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Abstract

We present [Fe/H] and [«/Fe] abundances, derived using spectral synthesis techniques, for stars in M31’s outer
stellar halo. The 21 [Fe/H] measurements and 7 [«/Fe] measurements are drawn from fields ranging from 43 to
165 kpc in projected distance from M31. We combine our measurements with existing literature measurements,
and compare the resulting sample of 23 stars with [Fe/H] and 9 stars with [«/Fe] measurements in M31’s outer
halo with [«/Fe] and [Fe/H] measurements, also derived from spectral synthesis, in M31’s inner stellar halo
(r < 26 kpc) and dSph galaxies. The stars in M31’s outer halo have [«/Fe] patterns that are consistent with the
largest of M31’s dSph satellites (And I and And VII). These abundances provide tentative evidence that the [« /Fe]
abundances of stars in M31’s outer halo are more similar to the abundances of Milky Way halo stars than to the
abundances of stars in M31’s inner halo. We also compare the spectral synthesis—based [Fe/H] measurements of
stars in M31’s halo with previous photometric [Fe/H] estimates, as a function of projected distance from M31. The
spectral synthesis—based [Fe/H] measurements are consistent with a large-scale metallicity gradient previously
observed in M31’s stellar halo to projected distances as large as 100 kpc.
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1. Introduction

The merger history of a galaxy is encoded in its stellar halo
population, which is thought to be built primarily from the
accretion of smaller systems (e.g., Bullock & Johnston 2005).
Recent work suggests that the mean metallicity of a stellar halo
is primarily determined by the mass of the dominant halo
progenitor (D’Souza & Bell 2018a, 2018b) or progenitors
(Monachesi et al. 2019), with the implication that a relatively
simple measurement can provide meaningful observational
constraints on the most significant merger event in a galaxy’s
history. Gradients in metallicity over the extent of a stellar halo
can also provide observational constraints on the mass of the
dominant progenitor as well as the relative masses of the
progenitors of the inner and outer regions of a stellar halo (e.g.,
Cooper et al. 2010; Font et al. 2011; Tissera et al. 2013, 2014;
Monachesi et al. 2019), yielding insight into the mass profile of
accretion events.

However, additional information is needed to further
constrain the nature of the progenitors of a galaxy’s stellar
halo, as well as the timescales over which these accretion
events occurred. The abundances of a-elements (O, Ne, Mg,
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Si, S, Ar, Ca, and Ti) as a function of [Fe/H] provide
observational constraints on the timescale and efficiency of star
formation, and thus insights into the nature of the progenitor as
well as the time of its accretion into the stellar halo (e.g.,
Shetrone et al. 2001; Venn et al. 2004; Robertson et al. 2005;
Font et al. 2006; Johnston et al. 2008; Hayes et al. 2018;
Nidever et al. 2020).

Measurements of the metallicity of the stellar halo of the
large spiral galaxy Andromeda (M31) have largely been
derived using resolved stellar photometry via a comparison
of the colors and magnitudes of stars with theoretical
isochrones ([Fe/H]phm), which generally requires assuming a
fixed age, distance, and [«/Fe] abundance ratio for the
population. This is the case both for photometric surveys of
M31’s halo (e.g., Ibata et al. 2014) as well as most
spectroscopic studies, wherein the spectra were used to identify
individual stars as M31 halo members rather than foreground
Milky Way (MW) stars or M31 dSph members (e.g., Gilbert
et al. 2014). On average, M31’s halo is significantly more
metal-rich than that of the MW, and is also metal-rich
compared to other nearby galaxies (or simulated galaxies) of
roughly similar mass and morphology (Monachesi et al. 2016;
Harmsen et al. 2017; D’Souza & Bell 2018a). This indicates
M31’s stellar halo likely had a dominant progenitor (or
progenitors) more massive than the typical dominant progeni-
tors of MW- and M31-mass galaxies.

M31’s halo exhibits a significant gradient in metallicity as a
function of radius, with the mean metallicity of the halo
decreasing by ~1 dex over ~100 kpc, as shown in global



THE ASTRONOMICAL JOURNAL, 160:41 (14pp), 2020 July

analyses of M31’s halo using spectroscopic (Gilbert et al.
2014) and photometric (Ibata et al. 2014) data sets (see Gilbert
et al. (2014) for a review of earlier work). However, each study
assumed both a single age and [«/Fe] for the stellar population.
This assumption is known to be overly simplistic for M31’s
inner halo, which exhibits a range of stellar ages in fields
extending to projected distances of at least 35 kpc (e.g., Brown
et al. 2006, 2008). Thus, photometrically derived [Fe/H]
distributions in M31’s halo are likely to differ from the true
[Fe/H] distribution, with different age or [«/Fe] assumptions
affecting the [Fe/H] estimates by <40.2 dex (Gilbert et al.
2014). If a gradient in mean age or [«/Fe] as a function of
radius exists in M31’s halo, M31’s metallicity gradient may be
steeper (or shallower) than measured from the photometric
[Fe/H] estimates (Gilbert et al. 2014).

