cluster metallicity from each star's measurement of [Fe/H], and we solve
for the intrinsic dispersion based on the combined sample (Eq. 3.4). We obtain a
systematic uncertainty in [Fe/H] of[Fe/H])sys = 0.111 dex (Table 3.6) based on
154 stars. We present an illustration of this method in Figure 3.9, where we show the
probability distributions for the total-error-weighted metallicity of each cluster, in
addition to the the combined GC sample. The fact that the combined distribution is
well-approximated by a Gaussian with= 1 indicates that the calculated systematic
uncertainty su ciently accounts for the observed metallicity spread.

Thus, the total error is,

q
X([Fe/H]yot =  X([FelH]3 , X([Fe/HDEns (3.5)

In general, the statistical t uncertainty for [Fe/H] is negligible compared to the
systematic error for GCs. However, this is not be the case for M31, given the low
value of the expected S/N.

U-element Abundance

To determine the systematic uncertainty WHe], X[U/Fe])ys we calculate the
intrinsic dispersion in the clusters, analogously to Eq. 3.4. Whereas it is generally
reasonable to assume that GCs have negligible spread in [Fe/H], the assumption
of zero intrinsic variation in/Fe] must be evaluated individually for each cluster.

For example, abundance analysis of HRS has detected a signi cant spread in Mg
for NGC 2419, where a minority of the population is Mg-abnormal (Cohen, Huang,
and Kirby 2011; Cohen and Kirby 2012). Large star-to-star variations in Mg have
also been found for NGC 7078 from HRS studies (Sneden, Pilachowski, and Kraft
2000; Carretta et al. 2009c). Although NGC 6864 possesses chemically distinct
populations, O is the onliJ-element that exhibits signi cant variation within the
cluster, as opposed to Mg, Si, or Ca (Kacharov, Koch, and McWilliam 2013). NGC
6341 is not known to possekkelement variations (Sneden, Pilachowski, and Kraft
2000), with the caveat that no recent Mg abundances from HRS have been published
to our knowledge.

We therefore construct our combined GC sample from NGC 1904, NGC 6864, and
NGC 6341 to comput¥([U/Fe])sys obtaining a value of 0.094 dex (Table 3.6) from
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Figure 3.10: Probability distributions used to determine the systematic uncertainty,
as in Figure 3.9, except for the case Offfe]. We show the distributions for NGC
1904 cyan, NGC 6864 (nagenty NGC 6341 green), and all three clusterblue)

(68 stars). We nd thaX([U/Fe])ys= 0.094 dex. (Section 3.7)

Table 3.7: M31 Stellar Halo Observations (f130_2)

Object Date \g() hi Gyp(s) #
f130 28 2018Jul19 1.0 153 5639 37
f130 2b 2018 Jul19 1.0 1.16 5758 37
f130 2a 2018 Augl14 0.86 1.29 4140 37
f130_2a 2018 Oct10 0.83 1.84 3000 37
f130_ 2a 20180Oct11 0.60 1.49 2400 37

a Slitmasks indicated a and b are identical, except that the slits are titled
according to the median parallactic angle at the approximate time of observation.

68 stars. Figure 3.10 illustrates that the adopted error oolir¢] describes the
data well. We anticipate a smaller valueffu/Fe])ysrelative toX([Fe/H])sys, given

that the systematic e ects (uncertainties in the line list, atmospheric parameters,
continuum normalization, etc.) that impact [Fe/H] tend to similarly a éd].
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3.8 The Star Formation History of the Stellar Halo of M31

We apply our spectral synthesis technique to spectra of individual RGB stars in
the stellar halo of M31. We select a eld with no identi ed substructure (Gilbert
et al. 2007) as an example. We will apply our method to additional M31 stellar halo
elds in following chapters.

Halo Field Observations

The eld, f130_2, is located at 23 kpc in projected radius along the minor axis of
M31, and was rst observed and characterized by Gilbert et al. (2007) using the
Keck II/DEIMOS 1200 line mm? grating. We selected it owing to its proximity

to the 21 kpc halo eld of Brown et al. (2007), for which Brown et al. (2009)
presented catalogs of deep optical photometry obtained using the Advanced Camera
for Surveys (ACS) on thelubble Space Telescope

Table 3.7 summarizes our observations of the M31 stellar halo eld, which we
observed with the same con guration as described in Section 3.2. The total exposure
time was 5.8 hours. Following Cunningham et al. (2016), we designed two separate
slitmasks for the single eld, with the same mask center, mask position angle, and
target list, but with di ering slit position angles. Switching slitmasks in the middle

of the observation allows us to approximately track the change in parallactic angle
over the course of the night. This technique mitigates ux losses due to di erential
atmospheric refraction (DAR), which disproportionately a ects blue wavelengths.
Thus, it is especially important to consider DAR when observing with the 600 line
mmt grating, which covers a wider spectral range than any other DEIMOS grating.

Sample Selection

The observed eld, at a M31 galactocentric radius of 23 kpc, includes a non-
negligible contamination fraction of Milky Way foreground dwarf stars. In order to
identify both secure and marginal M31 membdisgto i | O; Gilbert et al. 2012),

we used a likelihood-based method (Gilbert et al. 2006) that relies on three criteria
to determine membership: the strength of the Na8190 absorption line doublet,
the(V, 1) color-magnitude diagram location, and photometric versus spectroscopic
(Ca ll _8500) metallicity estimates. Following Gilbert et al. (2007), we excluded
radial velocity as a criterion to result in a more complete sample. In total, we
identi ed 37 M31 stellar halo members (20 o . 22.5) in this eld out of 106
targets.

We required that our abundance measurement technique determined the abundances
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Figure 3.11: (,+ ) color-magnitude diagram for M31 RGB stars from a 23 kpc
eld (f130_2) with no identi ed substructure. We show both stars contained in the
nal sample fed lled circles) (Section 3.8) and the full sample of member stars
(grey open circles The dashed vertical line represents a rough threshold in color
above which stars are likely to show evidence for strong TiO absorption in their
spectraf+ 9% j 2.0). The nal sample of stars shows signi cant overlap with
the full distribution of M31 members, aside from known color biases that we have
introduced in our sample selection.

reliably (Section 3.5)X([Fe/H]) Y 0.5 andX[U/Fe]) Y 0.5. We also required that the
5fj 2contoursin e , [Fe/H], and U/Fe] (Section 3.4) identify the minimum. Both

of these criteria e ectively mimic a S/N cut (S/B 10 A 1). Lastly, we manually
screened member stars for molecular TiO bands between 7285 A (Cenarro

et al. 2001; Gilbert et al. 2006), where a ected stars exhibit a distinctive pattern.
Stars with strong TiO absorption tend to be more metal-rich ([F&H]L.5), have

red colors (¢ )oi 2.0), and can also show unusydl contours in [JFe]. We
omitted 7 M31 member stars that passed the aforementioned cuts, which meet the
(+ )o color criterion and show spectral evidence of strong TiO absorption. In
total, this reduces the sample size to 11 stars (S/ND 30 A 1), for which we
present a summary of stellar parameters and chemical abundances in Table 3.8.
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In Figure 3.11, we show the (+ ) color-magnitude diagram for all 37 M31 RGB
stars in f130_2, highlighting the stars contained in our nal sample. No stars in our
nal sample havel+ % j 2.0 due to the aforementioned exclusion of stars with
TiO absorption. Excluding this known color bias, the nal sample of RGB stars is
well-sampled from the full color-magnitude distribution of M31 member stars for
this eld.

Kinematics

Given the proximity of our 23 kpc eld to the various structures present in the inner
halo of M31, we analyzed the kinematics of our nalized 11 star sample relative
to that of the broader eld. We adopt the heliocentric velocity measurements of
Gilbert et al. (2007), which are based o hour observations obtained with the
DEIMOS 1200 line mm? grating. As discussed in detail by Gilbert et al. (2007),
f130 2 contains no detectable substructure and is consistent with the kinematics
of a hot stellar halo. Additionally, f130_2 is not a signi cant contributor to the
nearby 300 km s kinematically cold component known as the Southeast shelf
(Gilbert et al. 2007; Fardal et al. 2007). Neither is the eld spatially coincident with
this feature, given that it is located at a larger minor-axis distance (23 kpc) than its
outermost extent in projected radius (18 kpc).

In order to con rm that our nal sample is not biased in radial velocity, we present
its velocity distribution compared to that of all 37 M31 RGB stars with successful
radial velocity measurements in the eld in Figure 3.12. We also show the velocity
distribution for 128 M31 RGB stars from the more encompassing eld f130 (Gilbert
et al. 2007), composed of 3 distinct slitmasks, including f130_2. Based on a two-
sided Kolmogorov-Smirov test, our nal sample is consistent at the 99% level with
the kinematics of a hot spheroid representing the velocity distribution of f130 (
E= 260kms 1 fg=132kms?; Gilbertetal 2007). We identify this kinematic
component with the virialized stellar halo of M31.

We also investigate whether f130_2 contains any chemically distinct stellar popu-
lations. Figure 3.13 illustrates the relationship between [Fe/H] and radial velocity
for our nal sample. For a more complete representation of these two quantities,
we identi ed stars in f130_2 that possessed well-constrained [Fe/H] measurements
(Section 3.8), without enforcing any criteria on the quality of tbé-g] measure-
ments. We do not nd compelling evidence for correlations between [Fe/H] and
radial velocity for f130_2, such that we conclude that there are no kinematically or
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Figure 3.12: Heliocentric velocity histogram for the nal 11 star sample drawn from
f130_2 fed) compared to the distributions for all 37 M31 RGB stars in f13@r2y)

with successful radial velocity measurements. We also show the velocity histogram
for 128 M31 RGB starshack from the broader sample of nearby elds, including
f130_2, known as f130 (Gilbert et al. 2007). The dotted line is the best- t Gaussian
(E= 260kms ! fg=132kms !; Gilbert et al. 2007) to f130, which corresponds

to a kinematically hot spheroid component with no detected substructure (i.e., the
smooth stellar halo of M31). We nd that our nal sample is consistent with the
kinematics of the hot spheroid.

chemically distinguishable stellar populations within this eld. The presence of a
tidal feature is not necessary to explain the metallicity or velocity distribution in
this eld, which is fully consistent with a virialized, phase-mixed stellar popula-
tion. This conclusion is supported by inspection of the color-magnitude diagram
(Figure 3.11) and the velocity distribution for the broader eld (Figure 3.12).

We acknowledge the possibility that kicked-up M31 disk stars, which are kinemat-
ically indistinguishable from halo stars (Dorman et al. 2013), could contribute to
f130_2. However, given the distance of f130_2 along the minor axis, it is unlikely
that this fraction exceedsl% (Dorman et al. 2013). Based on our above kinematic
analysis, we can rule out any signi cant contribution to f130_2@0 kpc in the disk
plane) by the extended disk of M31 (Ibata et al. 2005) (outermost extdfit 70

kpc in the disk plane). Thus, we conclude that our nal sample of 11 M31 RGB
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Figure 3.13: Spectroscopic metallicity ([Fe/H]) as a function of heliocentric velocity
for M31 RGB stars in f130_2. The typical uncertainty in velocitB(5 km s?) is
smaller than the size of the data points. In addition to our nal sampkkcircley,
which contains only reliabldJFe] measurements (Y 3.8), we show a broader sample
(grey diamondgthat contains well-constrained [Fe/H] measurements, with no cuts
on [U/Fe]. No apparent correlation exists between radial velocity and metallicity in
the eld, where our nal sample is representative of the broader sample.

stars accurately represents the properties of the smooth stellar halo of M31 in this
region.

Results and Interpretation

Our 11 measurements increase the previous sample size/kg][measurements
in the stellar halo of M31 from 4 stars (Vargas et al. 2014). For our eld, we
nd inverse-variance weighted values gFe/HJi = 1.59 dex (for a comparison to
previous work, see Appendix 3.10)([Fe/H]) =0.56 dex{U/Fe] = 0.49 dex, and

f ([UFe]) = 0.29 dex for our uniformJ-enhanced halo eld at 23 kpc.

In addition to our 11 measurements bfffe] and [Fe/H], Figure 3.14 includes the 4
outer halo stars from Vargas et al. (2014) for comparison. Vargas etal. (2014) utilized
Gilbertetal.'s (2012) sample of M31 halo stars to identify stars within existing M31
dSph elds (Vargas, Geha, and Tollerud 2014) for deeper spectroscopic follow-up.
They narrowed their sample by enforcing the criteria that the stars were high-
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Table 3.8: Parameters of 11 M31 RGB Stars

Object T AK) log6 (dex) [Fe/H](dex) [IFe] (dex) FA) SINA D
1282178 4339 7 0.39 2.4 0.17 0.4 0.32 2.79 0.04 26
1292468 3796 4 0.67 0.66 0.14 0.52 0.37 2.75 0.03 12
1292496 4368 5 0.7 0.81 0.14 0.0 0.27 2.86 0.02 24
1292507 3899 5 0.46 169 0.15 0.61 0.35 2.72 0.05 19
1302682 4075 5 0.85 143 0.14 0.83 0.18 2.79 0.02 19
1302710 4264 9 1.07 1.64 0.16 0.4 04 2.83 0.04 10
1302971 3858 3 0.53 1.7 0.15 0.75 0.39 2.79 0.04 15
1303039 4144 4 0.52 2.2 0.15 0.07 0.25 2.83 0.02 24
1303200 4337 4 0.88 191 0.15 0.07 0.28 2.83 0.02 26
1303382 4356 3 0.78 2.4 0.15 0.7 0.19 2.79 0.02 30
1303502 3914 3 0.39 1.2 0.14 053 0.15 296 0.02 28

a As discussed in Section 3.7, the errors presenteddfofahd _) represent only the random
component of the total uncertainty.

likelihood M31 members with S/N su cient to measure abundances from MRS
(SIN& 15 A 1). Their nalized sample originates from the metal-poor outer halo of
M31 between 70 140 kpc. We re-compute the inverse-variance weighted average
elemental abundances from their data, ndifge/H]Ji = 1.70 dex,f ([Fe/H]) =

0.27 dex,HU/Fe] = 0.28 dex, and ([U/Fe]) = 0.22 dex. In contrast to our work,
Vargas et al. (2014) applied an empirical correction factor to convert between the
measured, atmospheric value a¥ffe] and the averageJ[Fe] calculated from
individual U-element abundances.

As expected for a smooth halo eld, we do not nd evidence for a trendUsF¢]

as a function of [Fe/H], in contrast to the expected abundance pattern (decreasing
[U/Fe] with [Fe/H]) for elds dominated by a single, recent accretion event (such as
the Giant Southern Stream; Ibata et al. 2001a) or dwarf galaxies. Additionally, the
fact that our [J/Fe] measurements at 23 kpc are consistent with thos@@t140

kpc (Figure 3.14) over the same metallicity range2.6 dex. [Fe/H]. 1.5

dex) suggests the lack of a signi cant radial trend withiHe] in M31 stellar halo

elds absent of substructure. We also nd that our 23 kpc eld is on average 0.2
dex more metal rich than the outer halo Vargas et al. (2014) measurements (see
Appendix 3.10 for a discussion of potential selection e ects). In combination with
the approximately constant value ad/Fe] with both [Fe/H] and radius, this may
indicate that we are probing the same extended halo component, which is metal-poor,
U-enhanced, and underlies substructure at all radii (Chapman et al. 2006; Gilbert
et al. 2012; Ibata et al. 2014).



98

Figure 3.14: U/Fe] vs. [Fe/H], measured from LRS, for M31 RGB starsd(
circles in the 23 kpc eld. We show a subset of our entire sample, w({kre/H])

< 0.5 dex and{[U/Fe]) < 0.5 dex, considering only stars with reliable abundance
measurements. In total, we presedtHe] measurements for 11 M31 halo stars,
increasing the previous sample size of 4 stars (Vargas et al. 2014). We plot the latter
sample of metal-poor halo stagré¢y squares(S/N & 15 A 1) over our data set for
comparison (S/N 10 30 A 1).

Given the low luminosity of the smooth halo component (L1.9 10° L for
[Fe/Hlpnot Y 1.1 dex), Ibata et al. (2014) inferred that it would consist of many
low luminosity structures accreted at early times. In terms of star formation history
(SFH), highU-element abundances indicate that the stellar population in f130_2
is characterized by rapid star formation and is dominated by the yields of Type II
supernovae. Recognizing that the outer regid2Q kpc) of the stellar halo are
most likely formed via accretion (Johnston et al. 2008; Cooper et al. 2010; Tissera,
White, and Scannapieco 2012), we infer that the disrupted dwarf galaxies that were
the progenitors of this eld likely had short SFHs. Their SFHs could have been
truncated by accretion onto M31.

Interestingly, the slightly lower averag¢element abundance (0.28 dex) of Vargas

et al. (2014) could suggest that the outer halo is composed of progenitors with more
extended chemical evolution as compared to the inner halo. If true, this would be in
accordance with expectations from hierarchical buildup of the stellar halo (Johnston
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et al. 2008; Font et al. 2008). However, we cannot draw a robust conclusion on this
matter given that the averaggeelement abundances, similar to the case of [Fe/H],
between Vargas et al.'s 2014 sample and our sample are consistent at fénell
which is compounded by limited sample sizes.

Our inferred SFH for f130_2 qualitatively agrees with the trend derived from deep
photometry in a nearbyiST/ACS eld located at 21 kpc along the minor axis.
The mask centers of the elds are separated by 6.33 arcmin on the sky, or 1.44
kpc, assuming a distance to both elds of 783 kpc (Stanek and Garnavich 1998).
Using the Brown et al. (2006) method of comparing theoretical isochrones to color-
magnitude diagrams, Brown et al. (2007) derived a SFH for the ACS eld, assuming
[UFe] = 0. They found a wide range of stellar ages and metallicities, providing
support for an accretion origin, as opposed to early monolithic collapse. The eld
exhibits evidence for an extended SFH, with the majority of stellar ages between
8 10 Gyr, with a small but non-negligible (5%) population of stars with ages
. 8 Gyr. The wide range of metallicity @.5Y [Fe/H] Y 0.5 dex) that we nd
in this chapter is consistent with a multiple progenitor hypothesis. If the nearby
ACS eld is representative of f130_2, this implies a composition for f130_2 of
intermediate-age system(s) that had elevated star formation rates, quenched at latest
. 8 Gyr ago.

Comparing our averagd-element abundance to that of other systems, we nd that,
in general, they are similarly-enhancedl{U/Fe] for the 23 kpc M31 halo eld
agrees with that of M31 GCs (0.370.16 dex) within 20 kpc of the galactic center
(Colucci et al. 2009). Additionally, the metal-poor MW halo possesses elevated
U-element abundance ratios of approximately +0.4 dex (Venn et al. 2004; Cayrel
etal. 2004; Ishigaki, Chiba, and Aoki 2012; Bensby, Feltzing, and Oey 2014), which
is comparable to our result.

Drawing comparisons to M31 dwarf galaxies is less straightforward, given that their
averagdJ-element abundance varies from approximately solar to higtdgphanced

( 0.5 dex) (Vargas, Geha, and Tollerud 2014). This may indicate a range of star
formation timescales for these systems, where some are dominated by old stellar
populations & 10 Gyr ago) and others possess intermediate-agelQ Gyr ago)

stars, although the systematic uncertainties on their SFHs at early times are large
(Weisz et al. 2014). Vargas, Geha, and Tollerud (2014) also found M31 dwarf
galaxies to vary in terms of their interndl/Fe] vs. [Fe/H] abundance patterns,
ranging from constant (e.g., And VII; Tollerud et al. 2012) to decreasified] with
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respect to [Fe/H] (And V;, Tollerud et al. 2012). The latter case is in accordance

with abundance trends found in MW dwarf spheroidal galaxies (Shetrone, C6té, and
Sargent 2001; Shetrone et al. 2003; Tolstoy et al. 2003; Venn et al. 2004; Kirby

et al. 2009; Kirby et al. 2011b) and systems with more extended SFHs.

In terms ofU-enhancement and SFH, our eld resembles old M31 dSphs, although it
is possible that f130_2 contains intermediate age stars (Brown et al. 2007). Vargas,
Geha, and Tollerud (2014) inferred that a present-day stellar halo constructed from
M31 dwarf galaxies would be metal-rich, whetige/H]i 0.7 dex ( 1.4 dex)

for their full sample (old dwarf galaxies only), with a distindgtelement abundance
pattern as compared to the MW halo. Given the similarly dtHe]-[Fe/H] trend
between f130_2 and And VII, and the similgFe/H]i and [Fe/H] range between
f130_2 and old M31 dSphs, it is possible that the progenitors of f130_2 were
composed of systems similar to And VII. In order to meaningfully test if systems
similar to present day M31 dwarf galaxies could have contributed to the smooth
halo component, or whether thkelement abundance pattern of the smooth halo of
M31 di ers from that of the MW, we would require larger sample sizes across more
halo elds.

3.9 Summary

In an e ort to increase the amount of available high-quality data in M31, we
have developed a method of measuring [Fe/H] adiF¢] from low-resolution
spectroscopy of individual RGB stars. We applied our technique to a eld in M31's
smooth stellar halo component.

The primary advantages of utilizing low-resolution spectroscopy are (1) the sub-
stantial increase in wavelength coverage (frore800 A with MRS to 4600 A

with LRS) available to constrain the abundances and (2) the accompanying increase
in S/N per pixel for the same exposure time and observing conditions. To make
spectral synthesis of DEIMOS LRS a reality, we generated a new grid of synthetic
spectra spanning 41006300 A based on a line list we constructed for bluer optical
wavelengths. We nd the following results:

1. Testing our technique on Galactic GCs, we do not nd evidence for any
systematic covariance between tted parameters, such.asnd [Fe/H].
In light of the the fundamental inhomogeniety of the various HRS samples
compared to our LRS data set, our measurements broadly agree with HRS
abundances.
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2. Based on the intrinsic dispersion in [Fe/H] atdiHe] of Galactic GCs with
no known abundance variations in Fe, Mg, Ca, or Si, we estimate error oors
of X([Fe/H])sys= 0.111 dex an&([U/Fe])sys = 0.094 dex.

3. We present measurements for 11 RGB stars of [Fafd] U/Fe] in the stellar
halo of M31, increasing the previous sample size of 4 stars. The eld has
no identi ed substructure and is located at 23 kpc in galactocentric projected
radius. We nd that{Fe/H]Ji = 1.59 0.56 dex and{U/Fe] =0.49 0.29
dex for this eld.

4. HUIFe] agrees with the value of the MW halo platea®(4 dex), M31 GCs,
and soméJ-enhanced M31 dwarf galaxies. Our measurements exhibit overlap
with previously published/Fe] measurements for M31 halo RGB stars at
larger projected radii (70140 kpc), showing no evidence for a signi cant
radial trend in J/Fe] in our limited sample.

5. Givenits highJ-enhancement and low metallicity, we surmise that the smooth
halo eld is likely composed of disrupted dwarf galaxies with elevated star
formation rates and truncated SFHs, accreted early in the formation history of
M31.

In the following chapter, we will measure [Fe/H] and/lFe] from 6 hour obser-
vations of individual RGB stars in additional M31 halo and tidal stream elds with
deepHST photometry (Brown et al. 2006).
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3.10 Appendix: Comparison to Literature Mean Metallicity

In this chapter, we focused on the determinationFg] in M31 stellar halo RGB
stars. Given the limited sample size of previously existing equivalent measurements,
we can only directly compare oudfFe] measurements to the Vargas et al. (2014)
sample. However, an extensive body of literature exists on [Fe/H] estimates in
the stellar halo of M31, which we discuss in detail here in the context of our
measurements.

As presented in Section 3.8, we ngiFe/H]i = 1.59 dex and ([Fe/H]) = 0.56

dex for f130_2. In contrast, Brown et al. (2007) estimatgek/H]i pnot = -0.87 dex

for the nearby ACS eld from color-magnitude diagram based SFHs, where their
value is more metal-rich than our mean metallicity by 0.71 dex. In terms of both
star counts and metallicity, Brown et al. (2007) characterized this eld as straddling
a transition region between the metal-rich inner halo and the metal-poor outer halo.
Although the extended hal&(60 kpc) is known to be metal-poor based on both
photometric and Ca triplet metallicity indicators (Guhathakurta et al. 2006; Kalirai
et al. 2006b; Chapman et al. 2006; Koch et al. 2008; Gilbert et al. 2014; Ibata
et al. 2014), a majority of photometric studies nd that the inner halo @Dkpc)

is as metal-rich as 0.7 dex for elds unpolluted by Giant Southern Stream debris
(Guhathakurta et al. 2006; Gilbert et al. 2014). Based on an imaging survey, Ibata
et al. (2014) found [Fe/H}ot= 0.7 dex at 30 kpc forJ/Fe] = 0, where the mean
metallicity does not decline to1.5 dex until 150 kpc. AssumindJ[Fe] = 0.3

dex, Kalirai et al. (2006b) founfFe/HJipnot = 1.48 dex and ([Fe/H]phop = 0.11

dex for the extended metal-poor hal& 60 kpc). They based their measurements
on photometry from elds with 1 hour DEIMOS spectroscopy, but they did not
include f130_2 in their analysis of inner halo elds, for which they fouiftee/H]i phot

= 0.94 dex and ([Fe/H]pnoy) = 0.60 dex around 30 kpc. Similarly, based on 397
stars between 2310 kpc, Gilbert et al. (2014) founidFe/H]iphot= 0.70 dex and

f ([Fe/H]Jpnhoy = 0.53 dex for [/Fe] = 0 in this region (including more metal-rich
Giant Southern Stream debris).

Clearly, our value offFe/H]i = 1.59 dex for f130_2 is discrepant with photomet-

ric studies of M31's inner halo. This could be a consequence of selection e ects
against metal-rich stars, given that we discarded stars with strong TiO absorption
(Section 3.8). However, we also consider alternative explanations. There are indica-
tions that (1) a smooth, metal-poor halo component with no detected substructure is
found at all radii, and (2) the photometric metallicities likely overestimate the degree
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to which the inner halo is metal-rich. Using Ca triplet equivalent width measure-
ments from stacked DEIMOS spectra, Chapman et al. (2006) analyzed major axis
elds (and one minor axis eld) in M31's stellar halo, nding evidence for a metal-
poor stellar halo component ([Fe/tllr = 1.4 dex) detectable at all radii between
10 70 kpc with no apparent metallicity gradient. In an analysis of M31's surface
brightness pro le, Gilbert et al. (2012) con rmed the detection of this distinct halo
component. Additionally, Ibata et al. (2014) found that the smooth hal®ig
dex more metal-poor than elds dominated by substructure, where metallicities of
255 Y [Fe/H] Y 1-1tend to characterize elds throughout the halo with little to
no substructure. In contrast to Kalirai et al. (2006b), Koch et al. (2008) analyzed
the same DEIMOS elds (including f130_2) using Ca triplet metallicities, nd-
ing values systematically more metal-poor in mean metallicity Oy75 dex. The
large discrepancy likely results from di erences in sample selection and metallicity
measurement methodology (photometric vs. Ca triplet based).

Whether the methodology employed is photometric, Ca triplet based, or utilizes
spectral synthesis can result in substantial di erences in metallicity estimates for the
same sample (e.g., Lianou, Grebel, and Koch 2011). Most relevantly, photometric
studies often assum&JfFe] = 0, which can in ate metallicity estimates signi -
cantly compared to assuming Brenhanced eld. Using VandenBerg, Bergbusch,
and Dowler (2006) isochrones, assuming 10 Gyr old stellar populations (Brown et
al. 2007), a distance modulus®Bf " % =24.63 0.20 (Clementini et al. 2011),

and [U/Fe] = 0 dex, we found{Fe/H]iphot = 1.40 dex for our sample of 11 M31
RGB stars. If we instead assumé/ife] = 0.3, we obtairt{Fe/H]iphot = 1.60

dex, corresponding to a decrease in the mean photometric metallicity of 0.19 dex.
We nd nearly identical results by repeating the calculation with a di erent set of
isochrones (Demarque et al. 2004).