The equivalent width of the Call triplet absorption feature
provides an independent estimate of [Fe/H] ([Fe/H]c.r) for
comparison to [Fe/ Hlphot (€.g., Armandroff & Da Costa 1991;
Battaglia et al. 2008; Starkenburg et al. 2010; Da Costa 2016).
However, estimates of [Fe/H] based on Call equivalent width
measurements in spectroscopic studies of M31 halo stars
typically have large uncertainties (e.g., Gilbert et al. 2014), due
to a combination of relatively low spectral signal-to-noise ratio
(S/N) and limited precision resulting from measuring the
equivalent width of only two or three absorption lines that are
frequently affected by night sky lines at the velocities typical of
M31 halo stars. This has driven the general reliance on
photometric-based [Fe/H] estimates in M31’s halo, although
[Fe/H]c,r was measured by Kalirai et al. (2006), Koch et al.
(2008), and Gilbert et al. (2014). Nevertheless, good agreement
was found between the strong trends of mean [Fe/H] as
function of projected distance from M31’s center by Gilbert
et al. (2014), regardless of whether [Fe/H] was derived from
photometric estimates or the strength of the Call triplet
absorption feature. Still, the Ca 1l triplet is able to provide only
an estimate of metallicity, not an abundance ratio like [«v/Fe].

Spectral synthesis techniques compare the observed spectra
to a synthetic spectral grid covering a range of effective
temperatures, surface gravities, and [Fe/H] and [«/Fe]
abundances. Unlike the photometric and Call triplet-based
techniques, the spectral synthesis technique enables measure-
ments of both [Fe/H] and [«/Fe], using regions of the
spectrum sensitive to the presence of [Fe/H] and a-elements.
These measurements provide insight into the timescales and
efficiency of star formation in the progenitors of M31’s outer
halo. Moreover, robustly determining both the mean [Fe/H]
and [a/Fe] abundance of stars in M31’s halo will yield
important empirical constraints that can be leveraged to
improve the accuracy of photometric [Fe/H] estimates over
large, contiguous areas of M31’s halo.

Initial abundance work in M31 applied this technique to
fields targeting M31’s dSph satellites (Vargas et al. 2014a).
Recently, we have applied this technique to deep observations
in fields targeting M31’s inner halo, as well as deep
observations of dSph satellites. We have extended the spectral
synthesis technique to lower-resolution spectra, making the first
measurements of [«/Fe] for stars in M31’s inner halo (Escala
et al. 2019). We have measured [«/Fe] as a function of [Fe/H]
for inner halo fields targeting tidal debris features as well as
relatively smooth halo fields without identified substructure.
The [«/Fe] and [Fe/H] abundances provide strong evidence
that the progenitors of both the kinematically hot inner halo and
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M31’s giant stellar stream had significantly different timescales
and efficiencies of star formation than those of M31’s surviving
dSph satellites (Gilbert et al. 2019b; Escala et al. 2020),
indicating M31’s inner halo was built primarily from galaxies
more massive than M31’s surviving satellites. We have also
significantly increased the sample of [«/Fe] and [Fe/H]
measurements in M31’s dSph satellites, finding that the trends
of [«a/Fe] with [Fe/H] in M31’s satellites depend on the
galaxies’ stellar masses in the same way as MW satellites
(Kirby et al. 2020). We also reported the first [«/Fe]
measurements for several of M31’s lower-mass satellites
(Wojno et al. 2020).

The above studies present significant progress in our under-
standing of the chemical evolution of the progenitors of M31’s
stellar halo and dSph satellites. However, the low density of
M31’s outer halo makes compiling a sample of M31 outer
halo stars with [Fe/H] and [«/Fe] abundances derived from
spectral synthesis techniques challenging. Vargas et al. (2014b)
presented the first—and to date, only—measurements of [a/Fe]
as well as [Fe/H] for stars in M31’s outer halo. The four outer
halo stars in the Vargas et al. (2014b) sample were observed in
spectroscopic fields designed to target the dSph galaxies And II
(144 kpc in projection from M31’s center), And III (68 kpc; two
stars), and AndXIII (117 kpc). All four stars are relatively metal-
poor, with —2.2 < [Fe/H] < —1.4. Vargas et al. found that
these outer halo stars have mild a-enhancement, with a mean of
~+0.2 £+ 0.2 dex.

In this contribution, we increase the sample of stars in M31’s
outer halo with [a/Fe] and [Fe/H] measurements derived using
spectral synthesis techniques. We present [a/Fe] measurements
for seven stars, and [Fe/H] measurements for 21 stars, in M31’s
outer halo. Two of the stars, both with [a/Fe] measurements,
were also measured in the Vargas et al. (2014b) sample.
Section 2 describes the spectroscopic data sets from which the
M31 outer halo sample is drawn, the method for measuring
[a/Fe] and [Fe/H], the quality criteria applied to determine
whether the abundance measurements are robust, and the
criteria used to isolate M31 halo stars from dSph members and
foreground MW stars. Section 3 presents the distribution of
[«e/Fe] with [Fe/H] of stars in M31’s outer halo, and compares it
to that of stars in M31’s inner halo, dSphs, and a sample of MW
halo stars. Section 4 presents the [Fe/H] distribution of M31
outer halo stars, and compares the [Fe/H] abundance distribu-
tions derived from spectral synthesis with those derived from
photometry. Section 5 summarizes our conclusions.

All quoted distances in kpc from M31’s center refer to the
projected distance in the sky tangent plane (Rp;), assuming a
distance modulus of 24™47 to M31 (Stanek & Garnavich 1998;
McConnachie et al. 2005). This allows direct comparisons
with earlier literature results. However, we note that this
distance is slightly greater than the more recent distance
modulus estimate of 2438 based on measurements of Cepheid
variables (Riess et al. 2012). Use of the M31 distance based on
Cepheid measurements would result in a ~4% reduction in the
estimated Rpyoj.

2. M31 Outer Halo Sample Selection and Abundance
Measurements

2.1. Spectroscopic Data Sets

The abundance measurements are derived from spectra
obtained with the DEIMOS spectrograph (Faber et al. 2003) on
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the Keck II 10 m telescope (Figure 1). The M31 outer halo
sample presented here is drawn from spectroscopic masks
designed to target M31 dSphs, and includes both deep and
shallow observations obtained with the 1200 line mm "
(1200G) grating (R ~ 6000, A\ ~ 6300-9100 A). The spectra
of the targeted dSph members were analyzed by Kirby et al.
(2020) and Wojno et al. (2020). The deep M31 observations,
with total exposure times of approximately 6 hr per mask
(slitmasks “andla,” “and3a,” “and5b”), are described by Kirby
et al. (2020). The shallow observations, with typical total
exposure times of approximately 1 hr per mask (slitmasks
“d1_1,” “d1_2,” “d3_2,” “d3_3,” “d5_1,” “d14_3,” “d15_1,”
“d15_2"), were obtained as part of the SPLASH survey
(Gilbert et al. 2012; Tollerud et al. 2012) and are described by
Wojno et al. (2020), who give details about the data reduction
that are relevant to the abundance measurements. All spectra
were reduced using the spec2d and specld software
(Cooper et al. 2012; Newman et al. 2013), with modifications
tailored to stellar spectra as described by Kirby et al. (2015)
(for the deep observations) and Gilbert et al. (2012) (for the
shallow observations).

2.2. Selection of M31 Halo Stars

Stars are identified as probable red giant branch stars at the
distance of M31, rather than MW stars along the line of sight,
using the empirical diagnostics of Gilbert et al. (2006). These
diagnostics include line of sight velocity, surface gravity—
sensitive narrowband imaging, position in the color-magnitude
diagram, measurement of a surface gravity—sensitive absorp-
tion feature (Nal), and a comparison of photometric
(Fe/Hlpnot) and spectroscopic ([Fe/H]c,r) metallicity esti-
mates. For the sample presented here, we require that stars be at
least three times more likely to be RGB stars at the distance of
M31 than MW stars. This method is summarized, and the
resulting stellar classification is investigated for signs of
contamination in the outer halo, by Gilbert et al. (2012). Gilbert
et al. conclude that the sample of securely identified M31 outer
halo stars are not significantly contaminated by misidentified
MW stars.

All of the outer halo fields considered here targeted dSphs
in M31’s outer halo. Thus, M31 halo stars must also be
distinguished from probable dSph members (Figures 2 and 3).
In previous work (e.g., Gilbert et al. 2012, 2014, 2018), we
classified M31 halo stars in dSph fields using a combination
of the velocity of the star compared to the mean velocity of
the dSph, the projected distance of the star from the center of
the dSph compared to estimates of the dSph’s tidal radius, and
the position of the star in the color-magnitude diagram
compared to the locus of dSph members, quantified by CMD-
based photometric metallicity estimates ([Fe/ Hlphot» €.8.,
Gilbert et al. (2009, 2012)). We update the halo star
classifications in this work using more recent estimates of
the mean velocity and velocity dispersion ((v) and o,, respec-
tively; Tollerud et al. (2012)) and the half-light radius (Martin
et al. 2016) for each dSph. Stars are considered M31 halo stars
if they are securely classified as RGB stars by the diagnostic
method of Gilbert et al. (2006), and are more than 4,
removed from the (v) of the dSph or lie more than 4 half-light
radii in projected distance from the center of the dSph. We
note that the M31 dSph velocity dispersion measurements by
Tollerud et al. (2012) did not formally reject velocity outliers.
In some cases, this resulted in a larger o, than found in
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Figure 1. Locations of spectroscopic fields with spectral synthesis—based
abundance measurements that are discussed in this work. Fields containing
M31 halo stars with [Fe/ Hlgyni or [a /Fe] measurements made in the course of
our M31 abundance survey are labeled in cyan. Fields with M31 halo stars with
[Fe/ Hlsynn or [a/Fe] measurements drawn from the literature (Vargas
et al. 2014b) are labeled in yellow. All spectroscopic masks that were included
in the analysis are shown, regardless of whether they yielded M31 halo star
abundance measurements passing all quality criteria (Sections 2.2 and 2.3).
While the spectroscopic masks targeting the dSphs And VII and And X did not
yield any M31 halo star candidates with abundance measurements, we compare
the M31 halo star abundances to the abundances of members of And VII
(located off the figure) and And X (shown in orange). The underlying figure
shows the surface density of M31 RGB stars (with —2.5 < [Fe/H]phoe < —0.7,
estimated from comparison of the stars’ colors and magnitudes with theoretical
isochrones) from the PAndAS survey (Figure 11 of McConnachie et al. 2018).

previous studies—or more recently, by Kirby et al. (2020).
The Tollerud et al. (2012) o, estimates thus provide a
conservative choice for halo star selection.

The only exception to the criteria listed above is applied in
the And I field. This field is located on M31’s Giant Stellar
Stream (GSS) and has been shown to include GSS substructure
at velocities similar to those of the And I dSph, although the
GSS population is comprised of significantly redder stars
(Gilbert et al. 2009). This population can be seen in [Fe/H]yho
versus heliocentric velocity space at [Fe/H]yno 2 —1.0.
Following Gilbert et al. (2009), RGB stars in the And I field
with [Fe/H]onoe > —0.95 were classified as M31 halo stars,
rather than dSph members, regardless of their velocity or
projected distance from the center of And L.