The assumptions intrinsic to photometric metallicities, combined with the large
amount of tidal debris present in the inner halo of M31 that is included in many
previously published measurements in this radial range, are su cient to explain the
large di erence between our value fiFe/H]i for f130_2 and previous analyses in
the inner halo of M31. A primary strength of our study is that we can determine
both [U/Fe] and [Fe/H] from spectroscopy, without prior assumptions on either
parameter. We acknowledge that we may be preferentially sampling brighter, more
metal-poor stars in this eld, given that we are S/N-limited and select against stars
with strong TiO absorption. However, given that we can measure both [Fe/H] and
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[U/Fe] reliably from some of the highest quality spectra in M31's halo yet obtained,
we conclude that{fFe/H]i = 1.59 dex is likely an accurate representation of our
nal sample's mean metallicity. Thus, it is possible that our sample in f130_2
represents the metal-poor halo that underlies substructure (Chapman et al. 2006;
Gilbert et al. 2014; Ibata et al. 2014) in the inner halo of M31.
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*Abstract

We measured [Fe/H] andJ[Fe] using spectral synthesis of low-resolution stellar
spectroscopy for 70 individual red giant branch stars across four elds spanning
the outer disk, Giant Stellar Stream (GSS), and inner halo of M31. Fields at M31-
centric projected distances of 23 kpc in the halo, 12 kpc in the halo, 22 kpc in the
GSS, and 26 kpc in the outer disk &seenhanced, withfU/Fe] = 0.43, 0.50, 0.41,

and 0.58, respectively. The 23 kpc and 12 kpc halo elds are relatively metal-poor,
with HFe/H]i = 1.54 and 1.30, whereas the 22 kpc GSS and 26 kpc outer disk
elds are relatively metal-rich with{Fe/H]i = 0.84 and 0.92, respectively. For
elds with substructure, we separated the stellar populations into kinematically hot
stellar halo components and kinematically cold components. We did not nd any
evidence of a radialJ/Fe] gradient along the high surface brightness core of the GSS
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between 17 22 kpc. However, we found tentative suggestions of a negative radial
[U/Fe] gradient in the stellar halo, which may indicate that di erent progenitor(s)
or formation mechanisms contributed to the build up of the inner versus outer halo.
Additionally, the U/Fe] distribution of the metal-rich ([Fe/H] 1.5), smooth inner
stellar halo (§roj . 26 kpc) is inconsistent with having formed from the disruption
of progenitor(s) similar to present-day M31 satellite galaxies. The 26 kpc outer
disk is most likely associated with the extended disk of M31, where its bigh
enhancement provides support for an episode of rapid star formation in M31's disk
possibly induced by a major merger.

4.1 Introduction

Stellar halos probe various stages of accretion history, as well as preserving sig-
natures ofin-situ stellar formation (Zolotov et al. 2009; Cooper et al. 2010; Font

et al. 2008; Font et al. 2011, Tissera et al. 2013; Tissera et al. 2014). The stellar
halo and stellar disk of ¢ galaxies are connected through accretion events that
not only build up the halo, but can impact the evolution of the disk (Abadi et
al. 2003; Peiarrubia, McConnachie, and Babul 2006; Tissera, White, and Scanna-
pieco 2012). Additionally, stellar disks can contribute to the inner stellar halo via
heating mechanisms (Purcell, Bullock, and Kazantzidis 2010; McCarthy et al. 2012;
Tissera et al. 2013). The formation history of these various structural components
are imprinted in its stellar populations at the time of their formation via chemical
abundances (Robertson et al. 2005; Bullock and Johnston 2005; Font et al. 2006a;
Johnston et al. 2008; Zolotov et al. 2010; Tissera, White, and Scannapieco 2012).
In particular, measurements bfelement abundances (O, Ne, Mg, Si, S, Ar, Ca,
and Ti) encode information concerning the relative timescales of Types la and core-
collapse supernovae (e.g., Gilmore and Wyse 1998) and the epoch of accretion onto
the host! ¢ galaxy, whereas [Fe/H] measurements provide information concerning
the star formation duration of a stellar system.

The Andromeda galaxy (M31) is ideal for studies of stellar halos and stellar disks,
given that it is viewed nearly edge-on (de Vaucouleurs 1958). In contrast to the
Milky Way (MW), M31 appears to be more representative of a typical spiral galaxy

(Hammer et al. 2007). Thus, M31 serves as a complement to the MW in studies of
galaxy formation and evolution. Although much has been learned about the global
properties of M31 and its tidal debris through photometry and shallow spectroscopy
(e.g., Kalirai etal. 2006b; Ibata et al. 2005; Ibata et al. 2007; Ibata et al. 2014; Gilbert
et al. 2007; Gilbert et al. 2009; Gilbert et al. 2012; Gilbert et al. 2014; Gilbert et al.
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2018; Koch et al. 2008; McConnachie et al. 2009; McConnachie et al. 2018), the
level of detail available in the MW to study its accretion history from resolved stellar
populations (Haywood et al. 2018; Deason et al. 2018; Helmi et al. 2018; Gallart
et al. 2019; Mackereth et al. 2019b) is currently not achievable in M31.

In particular, the distance to M31 (785 kpc; McConnachie et al. 2005) has his-
torically precluded robust spectroscopic measurementdJiéie] and [Fe/H] for
individual stars. The majority of chemical information of individual RGB stars in
M31 and its dwarf satellite galaxies originate from photometric metallicity esti-
mates or spectroscopic metallicity estimates from the strength of the calcium triplet
(Chapman et al. 2006; Kalirai et al. 2006b; Koch et al. 2008; Kalirai et al. 2009;
Richardson et al. 2009; Collins et al. 2011; Gilbert et al. 2014, Ibata et al. 2014,
Ho et al. 2015). However, the degree to which photometric and calcium triplet
based metallicity estimates accurately measure iron abundance alone is uncertain
(Battaglia et al. 2008a; Starkenburg et al. 2010; Lianou, Grebel, and Koch 2011; Da
Costa 2016). It was only in 2014 that Vargas, Geha, and Tollerud presented the rst
spectroscopic chemical abundances in the M31 system based on spectral synthesis
of medium-resolution (Kirby, Guhathakurta, and Sneden 2008; Kirby et al. 2009)
spectroscopy.

Here, we present the third contribution of a deep spectroscopic survey of the stellar
halo, tidal streams, disk, and present-day satellite galaxies of M31. The rst work
in this series (Escala et al. 2019, hereafter E19) applied a new technique of spectral
synthesis of low-resolutiort ( 2500) spectroscopy to individual RGB stars in the
smooth, metal-poor halo of M31 & = 23 kpc. These were the rst measurements

of [U/Fe] and [Fe/H] of individual stars in the inner halo of M31. Gilbert et
al. (2019a), hereafter G19, presented the tdtHe] and [Fe/H] measurements in

the Giant Stellar Stream (GSS; Ibata et al. 2001a) of M31, locatgghat 17 kpc. In

this chapter, we presenit/fFe] and [Fe/H] measurements for three additional elds

in the inner halo afyoj = 12 kpc, the GSS &yj = 22 kpc, and outer disk of M31
atAyroj = 26 kpc. These three elds, in addition to the smooth halo eld of E19, all
overlap withHubble Space TelescofdST) Advanced Camera for Surveys (ACS)
pointings with inferred color-magnitude diagram based star formation histories
(Brown et al. 2006; Brown et al. 2007; Brown et al. 2009). The 26 kpc outer disk
eld represents the rst abundances in the disk of M31.

Section 4.2 details our observations and summarizes the properties of relevant,
nearby spectroscopic elds in M31. In Section 4.3, we describe the changes and
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Object Date \g() - Cexp (S) #

12 kpc Halo Field (H)
H1 2014 Sep 29 0.90 1.67 1097 110
H1 2014 Sep 30 0.90 2.16 5700
H1 2014 Oct 1 0.73 2.11 5700
H20 2014 Sep 29 0.9 1.29 2400 110
H2 2014 Sep 30 0.80 1.39 4200
H2 2014 Oct 1 0.90 1.32 4320

22 kpc GSS Field (S)
S1 2014 Sep 30 0.70 1.12 4800 114
S1 2014 Oct 1 0.75 1.11 3600
S2 2014 Sep 29 0.90 1.07 2400 114
S2 2014 Sep 30 0.70 1.07 4261
S2 2014 Oct 1 0.75 1.07 4800

26 kpc Disk Field (D)
D1 2014 Sep 30 0.60 1.15 4200 126
D1 2014 Oct 1 0.60 1.18 4320
D2 2014 Sep 29 0.70 1.43 3600 126
D2 2014 Sep 30 0.70 1.41 4683
D2 2014 Oct 1 0.60 1.41 4320

Note. The columns of the table refer to slitmask name, date of observa-

tion, seeing in arcseconds, airmass, exposure time per slitmask in seconds, and
number of stars targeted per slitmask.
@ The observations for f130_2, which we further analyze in this chapter, were

published by Escala et al. (2019).
b Slitmasks indicated 1 and 2 are identical, except that the slits on 2 are

tilted according to the parallactic angle at the approximate time of observation.

improvements to our abundance measurement technique (E19) and discuss our
abundance sample selection. We de ne our membership criteria for M31 RGB stars
and model their velocity distributions in Section 4.4, with a focus on separating the
stellar halo from substructure. Section 4.5 presents the full abundance distributions
and separates them into kinematic components. We discuss our abundances in the
context of the existing literature on M31 in Section 4.6.

4.2 Observations

In this section, we describe our spectroscopic observations in M31 and the known

properties of each spectroscopic eld.
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Table 4.2: DEIMOS 600ZD Velocity Templates

Object Spec. Type X ekp (S)
HD 103095 K1V 1.39 20
HD 122563 G8 1.37 20
HD 187111 G8 1.72 20
HD 38230 KOV C 1.08 720
HR 4829 A2V C 1.64 100
HD 109995 A0V C 1.54 99
HD 151288 K7.5V 1.04 20
HD 345957 GOV 1.62 200
HD 88609 G511 C 1.45 45
HR 7346 BO9V 1.34 20

Note. All templates were observed on 2019 Mar 10.

Data

We summarize our deep M31 observations for elds H, S, and D in Table 4.1.
The slitmasks for H, S, and D were observed for a total of 6.5, 5.5, and 5.9 hours,
respectively. The M31 stars in these elds were included as additional targets on
the slitmasks rst presented by Cunningham et al. (2016), which were intended
to target MW foreground halo stars. We utilized the Keck/DEIMOS (Faber et
al. 2003) 600 line mm' (600ZD) grating with the GG455 order blocking Iter, a
central wavelength of 7200 A, and 0.8 slitwidths. Two separate slitmasks were
designed for each eld, with the same mask center, mask position angle, and target
list, but with di ering slit position angles. This enabled us to approximately track
the changes in parallatic angle throughout the night, minimizing ux losses due to
di erential atmospheric refraction at blue wavelengths. The spectral resolution is
approximately 2.8 A FWHM. As discussed in E19, using a low-resolution grating
(comparing to the medium-resolution DEIMOS 1200G grating,3 A FWHM)
provides the advantage of higher signal-to-noise per pixel for the same exposure
time and observing conditions. The similarly deep (5.8 hours) observations for an
additional eld, f130_2, which we further analyze in this chapter, were published by
E19. Additionally, we observed radial velocity templates (Section 4.3; Table 4.2) in
our science con guration.

Field Properties

The elds H, S, and D are located at approximately 12 kpc, 22 kpc, and 26 kpc,
respectively, away from the M31 galactic center in projected radius. The DEIMOS
slitmasks were designed to target RGB stars near the well-studied halo21, halol1,
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Figure 4.1: The location of M31 DEIMOS elds observed with the 600ZD grating
(Section 4.2 of this chapter, E19; magenta rectangles), the 1200G grating (Kalirai et
al. 2006a; Gilbert et al. 2007; Gilbert et al. 2009; yellow rectangles) HBIHACS

elds (Brown et al. 2009; black stars) in M31-centric coordinates, overlaid on
the PAndAS star count map (McConnachie et al. 2018). The dashed magenta line
correspondsto 50 projected kpc. The ACS elds are represented as points given their
extent on the sky (202 202 ) relative to the DEIMOS masks. Our spectroscopic
elds span M31's outer disk at 26 kpc, Giant Stellar Stream at 22 kpc, and the inner
halo at 12 kpc and 23 kpc.
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Table 4.3: M31 Field Positions

Field A(kpc)a Uj2000 X32000 P.A.b ACS Field 3ACS (kpC)C
f130 2 23 00:49:37.49 +40:16:07.0 +90 halo21 1.44
H 12 00:46:34.09 +40:45:38.6 120 halo11 1.35

S 22 00:44:15.98 +39:43:31.5 +20 stream 0.92
D 26 00:49:20.59 +42:43:44.7 +100 disk 0.58

a Projected radius of the mask center from M31 galactocenter.

b Slitmask position angle, in degrees east of north.

¢ Projected distance from DEIMOS mask center to pointing center of correspond-
ing ACS eld.

stream, and disk elds presented in the catalog of Brown et al. (2009). The wide
HST/ACS images were obtained in the broacand lters and reach 1.5 mag-
nitudes fainter than the oldest main-sequence turn-o. Table 4.3 summarizes the
positioning on the sky of all four 600ZD elds and the accompanytgT/ACS
pointings. Figure 4.1 provides an illustration relative to the galactic center of M31
for these elds, including relevant 1200G elds (H11, H13s, H13d, and f207_1).
We also include the 1200G elds f115 1, f116 1, and f123 (Gilbert et al. 2007) in
Figure 4.1, given their proximity to eld H. The 1200G elds are not analyzed in this
chapter, but their known kinematics are useful for placing our 600ZD observations
in context. The dimensions of each DEIMOS slitmask are approximately416'
whereas the ACS images are comparatively small, spanning 202 .

The eld S is nearly identical to H13s_1, which was rst observed fdr hour
using the 1200 line mnt (1200G) grating on DEIMOS by Kalirai et al. (2006a)
and later re-analyzed using an improved spectroscopic data reduction by Gilbert
et al. (2009). Field S is located southeast of an additional Giant Stellar Stream
eld, f207_1 (Gilbert et al. 2009). f207_1 is located near the eastern edge of the
highest surface brightness region of the GSS core, at a projected radili$ kpc.

The DEIMOS 1200G elds H11 and H13d, which overlap with the southwestern
and northwestern edges of the 600ZD elds H and D respectively, were also rst
observed by Kalirai et al. (2006a). Field H11 was subsequently re-analyzed by
Gilbert et al. (2007) following improvements in the reduction technique. The eld
f130_2, which is located at 23 kpc in projected radius, has been previously studied
by E19, for which shallow spectroscopy was rst published by Gilbert et al. (2007).

Based on the nearby 1200G elds, we expect that the properties of elds H, S, and
D will generally re ect the inner halo of M31, the GSS, and the outer northeastern
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disk of M31, respectively, although other components are present in these elds. In
particular, eld H is likely polluted by stars belonging to a substructure known as the
Southeast shelf, which is associated with the GSS progenitor (Section 4.6; Gilbert
et al. 2007; Fardal et al. 2007). Field S should contain a secondary kinematically
cold component of unknown origin in addition to the GSS core (Kalirai et al. 2006a;
Gilbertetal. 2009; Gilbertetal. 2019a). E19 showed that f130_2 is likely associated
with the smooth , metal-poor component of M31's stellar halo. We refer to elds
H, S, D, and f130_2 interchangeably as the 12 kpc inner halo, 22 kpc GSS, 26
kpc outer disk, and 23 kpc smooth halo elds where appropriate to emphasize the
physical properties of the M31 elds.

4.3 Abundance Determination

We use spectral synthesis of low-resolution stellar spectroscopy (E19) to measure
stellar parameters and abundances from our deep observations of M31 RGB stars.
In summary, we measure [Fe/H] and/Fe] from regions of the spectrum sensitive

to Fe andJ-elements (Mg, Si, Ca), respectively, by comparing to a grid of synthetic
spectra degraded to the resolution of the DEIMOS 600ZD grating. We also measure
the spectroscopic e ective temperatuje, , informed by photometric constraints,

and x the surface gravityiog 6, to the photometric value. Measurements of [Fe/H]
and [U/Fe] using spectra obtained with the 600ZD grating are generally consistent
with equivalent measurements (Kirby, Guhathakurta, and Sneden 2008) from 1200G
spectra (Appendix 4.8). For a detailed description of the low-resolution spectral
synthesis method, see E19. In the following subsections, we describe improvements
and changes to our technique since E19.

Photometry

We utilized wide- eld (1 deg) 6°and®band photometry from the Pan-Andromeda
Archaeological Survey (PAndAS) catalog (McConnachie et al. 2018) for the elds
H, S, and D. The images were obtained from MegaCam on the 3.6 m Canada-France-
Hawaii Telescope. We extinction-corrected the photometry assuming eld-specic
interstellar reddening values from the dust reddening maps of Schlegel, Finkbeiner,
and Davis (1998), with the corrections de ned by Schla y and Finkbeiner (2011).
We used the conversion between reddening and extinction adopted by Ibata et
al. (2014). For stars present in the DEIMOS elds but absent from the PANdAS
point source catalog 0-30% of M31 RGB stars on a given slitmask), we sourced
photometry from CFHT/MegaCam images obtained by Kalirai et al. (2006a) and
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Figure 4.2: §, 6] &) and o o, o) color-magnitude diagrams for all stars
(M31 RGB stars and MW foreground dwarf stars) in the 12 kpc inner halo eld (H),
22 kpc GSS eld (S), the 26 kpc outer disk eld (D), and the 23 kpc smooth halo
eld (f130_2). The points are color coded according to the photometric metallicity
estimated for each star from the PARSEC (Marigo et al. 2017) isochroi2e2 Y
[Fe/H] Y , 0-2) assuming an age of 9 Gyr for H, S, and D and 12 Gyr for f130_2
(Section 4.3). For reference, we overplot a few PARSEC isochrdiask(lineg

with, from left to right, [Fe/H] = 2+2, 1¢1, 095, and, O1. Stars that are bluer
than the most metal-poor isochrone (taking into account photometric errors) are
likely MW dwarf stars.

reduced with the CFHT MegaPipe pipeline (Gwyn 2008). We cross-validated the
MegaPipe photometry against that of PANdAS for common stars to verify that the
photometry is accurate for the majority of stars.

In contrastto E19, we did not use multiple isochrone sets to calculate photometrically-
based quantities such @§ phot andlog 6. We employed the most recent version

of the PARSEC (Marigo et al. 2017) isochrones, which are available in the relevant
lters for a wide range of stellar ages and metallicities betweé@s? Y [Fe/H] Y

0.2 and [J/[Fe] = 0. For stars positioned above the tip of the red giant b
linearly extrapolate to obtain estimates)@fpnot, l0g 6, and [Fe/Hpnot. Similarly,

we extrapolate blueward of the most metal-poor isochrone to detejmigg: and

log 6 for these stars. We assumed a distance modulus relative to M81 of

= 24.63 0.20 (Clementini et al. 2011). We utilized the same Johnson-Cousins
+— photometry for f130_2 asin E19, but determined photometric parameters using
the PARSEC isochrones as described above. Figure 4.2 illustrates our usage of
the PARSEC isochrones to determine photometrically-based quantities, where we
have color-coded the color-magnitude diagrams (CMDs) according to the estimated

LStars that have magnitudes brighter than the tip of the red giant branch, according to the assumed
isochrone set and distance modulus, are either a consequence of photometric errors or AGB stars.
None of these stars are in our nal abundance sample (Figure 4.3).
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photometric metallicity. We assumed ages of 9 Gyr for H, S, and D based on mean
stellar ages of 9.7 Gyr, 8.8 Gyr, and 7.5 Gyr, respectively, in the corresponding
ACS elds (Table 4.3) inferred from CMD-based star formation histories (Brown
et al. 2006). For f130_2, we assumed an age of 12 Gyr, where it was inferred to
have a mean stellar age of 11 Gyr (Brown et al. 2007).

Although other isochrone sets (e.g., Dotter et al. 2007; Dotter et al. 2008) are also
available in these lters, we based our selection in part on whether the isochrones
contained contributions from molecular TiO (Section 4.3) in the stellar atmosphere
models used to compute the evolutionary tracks.

Spectral Resolution

Previously, we approximated the spectral resolution as constant with respect to
wavelength (). In E19, we determined _ for each star by tting the observed
spectrum in a narrow range centered on the expected resolution for the 600ZD
grating. In actuality, for our DEIMOS con guration, the spectral resolution is a
slowly varying function of wavelength.

We employed this approximation to circumvent the problem of aninsu cienthnumber
of sky lines at bluer wavelengths to empirically determine the spectral resolution as
a function of wavelength (_* °). Alternatively, including arc lines in the tting
procedure can provide constraints in this wavelength regime. Using a combination
of Gaussian widths from both sky lines and arc lines, we utilized a maximum-
likelihood approach (K. McKinnon et al., in preparation) to determiné_° for

each star. In the few cases per slitmask where the spectral resolution determination
fails (e.g., owing to an insu cient number of arc and sky lines), we assumed

= 2.8 A, the expected resolution of the 600ZD grating (E19). For the case of
multiple observations per star, we calculate® ° as the average of the individual
measurements on di erent dates of observation for a given star.

In additionto _* °, we determined a resolution scale parameter. This parameter
accounts for the fact that the resolution as calculated from the sky lines and arc
lines, which Il the entire slit, slightly overestimates_ for the stellar spectrum,
whose width depends on seeing. First, we included the resolution scale as a free
parameter in our abundance determination, measuring its vaJuer each object

on a given slitmask. However, given that each individual measurement is subject
to noise, the nal measuremens, is the average of the individual measurements
for the entire slitmask. The resolution scale parameter is primarily a function of
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seeing, and therefore should be constant for a single slitmask. Inthe nal abundance
determination, we xed the spectral resolution@at_* °.

Based on our globular cluster calibration sample from E19, we con rmed that

utilizing _* °, as opposed to the approximation, alters our abundances within

the If uncertainties. We re-calculated the systematic error in [Fe/H]@ke@] from

the internal spread in globular clusters, ndiXFe/H])sys= 0.130 and{[U/Fe])sys

= 0.107. We repeated our chemical abundance analysis for f130_2 (E19), xing
_1 9to its empirically derived value for each star, and present these abundances

in Section 4.5.

Radial Velocity

We cross-correlated the observed spectrum with empirical templates of high signal-
to-noise (S/N) stars (Cooper et al. 2012; Newman et al. 2013), which we observed
with the 600ZD grating in our science con guration (Table 4.2). We shifted the tem-
plates to the rest frame based on theaia DR2 (Gaia Collaboration et al. 2016a;
Gaia Collaboration et al. 2018) radial velocities, except for HD 109995 (Gontcharov
2006). The templates do not possess any A-band velocity o sets, as the template
stars were trailed through the slit while observing. We utilized the full template
spectrum ( 4500 11000A) to shift the science spectrum into the rest frame.

In cases where the full-spectrum radial velocity determination failed, we instead
utilized the wavelength regions near the calcium triplet (8459 A Y 8700 A).
Additionally, we apply an A-band correction, which signi cantly impacts the deter-
mination of the heliocentric velocity. We determined random velocity errors from
Monte Carlo resampling with farials.

Following an improvement in the spectroscopic data reduction, Gilbert et al. (2009)
and Gilbert et al. (2018) found a typical velocity precision of5 7 km st

for low S/IN (10 12 A 1) M31 RGB stars observed with the 1200G grating,
including a systematic component of2 km s * from repeat observations of stars
(Simon and Geha 2007). For our entire sample (including MW dwarf stars) with
successful radial velocity measurements, our median velocity uncertainty is 11.6
kms 1, incorporating a systematic error term for the 600ZD grating based on repeat
observations of over 300 stars (5.6 km;Collins et al. 2011). The reduced velocity
precision for the 600ZD grating is a consequence of its lower spectral resolution.
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Figure 4.3: Color magnitude diagrams of M31 RGB stars (Section 4.4) re ecting
selection e ects in the 12 kpc inner halo eld (H), 22 kpc GSS eld (S), 26 kpc
outer disk eld (D), and 23 kpc smooth halo eld (f130_2). Stars are color-coded
according to probability of belonging tany substructure component in a given

eld (Section 4.4). Magenta (blue) points are likely (unlikely) to be associated with
substructure. For each eld, we show all M31 RGB stars, M31 RGB stars with
spectroscopic abundance measurements constituting our nal sample of 70 total
stars black outlined circlesSection 4.3), and M31 RGB stars with spectroscopic
abundance measurements that otherwise pass our selection criteria, but show sig-
natures of TiO absorptiorgfey outlined circles We overplot PARSEC isochrones
in the appropriate lter for each eld with, from left to right, [Fe/H] =2.2, 1.0,

0.5, and 0. On average, the omission of TiO stars from our nal sample results
in a bias against red starég( Eg & 2and+y ¢ & 2), which disproportionately
a ects the substructure components (relative to the stellar halo components) in the
12 kpc halo eld and 22 kpc GSS eld.

Abundance Sample Selection

Asin E19, we included onlgeliable measurements for M31 RGB stars (Section 4.4)

in our nal samples, i.e.X{Fe/H] Y 0.5, {U/Fe] Y 0.5, and well-constrained pa-
rameter estimates based on tlig 5? contours for all tted parameters. Unreliable
abundance measurements are often a consequence of insu cient S/N. In addition,
we excluded spectra of stars with su cient S/N for a reliable measurement that
found a minimum at the cool end of the range (3500 K) spanned by our grid of
synthetic spectra. We also manually screened member stars for evidence of strong
molecular TiO absorption between 705845 A, nding that 41%, 44%, 34%, and

39% of the measurements for H, S, D, and f130_2 passing the reliability cuts were
a ected by TiO. We excluded these stars from the subsequent abundance analysis,
given our uncertainty in our ability to accurately and precisely measure abundances
for stars with TiO in the absence of a suitable calibration sample. We found that 16,
20, 23, and 11 of the measurementsinH, S, D, and f130_2 can be considered reliable
based on the above criteria, resulting in a nal sample of 70 stars. Our sample of
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Figure 4.4: Metallicity distribution functions (MDFs), represented in terms of
probability density, for subsets of our total sample of M31 RGB stars with abundance
measurements (Section 4.3). The MDFs are weighted according to the inverse
variance of the total measurement uncertainty in [Fe/H]. We have subdivided our
total sample into M31 RGB stars with a [Fe/H] measuremblaiok histogramand

with both a [Fe/H] and{)/Fe] measuremeng(ey histogran, regardless of the error

on the measurement. The red histogram shows our nal sample, which includes
M31 RGB stars with both [Fe/H] andJ[Fe] measured to within 0.5 dex. Stars with
TiO absorption are excluded from all subsets. The inverse-variance weighted means
of all samples are indicated as dashed verticle lines. The metallicity distributions
of the nalized sample are weakly biased against metal-poor stars with low S/N
spectra.

stars a ected by TiO that otherwise pass our selection criteria is composed of 46
stars across all four elds.

Selection E ects on the Abundance Distributions

Given that our spectroscopic abundance determination is S/N limited and it is
unclear how the omission of TiO from our linelist (E19) impacts our abundance
measurements for stars with strong TiO absorption, we investigated the impact of
our selection criteria (Section 4.3) on the properties of our nal sample. Figure 4.3
shows CMDs of all M31 RGB stars (Section 4.4) in each eld, where we have
highlighted our nal sample. We also show the subset of stars with spectroscopic
evidence of TiO absorption that otherwise pass our selection criteria. Excluding
stars with TiO translates to an e ective color bias&Sf % . 2and+g ¢. 2.
Additionally, our nal sample probes brighter magnitudes, particularly in H. Fainter
stars tend to have lower S/N, which results in either an uncertain §[t/Fe])

i 0.5) or failed abundance measurement. In principle, this should not a ect the
metallicity distribution, so long as the nal sample spans the majority of the color
range of the CMD.