The above selection criteria make no distinction between
halo stars recently accreted into M31’s stellar halo and those
that were accreted at earlier times. In particular, the selection
criteria explicitly include both stars in known tidal debris
features (in the And I field) and potential extratidal stars that
were recently stripped from the dSph in which they were born,
in addition to stars in the relatively “smooth” halo of M31. If a
significant fraction of the M31 halo stars are in fact extratidal
stars recently stripped from a surviving M31 dSph, and if
M31’s outer stellar halo was built from dwarf galaxies with
masses or star formation histories that are significantly different
from those of these existing dwarf satellites, the properties of
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Figure 2. Selection of the M31 halo star abundance samples (Section 2) in the And I and And III fields. To be considered in the M31 halo sample, stars were required
to be securely classified as RGB stars at the distance of M31 (Gilbert et al. 2006) and to pass cuts in either velocity, projected distance from the dSph, or (for the And I
field only) [Fe/H]yho (Section 2.2). Stars that pass the M31 halo star selection criteria are denoted with blue points (circles denote stars that are >3 times more likely to
be RGB stars at the distance of M31 than MW dwarf stars, while squares are <3 times as likely to be M31 stars). Stars that are classified as red giants but do not pass
the halo star selection criteria are considered potential dSph members and are denoted with tan points. M31 halo stars with [Fe/H]synn measurements that pass all
quality criteria are shown by the large purple stars, while stars with [«/Fe] measurements that pass all quality criteria are additionally denoted with large purple circles
(Section 2.3). The RGB classification shown here assumes M31’s distance modulus and a velocity distribution appropriate for M31 halo stars, and thus is not
optimized for classifying RGB stars in the dSphs. Isochrones shown in the leftmost panels assume an age of 12 Gyr, [«/Fe] = 0, a distance modulus of 24™47, and
range from [Fe/H] = —2.31 to 0 dex (VandenBerg et al. 2006). Dashed lines in the rightmost panels show four times the half-light radius from the center of the

dSph (Martin et al. 2016).

the current outer halo sample may not be representative of
M31’s outer halo as a whole.

2.3. Measurements of [Fe/H] and [o/Fe]

Measurements of [Fe/H] and [«/Fe] were made using the
methodology developed by Kirby et al. (2008, 2010). Each
observed stellar spectrum is compared to a grid of synthetic
spectra (Kirby et al. 2008, 2010; Kirby 2011) in order to
determine the best-fitting values of effective temperature (7yy),
[Fe/H], and [a/Fe]. This technique enables elemental
abundances to be measured from relatively low-S/N spectra
by leveraging all the abundance information in the spectrum
simultaneously, including lines that are weak and/or blended in
low- to moderate-resolution spectra.

An initial continuum normalization via polynomial fitting
was performed on each wavelength-calibrated, sky-subtracted,
one-dimensional spectrum after shifting it to the rest frame. The
surface gravity (log g) was held fixed based on a comparison of
the star’s position in the color—-magnitude diagram with stellar
evolutionary models. Although the halo stars shown here could
be at a range of line-of-sight distances corresponding to the
depth of the M31 halo along a given sightline, the parameters
of interest have been shown to be insensitive to the assumed
distance modulus over reasonable ranges of line-of-sight
distance for M31’s halo (Vargas et al. 2014b).

The determination of the abundances was an iterative
process. We first fit for initial estimates of T.y and [Fe/H],
and then held these values constant while computing the bulk
[a/Fe] abundance (from spectral regions sensitive to Mg, Si,
Ca, and Ti). We next refined the continuum normalization by
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Figure 3. Same as Figure 2 for fields And V, And XIV, and And XV.

dividing the observed spectrum by the best-fit synthetic
spectrum. These steps were then iterated until convergence of
the continuum normalization, as well as the T, [Fe/H], and
[a/Fe] values, was achieved. Random uncertainties were
estimated from the diagonal elements of the covariance matrix,
and added in quadrature to the systematic uncertainty in [Fe/H]

and [o/Fe] (oys = 0.101 and 0.084, respectively, determined
as described by Kirby et al. (2010) and updated after modifying
the abundance code, as described by Kirby et al. (2018)).
Further details of the abundance measurements of the deep
and shallow observations are provided by Kirby et al. (2020)
and Wojno et al. (2020), respectively. Wojno et al. (2020) use



Table 1
Parameters of M31 Halo Stars with Abundance Measurements®

Field Object Sky Coordinates Slitmask ~ Ryoi® I (V— 1y, Velocity SN e o(Tw) logg [Fe/Hl  o(Fe/H) [a/Fe]l  o(la/Fe])

Name Name R.A. Decl. Name (kpe) (km s’]) (10% - (K) (K) (dex) (dex) (dex) (dex) (dex)
And 1 7000728 00:45:17.07  +37:54:363  andla 465 212 11 ~3037 202 4597 50 103 —144 0.13 0.03 0.36
And T 7000611  00:45:1822  +37:55:594  andla 462 214 13 ~1567 135 4291 33 098  —1.74 0.16 0.94 04
And T 6000883  00:45:19.80  +37:58:287  andla 456 218 1.9 ~3735 100 3794 21 094 037 0.13
And T 7000018 00:45:2458  +37:55:308  andla 463 22,0 1.4 —4369 87 4167 34 117 —123 0.15
And T 1007290 00:45:46.98  +38:11:280  dI_1 429 218 12 —4352 54 4467 53 125 —1.73 0.29
And T 1007432 00:45:43.67  +38:11:557  dI_I 28 219 1.4 —4199 35 4121 4 113 —086 0.21
And 1 2006273 00:46:4127  +38:0336  dl2 453 205 13 —4395 106 4313 10 065  —15I 0.10 ~0.24 0.32
And T 3007800  00:35:20.64  +3625:023  and3a 694 223 1.2 ~4113 98 4420 S8 143 —161 0.18
And T 8000203  00:35:12.60  +36:21:07.5  and3a 705 223 1.0 4320 76 4897 74 158 —0.63 0.15
And T 4002365  00:35:3057  +36:19:158  d3.2 707 206 13 ~3200 157 4330 6 070  —173 0.09 0.24 0.1
And Tl 4002335 00:35:39.72  +36:21:9.3 a2 700 210 13 ~3607 126 4231 10 079  -231 0.15 0.13 0.34
And T 3006203  00:35:30.14  +3624:373  d32 694 217 13 ~2886 51 4300 26 L1 —147 0.17
AndT 4001981  00:35:30.76  +36:15312  d32 715 219 14 ~3046 50 4118 28 115 154 0.25
And T 2001738 00:36:0.41  +36:37:54  d3.3 63 217 1.3 ~3068 41 4235 35 L1 =097 0.17
And XV 2070 OL:ISLS3 43805214  dIS_1 963 213 11 ~3038 112 4669 50 107 —2.65 0.39
And XV 497 01:14:5826  +38:00:59.1  dI52 967 211 11 —4085 141 4687 4 102 —121 0.09 0.10 0.34
And V 3007277 01:09:5651  +47:37:498  andsb 1107 215 15 —2138 156 4041 29 090  —134 0.12
And V 3007616 01:10:02.05  +47:36:255  andSb  110.6 224 11 2684 80 4482 88 145 —2.09 0.33
And V 3008720 01:09:5441  +47:35:183  andsb 1102 207 14 —2217 306 4143 24 061  -295 0.15 0.98 0.18
And V 2006635 01:10:650  +47:42:412  d5_.1 1119 213 1.2 ~3059 82 4521 29 101 —218 0.28
AndXIV 5007496  00:51:28.10  +29:42:10.6  dl43 1645 212 11 2484 69 47126 27 110 —1.53 0.29 0
Notes.

# Measurements of [Fe/H] and [a/Fe] included here pass all quality and sample selection criteria discussed in Section 2.
® The projected distance of the star from the center of M31 in the tangent plane, assuming a distance modulus of 2447 (Stanek & Garnavich 1998; McConnachie et al. 2005).
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Figure 4. Distribution of [a/Fe] vs. [Fe/Hlynn for the M31 halo sample
(Section 3). Our M31 outer halo stars are shown as purple points; these seven
measurements double the existing sample of four stars in M31’s outer halo with
[oe/Fe] measurements (yellow points; Vargas et al. 2014b). Two of the stars
with measurements in our sample were also in the M31 outer halo sample of
Vargas et al., and these are shown as connected points. In the remainder of the
paper, we use our [Fe/H]synn and [o/Fe] measurements for these two stars, and
adjust the [Fe /H]syn of the other two Vargas et al. stars by —0.3 dex, which is
the mean systematic offset found between our measurements and those of
Vargas et al. (2014a) (Section 3; Kirby et al. 2020). Also shown are
measurements of stars in five inner halo fields that have velocities consistent
with belonging to the dynamically hot component of M31’s halo, rather than
tidal debris features or M31’s disk (Escala et al. 2019, 2020; Gilbert
et al. 2019b). Outer halo stars span a range of [«/Fe] similar to that of the inner
halo stars. While the mean [cv/Fe] of the outer halo sample is lower than that of
the inner halo sample, the means are formally consistent within 1o (Section 3).

the Python implementation (Escala et al. 2019) of the
abundance measurement routine described by Kirby et al.
(2008). Comparisons of the measurements between the fitting
codes used by Kirby et al. (2020) and Wojno et al. (2020) show
that they return results consistent within the estimated
uncertainties (Wojno et al. 2020).

In this analysis, we consider only measurements passing the
following quality criteria. In addition to convergence, well-
constrained minima in the Ty and [Fe/H] x? contours are
required for [Fe/H] measurements, and additionally in the
[ae/Fe] X2 contours for [e/Fe] measurements. We regard
the parameter as well-constrained if the x> contours extend
smoothly from the minimum value to at least the *lo
uncertainty thresholds; by definition, this excludes measure-
ments with a minimum y? at the edge of the spectral grid. In
addition, only [Fe/H] and [«/Fe] measurements with uncer-
tainties <0.4 dex are included. Finally, any stars showing TiO
absorption features (at A\ ~ 7050-7250 A) are removed from
the sample, as the fidelity of abundance measurements made
with the current library of synthetic spectra (which do not
include TiO features) has not been validated. The systematic
effect on the sample of removing stars with TiO absorption is
discussed in Section 4.

For the remainder of this paper, [Fe/H] measurements
derived using the spectral synthesis technique will be referred
to as [Fe/ Hlsynn, to distinguish them from [Fe/H] estimates
derived via other methods.

The results of applying the M31 halo star sample selection
criteria in conjunction with the abundance quality criteria are
illustrated in Figures 2 and 3. The selection criteria result in a
total of 21 stars with [Fe/ Hlsynn measurements, in fields
ranging from 43 to 165 kpc in projected distance from M31’s
center. Of these, seven also have [«/Fe] measurements passing
all quality criteria. Table 1 lists the abundance measurements
for each star in the final sample.

Gilbert et al.

3. The [Fe/H] and [o/Fe] Distribution of Stars in M31’s
Outer Halo

Figure 4 displays the [Fe/H]syyn and [a /Fe] measurements
of the seven M31 outer halo stars passing all sample selection
(Section 2.2) and measurement quality (Section 2.3) criteria, as
well as [Fe/H]synm and [o /Fe] measurements of M31 halo stars
from the literature.