We quantitatively assessed the metallicity bias introduced by excluding M31 RGB
stars with imprecise spectroscopic abundance measurements. We separated our
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sample of M31 RGB stars with spectroscopic [Fe/H] measurements into three sub-
sets: (1) a sample with successful [Fe/H] determinations as dictated byf the 5

j 2 contours, with no restrictions on the errors, (2) a sample with both successful
[Fe/H] and U/Fe] measurements, with no restrictions on the errors, and (3) our nal
sample, with successful [Fe/H] and/Fe] measurements an[Fe/H]) Y 0.5 and
X[U/Fe])Y 0.5. Allthree subsets exclude TiO stars. Asillustrated by Figure 4.4, the
inverse-variance weighted metallicity distribution functions appear similar between
the three subsets. The error-weighted mean metallicity for the most inclusive sample
is more metal-poor than the nal sample by.04 0.07 dex for elds H, D, and
f130 2. The di erence between samples is 0.20 dex for eld S, owing to very metal
poor stars present in sample (1) that were omitted from sample (3). If we assume
that sample (1) better represents the true spectroscopic metallicity of M31 RGB stars
in the eld, then we can conclude that S/N limitations, which increase measurement
uncertainty, results in a weak bias in our nal sample against metal-poor stars with
low S/N spectra.

Regarding the known color bias introduced by excluding TiO stars, we analyzed the
photometric metallicity distributions of each sample. The isochrone setwe employed
to calculatg ¢ ,log6, and [Fe/Hpnot(Section 4.3) forH, S, and D (PARSEC; Marigo

et al. 2017) were generated using models that included molecular TiO absorption.
This allowed us to estimate the metallicity of all M31 RGB stars, many of which
are not included in our nal sample. Assuming/Fe] = 0, we found that our nal
sample is biased toward lower [Fefq}; relative to the full sample of M31 RGB
stars. We found thatfFe/HJiphot = 0.89, 0.76, 0.69, and 0.76 for all M31

RGB starsinH, S, D, and f130_2, respectively. For our nal sample, we found that
HFe/HJiphot= 1.17, 0.96, 0.87, and 1.15for H, S, D, and f130_2. Thus, on
average, our nal sample is biased toward lower [Fgfgtoy 0.2 0.4 dex. Much

of this e ect is a consequence of the exclusion of TiO stars from the nal sample.
Including the subset of TiO stars, we obtdjfre/HJipnot = 0.91 dex, 0.85 dex,

0.73 dex, and 0.86 dex, for H, S, D, and f130_2, reducing the bias in the nal
sample to 0.02 0.10 dex more metal poor than the full sample. Based on this,
we can conclude the primary source of bias against metal-rich stars originates from
excluding TiO stars. However, the exact amount by which we might be biased in
[Fe/H] is unclear, given that [Fe/kl o, which has no knowledge offFe] and is
degenerate with stellar age, cannot be translated into spectroscopic [Fe/H].

We do not anticipate that selection e ects impacting the color distribution of our



119

nal sample incur a bias inU/Fe] relative to the full sample of M31 RGB stars.
The width, or color range, of the RGB is largely dictated by [Fe/H], as opposed to
U-enhancement (Gallart, Zoccali, and Aparicio 2005). However, S/N limitations
may a ect the U/Fe] distribution of the nal sample, resulting in a weak bias against
U-poor stars with low S/N specti&.

4.4 Kinematic Analysis of the M31 Fields
In this section, we identi ed M31 RGB stars in each spectroscopic eld and analyzed
their velocity distributions.

M31 Membership

Given that foreground MW dwarf stars and M31 stars are spatially coincident and
exhibit signi cant overlap in both their velocity distributions and CMDs, identifying
bona de M31 RGB stars is nontrivial. In E19, we utilized the probabilistic method
of Gilbert et al. (2006) to carefully assess the likelihood of membership for stars in
our spectroscopic sample. This method incorporates up to four criteria to determine
membership for a majority of M31 elds: the strength of the Na B190 absorption

line doublet, th€V, I) color-magnitude diagram location, photometric versus spec-
troscopic (Ca Il__8500) metallicity estimates, and the heliocentric radial velocity.
However, we cannot use this exact approach for elds H, S, and D, owing to the
diversity of utilized photometric lters.

Instead, we determine membership based on three criteria: (1) N&190 ab-
sorption strength, (2) CMD location, and (3) heliocentric radial velocity. Given
that the strength of the Na | doublet depends on surface gravity, it can e ectively
separate M31 RGB stars from foreground MW M dwarfs (Schiavon et al. 1997).
We excluded stars with clear signatures of the Na | doublet as nonmembers of M31.
We classi ed stars as MW dwarf stars if they have colors bluer than the most metal-
poor isochrone (Section 4.3) by an amount greater than their photometric error.
Such stars ar& 10 times more likely to be MW dwarf stars than M31 RGB stars
(Gilbert et al. 2006). Lastly, we adopted a radial velocity cuGefio Y 150km

s 1 for elds H, S, and f130_2 to select for M31 RGB stars. Using a sample of
& 1000 probabilistically identi ed M31 RGB stars, Gilbert et al. (2007) found that
contamination from MW dwarf stars is largely constraine@igo i 150km s 1.

The estimated contamination fraction using this radial velocity cut, in combination

2Additionally, if our abundance measurements of TiO stars are indeed valid, we cannot eliminate
the possibility that our nal sample is biased toward lowgffe] by 0.1 0.2 dex (e.g., Figure 4.7).
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Figure 4.5: Heliocentric radial velocity versus photometric metallicity (Section 4.3)
for stars with successful velocity measurements in the 12 kpc halo (H), 22 kpc GSS
(S), 26 kpc disk (D), and 23 kpc halo (f130_2) M31 elds. The velocity errors
represent only the random component of the uncertainty. M31's systemic velocity
(Buz1 = 300kms l) is indicated as a dashed vertical line. Stars classi ed as MW
foreground dwarfs (Section 4.4) are shown in grey, whereas stars classi ed as M31
RGB stars are color-coded according to its probability of belonging to substructure,
as in Figure 4.3. The vertical bands represent the mean velocity and the velocity
dispersion (, = f, 2f ; Table 4.4) of the primarydrangg and secondary
(tan) substructure components in each eld. We identi ed 73, 84, 68, and 36 stars
as M31 RGB stars in the 12 kpc, 22 kpc, 26 kpc, and 23 kpc elds, respectively.

with the additional membership diagnostics of Gilbert et al. (2006), is 2-5% across
their entire sample, where contamination is de ned as the fraction of bona de MW
dwarf stars classi ed as M31 RGB stars.

To evaluate the performance of our binary membership determination, we compared
our results to those of stars with Gilbert et al. (2006) membership probabilities.
For elds H, S, and f130_2, 11%, 24%, and 74%, respectively, of our sample
with successful radial velocity measurements have associated M31 membership
probabilities. Assuming " = 24.47 mag (Gilbert et al. 2006), we accurately
recovered 87%, 98%, and 97% of both secure and marginal M31 members, including
radial velocity as a membership diagnostig { O; Gilbert et al. 2012), in H, S,

and f130_2, respectively. The fraction of stars present in our M31 RGB samples
that are classi ed as MW dwarf stars using the method of Gilbert et al. (2006) is 0%
across all three elds. Given that we used similar membership criteria to Gilbert
et al. (2006) and were able to reproduce their results to high con dence, we estimate
that our true MW contamination fraction i2-5% across elds H, S, and f130_2.

Stars in eld D do not possess previously determined membership probabilities
to which we could compare. The rotation of M31's northeastern disk produces a
redshift relative to M31's systemic velocity, such that the peak of the disk is located
at Eyisk 130 km s (Section 4.4). The presence of the disk invalidates the use
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of aBelioc Y 150 km s? velocity cut as a diagnostic for M31 membership in eld
D. Instead, we employed a less conservative radial velocity c@&qf Y 100

km s ! to identify potential M31 RGB stars. This cut likely recovers the majority
of M31 members in this eld, but increases the MW contamination fraction (in
the velocity range of 150km s 1 Y Belio Y 100km s 1). Gilbert et al. (2006)
estimated thabnly using a radial velocity cut ofheio Y 100km s ! results

in a 10% contamination fraction in inner halo elds. For disk elds covering an
area of 240 arcmfwithin their color-magnitude selection window, including outer
disk elds in the northeastern quadrant, Ibata et al. (2005) used predictions from
Galactic models (Robin et al. 2003) to argue that MW contamination in disk elds
is negligible ( 5%) for B Y 100km s 1. Therefore, we expect that the MW
contamination fractionin eld D is 5-10%, where the relatively high density of stars
in the pronounced disk feature at 130km s * should minimize contamination.

Figure 4.5 illustrates our membership determination for H, S, D, and f130_2 in
terms of the relationship betwedhejio and [Fe/Hpno We identi ed 73, 84, 68,

and 36 RGB stars as M31 members in elds H, S, D, and f130_2, respectively, out
of 90, 89, 84, and 78 targets with successful radial velocity measurements. Using
the same membership criteria as in elds H and S, we re-determined membership
homogeneously for f130_2, resulting in a nal 11 star sample with reliable abun-
dances (Section 4.3) that it identical to the 11 star sample presented in E19.
We included some stars that were originally excluded in E19 as a consequence of
lacking membership probabilities from shallow 1200G spectra (owing to failed ra-
dial velocity measurements). We excluded some stars that were originally included
in E19 as a result of using radial velocity as a membership diagnostic, where we
did not take radial velocity into account to determine membership in E19 to avoid
kinematic bias.

Kinematic Decomposition

In Figure 4.6, we present the heliocentric radial velocity distributions for M31
RGB stars in all four elds. We also show the full velocity distributions for stars
with successful radial velocity measurements, including MW contaminants, for a
total of 105, 111, 124, and 64 stars in elds H, S, D, and f130_2. Field f130_2
was shown to have no detected substructure by Gilbert et al. (2007), which is
consistent with our velocity distribution (see also E19). For elds H and S, velocity
distributions have previously been analyzed in elds that contain partial overlap
(Figure 4.1). The mean velocity of substructure along GSS elds (Gilbertetal. 2009)
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Figure 4.6: Heliocentric radial velocity distributions of stars with successful velocity
measurements (Section 418p panels, black histogramsincluding foreground
MW dwarf stars (Section 4.4), and velocity distributions for M31 RGB stgray(
lled histogramg in the 12 kpc (H), 22 kpc (S), 26 kpc (D), and 23 kpc (f130_2)
elds. We also show full velocity distribution models for M31 RGB stag(panels,
purple lineg and, for elds with substructure, models of the kinematic components
(bottom panels We include both stellar haldight green line$ and kinematically
cold components (KCCslark green and blue lin@¢Section 4.4). M31's systemtic
velocity is indicated as a dotted vertical line. For elds with substructure, we show
100 randomly sampled models from the converged portion of the MCMC chain
to represent the uncertainty in tting the velocity distribution. For each eld, we
also show the full velocity model (and its components, where applicable) as de ned
by the 58" percentile parameter valuethick lines Table 4.4). All elds show
evidence for M31 halo stars (distributed in a kinematically hot component around
the systemic velocity). The GSSis located in the 22 kpc eld at approximad)
km s 1, including the KCC of unknown origin at370 km s* (Kalirai et al. 2006a;
Gilbert et al. 2009). The 12 kpc substructure likely corresponds to the Southeast
shelf (Section 4.6; Fardal et al. 2007; Gilbert et al. 2007), a tidal feature originating
from the GSS progenitor. M31's disk appears as the prominent feature centered at
130 km st in the 26 kpc eld.

and the velocity dispersion of substructure near the 12 kpc inner halo eld (Gilbert
et al. 2007) are known to vary with radius. Thus, to compare abundances of
di erent kinematic components within H, S, and D, it is necessary to characterize
the velocity distributions of the current sample. In particular, elds S and D show
clear evidence of substructure from inspection of Figure 4.6, such as the GSS (
500 km s?) and the kinematically cold component of unknown origin (Kalirai
et al. 2006a; Gilbert et al. 2009) located at approximatelpOkm s Lin eld S,
and M31's outer northeastern disk{30km s 1) in eld D. Although less clear, the
velocity distribution of H is more strongly peaked at the systemic velocity of M31,
BEwst = 300km s i, than expectations for a pure stellar halo component, which
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suggests the presence of substructure (Section 4.6).

We separated elds with indications of substructure H, S, and D into kinematically
cold components and the kinematically hot stellar halo by describing the velocity
distributions as a Gaussian mixture, such that the log likelihood function is given

by,
x !
€ O
InL = In ENiE .—f% — (4.1)
&1 =1
where 8is the index representing a M31 RGB st#&, is its heliocentric radial
velocity, and=is the total number of M31 RGB stars in a eld. is thetotal
number of components in a eld, including the stellar halo component, where
. represents the index for a given component, &depresents the normalized
fractional contribution of each component to the total distribution. Each component

is described by a mean velocity,, and velocity dispersior, . .

Given our usage of radial velocity as a diagnostic for membership (Section 4.4),
which excludes stars with MW-like velocities as nonmembers, the velocity distri-
butions for M31 members in our elds are kinematically biased toward negative
heliocentric velocities. As a consequence, the positive velocity tail of the stellar
halo distribution in each eld is truncated, such that we could not reliably t for a
halo component in each eld (i.e., the velocity dispersion of the tted halo com-
ponent would likely be smaller than the true velocity dispersion of M31's stellar
halo in a given region). Therefore, we xed the stellar halo component in each
eld. Gilbert et al. (2018) measured global properties of the M31 stellar halo's
velocity distribution as a function of radius using over 5000 M31 RGB stars across
50 elds. They used the likelihood of M31 membership (Section 4.4; without the
use of radial velocity as a diagnostic) as a prior, simultaneously tting for all M31
and MW components. This resulted in a kinematically unbiased estimation of pa-
rameters characterizing the M31 halo's stellar velocity distribution. We transformed
their mean velocities and velocity dispersions in the appropriate radial bins from
the Galactocentric to heliocentric frame, based on the median right ascension and
declination of all stars in a given eld. Table 4.4 contains the parameters describing
the heliocentric velocity distribution of the stellar halo component in each eld.

We determined the number of components in each eld by using an expectation-
maximization (EM) algorithm to t models of Gaussian mixtures to the velocity
distribution of M31 RGB stars. Varying the number of components per model of
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each eld, we utilized the Akaike information criterion (AIC) to select the best- t
Gaussian mixture, penalizing mixtures that did not signi cantly reduce the AIC
without also decreasing the Bayesian information criterion (BIC). Based on this
analysis, the number of components in S and D are 3 and 2, respectively, where
one component in each eld corresponds to the kinematically hot halo. The EM
algorithm strongly preferred a single-component model for H based on the AIC and
BIC. However, the velocity dispersion of this single-component model, 82 kniss
discrepant with the velocity dispersion of M31's stellar halo betweebd&pc, 108

km s 1, as measured from 525 M31 RGB stars (Gilbert et al. 2018). A two-sided
Kolmogorov-Smirnov (KS) test similarly indicates that the velocity distribution of
M31 RGB stars in eld H is inconsistent with being solely drawn from thel8

kpc stellar halo model of Gilbert et al. (2018) at the 2% level. Thus, we assumed
a two-component model, as opposed to a single-component model, for this eld.
This second component likely corresponds to the inner halo substructure known as
the Southeast shelf (Section 4.6; Fardal et al. 2007; Gilbert et al. 2007), where the
Southeast shelf has been identi ed in all shallow spectroscopic elds neighboring
eld H (Figure 4.1).

We sampled from the posterior distribution of the velocity model (Eq 4.1) for
each eld using an a ne-invariant Markov chain Monte Carlo (MCMC) ensemble
sampler (Foreman-Mackey et al. 2013). We enforced normal prior probability distri-
butions for’ . andf . parametersin elds Hand S based on literature measurements
(Gilbert et al. 2018) for nearby elds (Figure 4.1). For H, we assumggl= 300

20 km st andf 19 =55 20 km s, whereas for S, we assumégg = 490

10km st fop=25 10kmsi “o9= 390 10 km s, andf o9 =20

10 km s. For eld D, we assumed a at prior, given the absence of previous
modeling in the literature for the overlapping 1200G eld H13d (Figure 4.1). In
each case, we assumed a minimum value for all dispersion paranfeterd, 10
km s 1, based on our typical velocity uncertainty (Section 4.3). For the remainder
of the bounds on each parameter, we adopted reasonable ranges that allowed for
relatively unrestricted exploration of parameter space. This is intended to account
for di erences in the properties of our elds as compared to those of nearby elds
in the literature. Additionally, we allowe8 parameters to extend down to zero for
kinematically cold components.

We used 100 chains and“l6teps per eld, for a total of 10samples of the poste-
rior probability distribution. We calculated the mean parameter values describing
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the velocity distribution model using the B@ercentile values of the correspond-
ing marginalized posterior probability distributions. We constructed the marginal
distributions using only the latter 50% of the MCMC chains, which are securely
converged for every slitmask and model parameter in terms of stabilization of the
autocorrelation time. The errors on each parameter are calculated based df the 16
and 84" percentiles of the marginal distributions.

Probability of Substructure

To extract the properties of the various components in each eld, we assign a
probability of belonging to substructure to every M31 RGB star. We computed the
substructure probability under the 50° models from the converged portion of the
MCMC chain. The total probability of belonging to substructure is,

?1E8° = 4h| i __
1, 4ne
given a measurement of a star's velochy, hl g is the relative log likelihood that
a M31 RGB star belongs to substructure as opposed to the stellar halo, which we
express as,

4.2)

| 1 ) !
Lt B5NIE .—f20

Hg=In =1 = _\Egl i i (4.3)
PaloN B halo—fiy o

Thus, we constructed a distribution function for the substructure probability in each
eld based on its full velocity model. For each M31 RGB star, we adopted tHe 50
percentile value of the probability distribution function to represent the probability
of the star belonging to a particular component.

Figure 4.5 demonstrates the properties of stars likely belongiagysubstructure
component in a given eld in terms of heliocentric velocity and photometric metal-
licity. The majority of M31 RGB stars in eld D belong to M31's stellar halo as
opposed to its disk, whereas eld S is dominated by the GSS and the kinematically
cold component. In contrast, the stars in H are approximately evenly distributed
between the stellar halo and substructure. If an M31 RGB star has a probability
of belonging to a particular component that exceeds 50%, i.e., it is more likely to
belong to a given component than not, we associated it with the component in the
subsequent abundance analysis (Section 4.5).
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Resulting Velocity Distributions

We summarize the mean velocity distribution model parameters for elds H, S, D,

and f130_2 in Table 4.4 and illustrate the multiple-component models for each eld

in Figure 4.6. For H, we identi ed a relatively cold component whih = 295km

s andf =66 km s 1, which we attribute to the Southeast shelf (Section 4.6; Fardal

et al. 2007; Gilbert et al. 2007), a tidal shell originating from the GSS progenitor.

The fractional contribution of this component is uncertain, ranging from @£

and exhibits covariance with the velocity dispersion, where increasing (decreasing)

the fractional contribution of the substructure component increases (decreases) its

velocity dispersion. Substructure components are more robustly characterized in

elds S and D. We nd thathd = 489 km s, f ¢ = 26 km s for the GSS,

additionally recovering the secondary kinematically cold component of unknown

origin (Kalirai et al. 2006a; Gilbert et al. 2009; Gilbert et al. 2019a) separated by
120 km st in line-of-sight velocity (6 = 372km s, f g=17 km s?) from

the primary GSS featur@.For M31's northeastern disk, we ntE = 128 km

s 1, f =16 km s, indicating that the disk rotation velocity is 191 km's set

from M31's halo velocity in this eld4 For a comparison of the dispersion the outer

disk feature with the literature, see Appendix 4.9. The peak of our disk velocity

distribution,E= 128 km s, agrees with previous studies of disk kinematics along

the northeast major axis, which measured line-of-sight velocities af00 km s*!

for elds along the major axis (Ibata et al. 2005; Dorman et al. 2012). However,

we note that eld D fing = 25.6 kpc) is located beyond the maximum major axis

distance probed by these studies. Although M31's disk is a prominent feature, eld

D is dominated by the kinematically hot stellar halo componé&qif= 0.57).

Assuming a simple model (Guhathakurta et al. 1988) for perfectly circular rotation
of an inclined disk 8= 77, P.A. = 38), the line-of-sight mean velocity of the
disk feature corresponds o = 229 244 km s? in the disk plane. Based on

a rotation curve inferred from H | kinematics between 30 kpc and corrected

for the inclination of M31's disk (Klypin, Zhao, and Somerville 2002; Ibata et

3Relative to previous determinations of the velocity distribution in the 22 kpc eld (Gilbert
et al. 2018), the KCC is o set toward lower mean heliocentric velocities B km s®. This
may result from the reduced velocity precision of the 600ZD grating (Section 4.3), or alternatively,
di erences in spatial con guration of the sample.

4We acknowledge the possibility of bias introduced into our measurement as a result bothe
km s 1 velocity cut utilized in our membership determination for the disk eld (Section 4.4). If we
have excluded a signi cant fraction of M31 RGB stars redshifted to low heliocentric velocity as a
consequence of the disk rotation, then our measurements for the disk would underestimate the mean
velocity and velocity dispersion (Appendix 4.9).
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Figure 4.7: [IFe] versus [Fe/H] for RGB stars in M31 (Section 4.5). We show
abundance distributions for the inner stellar halo at 12 kpc (H), the GSS at 22
kpc (S), the outer disk at 26 kpc (D), and the smooth inner stellar halo at 23 kpc
(f130_2). We present measurements for 70 stars comprising our nal saredle (
circles 4.3), including 46 additional M31 RGB stars with spectroscopic evidence
of TiO absorption that otherwise pass our selection critepiey circle3. We nd

that all four elds areU-enhanced{U/Fe]i & 0.35), and that the outer disk and
GSS elds are more metal-rich on average than the 12 and 23 kpc halo elds.

al. 2005), the expected circular velocity at eld Bygx = 35 kpc) is 240 km s?,
corresponding to a line-of-sight velocity 019 km s (Guhathakurta et al. 1988).
Thus, we computed the expected deviation from perfectly circular rotdignfor

the disk feature in eld D. Accounting for uncertainty in the mean velocity of the
disk feature resulting from the tting procedure and the membership determination,
we estimated thafiag= 9 ' kms 1. For RGB stars in M31's disk betweerb-15

kpc, Quirk et al. (2019) found thdf,gi 63 km's 1 although our inferred value

is not inconsistent with their fulag distribution.

4.5 Elemental Abundances of the M31 Fields

In Section 4.4, we modeled the velocity distributions of the 12 kpc inner halo (H),

22 kpc GSS (S), 26 kpc outer disk (D), and 23 kpc smooth halo (f130_2) elds,
identifying substructure in the rst three elds. Hereafter, we refer to the 12 kpc
substructure as the SE shelf (Section 4.6), the primary 22 kpc substructure as the
GSS core, the secondary 22 kpc substructure as the KCC, and the 26 kpc substructure
as the disk, for clarity of interpretation when analyzing the abundance distributions.

A catalog of stellar parameters and elemental abundances for individual M31 RGB
stars across the 4 elds is contained in Appendix A.

Full Abundance Distributions

We present U/Fe] versus [Fe/H] for 70 M31 RGB stars across the 12 kpc halo
eld, 22 kpc GSS eld, 26 kpc outer disk eld, and 23 kpc smooth halo eld in
Figure 4.7. We also show 46 M31 RGB stars with TiO absorption that otherwise
pass our selection criteria (Section 4.3). Table 4.5 summarizes the [Fe/H] and
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Table 4.5: Abundances in M31 Fields (H, S, D, f130_2)

Comp? HFe/HJi®  f ([Fe/H])* HUFe] f ([UFe])
12 kpc Halo Field (H)

- 012 010 0-09
Fielo 1.305,7 0.47 0.08 0.50q,; 0.38 .13
0:13 0-08 0-08 0-09
SE Shelf ~ 1.30 515 0.49 759 0.53 016 0.36 .17
0:07 0:12 0-09
Halo 1.30 0.11 0.4575 0.45 715 0.42 5175

22 kpc GSS Field (S)
i 007 0:08 006
Field 0.84 0.10 0.46q .4 0.4% 750 0.35 g2
0:15 0:10 0:17 007
GSS 1.02 55 0.45 517 0.38 0.1 0.45 758
0-08 0:04
KCC 0.71 0.11 0.27 0.09 0.3575 0.18 s
0:16 0:07 0:05 0:05
Halo 0.66 ;15 0.44 76 0.49 72 0.2% 50
26 kpc Disk Field (D)
- 0°10 01T 004
Field 0.92 715 0.554,;; 058 0.08 0.367;
: 0:07 0:09 0:05
Disk 0.82 0.09 0.287 0.60 g.15 0.28 1.0p
0:17 012 0:06
Halo 1.00 576 068, 055 013 040553
23 kpc Halo Field (f130_2)
Field 1.54 0.14 0.47833 0.43 g',ﬁ 0.31 0.05

Note. All quantities are calculated from bootstrap resampling

of the nal sample. For a discussion of bias in the sample, see
Section 4.3. (a) For the components of each eld, measurements
are additionally weighted by the probability of belonging to a given
component (Section 4.4, 4.5) (b) Inverse-variance weighted mean.
(c) Inverse-variance weighted standard deviation. (d) Field refers
to all M31 RGB stars present in a eld, regardless of association
with a kinematic component.

[U/Fe] abundances for all M31 RGB stars in our nal sample (i.e., without TiO,
X([Fe/H]) Y 0.5, andX([U/Fe]) Y 0.5) in each eld. Given that we have a nite
sample subject to bias, we performed bootstrap re-sampling (witrdrkdvs) to
estimate mean abundances and abundance spreads for each eld, including 68%
con dence intervals on each parameter. Since the percentage of M31 RGB stars
a ected by TiO absorption across all four elds is similar, we anticipate that the
relative metallicity di erences between elds are accurate. Figure 4.8 provides a
visual representation of the data in Table 4.5, where we have included equivalent
measurements ¢fFe/H]i andHU/Fe]i in M31 RGB stars in the outer halo (Vargas
etal. 2014) and a 17 kpc GSS eld (G19).

On average, we nd that our M31 samplelisenhanced (0.40 HU/Fe]i . 0.60)
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Figure 4.8: HU/Fe] versushFe/H]i for all M31 elds (Section 4.5). The data

are presented in Table 4.5. We show the averages for the entire peigl&

Section 4.5), regardless of kinematic component, in addition to the probabilistic

average for each kinematic component (Section 4.5): the stellar ligtib greer),

the primary KCC ¢lark greer), and the secondary KCC for the GSS ehle). We

overplot average abundance measurements from similarly deep spectra of M31 RGB

stars grey point$ in a 17 kpc GSS eld (G19) and four outer halo stars between
70-140 kpc (Vargas et al. 2014).

and spans a metallicity range ofl.5. HFe/H]i . 0.9. HighU-element abun-
dances indicate that the stellar populations in our M31 elds, regardless of the
various galactic structures to which they belong, are likely characterized by rapid
star formation and dominated by the yields of core-collapse supernovae. The range
of HFe/H]i indicates a range of star formation duration. Additionally, starsin all four
elds possess a similar spread in [Fe/H.47-0.55), supporting either extended
star formation for a single origin, or a multiple-progenitor hypothesis. The GSS
eld and outer disk elds are the most metal-rich, suggesting either more extended
or e cient SFHs compared to the 12 kpc and 23 kpc stellar halo elds. Considering
simple eld averages, stars in the GSS eld and outer disk eld are indistinguish-
able from one another in terms of [Fe/H]. Interestingly, the GSS eld may be less
U-enhanced than the 26 kpc disk eld, with a di erencetji/Fe] of 0.17 211 If

S0, this suggests di erent relative star formation timescales between Types la and
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Figure 4.9: [J/Fe] versus [Fe/H] for M31 RGB stars in elds with substructure
(i.e., excluding the 23 kpc smooth halo eld, f130_2), color-coded as in Figure 4.5
(Section 4.5). We show M31 RGB stars in the nal samgia¢k outlined circlep

and the TiO sample (Section 4.3). The abundances in the nal sample of the 22 kpc
GSS eld (S) probe substructure almost exclusively, whereas in the 12 kpc halo eld
(H) and 26 kpc disk eld (D), the nal sample of abundances represent a mixture of
the stellar halo and substructure.

core-collapse supernovae, or di erences in star formation e ciency, between M31's
outer disk and the GSS progenitor. In accordance with expectations of stellar halo
formation, the 23 kpc smooth halo eld appears to be more metal-poor than the
12 kpc halo eld, by 0.24 0.18 dex on average. We discuss the possibility of
radial abundance gradients, in both [Fe/H] abitFg], in the stellar halo of M31 in
Section 4.6.

Abundance Distributions of Individual Kinematic Components

Given that we have identi ed substructure (Section 4.4) in the 12 kpc halo eld, 22
kpc GSS eld, and 26 kpc disk eld, we separate the full abundance distributions
(Section 4.5) into the underlying kinematic components. Using the modeled velocity
distributions, we assign each M31 RGB star in elds with substructure a probability
of belonging to each individual component (Section 4.4). Figure 4.9 shdike]
versus [Fe/H] for the 12 kpc halo, 22 kpc GSS, and 26 kpc disk elds, where we
have indicated the probability that an individual M31 RGB star belongantp
substructure component. Our abundance measurements in the 22 kpc GSS eld
probe substructure almost exclusively, whereas the abundances in the 12 kpc halo
and 26 kpc disk elds represent a mixture of the stellar halo and substructure.
Figure 4.10 shows the probabilistic distributions of [Fe/H] akFg] for each
kinematic component, where we have plotteHe] and [Fe/H] against heliocentric
velocity. At a glance, the SE shelf is di cult to chemically distinguish from the
stellar halo, where this statement also applies between the GSS core and KCC.
M31's disk appears narrow in [Fe/H] relative to the stellar halo.
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Figure 4.10: Spectroscopic [Fe/Hpp panel} and [U/Fe] (bottom panelsversus
heliocentric radial velocity for the same samples and color-coding as Figure 4.9
(Section4.5), except including the 23 kpc smooth halo eld (f130_2). The dashed
vertical lines and bands are the same as Figure 4.5, representing the median pa-
rameters of the velocity distributions in each eld (Section4.4). The substructure
in the 12 kpc halo eld (H) is di cult to distinguish from the stellar halo in terms

of [Fe/H] and U/Fe], where the same is true between the GSS core and KCC of
unknown origin in the 22 kpc GSS eld (S). M31's disk in the 26 kpc disk eld (D)
appears narrow in [Fe/H] relative to the stellar halo.

Figures 4.9 and 4.10 emphasize that the association of a M31 RGB star with any
given component is not de nitive. Thus, when computii§e/H]i and HU/Fel]i

for each component (Table 4.5), we weighted each abundance measurement by its
probability of belonging to a particular component, in addition to weighting by
the inverse variance of the measurement uncertainty. For clarity of illustration,
Figures 4.11 and 4.12 show [Fe/H] andffe] abundances for the kinematic com-
ponents in each of the three elds with substructure, where we have assigned each
star to the component to which it is most likely to belong (Section 4.4). The M31
RGB stars in the nal abundance sample of the 12 kpc and 26 kpc elds represent
the relative fraction of the stellar halo and substructure components (Table 4.4)
accurately. In contrast, M31 RGB stars in the nal abundance sample the 22 kpc
eld under-represent the estimated stellar halo fraction b§% and over-represent

the KCC.

In addition to representing eld averages, Figure 4.8 shows the average probabilistic
[Fe/H] and |U/Fe] for each kinematic component in the three M31 elds with sub-
structure. The bias against red stars, which are presumably more metal-rich, largely
incurred by the omission of TiO stars (Section 4.3) a ects the nal abundance dis-
tribution of the SE shelf and GSS core disproportionately relative to other kinematic



133

Figure 4.11: [J/Fe] versus [Fe/H] for M31 RGB stars wid[U/Fe]) Y 0.5 in the 12

kpc inner halo eld (H; Section 4.5) and 26 kpc outer disk eld (D; Section 4.5).
We separated each eld into its kinematic components by assigning stars to the
component to which it has the highest probability of belonging, based on its modeled
velocity distribution (Section 4.4). Stars with TiO absorption (Section 4.3) are
represented as open circles. We show abundances of M31 RGB stars in the SE
shelf feature pper lef), M31's disk upper righ), and M31's stellar halolfottom
panels.

components present in the 12 kpc and 22 kpc elds (Figure 4.3). We also note that
there is a population of stars falling on the solar metallicity isochrone attributed to
the KCC for which we were unable to measure abundances. We anticipate that the
di erence in HFe/H]i between the SE shelf and 12 kpc stellar halo may be larger
than the quoted values (Table 4.5), whereas it is di cult to predict how these e ects
would impact the abundances of the GSS core compared to the KCC. An equivalent
number of M31 RGB stars in both the disk and 26 kpc stellar halo were omitted from
the nal sample, such that the chemical composition of each component should be
similarly impacted.
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12 kpc Halo Field

For the 12 kpc halo eld, we nd thatiFe/H]i andHU/Fe] for the SE shelf cannot

be statistically distinguished from the stellar halo (Table 4.5). Although we weighted
our eld sample by substructure probability computed from the velocity distribution,
stars that are more likely to belong to the SE sh@lf (0s5; Section 4.4) still have

an average probability of 35% of belonging to the stellar halo. Considering that
our nal sample for this eld does not include many of the red stars that are more
likely to populate the SE shelf (Figure 4.3), it is possible that the SE shelf is more
metal-rich than the halo. Given the uncertaintytpd/Fej , the SE shelf and stellar
halo may be similarlyJ-enhanced, or the SE shelf may in fact be midnech than

the halo. We discuss the possibility that the SE shelf is related to the GSS progenitor
in Section 4.6.

22 kpc GSS Field

When separating the GSS core from the KCC, we do not nd evidence of a decline
of [U/Fe] with [Fe/H] for the GSS or the KCC. Many of the RGB stars populating the
apparent gradually declining[Fe] plateau of the 22 kpc GSS eld when considered
as awhole (Figure 4.9) have a higher probability of belonging to the KCC. We cannot
identify the characteristic knee in thdJFe] vs. [Fe/H] distribution based on our
abundances for the GSS core. However, the 22 kpc GSS core abundance distribution
overlaps with that of a 17 kpc GSS eld (Figure 4.13), where the knee islocated at
[Fe/H] 0.9 (G19). Taking into account observational uncertainty, computing the
intrinsic dispersion (not to be confused with the standard deviation) of the [Fe/H]
and [U/Fe] distributions yields 0.483% and  0.46, respectively, for the 22 kpc
GSS eld and 0.2827> and 0, respectively, for the 17 kpc GSS eld. Based on
this, we can conclude that the intrinsic dispersion of the abundance distributions
between the 22 kpc and 17 kpc GSS elds are marginally consistent. Thus, the GSS
abundance distributions do not di er substantially in [Fe/H] ahiHe] across the

16 23 kpc radial range probed by the two elds along the GSS core.

We nd that the GSS core in the 22 kpc GSS eld may be more metal-poor than
the KCC by 0.313’&% dex on average, with the caveat of bias against red stars in the
GSS core. Forthe 17 kpc GSS eld, G19 found that the KCC di eredfe/H]i

from the GSS core by O.l%f_g‘é based on probabilistic [Fe/H] distributions computed
from their velocity model. Using a two-sample KS test, we found that thHed]

distributions of the GSS cor&¢( i 0.5; Section 4.4) and KCC?% i 0.5) are
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Figure 4.12: Same as Figure 4.11, except for the 22 kpc GSS eld (S; Section 4.5).
We show abundances of M31 RGB stars in the @§fgane), the KCC of unknown
origin (middle pané), and M31's stellar haloljottom panél
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Figure 4.13: U/Fe] versus [Fe/H] for M31 RGB stars in the 22 kpc GSS eld (S;
colored squaresSection 4.5) compared to a 17 kpc GSS elpidy triangles G19).
We present abundances for all M31 RGB stars in a given &g pane), the GSS
core (middle pane), and the KCC of unknown origirbpttom panél We nd that
the abundance distributions for the GSS between 17 and 22 kpc are consistent.
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statistically consistent in the 22 kpc GSS eld, whereas the [Fe/H] distributions are
inconsistent at the 2% level.

The stellar halo in the 22 kpc GSS eld appears to be more metal-rich than the
GSS core and KCC, although the uncertaintyjire/H]i is large. This is because
our nal sample in the 22 kpc GSS eld over-represents substructure and provides
poor constraints on the stellar halo in this region (Figure 4.10). G19 similarly found
that they could not constrain th&/Fe] vs. [Fe/H] abundance distribution of the
stellar halo in the vicinity of the GSS at 17 kpc, owing to insu cient sample size.
However, [Fe/H] for the 22 kpc stellar halo is consistent with G19's probabilistic
MDF for the 17 kpc stellar halo along the GSS.

26 kpc Disk Field

When separating the 26 kpc disk eld into the stellar halo and outer disk, we found
that the disk and halo are similarifiU/Fe]i andi{Fe/H]i, where the disk is slightly
more metal-rich. However, much of this di erence is driven by the two halo stars
at low [Fe/H] ( 2). Omitting these two stars, we found thgFe/H]inao =

0.78 971 and HU/IFefi naio = 0.63 373, The metal-rich nature of the disk relative
to the halo is not preserved in this case. It is unclear if the metal-poor stars are
outliers or representative of a metal-poor tail of the halo distribution that was not
well-sampled by our target selection. Given their M31-like velocitigsi, Y 200
km s 1; Figure 4.10), it is unlikely that these stars are MW foreground dwarf stars.
We compare our abundances to the literature for the disks of M31 and MW in

Section 4.6.

4.6 Discussion

In this section, we placed our abundance measurements in the context of the lit-
erature on M31 and the MW. We also explored the implications of our abundance
measurements for galaxy formation scenarios for M31.

Chemical Di erences Between the Inner and Outer Halo of M31 and the MW

We investigated whether the [Fe/H] arld'fFe] abundances in our four M31 elds,
combined with data from the outer halo of M31 (Vargas et al. 2014), provides
evidence for radial chemical abundance gradients in the stellar halo of M31. Previous
studies have established the existence of a global radial metallicity gradientin M31's
stellar halo based on spectroscopic (Kalirai et al. 2006b; Koch et al. 2008; Gilbert
et al. 2014) and photometric (Ibata et al. 2014) samples of individual stars, although
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Figure 4.14:HFe/H]i (top) andqU/Fe]i ( botton) as a function of projected radius
in the stellar halo (i.e., with substructure removed) of M31 (Section 4.6). We show
the four elds presented in this chapteed circleg, a 17 kpc GSS eld (red
triangle; G19), and an average for the four outer halo stars of Vargas et al. (2014)
(70 140 kpc) placed at 105 kpc. The inner halo elds are biased against red stars
with more metal-rich [Fe/Hhot (Section 4.3). The dashed black line represents the
photometric radial metallicity gradient of M31's stellar halo of Gilbert et al. (2014),
0.011 dex kpct, where substructure has been removed, assuming a normalization
of HFe/H]iphot= 0.5. If the Vargas et al. (2014) halo stars are representative of the
outer halo, we nd tentative evidence of a negative radifiFg] gradient between
the inner and outer halo of M31.

metallicity measurements have been primarily CMD-based with small samples of
calcium-triplet based measurements. In particular, Gilbert et al. (2014) used the
largest spectroscopically con rmed data set to date to analyze the CMD-based
metallicity distribution of the stellar halo, with over 1500 M31 halo stars across 38
elds and detections extending beyond 100 kpc.

Figure 4.14 illustrategFe/H]i andHU/Feji as a function of projected radius from
the center of M31 for the stellar halo component (Section 4.4) in each eld. We
referred to the stellar halo components in each eld as belonging to the inner halo
based on their projected radius; Y 30 kpc), as opposed to any de nition based on
structural properties of the halo (Dorman et al. 2013). We probabilistically removed
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substructure from each eld in order to probe the properties of the smooth stellar
halo. For comparison, we show the stellar halo (i.e., with substructure removed)
radial metallicity gradient of Gilbert et al. (2014),0.011 0.0013 dex kpc',
assuming a normalization dfFe/H]iphot = 0.5. Owing to the exclusion of red
stars with signatures of TiO in their spectra from our nal sample, the inner halo
elds (including the 17 kpc GSS eld; G19) are biased toward lower [Fghki]
(Section 4.3). Figure 4.14 also includes data for the 4 M31 outer halo stars of
Vargas et al. (2014), which span a large radial range {40 kpc), shown afyo;

= 105 kpc. Measurements of [Fe/H] and/fFe] from spectral synthesis appear

to support the existence of negative radial abundance gradients in M31's stellar
halo, although larger samples of data in the outer halo are necessary to con rm this
possibility.

Theoretical studies of stellar halo formation (Font et al. 2011; Tissera et al. 2014;
D'Souza and Bell 2018b; Monachesi et al. 2019) have shown that M31's negative
radial metallicity gradient is relatively steep compared to predictions from typical
simulations. Based on such comparisons, Gilbert et al. (2014) speculated that
the magnitude of M31's radial metallicity gradient implies that, in addition to a
population of stars having formed situ in the inner regions, massive progenitors
have contributed signi cantly to the formation of the halo. Additionally, spatial
and chemical eld-to- eld variation in the outer halo (Gilbert et al. 2012; Gilbert

et al. 2014) suggests that less massive progenitors are the dominant contributors in
this region.

Comparatively few theoretical studies have explored the relationship between radial
gradients in J/Fe] and accretion history in detail. Font et al. (2006a) found no
large-scale radial [Fe/H] onJFe] gradients in their hierarchically formed stellar
halos, which they attributed to their simulated stellar halos being dominated by
early accretion in both the inner and outer halo. Including contributions from stellar
populations formedn situ, Font et al. (2011) found ubiquitously negative radial
[Fe/H] gradients and largely at radialJFe] gradients in their simulated stellar
halos. They ascribed the lack of d/Fe] trend to the prevalence of core-collapse
supernovae at all radii for both situand accreted stellar halo components, which is

a consequence of the typically old stellar ag&1-12 Gyr) of the latter component.

A globally U-poor outer halo would likely be caused by progenitors accreted at late
epochs (Robertson et al. 2005; Font et al. 2006a; Johnston et al. 2008). Thus, if
the stellar halo of M31 possesses both negative radial [Fe/H] @@ ] gradients,
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it may be a consequence of the contrast between massiehanced progenitors
and/orin situ star formation dominating the inner halo and less massive, chemically
evolved progenitors dominating the outer halo.

Similar to M31, the MW exhibits indications of negative radial metallicity and
U-element abundance gradients (c.f. Conroy et al. (2019) concerning the MW
halo's radial [Fe/H] gradient). The peaks of the MDFs of the MW's inner and
outer halo correspond to [Fe/H] 1.5 and [Fe/H] 2, respectively (Carollo
etal. 2007; Carollo et al. 2010; de Jong et al. 2010; An et al. 2013; Fernandez-Alvar
et al. 2017). Stellar populations with distingtelement abundances have been
identi ed for stars with halo-like kinematics (Fulbright 2002; Gratton et al. 2003;
Roederer 2009; Ishigaki, Chiba, and Aoki 2010; Nissen and Schuster 2010; Ishigaki,
Chiba, and Aoki 2012; Ishigaki, Aoki, and Chiba 2013; Hawkins et al. 2015; Hayes
etal. 2018a). As opposed to relying on a kinematic decomposition, Fernandez-Alvar
et al. (2015) and Fernandez-Alvar et al. (2017) examined the variation of [Fe/H] and
[U/Fe] as a function of galactocentric radius, con rming that the ldwepulation

is associated with the outer halks¢ j 15 kpc) of the MW. The dichotomy inj/Fe]

and [Fe/H], respectively, between the inner and outer halo in the MW has generally
been interpreted to mean that its outer halo corresponds to an accreted population
with extended SFHs, whereas its inner halo was constructed by stars forsiad
and/or stars accreted from chemically distinct progenitor(s).

In comparison to the MW, the metallicity of individual RGB stars attributed to
the metal-poor component of M31's inner stellar halo ([Fe/H] 1.5; E19) and

the outer halo of M31 ([Fe/H] 1.7; Vargas et al. 2014) suggest that both the
smooth inner halo and the outer halo of M31 are more metal-rich on average at
a given projected radius than the MW. The stellar halo of M31 also appears to be
U-enhanced at all radii compared to the MW, only approaching MW halo-liked]

at large radii in M31.

Constructing the Inner Stellar Halo of M31 from Present-Day M31 Satellite
Galaxies

Numerous simulations have investigated stellar halo formation via accretion in the
context of CDM cosmology, where stellar halos of massive host galaxies are
predicted to form hierarchically from smaller, disrupted stellar systems (Bullock
and Johnston 2005; Font et al. 2006a; Font et al. 2008; Font et al. 2011; Zolotov
et al. 2009; Zolotov et al. 2010; Cooper et al. 2010; Tissera et al. 2013). The
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Figure 4.15: The construction of the inner stellar halo of M31 from present-day M31
satellite galaxies (Section 4.6 €ft pane) V-band luminosity function of satellite
galaxies within 300 kpc of M31, where absolute V-band magnitudes were taken from
the compilation by McConnachie (2012). The dotted line represents the luminosity
above which the luminosity function is likely to be completa (;j 10°! ). The
luminosity function is used to assign weights to the abundance distributions of M31
satellite galaxies contributing to the simulated stellar halo of M8iddle panél.

The simulated stellar halo is represented GiFE] distribution functions, separated
into three metallicity bins.Right panel The bootstrap re-sampled observelHe]
distribution functions, separated into metallicity bins, of the stellar halo of M31, as
probed by the stellar halo components in 5 M31 elds (this chapter, G, 26

kpc). The smooth inner stellar halo of M31 is maseenhanced for [Fe/H& 1.5

than would be expected for a stellar halo constructed from present-day M31 satellite
galaxies.

chemical abundance distributions of the stellar halo of MW and M31-like galaxies
should therefore re ect the properties of the constituent progenitor galaxies. Given
that the [J/Fe] distribution at a given metallicity of the MW stellar halo disagrees
with that of present-day MW dSphs (Unavane, Wyse, and Gilmore 1996; Shetrone
et al. 2003; Venn et al. 2004), we investigated whether the stellar halo of M31 could
have formed from a population of progenitors similar to present-day M31 satellite
galaxies.

To construct simulated abundance distributions for a M31 stellar halo formed from
M31 satellite galaxies, we assumed that the progenitors in this scenario possessed a
luminosity function equivalent to the luminosity function of satellite galaxies within
300 kpc of M31 (left panel of Figure 4.15), where properties for M31 satellite
galaxies were taken from the compilation by McConnachie (2012). We utilized
M31 satellites with existingy/Fe] and [Fe/H] abundance measuremefits (20)

from Vargas, Geha, and Tollerud (2014) (NGC 185, And II) and Kirby et al. (2020)
(And VII, And I, And lll, And V), spanning" ¢ 10° 7 " , based on deep
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DEIMOS 1200G spectra. Each individual RGB star§ with measurements of
[U/Fe] and [Fe/H] was assigned a probabilitg, gof contributing to the simulated
stellar halo based on the stellar mdss,.g and V-band luminosity, +_g of its host
satellite galaxy,

(4.4)

where isthe V-band luminosity function of present-day M31 satellite galates,

is the number of RGB stars with abundance measurements in g8laxyl#go. is

the total number of M31 satellite galaxies contributing to the abundance distribution
of the simulated stellar halo. We consider only the luminosity range over which the
luminosity function is likely to be completd { ; 10° ! ), and only RGB stars
with [Fe/H] Y 0.5 (Section 4.6) an¥([U/Fe]) Y 0.5 (Section 4.3).

To construct the abundance distributions, we dref ribidom samples from the
observed abundance distribution of M31 satellite galaxies € 278) according

to the probability distribution de ned in Eq. 4.4. Additionally, we perturbed the
observed abundance distribution during each draw by the uncertainties on the mea-
surements, assuming Gaussian errors. Figure 4.15 (middle panel) prégéels |
distributions for the simulated stellar halo of M31 for a few metallicity bins. The
[U/Fe] distributions for the high metallicity bins ([Fe/ld] 1.5) are les&)-enhanced

on average compared to the low metallicity bin (0.0209 dex vs. 0.22 dex), re-
ecting the typical declining abundance pattern bfffe] vs. [Fe/H] for present-day
dwarf galaxies.

Figure 4.15 also shows bootstrap re-sampléfiF¢] distributions of the observed
abundance distribution of M31's stellar haly; . 26 kpc) for various metallicity
bins. We constructed the abundance distributions based on abundances from the
stellar halo component@(Y 0.5; Section 4.4) of the 5 total M31 elds presented in
this chapter and G1%(. = 29), using the same criteria as in the case of the simulated
stellar halo. The stellar halo of M31 is mddeenhanced by 0.43).50 dex between

1.5Y [Fe/H]Y 0.5 than expected for a stellar halo formed from progenitors with

5The median S/N of the Kirby et al. sample of dSphs28 A 1, which is slightly higher than the
stellar halo sample (17 A 1). The S/N of the Vargas, Geha, and Tollerud sample ranges fro/5L5
A 1. The measurement uncertainties on [Fe/H] are comparable between the combined Vargas, Geha,
and Tollerud and Kirby et al. M31 satellite samp¥[Fe/H]) 0.13,X[U/Fe]) 0.23) and our M31
stellar halo sampleq[Fe/H]) 0.14,X[U/Fe]) 0.29). Thus, we anticipate that the bias from S/N
limitations (Section 4.3) similarly a ects both samples.
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properties similar to those of present-day M31 satelitesterestingly,H U/Feji

for the low metallicity bin ([Fe/H]Y 1.5) of the re-sampled stellar halo is nearly
identical to that of the simulated stellar halo. Using two-sample KS tests, with
10* draws of# = 29 measurements from the parent stellar halo distributions, we
nd that the [U/Fe] distributions at high metallicity ([Fe/H] 1.5) are inconsistent
between the re-sampled stellar halo and the simulated stellar halo atYht%o
level, whereas the low metallicity distributions are consisint.

Thus, based on currently available abundance measurements, we conclude that the
metal-rich ([Fe/H]; 1.5) inner stellar halo of M314,; . 26 kpc) is unlikely to

have formed from disrupted dwarf galaxies with properties similar to present-day
M31 satellite galaxies. This is in agreement with ndings that the global properties

of M31's stellar halo are consistent with dominant contributions from massive
progenitor(s) with" ¢ 10° °"  (Font et al. 2011; Deason, Mao, and Wechsler
2016; D'Souza and Bell 2018b; Monachesi et al. 2019).

Inner Halo Substructure and Present-Day Satellite Galaxies

The progenitor of the GSS is predicted to have been a massive dwarf galaxy of at
least" ¢ 10°" (e.g., Fardal et al. 2006; Mori and Rich 2008), and therefore
abundances in the GSS should in principle re ect abundance patterns characteristic
of massive dwarf galaxies. If the SE shelf in fact originates from the GSS progenitor
(Section 4.6), we might also expect its abundance distributions to match that of
dwarf galaxies. Thus, we compare the metallicity ahdlement abundances of
substructure in the 12 kpc halo and 22 kpc GSS elds to a sample of M31 satellite
dwarf galaxies with measured abundances (NGC 185 and And Il from Vargas, Geha,
and Tollerud 2014; And VII, And I, And Ill, and And V, from Kirby et al. (2020).
Figure 4.16 illustrates a subset of this comparison. We classi ed M31 RGB stars as
belonging to substructure if they were more likely to be associated with substructure
than the stellar halo (Section 4.4). In the case of the GSS eld, we do not distinguish
between the GSS core and the KCC.

Using a KS test, we nd that the metallicity distribution of substructure in the 22 kpc

6The intermediate and high metallicity bins are statistically consistent with one another for
the re-sampled stellar halo, although the high metallicity bin has a ItjéFe]l by 0.08. The
di erence in the means may be a result of small sample sizes, or alternatively contamination in the
stellar halo by substructure at [Fe/lH] 0.8, owing to limitations of our kinematic decomposition
(Section 4.4)

"Given that we comparedJ[Fe] distributions in metallicity bins and consider only [Fe/H]

0.5, the bias against red, presumably metal-rich, stars a ected by TiO absorption in the M31 stellar

halo sample (Section 4.3) should not alter these conclusions.
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Figure 4.16: U/Fe] vs. [Fe/H] for M31 RGB stars that are likely to belong to 12
kpc SE shelf featureréd circleg and 22 kpc GSS core and KCBléck squarep
compared to the M31 satellite galaxiegdy triangles Section 4.6) NGC 185
(Vargas, Geha, and Tollerud 2014), And VII, And I, and And V (Kirby et al. 2020).
From top to bottom, the satellite galaxies are ordered according to decreasing
luminosity, where stellar masses are adopted from McConnachie (2012). The
vertical dashed line ([Fe/H] =0.5) delineates the metallicity above which the
[U/Fe] measurements of Vargas, Geha, and Tollerud (2014) become uncertain. The
[Fe/H] distributions of substructure in the 12 kpc and 22 kpc elds resemble satellite
galaxies with" ¢ 10°M and" ¢ & 10’ " , respectively.
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GSS eldis consistent with a dwarf galaxy at least as massive as NGC'135 6.8

10" ; McConnachie 20128.Based on the mean metallicity of GSS abundances
at17kpc( 087 0.10dex), G19 used the stellar mass metallicity relation for Local
Group dwarf galaxies (Kirby et al. 2013) to estimate that the GSS progenitor had a
stellar mass of at leas0.5 2 10°" . Given that the mean metallicity of the GSS
at 22 kpc agrees with that at 17 kdgRe/H]i gss,2okpc W [Fe/H]igss 17kpc= 0.15

0.17), our results corroborate the GSS progenitor mass inferred by G19, where
both samples are similarly biased against red stars (Section 4.3).

Stars in both the 17 kpc and 22 kpc GSS elds are midrenhanced than NGC
185. G19 found that th&-element abundances of the GSS at 17 kpc were sim-
ilarly U-enhanced compared to Sagittarius, the Large Magellanic Cloud, and the
Small Magellanic Cloud, where these conclusions also apply to the GSS at 22 kpc
(Figure 4.13). ThdJ-element abundances of the GSS at 17 kpc and 22 kpc imply
that the GSS progenitor experienced a higher star formation e ciency than NGC
185. Based omHST imaging, NGC 185 shows evidence for recent and extended
star formation within its inner 200 pc (Butler and Martinez-Delgado 2005; Weisz
et al. 2014), quenching3 Gyr ago. TheHST CMD-based SFH for the GSS eld
(Table 4.3) implies that star formation ceased in the GSS progentdr Gyr ago
(Brown et al. 2006), presumably when interactions with M31 began to a ect its
evolution. Thus, although the GSS progenitor may have quench&tiGyr earlier

than NGC 185, the galaxy had reached at least the same metallicity by that epoch,
further supporting the hypothesis of a comparatively high star formation e ciency
for the GSS progenitor.