Of the four M31 outer halo stars with previous [«/Fe] and
[Fe/Hlsynn measurements (Vargas et al. 2014b, hereafter V14),
two are drawn from fields analyzed here.'® Our outer halo
sample includes measurements for these two V14 stars.
Figure 4 shows both our and Vargas et al.’s measurements
for these stars, with each pair of duplicate measurements
connected by a line. The discrepancies in [Fe/H]ynn between
our measurements and the V14 measurements are fully
consistent with a mean systematic offset of 0.3 dex (weighted
by the inverse square of the quadrature sum of the
uncertainties), with standard deviation of 0.32 dex, between
our [Fe/ Hlsynn measurements and those of Vargas et al.
(2014a), with Vargas et al. being on average higher. The mean
[Fe/Hlsynn offset was measured from an overlapping sample of
M31 dSph stars, measured via the same abundance measure-
ment pipelines as used for the outer halo samples (Appendix A;
Kirby et al. 2020). Kirby et al. found no systematic offset
between their [a/Fe] measurements and those of Vargas et al.
(2014a). The standard deviation of the difference in [cv/Fe]
measurements between the two samples was found to be 0.37
dex, and the measurement uncertainties were found to fully
account for the scatter in [«/Fe]. The two halo stars in common
between V14 and our work, shown in Figure 4, are consistent
with the results of Kirby et al. (2020). After accounting for the
systematic offset in [Fe/Hlynn found between the two
pipelines, the [Fe/ Hlsynn and [a/Fe] measurements from the
two pipelines are consistent within the ~1o measurement
uncertainties.

For the remainder of the paper, we use our measurements for
the two stars that overlap the V14 outer halo sample, and
incorporate the remaining two V14 stars into our analysis. To
place the V14 measurements on a scale consistent with our
M31 halo star measurements, we make the following
adjustments to the published [Fe/H] and [«/Fe] values. We
adjust the [Fe/H] values by the mean systematic offset of
—0.3 dex discussed above. In Figures 5 and 6, we also adjust
the V14 [a/Fe] values to remove an empirical correction
applied by V14 with the goal of better representing an
unweighted average of [Mg/Fe], [Si/Fe], [Ca/Fe], and
[Ti/Fe]. The magnitude of the applied correction was
dependent on [Fe/H]. Removing the correction applied
by V14 lowers the [«/Fe] values of the four V14 stars by
<0.1 dex from the values shown in Figure 4.

The sample of outer halo stars with [«v/Fe] measurements
represents the relatively smooth outer halo of M31, as it does
not contain any stars likely to be associated with known tidal
debris features. The only field analyzed in this contribution in
which tidal debris features have been previously identified is
the And I field (Gilbert et al. 2009), which has two previously
identified tidal debris features: one at —383.3 &= 7.6 km sfl,
with a velocity dispersion (c;) of 32.4187 km s™', which is the
GSS, and a faint feature at —288.772% km s~ ', with a velocity

19 The other two Vargas et al. stars were observed in the And II and And XIII
dSph fields.
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Figure 5. Comparison of [cv/Fe] vs. [Fe/H]synn for M31 dSphs (small, gray symbols; Kirby et al. 2020) against the halo members (large colored symbols) presented in
this work. The outer halo abundance measurements are fully consistent with the distribution of [cv/Fe] vs. [Fe/H]ynn abundances of stars in M31 dSphs (Section 3).
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Figure 6. Distribution of [c/Fe] vs. [Fe/Hlyny for stars in M31’s inner and outer halo (as described in Figure 5), compared to several samples of MW halo star
abundances. Hayes et al. (2018) measurements are the bulk [«/Fe] measurements reported by APOGEE’s ASPCAP pipeline (Garcia Pérez et al. 2016) from the SDSS
DR13 release (Albareti et al. 2017), and exclude stars likely to be associated with the MW’s thin and thick disks. Ishigaki et al. (2012) measurements have been
converted to a bulk [a/Fe] estimate using equal weighting of the individual [Mg/Fe], [Si/Fe], [Ca/Fe], and [Ti/Fe] measurements. Kirby et al. (2010) MW
measurements were obtained using the same spectral synthesis technique used for the M31 measurements. On average, the abundance distribution of M31 outer halo
stars appears to be more consistent with that of MW halo stars than with the abundance distribution of M31’s kinematically hot inner halo (Section 3).

dispersion of 11.073¢ kms™' (Gilbert et al. 2018). Both
features are comprised of stars with red colors, and are thus
expected to be quite metal-rich. Of the three stars in the And I
field with [«/Fe] estimates, one of the stars is very far removed
in velocity space from either of the tidal debris features in the
And I field. The other two stars, while each less than 2,
removed from the mean velocity of one of the tidal debris
features in the And I field, land in a very different position in
the color—magnitude diagram than that of the stars associated

with the tidal debris in AndI. The stars with [«/Fe]
measurements are significantly bluer, with metallicity estimates
(both [Fe/Hlyhot and [Fe/Hlsyna) significantly lower than that
expected for stars in the tidal debris features, based on
[Fe/H]pho estimates as well as [Fe/Hlgyns measurements of the
GSS in other fields (Gilbert et al. 2019b; Escala et al. 2020).
The inner halo sample in Figure 4 is drawn from five fields in
M31’s inner halo, all within 30 kpc in projected distance from
M31’s center and observed with Keck/DEIMOS (Figure 1;
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Escala et al. 2019, 2020; Gilbert et al. 2019b). These fields
contain numerous tidal debris features, including the GSS. The
majority of the measurements in the inner halo (the four fields
published by Escala et al. 2019, 2020) were made from spectra
obtained with the lower-resolution 600 line mm ! (600ZD)
grating (R ~ 2500, A\ ~ 4500-9100 A). The Gilbert et al.
(2019Db) inner halo field measurements were made from spectra
obtained with the same instrumental setup as used for our outer
halo measurements (namely, the 1200 line mm™' grating).
Escala et al. (2020) compare [Fe/H] and [«/Fe] measurements
from a sample of stars observed with both the 1200G and
600ZD gratings; they find that both the [Fe/H] and [«/Fe]
measurements are broadly consistent, with no statistically
significant offsets between the two measurements.