Although the [J/Fe] distributions of the GSS elds and NGC 185 dier, they
have a similar metallicity spread. NGC 185 possesses a negative radial metallicity
gradient out to 2.2 kpc (Vargas, Geha, and Tollerud 2014), assunding 617

kpc (McConnachie et al. 2005) ad = 1.5' (De Rijcke et al. 2006), although its
stellar mass is signi cantly lower than the inferred mass of the GSS progenitor. In
accordance with expectations (e.g., Fardal et al. 2008), the GSS progenitor may have
had a radial metallicity gradient. If so, the abundances of the 17 kpc and 22 kpc
GSS elds may probe stellar populations from a large radial range in the progenitor
(G19; Hammer et al. 2018).

Interestingly, the 22 kpc GSS eld possessesdirg] distribution that is statistically

8We considered only [Fe/H{ 0.5 for the comparison between the abundances of the substruc-
ture components in H and S and NGC 185, owing to uncertainty in the abundances of NGC 185
above this metallicity (Vargas, Geha, and Tollerud 2014).
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consistent with that of satellite galaxies withy 0.83 9.5 10° M , although

the metallicity distribution of the substructure is incompatible with that of the lower
mass{( ¢ Y10'" )dwarfgalaxies. These lower mass dwarf galaxies had relatively
truncated SFHs, forming at least 50% of their stellar mass as of 10 Gyr ago (Weisz
et al. 2014; Skillman et al. 2017). This may indicate that stars in the GSS core,
KCC, and lower mass dwarf galaxies may have similar contributions of core-collapse
supernovae relative to Type la supernovae, with the caveat that the GSS progenitor
likely experienced a higher star formation e ciency and extended SFH compared
to these systems.

The metallicity distribution of the SE shelf resembles that of satellite galaxies
with 3.9 9.5 10° " , although itsU-element distribution is inconsistent with

the sample of M31 satellite galaxies across the entire analyzed mass range. The
implications of this comparison are less straightforward, particularly considering
the bias against red stars in the SE shelf (Section 4.3, Section 4.5) and the possibility
of contamination of the SE shelf sample by halo stars. If the SE shelf abundances
are representative, the SE shelf could originate from a progenitor galaxy with
"¢ 100 ™ |, which possessed relatively short Type la supernovae timescales
compared to present-day satellites of similar mass, that is distinct from the GSS
progenitor. Alternatively, the GSS progenitor could have possessed a signi cant
radial metallicity gradient, such that SE shelf originates from a chemically distinct
region of the GSS progenitor. We further evaluate these possibilities in Section 4.6.

Is the SE Shelf Related to the GSS Progenitor?

The inner halo of M31 contains abundant substructure, most of which is likely
associated with the extended disk or the GSS merger event (e.g., Ferguson et al.
2005; Ibata et al. 2007; McConnachie et al. 2018). In particular, Gilbert et al. (2007)
identi ed a kinematically cold feature at300 km s using spectroscopy 0f1000

M31 RGB stars between 380 kpc in M31's southeastern quadrant. The velocity
dispersion of the feature decreased with increasing projected radial distance, from
fe=56 kms?!at12 kpc tof ¢ = 10 km s ! at 18 kpc, re ecting the characteristic
pattern of a shell system originating from a disrupted progenitor galaxy. Based on
its spatial and kinematic properties, Gilbert et al. (2007) associated30@ km

s 1 cold component with the SE shelf, a predicted, faint shell corresponding to the
fourth pericentric passage of GSS progenitor stars (Fardal et al. 2007).

The 12 kpc eld overlaps with DEIMOS elds (Figure 4.1) in which Gilbert et
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Figure 4.17: Heliocentric velocity versus projected distance of M31 RGB stars
(Section 4.6). The 12 kpc eld (H) corresponds to circles color-coded according to
probability of belonging to substructure (Section 4.4), where M31 RGB stars in our
nal abundance sample (Section 4.3) are outlined in black and TiO stars are outlined
in light grey. Dark grey points represent various DEIMOS elds with shallow
1200G spectroscopy that show evidence of the Southeast shelf (Figure 4.1; Gilbert
et al. 2007), the predicted shell formed from GSS progenitor stars on their fourth
pericentric passage (Fardal et al. 2007). The dashed horizontal line corresponds
to M31's systemic velocity, whereas the dotted lines correspond to the observed
boundaries of the Southeast shelf in this space (Gilbert etal. 2007). The substructure
in the 12 kpc eld ts within the spatial and kinematical pro le of the Southeast
shelf.

al. (2007) identi ed the SE shelf. The velocity dispersion of the 12 kpc substructure
(f e = 66 km s?; Table 4.4) is similar to that of the SE shelf at the same radius.
Figure 4.17 shows the heliocentric velocity versus the radial projected distance of
the 12 kpc eld compared to M31 RGB stars in DEIMOS elds with shallow 1200G
spectroscopy, where Gilbert et al. (2007) identi ed the elds as contributing to the
SE shelf. The M31 RGB stars that are most likely to belong to substructure in the
12 kpc eld fall within the observed spatial and kinematical pro le of the SE shelf
(Gilbert et al. 2007). Thus, based on these properties alone, the 12 kpc eld is likely
polluted by material from the GSS progenitor.

The properties of the stellar population in the vicinity of the 12 kpc eld also
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argue in favor of its contamination by GSS progenitor stars. Brown et al. (2006)
and Richardson et al. (2008) found that the stellar age and photometric metallicity
distributions in theHST/ACS haloll eld (Figure 4.1, Table 4.3), which overlaps
with the 12 kpc eld, and theHST/ACS stream eld were remarkably similar.
Additionally, Gilbert et al. (2007) observed that [Fejkl} was similar between
M31 RGB stars likely belonging to the300 km s* cold component and the GSS.

If the 12 kpc substructure corresponds to the SE shelf, it may di er from the mean
metallicity of the GSS core by 0.28 229 dex (Table 4.5). This quoted value is
weighted by the probability of belonging to kinematic substructure for all stars in
the eld. However, the maximum substructure probability is low (69%). In other
words, M31 RGB stars with kinematic properties matching that of the SE shelf (with

? i 0.5; Section 4.4) have a 35% chance on average of belonging to the stellar halo.

If the quoted metallicity di erence between the SE shelf feature and the GSS core is
accurate, this could indicate that the SE shelf originated from a chemically distinct
region of the GSS progenitor. Although no metallicity gradient has been observed
along the GSS, there is evidence of a gradient between the GSS core and its outer
envelope (Ibata et al. 2007; Gilbert et al. 2009), such that GSS formation models
have explored the possibility of the observed metallicity gradient originating from

a radial gradient in the GSS progenitor (Fardal et al. 2008; Miki, Mori, and Rich
2016; Kirihara et al. 2017).

Abundances in the Outer Disk of M31 and the MW

Few studies of the metallicity of stars in M31's outer disk exist in the literature.
Collins et al. (2011) measured Ca Il triplet based [Fe/H] for 21 DEIMOS elds
between 10-40 projected kpc on the sky from M31's center along the southwestern
major axis of M31, nding thatiFe/H]icat thin= 0.7 andiFe/H]icar, thick= 1.0,
where the thin disk has an average velocity dispersion of 36 Knvs 51 km

s 1 for the thick disk. Thus, both the metallicity{Ee/H]i = 0.82) and velocity
dispersion { g = 16 km s 1) of the 26 kpc disk suggest it is similar to M31's thin
disk, or potentially the extended disk of M31 (Section 4.6).

In the inner disk of M31, Gregersen et al. (2015) constructed photometric stellar
metallicity distributions, assuming constant stellar age asiéd] = 0, based on

7 million RGB stars across the PHAT (Dalcanton et al. 2012) footprint in M31's
northeastern disk. They found a radial metallicity gradient ©f020 dex kpct
betweemdiisk 4 20 kpc, with a [Fe/Hjnot normalization of 0.11. Extrapolating
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this metallicity gradient, we estimated that [Fedkd} would be 0.6 at the location

of 26 kpc disk eld, Asisk = 35 kpc. In comparison, we calculated [Fedkd} =
0.88 for our isolated disk feature in this eld. We caution that the behavior of the

radial metallicity gradient from individual RGB stars in M31's disk is unknown at

large radii (Kwitter et al. 2012; Sick et al. 2014), and that di erences in metallicity

measurement methodology will impact the absolute metallicity normalization.

The dearth of chemical abundance data in the outer disk of M31 applies to the

MW as well. However, the stellar metallicity distribution in the MW disk has been

well-studied through spectroscopic surveys out & kpc, nding a comparatively

steep radial metallicity gradient of 0.06 dex kpc! (e.g., Cheng et al. 2012b;

Hayden et al. 2014; Boeche et al. 2014; Mikolaitis et al. 2014). In particular, using
70,000 RGB stars from APOGEE, Hayden et al. (2014) found [Fe/HP43 in

the MW disk plane between 135 kpc. If we perform the same exercise as in the

case of M31's disk and extrapolate the MW's metallicity gradiemfex = 35 kpc,

we would obtain [Fe/H] 0.8, which is similar to our measured mean metallicity

in the 26 kpc M31 disk eld.

Interestingly, spectroscopic abundances exist for the Triangulum-Andromeda (TriAnd)
overdensity (Majewski et al. 2004; Rocha-Pinto et al. 2004), a distant struggge (

20 kpc) potentially associated with an extension of the MW disk (Price-Whelan
et al. 2015; Xu et al. 2015; Li et al. 2017). Recently, Hayes et al. (2018a) found
HFe/H]i = 0.8 for TriAnd, in agreement with our measured metallicity for M31's
26 kpc disk. Additionally, TriAnd has chemical abundances (includirglement
abundances) similar to the most metal-poor stars in the MW's outer d&ic (

9 kpc) (Hayes et al. 2018a; Bergemann et al. 2018). The outer disk of M31 may be
chemically the most similar to a potential third component of the MW's disk, known
as the metal-weak thick disk (Carollo et al. 2019), which is metal-poor ([Fe/HI)

and relativelyU-enhanced (J/Fe] & 0.22). However, evidence for this component
has thus far only been detected in the solar neighborhood, and its kinenhatics (

60 km s 1) are inconsistent with those of M31's disk at 26 kpc.

Given that this chapter presents the r&#/fFe] measurements in M31's disk, we

are limited to the MW's disk for comparisons dbFe] measurements based on
individual stars. The MW disk is known to possess higand lowU sequences at
subsolar [Fe/H] (Bensby et al. 2011; Adibekyan et al. 2013; Nidever et al. 2014).
High-U stars have been associated with the MW's thick disk (e.g., Bensby et al.
2005; Reddy, Lambert, and Allende Prieto 2006; Lee et al. 2011) and have ages
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exceeding 7 Gyr, where the modt#-enhanced stars tend toward older ages (Bensby
et al. 2005; Haywood et al. 2013). However, a population of ydunigh stars has
also been identi ed in the MW disk (Martig et al. 2015; Chiappini et al. 2015). In
this instance, highJ refers to [J/[Fe] 0.3, which is signi cantly lower than our
measurement ofJ/Fe] 0.6 for M31's disk (and M31's stellar halo) &tjsx = 35

kpc. If the mean stellar age of stars in the 26 kpc disk eld & Gyr (Brown

et al. 2006; Bernard et al. 2015a), with a negligible population of stars with ages
&10 Gyr, then it is similar in age to, if not younger than, the MW disk's high-
population. Assuming that the 26 kpc disk feature is representative of M31's outer
disk, the expected discrepancy Id/lFe] between the MW and M31's outer disk is
potentially even larger, considering that the lblssequence is more prominent in
the outer disk of the MW (Cheng et al. 2012a; Bovy et al. 2012; Nidever et al. 2014;
Hayden et al. 2015).

Disk Formation Scenarios: the MW vs. M31

The patterns of /Fe] vs. [Fe/H] in the MW disk with respect to scale length and
scale height (Bensby et al. 2011; Cheng et al. 2012a; Bovy et al. 2012; Anders
et al. 2014; Nidever et al. 2014; Hayden et al. 2015) provide support for scenarios
in which the inner disk of the MW formed prior to the outer disk (and the chemical
thick disk was formed before the chemical thin disk). In particular, the dominance
of the lowU sequence in the outer disk and the homogeneity of the Higiguence

in the inner disk (where the scale length & kpc) could result from a combination

of an initial stellar population that formed from a gas-rich, well-mixed, turbulent in-
terstellar medium and multiple distinct stellar populations in the outer disk (Nidever
et al. 2014). These outer disk populations could result from a transition from low-
to high- star formation e ciency coupled with extended pristine gas infall (Chi-
appini, Matteucci, and Romano 2001) or increasing out ow rate with increasing
galactocentric radius. Based on the chemical abundance patterns of the MW inner
vs. outer disk (Bovy et al. 2012; Nidever et al. 2014), radial migration appears
to have played a signi cant role in the evolution of the MW's disk (e.g., Sellwood
and Binney 2002; Schoénrich and Binney 2009), although its e ciency must have
been limited to match the lack of observed higlstars in the outer disk (Cheng

et al. 2012a). In general, the abundance patterns of the MW disk seem to disfavor
an external origin (e.g., Brook et al. 2012; Minchev, Chiappini, and Martig 2014),
although this possibility cannot be excluded (see also Mackereth et al. 2019a).

The fact that the outer disk of M31 &-enhanced relative to the MW disk between
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9-15kpc suggests that M31's outer disk may have experienced a di erent formation
history or internal evolution. Marked di erences in the structural morphology (Ibata
et al. 2005) and dynamics (Dorman et al. 2015; Quirk et al. 2019) of M31's disk
support this hypothesis. Perhaps the most distinguishing feature of M31's disk
relative to the MW is its ubiquitous burst of star formation that occured &yr
ago (Bernard et al. 2015a; Bernard et al. 2015b; Williams et al. 2015; Williams
et al. 2017). Taking into account the unusual SFH of M31's disk, coupled with
its relatively large velocity dispersion and steep age velocity dispersion correlation
(Dorman et al. 2015), Hammer et al. (2018) found that the observed properties of
M31's disk are consistent with a 4:1 major merger, in which rst passage occurred
7 10 Gyr ago and nuclei coalescence occured@ &yr ago.

Possible origins for the extended disk of M3L (40 kpc) are the accretion of mul-

tiple small systems or a single secondary progenitor (Ibata et al. 2005). An episode
of star formation induced by a major merger o ers the advantage of explaining both
the disk-like kinematics and chemical homogeneity of the extended disk (fs/H]

= 0.9). The low velocity dispersion of the 26 kpc diskg( 16 km s?), its

high U-element abundancé[U/Fe] = 0.58), and relatively young stellar age @

Gyr old; Brown et al. 2006) are consistent with an extended disk that experienced
rapid star formation induced by a major merger. The accretion of multiple small
systems along the plane of the disk is less likely to result in such alkglement
abundance, presuming that such systems would relatively chemically evolved, and
thus mordJ-poor. Based on the relatively young stellar age of the disk compared to
the 23 kpc eld ( 7.5 Gyrinthe disk eldvs. 1011 Gyrin the 23 kpc eld; Brown

et al. 2006; Brown et al. 2007), the expectation from the accretion of small systems
would be that the 23 kpc eld is morg-enhanced than the disk, in contradiction

to our abundance measurements for these elds. Furthermore, the chemical abun-
dances of the GSS are consistent with a major merger scenario (as in Hammer et al.
2018 or D'Souza and Bell 2018a), assuming that the stars in the GSS core do not
predominantly originate from the center of the progenitor and the GSS progenitor
had a metallicity gradient (G19).

Internal mechanisms, such as radial migration, are problematic in terms of explaining
theU-enhancement of M31's disk at 26 kpc. This scenario requiresHiehanced
population in the outer disk to have originated from an old, centrally concentrated
stellar population, whereas the 26 kpc eld contains a signi cant population of
young stars (Brown et al. 2006). Additionally, the velocity dispersion of M31's
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disk is larger than that of the MW (Dorman et al. 2015), where the e ciency of
radial migration is expected to decrease with increasing velocity dispersion (Solway,
Sellwood, and Schonrich 2012). In light of current observations of M31's disk, we
nd that star formation induced by a major merger provides the simplest explanation
for the chemical abundances of the 26 kpc disk.

4.7 Conclusions

We measuredJ/Fe] and [Fe/H] from deep, low-resolution DEIMOS spectroscopy of
70 M31 RGB stars across the inner halo, Giant Stellar Stream (Ibata et al. 2001a), and
outer disk of M31. This is the largest detailed abundance sample in M31 to date, and
in combination with Escala et al. (2019) and Gilbert et al. (2019a), presents the rst
measurements of spectroscopic [Fe/H] ddiFg] in the inner halo, GSS, and disk of
M31. Using a kinematic decomposition, we separated the stellar populations in our
spectroscopic elds into smooth stellar halo and substructure. The substructure
identi ed at 12 kpc, 22 kpc, and 26 kpc correspond to the Southeast shelf (Fardal
etal. 2007; Gilbert et al. 2007), the GSS core and KCC (Kalirai et al. 2006a; Gilbert
et al. 2009; Gilbert et al. 2019a) and M31's outer disk, respectively. We summarize
our primary results below.

1. Theinnerhalo, GSS, and outer disk of M31 @renhanced{U/Fe] & 0.35),
where the 26 kpc disk and 22 kpc GSS elds are more metal-rich than the 12
and 23 kpcinner halo elds (([Fe/H])26-12kpc=0.38 0.16, ([Fe/H])26-23kpc

=0.62%1%  ([Fe/H])22-12kpc=0.46 0.15, ([Fe/H])22-23kpc=0.70 0.17).

2. Measurements of [Fe/H] and/Fe] between 17 kpc (G19) to 22 kpc along the
GSS are fully consistent. Thisisinagreementwith previous studiesillustrating
the absence of a metallicity gradient along the GSS (Ibata et al. 2007; Gilbert
et al. 2009).

3. The inner halo of M314y; . 26 kpc) appears to be mokéenhanced than
the MW inner halo at all radii. Additionally, we nd suggestions that the
outer halo of M31 (Vargas et al. 2014) is mdgepoor than the inner halo,
although more data are necessary to con rm such a gradient. If a negative
[U/Fe] gradient is present, it would agree with the implications of the steep
negative [Fe/H] gradient of M31 (Gilbert et al. 2014), providing support for
di erent progenitor(s) and/or formation mechanisms contributing to the inner
versus outer halo.
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4. Based on currently available data, th#He] distribution of the metal-rich
([Fe/H] i  1.5) inner stellar haloAyo; . 26 kpc) of M31 (i.e., with sub-
structure removed) is inconsistent with having formed from the disruption
of progenitors with chemical properties similar to present-day M31 satellite
galaxies{ ¢ 10 "" ).

5. In agreement with G19, comparisons to the abundance distributions of M31
satellite galaxies (Vargas, Geha, and Tollerud 2014, Kirby et al. 2020) suggest
that the chemical properties of the GSS are consistent with a massive progeni-
tor (& 0.5 2 10° M ; G19) that experienced a high star formation e ciency.
Such comparisons also point to the SE shelf resembling lower mass dwarf
galaxies{ ¢ 10°" ), with the caveat of bias against red stars and potential
stellar halo contamination in the SE shelf sample.

6. We found tentative evidence that the SE shelf is more metal poor than the
GSS by& 0.10 dex, taking into account observational uncertainty. If the SE
shelf in fact originates from the GSS progenitor (Fardal et al. 2007; Gilbert
et al. 2007), then a radial metallicity gradient in the GSS progenitor (e.g.,
Fardal et al. 2008) could explain the observed metallicity di erence.

7. M31's disk atAy = 26 kpc Guisk = 35 Kpc) is consistent with nearly cir-
cular rotation (Guhathakurta et al. 1988), wiflgg = 9 3'kms?, and is
dynamically cold { g = 16 km s1). The disk is highlyJ-enhanced (/Fe] =
0.58) compared to the higdpopulation of the MW's disk (/Fe] 0.30).

The metallicities of stars in the 26 kpc disk feature ([Fe/H] &:82) agree

with predictions at comparable radii in the MW (based on extrapolation of its
metallicity gradient, e.g., Cheng et al. 2012b; Hayden et al. 2014) and distant,
possibly disk-related structures such as TriAnd (Bergemann et al. 2018; Hayes
et al. 2018a).

8. Takinginto accountthe observed structural and dynamical properties of M31's
disk (Ibata et al. 2005; Dorman et al. 2015), we nd that a global episode
of active star formation induced by a major merger (Hammer et al. 2018;
D'Souza and Bell 2018a) is the simplest explanation for the observed chemical
abundances of M31's disk at 26 kpc, .

The following chapter presents an increase in the sample size of M31 RGB stars
with abundance measurements, such that we can place more stringent constraints
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on the accretion history of M31 and the formation of its stellar halo.
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4.8 Appendix: Comparison Between DEIMOS 600ZD and 1200G Elemental
Abundances

In Section 4.5, Section 4.6, and Section 4.6, we simultaneously utilized measure-

ments of [Fe/H] andU/Fe] derived from the 1200G (Vargas, Geha, and Tollerud

2014; Kirby et al. 2020) and 600ZD (this chapter) gratings on DEIMOS. The spec-

tral synthesis methods employed in each case (Kirby, Guhathakurta, and Sneden

2008; Kirby et al. 2009; Escala et al. 2019) are the same in principle, but rely on

spectra of di ering resolution’( 6000 vs. 2500) and wavelength coverage (6300

vs. 4500 9100 A).

In this section, we illustrate the general consistency of the two measurement tech-
niques using a sample of individual giant stars in MW globular clusters (GCs; NGC
2419, NGC 1904, NGC 6864) and MW dSphs (Draco, Canes Venatici I) observed
with both the 1200G and 600ZD gratings. Measurements of [Fe/H] aftet] for

the GCs were determined using 600ZD spectra by E19 and using 1200G spectra
by Kirby et al. (2016), where identical slitmasks were used for each GC. E19 pre-
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Figure 4.18: A star-by-star comparison between [Fe/H] duitid] measurements

for giant stars from a sample of MW globular clusters (Kirby et al. 2016; Escala
etal. 2019) using spectra obtained with the 1200G and 600ZD gratings on DEIMOS.
The dashed line represents a one-to-one relatidop panely Standard 600ZD-
based abundance measuremetits(81) using the entire usable wavelength range
(4500 9100 A) are broadly consistent (at 12.3f ) with 1200G-based abundances
within the uncertainties. Bottom panelsRestricting the abundance measurement
for 600ZD spectra to only red wavelengths (630200 A) reduces the scatter
between the two techniques (to D.9% = 84), indicating that any excess scatter is
owing to the inclusion of bluer wavelengths (4500-6300 A).

sented measurements of a limited sample of stars from the 600ZD observations of
dSphs. The measurements were restricted to those stars with previous abundance
measurements in the literature. In order to build a larger sample to compare re-
sults from 600ZD with 1200G, we measured abundances for the complete sample
of 600ZD dSph stars in this chapter. The 1200G dSph abundance measurements
are drawn from stars identi ed as members in the catalog of Kirby et al. (2010).
The photometry is identical for each star in common between 1200G and 600ZD
measurements, wheye pnot andlog 6 are taken as inputs into the spectral synthesis
software (Kirby, Guhathakurta, and Sneden 2008; Escala et al. 2019). We re ne
our sample selection according to the relevant criteria outlined in Section 4.3.
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Figure 4.19: A star-by-star comparison between [Fe/H] duiéd] for 30 giant

stars from a sample of MW dSphs (Kirby et al. 2010; Escala et al. 2019) using
spectra obtained with the 1200G and 600ZD gratings on DEIMOS. The dashed line
represents a one-to-one relation. As in the case of the GCs, the measurements are
broadly consistent (Fe/H) = 1.28,f ,u.Fa,= 1414) between the two techniques. The
600ZD [Fe/H] measurements appear to be more metal-poor than the 1200G [Fe/H]
measurements for the dSph stars Ify1 dex, although it is unclear if this trend is
representative of M31.

Figure 4.18 shows a star-by-star comparison of [Fe/H] &iBd] measured from

both 1200G and 600ZD spectra for the GC sample. We do not nd evidence of a
statistically signi cant (to 3 ) error-weighted mean o set in either [Fe/H] dufFe]
between the 1200G and 600ZD measurements for this samgles/H]12006-600z0

=0.0 0.02,h [UFeh200G-600zth = 0.08 0.03). We quantify the consistency
between the two measurement techniques by computing the standard deviation of
their error-weighted di erence,

f = stddev — 1200 600 - (4.5)

Xn00 °2, 1 XRoor ©2
wheren is a given chemical abundance measurement ([Fe/HUte]) andXnis

the associated measurement uncertainty. We omitted outliers in this calculation,
performing iterative 6 clipping on the discrepancy between the 1200G and 600ZD
abundances until the comparison sample converged. We nd that; = 1+15and

f .. Fe,= 1e34forthe GC sample, which indicates that the scatter betweenthe 1200G
and 600ZD measurements is not completely accounted for by the uncertainties

(f n=1).

To investigate the source of this excess scatter, we re-measured abundances from the
600ZD spectra for the GCs, but we restricted the chemical abundance analysis to the



157

same wavelength range used for 1200G spectra (63000 A). Figure 4.18 also
illustrates the results of a star-by-star comparison between 1200G measurements
and 600ZD measurements restricted only to redder wavelengths. In this case, the
excess scatter disappeaf$-¢/H) = 0°86-f,re,= 0993), where the measurements

are consistent within the uncertainties. This indicates that the source of the excess
scatter when utilizing the full wavelength range of the 600ZD spectra is the inclusion
of bluer wavelengths (450®300 A), as opposed to lower spectral resolution. Thus,
the scatter between 1200G- and 600ZD-based measurements is likely driven by the
additional information contained in absorption features between A. For
example, the bluer spectral regions contain a di erent balancel absorption

lines, such as the Mg b triplet, than the red side. Therefore the meanirlg of

is di erent depending on the spectral range. (This explanation does not apply to
[Fe/H].) Alternatively, itis possible that the bluer regions of the spectrum have higher
continuum normalization errors owing to the high density of absorption features at
these wavelengths.

Based on our GC sample, we conclude that the 600ZD and 1200G measurements are
broadly consistent (within approximately 1.8 We further illustrate this point us-
ing our dSph sample, which spans a larger rangeliéig] than the GCs. Figure 4.19
shows a star-by-star comparison between 1200G- and 600ZD-based measurements
for the dSphs, where the measurements are broadly consistent within the uncer-
tainties € re/n) = 1228 andf ,.re,= 1°14). The abundance measurements clearly
track one another between the two techniques, most notably in the cad€ef s
compared to the GC sample. In contrast to the GCs, we nd an error-weighted mean
o set between [Fe/H] measurements for the dSphs, wihe&e/H]s00zp-1200d =

0.13 0.02. Itisunclear whether this 0 set present in the dSph sample is represen-
tative of a general o setin [Fe/H] between 1200G- and 600ZD-based measurements,
given thatitis not present in our larger GC sampledpns= 30VS. #ccs= 81). We
do not anticipate that this potential o set in [Fe/H] could signi cantly alter any of
our conclusions as stated in Section 4.7 that rely on a comparison between 1200G-
and 600ZD-based abundances, given that the quoted uncertainties irjFe/#l]i
are similar in magnitude.

4.9 Appendix: The Velocity Dispersion of the Outer Disk of M31

The dispersion of the disk feature in eld D is low (’]@<m s 1: Table 4.4) compared

to expectations based on previous analyses of M31's northeastern disk kinematics
at smaller disk radii.( 20 projected kpc; Ibata et al. 2005; Dorman et al. 2012;
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Dorman et al. 2015). Collins et al. (2011) analyzed slitmasks at similar radii to
eld D, albeit in M31's southwestern disk. Although a less stringent velocity cut
to identify M31 RGB stars (Section 4.4) would increase the velocity dispersion of
the disk feature in eld D, the increase is insu cient to resolve the discrepancy.
Assuming that all stars witBheio Y 50 kms?tin eld D are bona de M31 RGB

stars (Niar = 73) results in the dispersion of M31's disk increasing o 25 km

s 1 based on estimates from the EM algorithm for tting Gaussian mixtures to
the velocity distribution. Entirely removing radial velocity as a criterion for M31
membership (Nar= 76), we instead founflg 40 km s for the disk feature in

eld D, which is comparable to the values found by Dorman et al. (2012), Ibata
et al. (2005), and Collins et al. (2011), although these studies accounted for MW
foreground star contamination by various means. Although we used a relatively
conservative velocity cut dfeio Y 100 km s? to identify M31 RGB eld stars

in eld D, the MW contamination fraction appears to be low in this eld based on
the absence of an velocity peak at 50 km s ! (Figure 4.6) corresponding to MW
foreground stars.

Regardless of the details of sample selection, M31's northeastern disk exhibits
intrinsic spatial variation in disk kinematics across its entire radial range, where the
velocity dispersion on large scales decreases with increasing disk radius (Dorman
et al. 2015). We also expect that the local velocity dispersion of a dynamically
cold stellar population will be smaller when computed in individual DEIMOS
elds as compared to subregions of the disk with a larger extent in position angle.
Measuring the collective velocity dispersion of the disk (e.g., Dorman et al. 2015) for
studies with wide spatial coverage requires assuming a disk model, which may a ect
measurements of the velocity dispersion. This likely explains why our measurement
is more similar to studies that have averaged velocity dispersion measurements across
individual DEIMOS slitmasks in M31's disk (Ibata et al. 2005; Collins et al. 2011,
Dorman et al. 2012). Thus, we conclude that our measured velocity dispersion of

15 20 km s !is an accurate representation of the dynamics of the feature that we
have identi ed as part of M31's disk.
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Abstract

We present measurements of [Fe/H] abdHe] for 129 individual red giant branch
stars (RGB) in the stellar halo of M31, including its Giant Stellar Stream (GSS),
obtained using spectral synthesis of low- and medium-resolution Keck/DEIMOS
spectroscopy'( 3000and 6000, respectively). We observed four elds in M31's
stellar halo (at projected radii of 9, 18, 23, and 31 kpc), as well as two elds in
the GSS (at 33 kpc). In combination with existing literature measurements, we
have increased the sample size of [Fe/H] ddiéF¢] measurements to a total of 230
individual M31 RGB stars. From this sample, we investigate the chemical abundance
properties of M31's inner halo, and foutifFe/H]i = 1.09 0.04 and{U/Fe] =
0.40 0.03. Between 8 34 kpc, the inner halo has a steep [Fe/H] gradigh0g4

0.002 dex kpcl) and negligible [/Fe] gradient, where substructure in the inner
halo is systematically more metal-rich than the smooth component of the halo at
a given projected distance. Although the chemical abundances of the inner stellar
halo are largely inconsistent with that of present-day M31 satellite dwarf galaxies,
we identi ed 37 RGB stars kinematically associated with the smooth stellar halo
that have chemical abundance patterns similar to M31 dwarf galaxies. This stellar
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population is more metal-pooHFe/H]i = 1.74 0.05) and lesdJ-enhanced
(HUFe] = 0.17 0.07) than the inner stellar halo as a whole. Comparisons to
abundances of the Milky Way (MW) halo indicate that M31 and the MW may both
have populations of lowJ stars with halo-like kinematics, whereas comparisons
to the Magellanic Clouds suggest M31's Idwpopulation had similarly low star
formation e ciency. We discuss formation scenarios for M31's halo, concluding
that M31's lowU population has an accretion origin.

5.1 Introduction

In the CDM cosmological paradigm! ¢ galaxies like the Milky Way (MW)

and Andromeda (M31) form through hierarchical assembly (e.g., Searle and Zinn
1978). Debris from mergers across cosmic time are deposited within the extended
stellar halo, where they remain observationally identi able for many dynamical
times (e.g., Helmi et al. 1999b; Bullock and Johnston 2005). Simulations of stellar
halo formation in MW-like galaxies have shown that the mass and accretion time
distributions of progenitor dwarf galaxies can imprint strong chemical signatures in
a galaxy's stellar population (e.g., Robertson et al. 2005; Font et al. 2006¢; Johnston
et al. 2008; Zolotov et al. 2010; Tissera, White, and Scannapieco 2012), particularly
in terms of [Fe/H] and [/Fe]. Measurements df-element abundance (O, Ne,

Mg, Si, S, Ar, Ca, and Ti) and iron (Fe) abundance encode information concerning
the relative timescales of Type la and core-collapse supernovae (e.g., Gilmore and
Wyse 1998), such that galactic systems with di erent evolutionary histories will have
distinct chemical abundance patterns. Inthis way, stellar halos serve as fossil records
of a galaxy's accretion history. This theory has been extensively put into practice
in the MW, where the di ering patterns ofJFe] and [Fe/H] between its stellar
halo and satellite dwarf galaxies have revealed their fundamentally incompatible
enrichment histories (Shetrone, Co6té, and Sargent 2001; Venn et al. 2004).

Studies of the kinematics and chemical composition of individual stars in the MW
have provided a detailed window into the formation of its stellar halo (e.g., Carollo
etal. 2007; Carollo et al. 2010; Nissen and Schuster 2010; Ishigaki, Chiba, and Aoki
2012; Haywood et al. 2018; Helmi et al. 2018; Belokurov et al. 2018; Belokurov
et al. 2020). However, the MW is a single example ofl gngalaxy. Observations

of MW-like stellar halos in the Local Volume have revealed a wide diversity in their
properties, such as stellar halo fraction, mean photometric metallicity, and satellite
galaxy demographics, which likely results from halo-to-halo variations in merger
history (Merritt et al. 2016; Monachesi et al. 2016; Harmsen et al. 2017; Geha
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et al. 2017; Smercina et al. 2019). In these studies, both the MW and M31 have
emerged as outliers at the quiescent and active ends, respectively, of the spectrum
of accretion histories for nearby; galaxies.

Owing to its proximity (785 kpc; McConnachie et al. 2005), M31 is currently the
only I ¢ galaxy that we can study at a level of detail approaching what is possible in
the MW. M31's nearly edge-on orientatio®< 77 ; de Vaucouleurs 1958) provides

an exquisite view of its extended, highly structured stellar halo (e.g., Ferguson et al.
2002; Guhathakurta et al. 2005; Kalirai et al. 2006b; Gilbert et al. 2007; Gilbert
et al. 2009; Ibata et al. 2007; Ibata et al. 2014; McConnachie et al. 2018). Most
notably, M31's stellar halo contains a prominent tidal feature known as the Giant
Stellar Stream (GSS; Ibata et al. 2001a), where the debris from this event litters
the inner halo (Brown et al. 2006; Gilbert et al. 2007). Since the discovery of
M31's halo (Guhathakurta et al. 2005; Irwin et al. 2005; Gilbert et al. 2006), its
global metallicity, and kinematical properties have been thoroughly characterized
from photometric and shallow (L hour) spectroscopic surveys (Kalirai et al. 20064,
Ibata et al. 2007; Koch et al. 2008; McConnachie et al. 2009; Gilbert et al. 2012;
Gilbert et al. 2014; Gilbert et al. 2018; Ibata et al. 2014). However, it is only
recently that Vargas, Geha, and Tollerud (2014) and Vargas et al. (2014) made the
rst chemical abundance measurements beyond metallicity estimates in M31's halo
and dwarf galaxies.

We have undertaken a deef6 hour) spectroscopic survey using Keck/DEIMOS

to probe the formation history of M31 from the largest sample of [Fe/H] alfad]
measurements in M31 to date. This has resulted in the W4t¢] measurements

in the GSS (Gilbert et al. 2019a), the inner halo (Escala et al. 2019; Escala et
al. 2020a), and the outer disk (Escala et al. 2020a), in addition to an expanded
sample of [J/Fe] and [Fe/H] measurements in M31 satellite galaxies (Kirby et al.
2020 for individual stars; Wojno et al. 2020 for coadded groups of spectra) and the
outer halo (K.M. Gilbert et al. 2020, accepted). Some of our key results include
(1) evidence for a high e ciency of star formation in the GSS progenitor (Gilbert

et al. 2019a; Escala et al. 2020a) and the outer disk (Escala et al. 2020a), (2) the
distinct chemical abundance patterns of the inner halo compared to M31 satellite
galaxies (Escala et al. 2020a; Kirby et al. 2020), (3) support for chemical di erences
between the inner and outer halo (Escala et al. 2020a; K.M Gilbert et al. 2020,
accepted), and (4) chemical similarity between MW and M31 satellite galaxies
(Kirby et al. 2020; Wojno et al. 2020). In this contribution, we analyze the global
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chemical abundance properties of the kinematically smooth component of M31's
inner stellar halo.

This chapter is organized as follows. In Section 5.2, we present our recently observed
M31 elds. We provide a brief overview of our chemical abundance analysis

in Section 5.3 and develop a statistical model to determine M31 membership in
Section 5.4. We present oud/Fe] and [Fe/H] measurements for 129 M31 RGB
stars and analyze the combined sample of inner halo abundance measurements
(including the literature) in Section 5.5. Finally, we compare our measurements to
the MW and the Magellanic Clouds, and place our results in the context of models
of stellar halo formation in Section 5.6.

5.2 Data

In this section, | present the spectroscopic and photometric data utilized in this
chapter and summarize the known properties of the observed M31 elds.

Spectroscopy and Data Reduction

Table 5.1 presents previously unpublished de®& (r) observations of six spec-
troscopic eldsin M31. Fields f109_1,123 1,f130_1,a0 1, a3 1, and a3 2 were
observed in total for 7.0, 6.25, 6.74, 6.79, 6.44, and 6.60 hours, respectively. For
ve of these elds, we utilized the Keck/DEIMOS (Faber et al. 2003) 600 line fhm
(600ZD) grating with the GG455 order blocking Iter, a central wavelength of 7200
A, and 0.8 slitwidths. We observed a single eld (f123_1) with the 1200 line
mm 1 (1200G) grating with the OG550 order blocking lter, a central wavelength
of 7800 A, and 0.8 slitwidths. We observed each spectroscopic eld using two
separate slitmasks that are identical in design, excepting slit position angles. This
di erence minimizes ux losses owing to di erential atmospheric refraction at blue
wavelengths via tracking changes in parallatic angle. The spectral resolution of the
600ZD (1200G) grating is approximately 2.8 (1.3) A FWHM, or 3000 (6500)

at the Ca Il triplet region ( 8500A). Similarly deep observations of DEIMOS
elds in M31, which we further analyze in this chapter, were previously published
by Escala et al. (2020a) and Escala et al. (2019) (600ZD) and Gilbert et al. (2019a)
(1200G).

One-dimensional spectra were extracted from the raw, two-dimensional DEIMOS
data using the spec2d pipeline (Cooper et al. 2012; Newman et al. 2013), including
modi cations for bright, unresolved stellar sources (Simon and Geha 2007). Kirby
et al. (2020) provides a comprehensive description of the data reduction process,
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Figure 5.1: The location of dee@® (5 hr total exposure time) DEIMOS elds

in M31-centric coordinates overlaid on the PAndAS red giant branch star count
map (McConnachie et al. 2018). Rectangles represent the approximate size (16'
x 4') and orientation of the DEIMOS elds, whereas the dashed magenta line
corresponds to 50 projected kpc. We include elds observed with both the low-
resolution (600ZD; magenta) and medium-resolution (1200G; green) gratings on
DEIMOS. NearbyHST/ACS elds (202 x 202 ; Brown et al. 2009) are shown

as gold stars. Observations rst presented in this chapter are outlined in white
(Table 5.1; Section 5.2). Our additional deep elds include 9 kpc, 18 kpc, 23 kpc,
and 31 kpc in the stellar halo and 33 kpc in the Giant Stellar Stream.

particularly for the case of spectra observed with the 1200G grating. For 600ZD
spectra, we included additional alterations to correct for atmospheric refraction,
which preferentially a ects bluer optical wavelengths (Escala et al. 2019).
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Figure 5.2: Extinction-corrected color-magnitude diagrams in the relevant pho-
tometric Iters (Johnson-Cousins— and CFHT/MegaCané—8Section 5.2) for
individual stars in each spectroscopic eld (Table 5.1). For reference, we overplot
PARSEC isochronedblack lines Marigo et al. 2017), assuming 9 Gyr ages and
[UFe] = 0, with [Fe/H] = 22, 1+0, 05, andO (from left to right). Stars with-

out successful radial velocity measurements (Section 5.3) are represented as black
points. Stars that are likely to be MW foreground dwarfs are indicated as grey
diamonds, whereas likely M31 RGB stars (Section 5.4) are represented as circles
color-coded according to their probability of belonging to kinematical substructure
in the stellar halo (Section 5.4). Open circles indicate M31 RGB stars with strong
TiO absorption, which we excluded from our nal sample (Section 5.5).
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Field Properties

Fields f109 1,123 1,f130 _1,a0 1, and a3 are located at 9, 18, 23, 31, and 33 kpc
away from the galactic center of M31 in projected distance. We assumed that the
M31 galactocenter is located at a right ascension of 0.71 hours and a declination of
41.3 degrees. Table 5.1 provides the mask center and mask position angle of each
eld on the sky. Figure 5.1 illustrates the locations of our newly observed DEIMOS
elds relative to the center of M31, including previously observed elds (Escala
etal. 2020a; Escala et al. 2019; Gilbert et al. 2019a) further analyzed in this chapter,
overlaid on a RGB star count map from the Pan-Andromeda Archaeological Survey
(PAndAS; McConnachie et al. 2018). We also show the locations of pencil-beam
HST/ACS elds (Brown et al. 2009), some of which overlap with DEIMOS elds
(Escala et al. 2020a), from which Brown et al. (2006), Brown et al. (2007), and
Brown et al. (2008) derived stellar age distributions. The ACS images (ZI2 )

are e ectively points on the sky compared to each DEIMOS eld (approximately
16' 4.

The deep elds presented in this chapter were previously observed using shallow
( 1 hour) DEIMOS spectroscopy with the 1200G grating to obtain kinematical
information for each eld (Gilbert et al. 2007; Gilbert et al. 2009). Based on the
shallow 1200G observations, Gilbert et al. (2007) and Gilbert et al. (2009) argued
that elds 109 1,123 1,130 _1, and a0_1 probe the properties of the stellar halo
of M31, whereas a3 probes the GSS. However, multiple kinematical components
can be presentin a given eld. For example, f123_1 contains substructure known as
the Southeast shelf, which is likely associated with the GSS progenitor (Gilbert et
al. 2007; Fardal et al. 2007; Escala et al. 2020a). Unlike elds alongthe GSS located
closer to M31's center, a3 does not show evidence for the secondary kinematically
cold component (KCC) of unknown origin (Kalirai et al. 2006a; Gilbert et al. 2009;
Gilbert et al. 2019a). We expect that f130_1 is associated with the smooth,
relatively metal-poor halo of M31, based on the known properties of the overlapping
DEIMOS eld f130_2 (Figure 5.1; Escala et al. 2019). Similarly, the velocity
distributions of a0_1 and f109_1 are fully consistent with that of M31's stellar halo
(Gilbert et al. 2007). Despite being the innermost M31 eld in our samfpgj(= 9

kpc, orAyisk = 38 kpc assuming= 77 ), f109_1 does not show any kinematical
evidence for signi cant contaminatior&(0%) by M31's extended disk (Gilbert

et al. 2007). This also applies to the Southeast shelf, which was predicted to extend
to the location of f109_1 with a large velocity dispersiorB60 km s?'; Fardal

et al. 2007; Gilbert et al. 2007), such that any hypothetical SE shelf stars in this
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eld could not be kinematically separated from the halo population. We refer to
the spectroscopic elds by their projected M31-centric distance and predominantly
traced stellar structure (as in Table 5.1; e.g., f109_1 is the 9 kpc halo eld) where
appropriate to emphasize their physical properties.

Photometry

The photometry for the majority of elds published in this chapter were obtained
from MegaCam images in th&-8 Iters using the 3.6 m Canada-France-Hawaii
Telescope (CFHT). The MegaCam images were obtained by Kalirai et al. (2006a)
and reduced with the CFHT MegaPipe pipeline (Gwyn 2008). For 9 targets in
eld f109_1 absent from our primary catalogs, we sourc@dgugd & band pho-
tometry from the Pan-Andromeda Archaeological Survey (PAndAS) point source
catalog (McConnachie et al. 2018). For eld f130_1, #fe & magnitudes were
transformed to Johnson-Cousifis- using observations of Landolt photometric
standard stars (Kalirai et al. 2006a). In the case of elds a0_1 and a3, the original
photometry was obtained in the Washingter) » Iters by Ostheimer (2003) using

the Mosaic camera on the 4 m Kitt Peak National Observatory (KPNO) telescope
and subsequently transformed to the Johnson-Cottsineands using the relations

of Majewski et al. (2000).

Figure 5.2 presents the extinction-corrected color-magnitude diagrams (CMDs) for
each eld in the relevant photometric Iters used to derive quantities based on the
photometry such as the photometric e ective temperatlgg,fot), surface gravity

(log 6), and metallicity ([Fe/H]no). We show all stars in a given eld for which

we extracted 1D spectra (M31 RGB stars, MW foreground dwarf stars, and stars
for which we were unable to evaluate M31 membership owing to failed radial
velocity measurements; Section 5.4), where each star is color-coded according to its
probability of belonging to kinematically identi ed substructure in the stellar halo
(Section 5.4). That is, cyan points are likely to be associated with the dynamically
hot, smooth stellar halo, whereas magenta points likely belong to substructure
such as the GSS (a3 elds) or Southeast Shelf (f123_1).

For elds f109 1, f130_1, a0 _1, and a3, for which stellar spectra were obtained
using the 600ZD grating (Section 5.2), we calculateghnot, l0g 6, and [Fe/H}not
following the procedure described by Escala et al. (2020a). In summary, the color
and magnitude of a star are compared to a grid of theoretical stellar isochrones
to derive the above quantities. We utilized the PARSEC isochrones (Marigo et
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al. 2017), which include molecular TiO in their stellar evolutionary modeling, and
assumed a distance modulusto M3¥xof" =24.63 0.20(Clementinietal.2011).

For the 600ZD elds, we assumed 9 Gyr isochrones based on the intermediate mean
stellar ages of the stellar halo and GSS, as inferred 8T CMDs (Brown et

al. 2006; Brown et al. 2007; Brown et al. 2008).

The photometric quantitie$4 pnot, 109 6) for the single 1200G-based eld, f123_1,
were derived following the procedure outlined by Kirby, Guhathakurta, and Sneden
(2008), assuming an identical distance modulus and 14 Gyr isochrones from a
combination of model sets (Girardi et al. 2002; Demarque et al. 2004; VandenBerg,
Bergbusch, and Dowler 2006). As described in detail by Escala et al. (2019) and
summarized in Section 5.%e phot andlog 6 are used as constraints in measuring

) e , [Fe/H], and [J/IFe] from spectra of individual stars, where these measurements
are insensitive to the employed isochrone models and assumed stellar age.

5.3 Chemical Abundance Analysis

We use spectral synthesis of low- and medium-resolution stellar spectroscopy to
measure stellar parametens, ( and abundances ([Fe/H]andl/Fe]) from our

deep observations of M31 RGB stars. For a detailed description of the low- and
medium-resolution spectral synthesis methods, see Escala et al. (2020a) and Es-
cala et al. (2019) and Kirby, Guhathakurta, and Sneden (2008), respectively. The
low- and medium-resolution spectral synthesis procedures are nearly identical in
principle, excepting di erences in the continuum normalization given the di ering
wavelength coverage between the low- and medium-resolution sped&a@@ 9100

vs. 6300 9100 A). For 1200G spectra, the continuum is determined using con-
tinuum regions de ned by Kirby, Guhathakurta, and Sneden (2008), whereas such
regions would be unilaterally de ned for 600ZD spectra owing to the high density of
absorption features toward the blue wavelengths. Chemical abundances ([Fe/H] and
[U/Fe]) for individual stars measured using each technique are generally consistent
within the uncertainties (Escala et al. 2020a).

Prior to the chemical abundance analysis, the radial velocity of each star is mea-
sured via cross-correlation with empirical templates (Simon and Geha 2007; Kirby
et al. 2015; Escala et al. 2020a) observed in the relevant science con guration (Sec-
tion 5.2). Systematic radial velocity errors of 5.6 knt ¢Collins et al. 2011) and

1.49 km s? (Kirby et al. 2015) from repeat measurements of identical stars are
added in quadrature to the random component of the error for observations taken
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with the 600ZD and 1200G gratings, respectively. The spectral resolution is empir-
ically determined as a function of wavelength using the width of sky lines (Kirby,
Guhathakurta, and Sneden 2008), and in the case of the bluer 600ZD spectra, arc
lines from calibration lamps (Escala etal. 2020a; K. McKinnon etal., in preparation).
The observed spectrum is then corrected for telluric absorption using a template of
a hot star observed in the relevant science con guration (Kirby, Guhathakurta, and
Sneden 2008; Escala et al. 2019), shifted into the rest frame based on the measured
radial velocity, and an initial continuum normalization is performed.

We measured the spectroscopic e ective temperajyrejnformed by photometric
constraints, and xed the surface gravitpg 6, to the photometric value (Sec-
tion 5.2). We simultaneously measured [Fe/H] akifFg] from regions of the
spectrum sensitive to Fe andlelements (Mg, Si, Ca with the addition of Ti

for medium-resolution spectra), respectively, by comparing to a grid of synthetic
spectra degraded to the resolution of the applicable DEIMOS grating (600ZD or
1200G) using Levenberg-Marquarjd minimization. The grids of synthetic spec-

tra utilized were generated for 4106300 A and 63009100 A, respectively, by
Escala et al. (2019) and Kirby, Guhathakurta, and Sneden (2008). The continuum
determination is re ned throughout this process, whege [Fe/H], and [J/Fe]

are measured iteratively unjit changed by less than 1 K and [Fe/H] andiHe]

each changed by less than 0.001. Finally, systematic errors on the abundances
are added in quadrature to the random component of the error from the tting
procedure. For 600ZD-based abundance measurem¥fite/H])sys = 0.130 and
X[U/Fe])sys=0.107, whereas for 1200G-based measuremijiss/H])sys= 0.101
andX([U/Fe])sys= 0.084 (Gilbert et al. 2019a).

5.4 Membership Determination

Separating M31 RGB stars from the intervening foreground of MW dwarf stars
has served as one of the primary challenges for spectroscopic studies of individuals
stars in M31. The colors and heliocentric radial velocity distributions of MW and
M31 stars exhibit signi cant overlap (e.g., Gilbert et al. 2006), thus the di culty

in disentangling the two populations when the distances to such faint stars are
unknown. Early spectroscopic studies of M31 employed simple radial velocity
cuts to exclude MW stars (e.g., Reitzel and Guhathakurta 2002; Ibata et al. 2005;
Chapman et al. 2006), resulting in kinematically biased populations of M31 RGB
stars and relatively uncontaminated, albeitincomplete samples of M31 stars. Gilbert
et al. (2006) performed the rst rigorous, probabilistic membership determination
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in M31 using various diagnostics, including (1) heliocentric radial velocity, (2) the
strength of the surface-gravity sensitive Na 18190 doublet, (3) CMD position,

and (4) the discrepancy between photometric and calcium triplet based metallicity
estimates as a distance indicator.

Given the variety of photometric lters utilized, Gilbert et al.'s method cannot be
uniformly applied to all spectroscopic elds analyzed in this chapter. For inner halo
elds (Aroj - 30 kpc), Escala et al. (2020a) illustrated that a binary membership
determination using the aforementioned diagnostics is su cient to recover the ma-
jority of stars classi ed as likely M31 RGB stars by the more sophisticated method of
Gilbert et al. (2006) with minimal MW contamination. However, this binary deter-
mination excludes all stars witheioj 150 km s, where some of these stars may

be M31 members at the positive tail of the stellar halo velocity distribution. It also
does not allow us to assign a degree of certainty to our membership determination
for each star. Thus, we used Bayesian inference to assign a membership probability
to each observed star with a successful radial velocity determination (Section 5.3).

Membership Probability Model

We evaluated the probability of M31 membership for all stars with successful
velocity measurements based on (1) a parameterization of cotgip(), (2) the
strength of the Na | absorption line doublet aB190 (EWa,), (3) heliocentric radial
velocity (Section 5.3F.elio), and (4) an estimate of the spectroscopic metallicity
based on the strength of the calcium triplet ([Fe/s1].

Thus, according to Bayes' theorem, the posterior probability that a star labeled by
an index9is an M31 member given independent measureme@ = (EWna-g
Xcmp-9 Enelio-9 [F€/H]cat-9 With uncertainties<@ is proportional to,

WM3L@- G / YWM31°% %G XEBM31o— (5.1)

where%{M31) is the prior probability that a star observed on a given DEIMOS
slitmask is a member of M31, arfidd @ X®jM31) is the likelihood of measur-

ing a given set of membership diagnostio®&-(®), assuming the star is a M31
member. Analogously, we can also constr4EMW @& X@P, the posterior proba-
bility that a star belongs to the MW foreground population given a set of diagnostic
measurements, where the sun?8MW |G- X&B° and%dM31j&— X&° is unity.
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Figure 5.3: Properties of spectroscopically con rmed M@tef circles, purple
contourg and MW (black crosses, blue contogmnember stars from the SPLASH
(Guhathakurta et al. 2005; Gilbert et al. 2006) survey. The contour levels corre-
spond to 18, 50", and 84" percentiles of the distributions. Histograms of star
counts are also shown for both M31 and MW members. For clarity, we omit show-
ing uncertainties in each parameter. The middle right panel illustrates the number
of spectroscopically con rmed M31 members (Gilbert et al. 2006) relative to the
number of targets with successful radial velocity measurements in a given eld as a
function of projected radius, where we have t the relationship with an exponential
distribution. We used heliocentric radial velociti£io), @ parameterization of
color (- cmp), Na | __8190equivalent width (EWg), and a calcium triplet metal-
licity estimate ([Fe/Htar) as diagnostics to determine membership (Section 5.4,
Section 5.4) for our sample of stars with successful radial velocity measurements.
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Measuring Membership Diagnostics

We described the CMD position of each star by the parameggip, which is
analogous to photometric metallicity ([Fefdd). The advantage of using cmp

rather than color and magnitude is that we can place all of our stars on the same
scale, despite the diversity of the photometric Iter sets (Section 5.2). Assuming
12.6 Gyr isochrones and a distance modulus of 24.47, we de-nggb = 0 as

the color of the most metal-poor PARSEC (Marigo et al. 2017) isochrone ([Fe/H]
= 2.2) in the relevant photometric Iter andcyp = 1 as the most metal-rich
PARSEC isochrone ([Fe/H] = +0.5). Then, we used linear interpolation to map
the color and magnitude of a star to a value-@fyp. The uncertainty on cvp

was derived from the photometric errors by using a Monte Carlo procedure. This
normalization provides the advantage of easily identifying stars that are bluer than
the most metal-poor isochrone at a xed stellar age by negative valuegas,
where stars with cyp Y 0are&10 times more likely to belong to the MW than M31
(Gilbert et al. 2006). In the sample being evaluated for membership, we classi ed
stars with ¢ cvp , XXcmp) Y 0 as MW dwarf stars.