As the outer halo stars with [«/Fe] measurements are
unlikely to be associated with known tidal debris features, the
inner halo sample shown in Figure 4 includes only stars with a
high probability of belonging to the underlying, dynamically
hot halo component (Phao = 0.8). The value of Py, is
computed using the best-fit model of the velocity distribution
of M31 stars in the field (Gilbert et al. 2019b; Escala et al.
2020). The outer halo points shown in Figure 4 span a range of
projected distance from M31’s center of 45—150 kpc, while the
inner halo stars span a range of 12-26 kpc. Four of the five
inner halo fields are drawn from on or near M31’s southeast
minor axis or the Giant Stellar Stream (to the southwest of the
minor axis fields). The exception is the disk field, which is
located near M31°s northeast major axis, at 26 kpc.

The inner and outer halo star samples span a similar range of
[a/Fe] values. To compare the mean (or median) [a/Fe] of the
inner and outer halo samples, we account for the sampling
uncertainty due to limited sample sizes using bootstrap
resampling of the data. For each draw, d, a mean (or median),
([e/Fel)q, was calculated using a random sampling (with
replacement) of the available measurements. For each mea-
surement i to be used in a given draw, the [«/Fe]; value used in
computing ([«/Fe]); was drawn from a Gaussian distribution
with mean and dispersion given by the [«/Fe] measurement
and its associated uncertainty for star i. We report as ([a/Fe])
the mean of the {[«/Fe]), values, with the uncertainty given by
the standard deviation of the {[«/Fe]), values, calculated using
10* draws.

Using this process, we find mean [«/Fe] values of
([o/Fe]l) =0.45 £ 0.09 dex for the kinematically hot inner
halo sample,'' and 0.30 & 0.16 for the outer halo points
(0.33 £ 0.17 if only stars beyond 70 kpc in projected distance
from M31’s center are considered). Thus, while the outer halo
stars are, on average, less a-enhanced than the inner halo stars,
the ([«/Fe]) of the current inner and outer M31 halo samples
are formally consistent with each other. This remains true
when restricting the inner halo sample to stars within the same
range of [Fe/H]snn as observed in the outer halo sample: for
inner halo stars with [Fe/Hlgynn < —1.1, ([o/Fe]) = 0.47 £
0.13 dex.

Figure 5 shows the distribution of [« /Fe] versus [Fe,/Hlsynen
abundances of the M31 outer halo stars compared to the
abundance distributions of five M31 dSphs based on deep
spectroscopic observations (Kirby et al. 2020). The dSphs in

' This value is fully consistent with the ([«/Fe]) computed without imposing
a Phalo cut on the inner halo sample. If the mean [«/Fe] is computed from the
full inner halo star sample, weighting each star by Prao, as well as the
uncertainty in its [a/Fe] measurement, {[a/Fe]) = 0.44 dex.

Gilbert et al.

Figure 5 span a range of estimated stellar mass of
(0.12-16) x 10° M, assuming the luminosity estimates com-
puted by Tollerud et al. (2012) and the stellar mass-to-light
ratios compiled by Woo et al. (2008), as described in Kirby
et al. (2020). In contrast to the inner halo of M31 (Gilbert et al.
2019b; Escala et al. 2020), the current M31 outer halo sample
is fully consistent with the range of [Fe/ HJsynin abundances, as
well as the trend of [«/Fe] as a function of [Fe/H]Symh,
measured in the largest of these five M31 dSphs (e.g., And I
and And VII). This may indicate that M31’s outer halo was
built from progenitors with stellar masses and star formation
histories similar to those of And I and And VII, although a
larger sample of M31 outer halo star abundances, including
stars from fields not associated with M31 dSphs, is necessary to
draw any firm and quantitative conclusions.

Figure 6 compares the [a/Fe] and [Fe/H] abundances of
stars in M31’s dynamically hot inner and outer halo with
measurements of stars in the MW. The Hayes et al. (2018) low-
metallicity MW sample is drawn from Apache Point Observa-
tory Galactic Evolution Experiment (APOGEE; Majewski et al.
2017) data (R ~ 22,500) presented in the Sloan Digital Sky
Survey (SDSS-III; Eisenstein et al. 2011) Data Release 13
(DR13; Albareti et al. 2017). The Hayes et al. MW sample
excludes stars likely associated with the MW’s thin and thick
disks, although Hayes et al. argue that a portion of the high
[a/Fe] stars may have their origin in, or share a formation
history with, the thick disk. The Kirby et al. (2010) MW halo
star measurements were derived from observations obtained
with Keck/DEIMOS, in the same configuration as for the M31
outer halo measurements and using an earlier version of the
same abundance measurement routines. The Ishigaki et al.
(2012) measurements were derived from high-resolution spectra
(R ~ 50,000 or R ~ 90,000) obtained with the High Dispersion
Spectrograph on the Subaru Telescope, using an LTE abundance
analysis to measure the abundances of individual a-elements. The
Ishigaki et al. (2012) sample consists of nearby stars (within 2 kpc
of the Sun) with kinematics consistent with belonging to the
stellar halo of the MW.