We measured EW4 by summing the area under the best-t Gaussian line pro-
les t to the observed spectrum between 8178190, 8189 8200 A with central
wavelengths of 8183, 8195 A using least-squares minimization. This parameter is
sensitive to temperature and surface gravity (Schiavon et al. 1997), thus functioning
as a discriminant between MW dwarf stars and M31 RGB stars. By including both

- cmp and [Fe/Hgat as independent diagnostics in our model, we can additionally
distinguish between foreground stars at unknown distances and distant giant stars.
Given that our assumed distance modulus is appropriate only for stars at the dis-
tance of M31, [Fe/H}no, and analogously, cvp, measurements are fundamentally
incorrect for MW stars. Therefore, the two stellar populations will appear distinct
in - cmp versus [Fe/H}a space. In order to compute [Fedd}, we similarly t
Gaussian pro les to 15 A wide windows centered on Ca Il absorption lines at 8498,
8542, and 8662 A. Then, we calculated a total equivalent width for the calcium
triplet from a linear combination of the individual equivalent widths,

Ca= 05 EW gog, 190 EW gsso, 06 EW gepr (5.2)

following Rutledge, Hesser, and Stetson (1997). In additionGa, the calibration
to determine [Fe/H]at depends on stellar luminosity,
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FeHgr= 266, 042 Ca, 027 1+ +4g° (5.3)

wheret+ +yp is the Johnson-Cousirsband apparent magnitude above the hori-
zontal branch, assuming thatg = 25.17 for M31 (Holland, Fahlman, and Richer
1996). For elds with CFHT MegaCarf® and® band photometry (Section 5.2),
we approximated  +ug by 6° 6°; using an empirical transformation between
SDSS and Johnson-Cousins photometry (Jordi, Grebel, and Ammon 2006),

6 +=056 16 A, 02Fe1:05, 012 (5.4)

Assumingthab A=0.6ands); 6ng, We obtainedg = +Hg,1 6 +°= 2573
for stars in M31.

Prior Probability of M31 Membership

The probability of a given star observed on a DEIMOS slitmask belonging to M31,
%{M31), increases with decreasing projected radial distance from the center of M31,
owing to the increase in M31's stellar surface density. The trend of increasing proba-
bility of M31 membership with decreasing projected radius is augmented compared
to expectations from M31's surface brightness pro le (Courteau et al. 2011; Gilbert
et al. 2012) by our photometric pre-selection of DEIMOS spectroscopic targets.
These selection criteria are designed to include M31 members and exclude MW
foreground stars. The photometry of the targets spans the magnitude range char-
acteristic of M31 RGB stars (28 o Y 22.5). We also considered narrow-band,
Washington DDO51 photometry in the elds a0_1 and a3. The DDO51 lter iso-
lates the Mg b triplet, which acts as discriminant between MW dwarf and M31 giant
stars due to its sensitivity to surface gravity. We expect that an enhancement in the
probability of observing an M31 RGB star owing to magnitude cuts is fairly uniform

at a factor of. 2 within Ay . 30 kpc (Gilbert et al. 2012), where the majority

of our targets are located. For elds toward the outer halo, such as a0 _1 and a3,
DDO51-selection bias increases the likelihood of observing an M31 RGB star by a
factor of 3 4 (Gilbert et al. 2012).

Thus, we parameterized P(M31) empirically using the ratio of the number of secure
M31 RGB stars (Gilbert et al. 2006%,u31, to the number of targets with successful
radial velocity measurement#argets from the Spectroscopic and Phomtomet-
ric Landscape of Andromeda’s Stellar Halo (SPLASH; Guhathakurta et al. 2005;
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Figure 5.4: Properties used as membership diagnodhgso( EWna, - cvD.
[Fe/H]car) for stars in our spectroscopic elds (Table 5.1) with successful radial
velocity measurements (Section 5.3). We also include previously observed elds
H, S, D, and f130_2 (Figure 5.1; Escala et al. 2020a). For clarity, we omit showing
measurement uncertainties. Each pointis color-coded by its probability of belonging
to M31. The SPLASH distributions utilized in our probability model (Section 5.4)
are underlaid as contours. For eld D, we used a distinct velocity criterion owing
to the presence of M31's disk at 130km s (Escala et al. 2020a). We identi ed

329 (221) secure M31 RGB stars and 91 (75) secure MW dwarf stars across the
spectroscopic elds presented in this (prior) chapter.

Gilbert et al. 2006) survey. The SPLASH survey consists of tens of thousands of
shallow ( 1 hour exposures) DEIMOS spectra of stars along the line of sight toward
M31's halo, disk, and satellite dwarf galaxies (e.g., Kalirai et al. 2010; Tollerud

et al. 2012; Dorman et al. 2012; Dorman et al. 2015; Gilbert et al. 2012; Gilbert
et al. 2014, Gilbert et al. 2018). In addition#31/# targets@s a function of radius,
Figure 5.3 presents measurements of\gW cwmp, Bnelio, and [Fe/Hgar for 1,521
secure M31 members and 1,835 secure MW members across 29 spectroscopic elds
in M31's stellar halo. We controlled for di erences in methodology between this
chapter and SPLASH by re-determiningyyp homogeneously for the SPLASH

data from the original Johnson-Cousins photometry and measuring [=e/fd}

our sample based on the same calibration (Rutledge, Hesser, and Stetson 1997) used
in SPLASH1

1Our equivalent width measurement procedure di ers from that utilized in the SPLASH survey.
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Based on this data, we approximated P(M31) by an exponential distribution,
Yz1'A® = expt AgeAoO— (5.5)

whereAg is the projected radius of a star from M31's galactic center/and 45.5
kpc. Figure 5.3 include%3112° overlaid on the SPLASH survey data.

Likelihood of M31 Membership

Given the wealth of existing information on the properties of M31 RGB stars (and
the MW foreground dwarf stars characteristic of our selection function) from the
SPLASH survey, we assigned membership likelihoods to individual stars that were
informed by this extensive data set. We described the likelihood that aStar,
with unknown membership belongs to M31 given its diagnostic measurements and
uncertainties, &, X&), as,

~

8
% @ XBiM31° = #is ° % @G- - (5.6)
&1
where (8 X® is a set of four diagnostic measurements and uncertainties for 8 star,
from the SPLASH survey that is a secure M31 member. The total number of secure
SPLASH member star#,g equals 1,521 (1,835) for M31 (the MW). The likelihood
that a star9, with unknown membership belongs to the MW G- X&MW?, is de-
ned analogously. Assuming normally distributed uncertainties, the log likelihood
that a star9 is a member of either M31 or the MW given a single set of SPLASH
measurements is a non-parametrid . -dimensional Gaussian distribution,

. i 16
In % @ @@ X8 = 2 3 INtXG_., X\3°©
=1
1@ 1g_. \g02
=1 (%—? 8—:
where: corresponds to a given membership diagnostic (EW cvp, Enelio, OF
[Fe/H]cat) and #. is the number of diagnostics utilized for a given star. For

As opposed to summing the ux decrement in a window centered on a given absorption feature, we
performed Gaussian ts. However, we do not expect this di erence in methodology to signi cantly

a ect the usability of the SPLASH data to construct the likelihood (Section 5.4), given that our
measured EW, and [Fe/Hgat distributions are consistent with SPLASH (Figure 5.4).
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Figure 5.5: Heliocentric radial velocity distributions for stars with successful veloc-
ity measurements (Section 5.3) in each of the spectroscopic elds (Table 5.1). Grey
histograms represent distributions for likely M31 RGB stars (Section 5.4), whereas
black outlined histograms represent likely MW foreground dwarf stars. The sys-
temic velocity of M31 Eys= 300km s 1) is indicated by a dashed vertical line.
The adopted velocity model for M31 RGB stars in each eld (Section 5.4; Gilbert et
al. 2018) is overplotted as a purple curve. Halo stars are present in each eld, where
they are distributed in a kinematically hot component centered near the systemic
velocity. The velocity distributions of the 9, 23, and 31 kpc elds (f109_1, f130 1,
a0_1) are fully consistent with a smooth stellar halo. The Southeast shelf, a tidal
feature potentially originating from the GSS progenitor (Fardal et al. 2007; Gilbert
et al. 2007), is evident in the 18 kpc halo eld (f123_1), whereas the substructure in
the 33 kpc elds (a3 _1, a3_2) correspond to the GSS.

some stars in our sample, we were unable to measurgfaNd/or [Fe/HEaT as a
consequence of factors such as weak absorption, low S/N, or convergence failure in
the Gaussian t. For such stars, we excludedi\&nd/or [Fe/Hgatas a diagnostic,

such thatt. =2 3.

Finally, we computed the probability that a star is an M31 RGB candidate, as
opposed to a MW dwarf candidate, from the odds ratio of the posterior probabilities
(Eq. 5.1),

%M31j@- B Y MW |@- XBP
1, YM31@&- XGP Y MW |G- )G
where the proportionality factor in Eqg. 5.1 is equivalent ¥M31jG- X&) and
UMW |G- B).

?M31-9= (5.8)
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Results of Membership Determination

Figure 5.4 summarizes our membership determination for 426 total stars with suc-
cessful radial velocity measurements across the six spectroscopic elds rst pre-
sented in this chapter. The probability distribution is strongly bimodal, where the

majority of stars are either secureg& 0.75) M31 RGB # y31 = 329 or MW

dwarf (# mw = 91) candidates, excepting 6 stars with intermediate properties (0.5

Y ?9. 0.75)2

Figure 5.4 also includes a homogeneously re-evaluated membership determination
for elds H, S, D, and f130_2 (Table 5.1; Escala et al. 2020a), which we further
analyze in this chapter. Across these four elds, 346 stars have successful radial
velocity measurements, 221 (75) of which are classi ed as secure M31 (MW)
stars. In total, 50 stars in these elds have intermediate properties, most of which
(48) are located in eld D. Owing to the presence of M31's northeastern disk at
MW-like line-of-sight velocity Enelio 130 km s !; Escala et al. 2020a), we
calculated M31 membership probabilities in D without the use of radial velocity as

a diagnostic. Then, we classi ed all stars witBrfio XBelio) i 100 km st as

MW contaminants, as in Escala et al. (2020a). In order to maximize our sample size
across all spectroscopic elds, we considered stars that are more likely to belong to
M31 than the MW Qg j 095) to be M31 members in the following analysis. For
stars in common between our dataset and SPLASH, we recovered 91.7% of stars
classi ed as M31 RGB stars by Gilbert et al. (2006), where we used an equivalent
de nition of membershiplfl spiash-$ i 0). The excess MW contamination is 0.30%,

in addition to the expected 2-5% from Gilbert et al.'s method. The 8.3% discrepancy
results from stars at MW-like heliocentric velocities that we conservatively classi ed
as MW stars, where these stars are considered M31 RGB stars in SPLASH.

Kinematics of M31 RGB Stars

Figure 5.5 illustrates the heliocentric radial velocity distributions for all stars with
successful measurements (Section 5.5), including both M31 RGB stars and MW
dwarf stars (Section 5.4), across the spectroscopic elds. We also show the adopted
Gaussian mixture models (Gilbert et al. 2018) describing the velocity distribution
for each eld, which were computed using over 5,000 spectroscopically con rmed

20ur M31 membership yield is high, given that we had prior knowledge of the velocities of
individual stars in each eld from existing1l hour DEIMOS observations (Section 5.2). When
designing our slitmasks for 5+ hour exposures, we prioritized targets known to have a high likelihood
M31 membership based on this information.
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M31 RGB stars across 50 elds in M31's stellar halo. Gilbert et al. omitted radial
velocity as a membership diagnostic (Section 5.4) in their analysis and simultane-
ously t for contributions from M31 and MW components to obtain kinematically
unbiased models for each eld. Table 5.2 presents the parameters characterizing the
velocity model for each eld, where we assumed™5fercentile values of Gilbert

et al.'s marginalized posterior probability distribution functions. For the stellar halo
components, we transformed the mean velocity from the Galactocentric to helio-
centric frame using the median right ascension and declination of all stars in a given
eld (Gilbert et al. 2018).

We con rmed that the observed velocity distribution for each eld is consistent
with its velocity model using a two-sided Kolmogorov-Smirnov test. As discussed
in Section 5.2, f109_1, f130_1, and a0_1 probe the smooth stellar halo of M31
with no detected substructure, whereas elds f123 1 and a3 show clear evidence
of substructure known to be associated with the Southeast shelf (Fardal et al. 2007,
Gilbert et al. 2007; Gilbert et al. 2019a; Escala et al. 2020a) and the GSS. Owing
to the spatial proximity (Figure 5.1) and kinematical similarity (Gilbert et al. 2007;
Gilbert et al. 2009; Gilbert et al. 2018) between elds f130_1 (this chapter) and
f130_2 (Escala et al. 2020a; Escala et al. 2019) and elds a3 (this chapter), we
consider them together in our subsequent abundance analysis (Section 5.5).

Substructure Probability

Based on the velocity model for each eld, we assigned a probability of belonging
to substructure in M31's stellar hal@,syp, to every star identi ed as a likely RGB
candidate ? v31 | 0.5). For smooth stellar halo elds} sy, = 0. For elds with
substructure, we computétsp using an equation analogous to Eg. 5.8, where the
Bayesian odds ratio is substituted with the relative likelihood that a M31 RGB star
belongs to substructure versus the halo,

upN* EQJI‘ sub— f32ubo
BatoN  Egj” hato— 2,

wherekyg is the heliocentric velocity of an individual star andf , and 5 are the
mean, standard deviation, and fractional contribution of the substructure or halo
component in the Gaussian mixture describing the velocity distribution for a given
eld. In contrast, Escala et al. (2020a) calculateg,, based on the full posterior
distributions, as opposed to Bpercentiles alone, of their velocity models for elds

with kinematical substructure. Given that we included abundance measurements of

L sub-9= (5.9)
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Figure 5.6: [J/Fe] versus [Fe/H] for M31 RGB stars in the spectroscopic elds
(Table 5.1), color-coded according to the probability of belonging to substructure
(Eq. 5.9; Section 5.4), as in Figure 5.2. The nal sample selection criteria are
described in Section 5.5. Stars belonging to the stellar haldJaehanced on
average, but span a wide range bffe]. Most notablyU-poor stars (J/Fe]. 0)

are consistently present in the stellar halo of M31.

M31 RGB stars from Escala et al. (2020a) in this chapter, we re-calcubaigdor
such elds (H, S, and D; Figure 5.1) based on theit5percentiles, as above. In
the following abundance analysis (Section 5.5), we incorporaigg as a weight
when determining the chemical properties of the stellar halo.

5.5 The Chemical Properties of the Inner Stellar Halo

We measured [Fe/H] andJ[Fe] for 129 M31 RGB stars across six spectroscopic
elds spanning® 33kpc in the stellar halo. We measured [Fe/H] for 80 additional
RGB stars for which we could not measutdHe]. In combination with measure-
ments from previous chapter by our collaboration (Escala et al. 2020a; Gilbert et al.
2019a; K. M. Gilbert et al. 2020, accepted), we have increased the sample size of
individual [U/Fe] and [Fe/H] measurements in M31 to 230 RGB stars.

Figure 5.5 shows [Fe/H] and)[Fe] measurements for each eld, including TiO stars
that have been discarded from the nal sample (Section 5.5), where we have color-
coded each star according to its probability of belonging to substructure (Eq. 5.9;
Section 5.4). Table 5.2 summarizes the chemical properties for each kinematical
component present in a given eld, including previously published inner halo elds
with abundance measurements (Escala et al. 2020a; Escala et al. 2019; Gilbert
et al. 2019a). We calculated each average chemical property from a bootstrap



180

resampling of 16 draws of the nal sample for each eld, including weighting by
the inverse square of the measurement uncertainty and the probability that a star
belongs to a given kinematical component (Section 5.4).

Hereafter, we predominantly restricted our abundance analysis to RGB stars (Sec-
tion 5.4) from all six elds that are likely to be dynamically associated with the
kinematically hot stellar halo of M31. Additionally, we incorporated likely M31
halo stars from inner halo elds with existing abundance measurements (Escala et
al. 2020a; Gilbert et al. 2019a) into our nal sample. We will analyze the chemical
composition of RGB stars likely belonging to substructure, such as the Southeast
shelf (f123_1) and outer GSS (a3), in a companion study (I. Escala et al., 2020, in
preparation). A catalog of stellar parameters and abundance measurements for M31
RGB stars in the six spectroscopic elds is presented in Appendix A.

Sample Selection and Potential Biases

We vetted our nal sample to consist only afeliable abundance measurements
(Section 5.3) for M31 RGB stars. Similar to Escala et al. (2019) and Escala et
al. (2020a), we restrict our analysis to M31 RGB stars Wjla ) Y 200 K, X([Fe/H])

Y 0.5, X[U/Fe]) Y 0.5, and well-constrained parameter estimates based ori the 5

j 2 contours for all tted parameters § , [Fe/H], and [J/Fe]). We also require
that convergence is achieved in each of the measured parameters (Section 5.3).
Unreliable abundance measurements often result from an insu cient signal-to-
noise (S/N) ratio, translating to an e ective S/N threshold€B A ! for robust
measurements of [Fe/H] and/Fe]. Such S/N limitations result in a bias in our nal
sample against metal-poor stars with low S/N spectra, but do not a ecuUtire]
distributions. This bias is negligible for our innermost halo elds (f109 1, f123_1),
whereas it is on the order of 0.10.15 dex for our remaining elds (f130_1, a0_1,
al3).

We also manually inspected spectra to exclude stars with clear signatures of strong
molecular TiO absorption in the wavelength range 708845 A from our nal
sample. It is unclear whether abundances measured from TiO stars are accurate
owing to the lack of (1) the inclusion of TiO in our synthetic spectral modeling
(Kirby, Guhathakurta, and Sneden 2008; Escala et al. 2019) and (2) an appropriate
calibration sample. For stars with successful radial velocity measurements, 31.5%,
16.7%, 34.5%, 32.5%, 30.4%, and 31.3% of stars in elds f109_1, f123 1, f130_1,
a0_1,a3 1,anda3_2 have clear evidence of TiO in their spectra. To be conservative,
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we excluded 54 M31 RGB stars that showed TiO but otherwise would have made
the nal sample. In total, 129 M31 RGB stars across the six spectroscopic elds
pass the above selection criteria, thereby constituting our nal sample.

The nal samples (Section 5.5) for elds H, S, and D are identical between Escala
et al. (2020a) and this chapter despite di erences in the membership determination
(Section 5.4), whereas the nal sample for eld f130_2 contains an additional star.
No stars re-classi ed as nonmembers in the formalism presented in this chapter were
included in the nal sample of Escala et al. (2020a). Three additional stars across
H, S, D, and f130_2 were re-classi ed as M31 RGB stars with clear evidence of
TiO, but otherwise passing our selection criteria (Section 5.5), and ve stars were
re-classi ed M31 RGB stars with robust measurements of [Fe/H], butW&e].

As discussed in detail by Escala et al. (2020a), removing stars on the basis of TiO
results in a bias against stars with red colors, which translates to a bias in photometric
metallicity ([Fe/Hlnoy against metal-rich stars. Including the sample presented in
this chapter, this photometric bias ([Fefddtmem [Fe/H]phot, nal) ranges from

0.13 0.40 dex per eld. For elds a3, more stars kinematically associated with
the GSS (Section 5.4) show evident TiO absorption, whereas for eld f123 1,
fewer stars in the Southeast shelf substructure are a ected compared to those in the
halo. Therefore, the exclusion of TiO stars disproportionately impacts the [frg/H]

bias depending on the given eld and kinematical component. However, a bias in
[Fe/H]onot cannot be converted into a bias in spectroscopic [Fe/H], considering that
[Fe/H]phot measurements su er from degeneracy with stellar age affiée] from

which spectroscopic [Fe/H] measurements are exempt.

Abundance Distributions for Individual Fields

In this section, we provide a brief overview of the chemical abundance properties of
the six spectroscopic elds rst presented in this work (Table 5.1; Figure 5.1). We
discuss the global properties of the inner stellar halo in Section 5.5 and Section 5.5.

A

9 kpc halo eld (f109_1):The 9 kpc halo eld is the innermost region of the
stellar halo of M31 yet probed with chemical abundances (Gilbert et al. 2007;
Gilbert et al. 2014). It does not contain any detected kinematical substructure
(Section 5.2, 5.4). Excepting elds along the GSS, which have an insu cient
number of smooth halo stars to constrain the abundances of the stellar halo
component, the 9 kpc halo eld is more metal-rich on averdgiee(H]i =

0.93 3:%8) than the majority of halo components in elds at larger projected
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distance (Table 5.2; see also Section 5.5). Based on the abundances for this
eld, the inner halo of M31 may be potentially leésenhanced on average
(HU/Fe] = +0.32 0.08) than the stellar halo at larger projected distances,
although we did not measure a statistically signi cdffe] gradientin M31's

inner stellar halo (Section 5.5). Additionally, we did not nd evidence for a
correlation between [Fe/H] andJ[Fe] for this eld, where we computed

a distribution of correlation coe cients from I0draws of the measured
abundances perturbed by their (Gaussian) uncertainties.

18 kpc halo eld (f123_1)The 18 kpc halo eld is dominated by the smooth
stellar halo, but it also has a clear detection of substructure (Section 5.4;
Table 5.2) known as the Southeast shelf (Section 5.2; Fardal et al. 2007,
Gilbert et al. 2007). We defer further analysis of this component to future
work (1. Escala et al. 2020, in preparation) owing to its likely connection to
the GSS. The stellar halo in this eld is metal-ridjfe/H]i = 0.98 0.05),
U-enhanced{U/Fe]i =, 0.42993), and exhibits no statistically signi cant
correlation betweenJ/Fe] and [Fe/H].

23 kpc halo eld (f130_1): Similar to the 9 kpc halo eld, the 23 kpc

eld does not possess detectable substructure. We combined the chemical
abundance samples for this eld with f130_2 (Escala et al. 2019; Escala et
al. 2020a) due to their proximity (Figure 5.1) and the consistency of their
velocity distributions (Gilbert et al. 2007; Gilbert et al. 2018). The average
abundances for the combined sample of 31 M31 RGB stfife/H]i = 1.62

0.10,HU/Fef =, 0.38 399" Table 5.2) agree within the uncertainties with

previous determinations from an 11 star sample by Escala et al. (2019) and
Escalaetal. (2020a). The lack of a signi cant trend betwé&#kg¢] and [Fe/H]

is also maintained by the larger sample. The inner halo at 23 kpc appears
to be more metal-poor and-enhanced than at 9 kpc, possibly representing

a population that assembled rapidly at early times (Escala et al. 2019). The
star formation history inferred for this region of M31's halo indicates that
the majority of the stellar population is over 8 Gyr old (Brown et al. 2007),
suggesting that an accretion origin would require the progenitor galaxies to
have quenched their star formation at least 8 Gyr ago.

31 kpc halo eld (a0_1): The stellar population in the 31 kpc halo eld
is solely associated with the kinematically hot component of the stellar halo
(Section 5.4). The 10 RGB star sample in this eld suggests a positive trend
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between U/Fe] and [Fe/H] A= 0.24 8:5) that is likely a consequence of
small sample size. Despite its similar projected distance from the center
of M31 and kinematical pro le, the 33 kpc halo eld appears to be more
metal-rich {[Fe/H]i = 1.35 0.10) than the 23 kpc eld, although it may

be comparablyJ-enhanced (Table 5.2). NearbdST/ACS elds at 35 kpc
(Figure 5.1) imply a mean stellar age of 10.5 Gyr (Brown et al. 2008) for the
vicinity, compared to a mean stellar age of 11.0 Gyr at 21 kpc. The full age
distributions suggest that the stellar populations are in fact distinct between
the 21 and 35 kpc ACS elds: the star formation history of the 35 kpc eld
is weighted toward more dominant old stellar populations and is inconsistent
with the star formation history at 21 kpc at more théns3gni cance (Brown

et al. 2008). If applicable to the 31 kpc halo eld, this suggests that the stellar
population is both younger and more metal-rich than at 23 kpc.

" 33 kpc GSS elds (a3)The 33 kpc eld is dominated by GSS substructure
(Section 5.2, Section 5.4), such that it may not provide meaningful constraints
on the smooth stellar halo in this region. However, the stellar halo at 33 kpc
along the GSS may be more metal-polfFé/HJi = 1.48 $12) than at 17
and 22 kpc along the GSS (Table 5.2). The abundances in this eld clearly
show a declining pattern olfFe] with [Fe/H], which is characteristic of
dwarf galaxies. A comparison betweé#e/H]i for the GSS at 17 and 22
kpc indicates that the GSS likely has a metallicity gradient, as found from
photometric based metallicity estimates (Ibata et al. 2007; Gilbert et al. 2009;
Conn et al. 2016; Cohen et al. 2018). We will quantify spectral synthesis
based abundance gradients in the GSS and make connections to the properties
of the progenitor in future work (I. Escala et al., 2020, in preparation).

In agreement with previous ndings (Escala et al. 2019; Escala et al. 2020a; Gilbert
et al. 2019a), the M31 elds ard-enhanced with a signi cant spread in metallicity.
This implies that stars in the inner stellar halo formed rapidly, such that the timescale
for star formation was less than the typical delay time for Type la supernovae. For an
accreted halo, a spread in metallicity coupled with Higlnhancement can indicate
contributions from multiple progenitor galaxies or a dominant, massive progenitor
galaxy with high star formation e ciency (Robertson et al. 2005; Font et al. 2006c¢;
Johnston et al. 2008; Font et al. 2008). We further discuss formation scenarios for
M31's stellar halo in Section 5.6.
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Figure 5.7: [Fe/H] (left) and/Fe] (right) versus projected distance from the center
of M31 for 198 M31 RGB stars (Escala et al. 2019; Escala et al. 2020a; Gilbert et al.
2019a; this work) in the inner haldo; . 35 kpc). Stars are color-coded according

to their probability of substructure association (Section 5.4). We omit measurement
uncertainties for clarity. HFe/H]i and HU/Fe]i for the halo component in each
spectroscopic eld (Table 5.2) are plotted as indigo diamonds. The photometric
metallicity gradient of the stellar haldCE& 10 Gyr, [UFe] = 0) measured from
spectroscopically con rmed M31 RGB stars (Gilbert et al. 2014) is indicated as a
dotted gold line, assuming an intercept of [Fefid]= 0.5. This slope is unchanged
within the uncertainties with the inclusion/exclusion of substructure. We also display
[Fe/H]onot gradients measured from our stellar halo sample (dotted black and brown
lines). The uncertainty envelopes are determined frofi 46d 84" percentiles.

Radial Abundance Gradients

The existence of a steep, global metallicity gradient in M31's stellar halo is well-
established from both Ca triplet based (Koch et al. 2008) and photometric (Kalirai et
al. 2006b; Ibata et al. 2014; Gilbert et al. 2014) metallicity estimates. Using a sample
of over 1500 spectroscopically con rmed M31 RGB stars, Gilbert et al. (2014)
measured a radial [Fe/pptgradient of 0.011 0.001 dex kpc! between 1090
projected kpc in the stellar halo. The radial gradients measured with and without
kinematical substructure were found to be consistent within the uncertainties.

In addition to radial [Fe/H] gradients, the possibility of radial/fe] gradients
between the inner and outer halo of M31 has recently been explored. From a
sample of 70 M31 RGB stars, including an additional 21 RGB stars from Gilbert

et al. (2019a), with spectral synthesis based abundance measurements, Escala et

al. (2020a) found tentative evidence that the inner stellar #ggj( 26 kpc) had
higherHU/Fe]i than a sample of four outer halo stars (Vargas et al. 2014) drawn
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from 70 140 kpc. K. M. Gilbert et al. 2020, accepted, increased the number of
stars in the outer halo (4365 kpc) with abundance measurements from four to
nine. In combination with existing literature measurements by Vargas et al. (2014),
Gilbert et al. found thatfU/Fe]i = 0.30 0.16 for the outer halo. This value

is formally consistent with the averagéenhancement of M31's inner halo from

the 91 M31 RGB star samplé{U/Fe]i = 0.45 0.06), indicating an absence of a
gradient between the inner and outer halo, with the caveat that the sample size in
the outer halo is currently limited.

With the contribution from this work of 129 M31 individual RGB stars to the existing
sample of literature [Fe/H] andJ[Fe] measurements (Vargas et al. 2014; Escala
et al. 2019; Escala et al. 2020a; Gilbert et al. 2019a, K. M. Gilbert et al. 2020,
accepted), we obtaindfFe/HJi = 1.09 0.04 ( 1.18 0.04) and{U/Fe]i =0.40

0.03 (0.39 0.03) for M31's inner halo when excluding (including) substructure.
Despite the formal agreement betwdgd/Fe]i in the inner and outer halo, Gilbert
et al. found that [Fe/H] andJ/[Fe] measurements of M31's outer halo are similar
to those of M31 satellite dwarf galaxies (Vargas, Geha, and Tollerud 2014; Kirby
et al. 2020) and the MW halo (e.g., Ishigaki, Chiba, and Aoki 2012; Hayes et
al. 2018b). In comparisontfFe] is higher at xed [Fe/H] in M31's inner halo than
in its dwarf galaxies (Escala et al. 2020a). This suggests that M31's outer halo may
have a more dominant population of stars with lowefFe] than the inner halo.
This di erence implies that the respective stellar halo populations may be, in fact,
distinct. In order to better constramiU/Fe]i in the sparsely populated outer halo,
abundance measurements from coadded spectra of heterogeneous samples of stars
(e.g., obtained using the method of Wojno et al. 2020), will likely be necessary.

From our enlarged sample of inner halo abundance measurements, we re-assessed
the presence of gradients in [Fe/H] aridfe] in the inner stellar halo of M31.
Taking stars in the kinematically hot stellar halo to h&g,, Y 0.5 (Eq. 5.9),

we identi ed 123 (75) stars that are likely associated with the smooth stellar
halo (kinematically cold substructure) within a projected distancé&gjj . 35

kpc of M31. We emphasize that these numbers are simply to provide an idea of
the relative contribution of each component to the stellar halo in the subsequent
analysis, we do notemploy any cuts or? gy, but rather incorporate M31 RGB
stars, regardless of halo component association, by (singas a weight. We have
excluded all M31 RGB stars in eld D (Figure 5.1) from our analysis sample owing
to the presence of M31's northeastern disk. To determine the radial abundance
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gradients of the smooth inner halo, we t a line using an MCMC ensemble sampler
(Foreman-Mackey et al. 2013), weighting each star’lyyo = 1  ?sup and the
measurement uncertainty. We also determined the radial gradients in the case of
including substructure by removirfgJsp as a weight. In Figure 5.7, we refer to the
stellar population including substructure simply by halo, in contrast to smooth
halo , which excludes substructure.

Figure 5.7 shows [Fe/H] andUJ[Fe] versus projected radial distance, including our
measured radial gradients and the photometric metallicity gradient of Gilbert et
al. (2014) measured between 10-90 kpc. We measured a radial [Fe/H] gradient of
0.024 0.002 dex kpc! between 8-34 kpc, with an interceptAghoj = 0of 0.73
0.03, for the smooth halo. The inclusion of substructure results in a shallower
[Fe/H] gradient (0.018 0.001 dex kpcl) with a similar intercept (0.75 0.03),
re ecting the preferentially metal-rich nature of substructure in M31's halo (Font
et al. 2008; Gilbert et al. 2009). We did not nd statistically signi cant radlaife]
gradients between 8-34 kpc in M31's stellar halo, both excluding (0.0029027
dex kpc 1) and including (0.00048 0.00261 dex kpc') substructure.

Comparison to Photometric Metallicity Gradients

Our results suggest that the radial [Fe/H] gradient of the smooth halo is inconsistent
with that of the halo including substructure over the probed radial range. The
substructures in our inner halo elds are likely GSS progenitor debris (Fardal et
al. 2007; Gilbert et al. 2007; Gilbert et al. 2009), thus the change in slope at its
inclusion may re ect a convolution with the distinct metallicity gradient of the GSS
progenitor (I. Escala et al. 2020, in preparation).

In order to control for di erences in sample size, target selection, number and
locations of spectroscopic elds utilized, and the radial extent of the measured
gradient between this work and Gilbert et al. (2014), we measured a [rg/H]
(Section 5.2) gradient from our nal sample, assumir) 10 Gyr and J/Fe] =0
(Figure 5.7). We obtained a slope 00.0089 0.0018 dex kpct ( 0.00070
0.0016 dex kpch) with an intercept of 0.71 0.04 ( 0.81 0.03) when including
(excluding) substructure. These gradients are inconsisteAyfgi& 20 kpc, where

the [Fe/Hpnotgradient including substructure remains at as the [Fg/spradient

of the smooth halo declines. Such a di erence is not detected from Gilbert et al.'s
sample of over 1500 RGB stars spanning 20 kpc. However, the [Fe/lg}ot
gradients measured in this work provide a more direct comparison to our spectral
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synthesis based [Fe/H] gradients.

A possible explanation for the di erence in trends with substructure between spectral
synthesis and CMD-based gradients is the necessary assumption of uniform stellar
age andJ-enhancement to determine [Fejkl}. Although we did not measure a
signi cant radial [U/Fe] gradient (Figure 5.7), M31's inner stellar halo has a range of
stellar ages present at a given location basedH&T CMDs extending down to the
main-sequence turn-o (Brown et al. 2006; Brown et al. 2007; Brown et al. 2008).

If the smooth stellar halo is systematically older than the tidal debris toward 30
kpc, this would steepen the relative [Fejk#} gradient between populations with

and without substructure. This agrees with our observation that [fe{HFe/H]

is increasingly positive on average toward larger projected distances, where the
discrepancy is greater for the smooth halo than in the case of including substructure.

Additionally, a comparatively young stellar population at 10 kpc compared to 30 kpc
could result in a steeper [Fe/kd}: gradient in better agreement with our measured
[Fe/H] gradient. The di erence between mean stellar age at 35 kpc and 10 kpc is 0.8
Gyr (Brown et al. 2008), though the mean stellar age of M31's halo does not appear
to increase monotonically with projected radius. Assuming constdfe], this
mean age di erence translates to a negligible gradient betweeB3.8pc. Thus,

a more likely explanation for the discrepancy in slope between the [Rettdhd
[Fe/H] gradients are uncertainties in the stellar isochrone models at the tip of the
RGB.

In general, [Fe/Hjnot is 0 set toward higher metallicity, where the adopted metal-
licity measurement methodology can result in substantial discrepancies for a given
sample (e.g., Lianou, Grebel, and Koch 2011). For example, the discrepancy be-
tween the CMD-based gradient of Gilbert et al. (2014) and literature measurements
from spectral synthesis (Vargas et al. 2014; Gilbert et al. 2019a; Escala et al. 2020a)
decreases when assuming senhancement (JFe] = +0.3) in better agreement
with the inner and outer halo (K. M. Gilbert et al., 2020, accepted). Despite di er-
ences in the magnitude of the slope, the behavior with substructure, and intercept of
the [Fe/H] gradient from di erent metallicity measurement techniques, our enlarged
sample of spectral synthesis based [Fe/H] measurements provides further support
for the existence of a large-scale metallicity gradient in the inner stellar halo, where
this gradient extends out to at least 100 projected kpc in the outer halo (K. M. Gilbert
et al., 2020, accepted). For a thorough consideration of the implications of steep,
large-scale negative radial metallicity gradients in M31's stellar halo, we refer the
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reader to the discussions of Gilbert et al. (2014) and Escala et al. (2020a).

The E ect of Potential Sources of Bias on Metallicity Gradients

Alternatively, the discrepancy between the [Fefidjand [Fe/H] gradients could be
partially driven by the bias against red, presumably metal-rich, stars incurred by the
omission stars with strong TiO absorption from our nal sample (Section 5.5). We
investigated the impact of potential bias from both (1) the exclusion of TiO stars
(11i0) and (2) S/N limitations I g/n; Section 5.5) on our measured radial [Fe/H]
gradients by shifting each [Fe/H] measurement for an M31 RGB star in a given eld
by 110, 1gn. AsinEscalaetal. (2020a), we estimafleflo from the discrepancy

in HFe/H]i phot between all M31 RGB stars in a given eld (including TiO stars)
and the nal sample (excluding TiO stars). We calculalagly from the di erence
betweenHFe/H]i for the sample of M31 RGB stars with [Fe/H] measurements in
each eld (regardless of whether ab/Fe] measurement was obtained for a given
star) and the nal sample. These sources of bias do not a ectifeg] distributions.

Incorporating these bias terms yields a radial [Fe/H] gradient@022 0.002

dex kpc! ( 0.018 0.001 dex kpct) and an intercept of 0.60 0.03 ( 0.58

0.03) without (with) substructure. The primary e ect of including bias estimates is

a shift toward higher metallicity in the overall normalization of the gradient. The
gradient slopes calculated including bias estimates are consistent with our previous
measurements, which did not account for potential sources of bias. We can therefore
conclude that the slopes of radial [Fe/H] gradients between 8-34 kpc in M31's stellar
halo are robust against these two possible sources of bias.

Detection of a Low-Alpha Population in the Stellar Halo

In  CDM cosmology, simulations of stellar halo formation for M31-like galaxies
predict that the chemical abundance distributions of an accreted component should
be distinct from the present-day satellite population of the host galaxy (Robertson
et al. 2005; Font et al. 2006a; Tissera, White, and Scannapieco 2012), as is observed
for the MW (Shetrone, Coté, and Sargent 2001; Shetrone et al. 2003; Tolstoy
et al. 2003; Venn et al. 2004). This chemical distinction is driven by the early
assembly of the stellar halo, where its progenitors were accree@d Gyr ago,

as opposed to4-5 Gyr ago for surviving satellite galaxies (Bullock and Johnston
2005; Font et al. 2006a; Fattahi et al. 2020). Accordingly, Escala et al. (2020a)
showed that thel/Fe] distribution for the metal-rich ([Fe/H] 1.5) component
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of M31's smooth, inner stellar haldAg; . 26 kpc) is inconsistent with having
formed from progenitor galaxies similar to present-day M31 satellite galaxies with
measurements of [Fe/H] antl/Fe] (" 10° " Vargas, Geha, and Tollerud
2014; Kirby et al. 2020). This sample of M31 dwarf galaxies consisted of NGC 185
and And Il (Vargas, Geha, and Tollerud 2014) and And VII, And I, And V, and And
Il (Kirby et al. 2020).

However, Escala et al. were unable to statistically distinguish betweerUthe][
distributions for the low-metallicity ([Fe/HY 1.5) component of the smooth,
inner stellar halo. This could be a consequence of an insu cient sample size at
low metallicity, where they identi ed 29 RGB stars likely belonging to the smooth
stellar halo P haio i 0.5; EQ. 5.9). Another possibility is that such low-metallicity
stars, with lower averagd-enhancement{U/Fe]  0.25; Escala et al. 2020a), may
represent a stellar population in the stellar halo more similar to present-day M31
satellite dwarf galaxies.

1-D Comparisons Between the Stellar Halo and M31's Satellite Dwarf
Galaxies

To investigate whether th&[Fe] distributions of the stellar halo and dwarf galaxies

at low-metallicity are in fact statistically indistinguishable, we repeated the analysis
of Escala et al. (2020a) with our expanded sample of 198 inner halo RGB stars
(excluding the 26 kpc disk eld; Figure 5.1) with abundance measurements.

In contrast to Escala et al. (2020a), we applied corrections to the abundances mea-
sured by Vargas, Geha, and Tollerud (2014) to place them on the same scale as the
M31 halo (Escala etal. 2019; Escala et al. 2020a; Gilbert et al. 2019a; this work) and
other dwarf galaxy (Escala et al. 2020a) measurements. Kirby et al. (2020) found
that the Vargas, Geha, and Tollerud measurements were systematically o set toward
higher [Fe/H] by +0.3 dex compared to their measurements, based on an identical
sample of spectra of M31 dwarf galaxy stars. Kirby et al. did not nd evidence of

a systematic o set between theldfFe] measurements and those of Vargas, Geha,
and Tollerud (2014). Thus, we adjusted [Fe/H] values measured by Vargas, Geha,
and Tollerud (2014) by the mean systematic o set @.3 dex and did not make

any changes to theitfFe] values. This correction is re ected for the relevant M31
dwarf galaxies in Figures 5.8 and 5.9.

We constructed J/Fe] distributions for a mock stellar halo built by destroyed
dwarf-galaxy-like progenitor galaxies, weighting the contribution of each M31
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Figure 5.8: [J/Fe] versus [Fe/H] for RGB stars in the inner halo of M31 (Gilbert

et al. 2019a; Escala et al. 2020a; this work) compared to abundance trends for M31
dwarf galaxies. The combined sample of M31 dwarf galaxies consists of NGC 185,
NGC 147, And Il (Vargas, Geha, and Tollerud 2014) and And VII, And I, And

V, And lll, and And X (Kirby et al. 2020). The size of each point is proportional

to the inverse variance of the measurement uncertainty, where M31 RGB stars are
also color-coded by their probability of belonging to substructure (Eqg. 5.9). The
majority of inner halo RGB stars are inconsistent with the stellar populations of
present-day M31 satellite dwarf galaxies (Escala et al. 2020a; Kirby et al. 2020),
although some probable halo stars exhibit abundance patterns similar to M31 dwarf
galaxies (Section 5.5).

dwarf galaxy according to its luminosity function (McConnachie 203.2)vVhen
re-sampling the observed inner halo abundance distributions, we assigned each star
a probability of being drawn according to %54, Not only did we nd that the

[U/Fe] distribution of the metal-rich, smooth inner halo is inconsistent with that of
present-day M31 satellite galaxies at high signi can@e ( 1%), but also that the

3We have excluded RGB stars in NGC 185 with [Fe/H] 0.5 (uncorrected values), ow-
ing to the uncertainty in the reliability of Vargas, Geha, and Tollerud's abundance measurements
above this metallicity. Vargas, Geha, and Tollerud (2014) calibrated their measurements of bulk
[U/Fe] to approximate aklelement abundance measured from the arithmetic mean of individual
[(Mg,Si,Ca,Ti)/Fe], where their calibration is not valid for [Fe/H] 0e5. In contrast, we have not
applied such a calibration to out/fFe] measurements, which are valid for [Fe/H] 0s5. The
exclusion of high-metallicity stars in NGC 185 applies to the analysis in Section 5.5 as well as
Figures 5.8 and 5.9.
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Figure 5.9: (Left) Probability density functions (PDFs) for the relationship between

[U/Fe] and [Fe/H] for the smooth component of the inner halo (dashed blue line;
Gilbert et al. 2019a; Escala et al. 2020a; this work), substructure in the inner halo
(dotted purple line; Gilbert et al. 2019a; Escala et al. 2020a; this work), and M31
satellite dwarf galaxies (solid green line; Vargas, Geha, and Tollerud 2014; Kirby et
al. 2020), constructed from 2D bivariate normal distributions (Section 5.5; Eq. 5.10;
Table 5.3). The contour levels correspond to th& 160", and 84" percentiles of

the 2D PDFs.

[U/Fe] distribution of the metal-poor component of the smooth halo disagrees with
that of low-metallicity RGB stars in M31 satellite galaxies Y 0:3%).

Nevertheless, constructing/Fe] distributions according to metallicity bins presents

a limited, 1-D view of the relationship betweet)/Fe] and [Fe/H]. Figure 5.8
displays [J/IFe] versus [Fe/H] for the inner halo of M31 compared to M31 dwarf
galaxies with abundance measurements, including NGC 147 (Vargas, Geha, and
Tollerud 2014) and And X (Kirby et al. 2020). Evidently, the majority of inner halo
RGB stars are inconsistent with the stellar populations of M31 dwarf galaxies, as
previously found using the combined 91 RGB star sample of Escala et al. (2020a)
and Gilbert et al. (2019a) and reinforced by this work. In genetdF-d] tends

to be higher for M31's inner halo at xed metallicity than for the dwarf galaxies
(HU/Fe]i gwarf = 007 0402). Many of the high-metallicityl)-enhanced stars in the
inner halo have a high probability of being associated with kinematical substructure,
such as the GSS.

In addition to these trends, Figure 5.8 suggests the existence of a stellar popula-
tion preferentially associated with the dynamically hot halo that also has chemical
abundance patterns similar to M31 dwarf galaxies. These stars are not contained
within a well-de ned metallicity bin (such as [Fe/Hf 1.5, the metal-poor bin
utilized by Escala et al. 2020a), but rather span a regiorJtid] versus [Fe/H]
space coincident with the mean trend of the dwarf galaxies.
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Modeling 2-D Chemical Abundance Ratio Distributions

In order to robustly identify M31 halo stars with abundance patterns similar to that
of M31 satellite dwarf galaxies (Figure 5.8), we modeled the observed 2-D chemical
abundance ratio distributions, as advocated by Lee et al. (2015). We considered
the smooth component of the inner stellar halo, substructure in the inner halo, and
M31 dwarf galaxies as distinct components in our modeling. We expanded upon
the M31 dwarf galaxy sample analyzed in Section 5.5 by incorporating abundance
measurements from galaxies that were previously excluded on the basis of their
small sample sizes: And X#(stars= 9 ;Kirby et al. 2020) and NGC 14 % (stars=

7 ;Vargas, Geha, and Tollerud 2014)Taking X[Fe/H]) Y 0.5, X[U/Fe]) Y 0.5,

and [Fe/H]Y 0.5, these two additional galaxies result in a sample size of 293
abundance measurements for M31 dwarf galaxies.

Assuming the form of a bivariate normal distribution, the likelihood of observing a
given set of abundance measureme@sHy) = ([Fe/H]s, [U/Fel) and uncertainties
(XG@ XH) = ({Fe/H]s {U/Fel)5given a model described by meafts= 1~ -

and standard deviatiorf® = 1f —fiP is,

1
L 4G - X& XHB R = —
oo 2cfgf iy 1 R
1 1G @ H P
P a1 1z 0 1R
G oty -
G &K ¥ _ (5.10)
faf 1

where8is an index corresponding to an individual RGB star. We incorporated the
measurement uncertainties into Eq. 5.10 via the varibgle f &, X, which is

de ned analogously fof 1. The correlation coe cient,A is an additional model
parameter that accounts for covariance betweandH

4We did not include M32 in our M31 dwarf galaxy abundance sample. Vargas, Geha, and
Tollerud (2014) measured abundances for 3 stars in M32 with [F&é/H].5 and concluded that they
were not representative of the galaxy.

SWe assumed independent erroXdg XH) in our model. In actuality, we expect that some
amount of negative covarianc¥gy exists between our measurement uncertainties. The net result
of such dependent uncertainties would be a perceived decrease in the correlation coe’cient,
(Eqg. 5.10). Thus, we acknowledge thatnay in fact be less negative than suggested by our model
(Table 5.3).
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Table 5.3: 2-D Chemical Abundance Ratio Distribution Model Parameters

Model " [FelH] f [Fem " [UFFe] f [uFe] A

Smooth Halo| 1.27 0.05 0.53 0.04 0.38 0.03 0.22 0.03 0.016 0.09
Substructure | 0.87 0.06 0.38 0.05 0.42 0.05 018 0.03 0.323%17
Dwarf Galaxy| 1.60 0.03 0.45 0.02 0.12 0.02 0.26 0.02 0.296 0.05

Note. The columns of the table correspond to the model for the observed 2-D
chemical abundance ratio distributions (Figure 5.8) for a given stellar population, and
the parameters describing the bivariate normal probability density functions (Eg. 5.10).
We t for the smooth halo and substructure components simultaneously (Eq. 5.11) using
a mixture model. The parameters for the 2-D chemical abundance models aré'the 50
percentiles of the marginalized posterior probability distribution functions (Section 5.5),
where the uncertainties on each parameter were calculated from the corresporifiing 16
and 84" percentiles.

For the full stellar halo sample, we modeled the smooth and substructure components
simultaneously by combining the respective likelihood functions (Eq. 5.10) using a
mixture model,

Lg=11 2guoLgalo ouh s (5.11)

where ?SS“b is the probability that a star belongs to substructure in M31's stellar
halo (Eqg. 5.9). Thus, the full stellar halo abundance ratio distribution is represented
by an eight parameter modeé®{aio, ®sub ®halo, ®sup), Whereas we utilized a four
parameter model®ywarf, ®gwarf) for M31 dwarf galaxies. The likelihood of the
entire observed data set for a given stellar population is therefore the product of the
individual likelihoods,

&
L= Leg (5.12)
&1
Using Bayes' theorem (see also Eq. 5.1), we evaluated the posterior probability
of a particular bivariate model accurately describing a given a set of abundance

measurements for a stellar population,

% ®RIL, G- I X6 X8 | WL, G- I X& X§RRPY B RP— (5.13)

where%lgzlcsg— k- X6 X§®RP is the likelihood (Eq. 5.12) antid ®fRP represents
our prior knowledge regarding constraints @andf®. We implemented noninfor-
mative priors over the allowed range for each tted parameter, where we assumed
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uniform priors and inverse Gamma priors for non-dispersion and dispersion pa-
rameters, respectively. We allowed the dispersion parameters in our model to vary
between0.¢Y fY 1.0, the correlation coe cients betweerl Y A Y1, and permitted
samples of to be drawn from 3«0 Y [Fe/H] Y 0«0Oand 08 Y [U/Fe]Y 1-2.

In the case of the varianc&?, the inverse Gamma distribution is described as
liy—¥, whereU is a shape parameter andis a scale parameter. This dis-
tribution is de ned for®; 0 and can account for asymmetry in the posterior
distributions for dispersion parameters, which are restricted to be positive. The
bootstrap resampled standard deviations, weighted by the inverse variance of the
measurement uncertainty and the probability of belonging to a given kinematical
component, aré ([Fe/H]) = 0.53 0.03,f ([UFe]) =0.32 0.02 for the smooth
halo,f ([Fe/H]) =0.51 0.03,f (JU/Fe]) =0.31 0.02 for halo substructure, and
f ([Fe/H])=0.49 0.02,f (JU/Fe])=0.34 0.02 for M31 dwarf galaxies. Owing to
the similarity in the dispersion for each abundance ratio between the various stellar
populations, we xed the priors of8? to  113-05° for all f fFe,H] parameters and
113 0420 for all f fU,Fe] parameters. These distributions result in priors that peak
atf ey 0°50andf [yre; 0-30with a standard deviation of 0.3 dex.

With the above formulation, we sampled from the posterior distribution of each
model (Eq. 5.13) using an a ne-invariant Markov Chain Monte Carlo (MCMC) en-
semble sampler (Foreman-Mackey et al. 2013). Thatis, we solved for the parameters
describing the two-component stellar halo abundance distribution (Eq. 5.11), and
separately for a model corresponding to M31 satellite dwarf galaxies. We evaluated
each model using 100 walkers and ran the sampler fbstEps, retaining the latter

50% of the MCMC chains to form the converged posterior distribution. Table 5.3
presents the nal parameters of each 2-D chemical abundance ratio distribution
model. We computed the mean values from th& B@rcentiles of the marginalized
posterior distributions, whereas the uncertainty on each parameter was calculated
relative to the 18" and 84" percentiles.

Figure 5.9 displays the resulting bivariate normal distribution models for the 2-D
chemical abundance ratio distributions, re ecting the general trends of the observed
abundance distributions (Section 5.5) for the smooth halo, halo substructure, and
dwarf galaxy populations. The models predict a larger separation between the mean
metallicity of the smooth halo and substructure populations, W‘h%fé%_'] : FI%(I)H] =

0440 008, compared td{Fe/H]i sup h [Fe/H]i haio = 0009 006 from a weighted

boostrap resampling (Section 5.5). However, the models predict similar biean
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enhancements between the two halo populations.

Based on these models, we calculated the probability that a star is both kinematically
associated with the smooth stellar halo has abundance patterns similar to M31 dwarf
galaxies,

|
dwarf,| halo
Lg L g

?dwarf = ?subt®— (5- 14)

1.L Ec{}iwarf,l_ galo
wherelL gis the likelihood from Eq. 5.12 arls,p, iS the re ned probability that a star
belongs to kinematical substructure. For every sampling of the posterior distribution
for each star, we calculated the odds ratio of the Bayes factdor the substructure
versus halo models, where= ? gyl $"( (1 ?sup) L g¥9). Then, we computed

? sub,tfor each star from the 50 percentile of these distributions. The outcome of
this procedure is an updated determination of the substructure probability for each
star that incorporatedoth kinematical and chemical information. For stars with
nonzero? sy, the net e ect is?supsi ? sup for metal-rich stars ([Fe/H& 1.0)
and?sup 1Y ? supfor metal-poor stars. This change occurs because the substructure
model (Table 5.3) has a higher mean [Fe/H] than the smooth halo model, such that
metal-rich stars are more likely to belong to substructure.

Figure 5.9 illustrates the distribution of smooth halo stars with M31 dwarf-galaxy-
like chemical abundances, where we have identi ed 23 RGB stars that securely fall
within this category  gwarf  0.75), in addition to 14 marginally dwarf-galaxy-like
RGB stars (0.5¢ ?gwarf Y 0.75). Based on a bootstrap re-sampling weighted by
? qwarf @nd the inverse measurement uncertainty, we comgiitedH]i = 1.74

0.05 andqU/Fe] = 0.17 0.07 for this population of stars in the smooth stellar
halo.

Hereafter, we refer to this group of stars as the lowpopulation, owing its lower
averageU-enhancement compared to the entire smooth stellar HHlgFe] =

0.40 0.03; Section 5.5). By de nition, lowd stars belong to the dynamically hot
component of the stellar halo in which we do not detect any kinematical substructure.
These stars span the same range of parameter space in line-of-sight vel@0idy (
kms 1Y vheio. 150kms?)and projected distance (8 K¥@ proj Y 34 kpc) as the

full sample of RGB stars in M31's inner halo. Unsurprisingly, lbipopulation stars

are more likely to be found in spectroscopic elds along the minor axis dominated
by the smooth halo, such as the 23 kpc and 31 kpc halo elds, as opposed to elds
dominated by tidal debris along the high surface-brightness core of the GSS.
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Conversely, we can de ne a high} population of stars in the smooth halo with
chemical abundances distinct from M31 dwarf galaxies by taking the complement
of Eq. 5.14. This population has 66 (17) secure (marginal) smooth halo members,
such that{Fe/H]i = 1.05 0.03 andqjU/Fe]i = 0.46 0.03. Similar to lowt

stars, hight stars span a wide range of heliocentric velocity and projected distance,
but are more centrally concentrated along the minor-axis elds, such as the 9 kpc
and 18 kpc halo elds, and are more likely to appear in the halo components of GSS
elds.

The E ect of Potential Sources of Bias on Population Detections

Potential bias from the omission of red, presumably metal-rich, stars with strong
TiO absorption (Section 5.5) does not a ect the robust identi cation of smooth halo
stars with chemical abundance patterns similar to M31 dwarf galaxies. Introducing
maximal bias estimates for [Fe/H] based on this source alone (Section 5.5) shifts the
mean metallicity of the halo and substructure models (Table 5.31t65 0.05

and 0.64 0.07, respectively. TiO stars are not a signi cant source of bias in M31
dwarf galaxies (Kirby et al. 2020), and their abundance measurements are similarly
a ected by S/N limitations (Section 5.5) compared to M31 RGB stars. Thus, the
net e ect of the omission of TiO stars would be an increased separation between the
dwarf galaxy and halo PDFs. This would result in the classi cation of 37 (6) secure
(marginal) lowd stars, thereby reinforcing the detection of this population.

Although possible bias from the exclusion of TiO stars does not impact the detection
of a low-U population in M31's stellar halo, the resulting chang® wwart (EqQ. 5.14)
would alter the population means to approximatghe/H]i = 1.78 0.06 and
HU/Fe] =0.24 0.07. Analogously, the hightpopulation would be characterized

by HFe/H]i = 0.98 0.03 andHqU/Fe] = 0.46 0.03, with 65 (13) secure
(marginal) members. These values are formally consistent with the population
means for both the low- and highpopulations calculated without bias estimates.
None of the spatial or kinematical properties of either the low- or tugiopulations
would be altered in this bias scenario.

5.6 Discussion

In this section, | discuss the chemical abundance properties of M31's inner stellar
halo in the context of the MW halo, the Magellanic Clouds, and halo formation
models.