Stars in the dynamically hot component of M31’s inner
halo appear to be, on average, significantly a-enhanced compared
to the MW halo stars, specifically for stars with —1.8 <
[Fe/Hlgynm < —1.0. The M31 inner halo sample also extends
to larger [Fe/H] values than does the MW halo sample of
Ishigaki et al. (2012). The five M31 inner halo stars with
[Fe/ Hlgnin S —1.8 appear to have a-enhancement similar to that
of the stars in the MW sample.

In contrast, the [a/Fe] abundances of stars in M31’s outer
halo appear more broadly consistent with the abundances of
MW halo stars. The M31 outer halo stars span a range of
[Fe/H] similar to that of the MW halo stars. The M31 outer
halo stars are also more consistent, on average, with the [«/Fe]
abundances of the MW halo sample, with a smaller fraction of
stars with high [«/Fe] measurements than found in M31’s
inner halo. This may indicate that the abundances of stars in
M31’s outer stellar halo are more similar to the abundances of
stars in the MW’s halo than to stars in M31’s inner halo. This
would be consistent with other indications that the properties of
M31’s outer stellar halo are fairly similar to the MW’s stellar
halo, while M31’s inner halo is markedly different, e.g., in
terms of surface brightness profile and mean photometric
metallicity (Irwin et al. 2005; Gilbert et al. 2012, 2014; Ibata
et al. 2014). However, a rigorous comparison of MW and M31
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Figure 7. Top: M31 outer halo [Fe/H]s,n measurements (blue histogram)
compared to CMD-based [Fe/ H]phot measurements for all securely identified
M31 halo stars in the SPLASH survey with projected distances from M31 that
place them in the two outer radial bins analyzed by Gilbert et al. (2014). These
two radial bins span the full range of Ry of the M31 outer halo stars with
[Fe/H]synn measurements. The outer halo sample [Fe/H]ny measurements
span a large range of [Fe/H], as is also seen in the [Fe/H]yho sample. Bottom:
Cumulative [Fe/H] distributions for each sample. Also shown are the
[Fe/H]syn distributions of the outer halo stars in bins of Ry, matching those
used by Gl14 (blue dashed and dotted curves). The [Fe/Hlyn outer halo
distributions appear to be, on average, more metal-poor than the [Fe/H]pnot
distributions. However, there are several sources of bias in the samples shown
that preclude a simple inference based on these comparisons (Section 4).

halo abundances will require a larger sample of M31 halo stars,
especially in the outer halo.

4. Comparison of Trends in Spectroscopic and CMD-based
[Fe/H] Distributions

As discussed in Section 1, previous measurements of the
metallicity of stars in M31’s outer stellar halo have largely been
based on [Fe/H]yn, estimates, the most recent being Gilbert
et al. (2014) and Ibata et al. (2014). Such metallicity estimates
are sensitive to the assumed (singular) age and a-enrichment
of the stellar population, and any change in the mean age or

10
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a-enrichment of the stellar population as a function of radius
will affect the accuracy of a metallicity gradient measured from
[Fe/ H]phor abundances (Gilbert et al. 2014, hereafter G14). For
the G14 M31 halo sample, changing the assumed age or [a/Fe]
used in computin% [Fe/H]pho: or adopting alternative stellar
evolution models'” results in systematic offsets on the order
of 0.1-0.2 dex in [Fe/H]yn, for most assumptions, with the
magnitude of the offsets showing mild dependence on [Fe/H]
(G14).

G14 also estimated [Fe/H] from the EW of the Call triplet
absorption feature ([Fe/H]c,r) via the empirical calibration by
Ho et al. (2012), whoich uses the strongest two Ca Il triplet lines
at 8542 and 8662 A. While the [Fe/H]c,r estimates did not
require an assumed age or [a/Fe] abundance, the two
absorption lines on which they were based are frequently
affected by night sky lines at the line-of-sight velocities typical
of M31 halo stars. This, combined with the relatively low S/N
of stars in the G14 sample, led to high uncertainties in the
individual [Fe/H]c,r estimates (on the order of 0.5 dex).
Nevertheless, G14 found reasonable agreement in the means of
the [Fe/H]yhot and [Fe/H]c,r distributions as a function of
Rproj. While both the [Fe/H]pho and [Fe/H]c,r estimates
depend on assuming a line-of-sight distance, assuming a star is
+100 kpc from M31’s distance results in a shift in metallicity
of the same order as the random uncertainties (or of the
systematic uncertainties) for [Fe/H]pno, and significantly less
than the random uncertainties for [Fe/H]c,r (Gilbert et al.
2014). Moreover, since M31’s stellar halo surface brightness
profile is highly concentrated, the magnitude of this effect will
be significantly smaller for the vast majority of halo stars.

Unlike [Fe/H]phot, the [Fe/Hlynn measurements do not
require assuming a single [«/Fe] for the stellar population, and
are relatively insensitive to the assumed age, since log g, which
is largely insensitive to stellar age, is the only stellar parameter
that is held fixed based on the photometric measurements. The
[Fe/Hlynn measurements have also been shown to be
insensitive to the assumed line-of-sight distance over reason-
able ranges for M31’s halo (Vargas et al. 2014b). Moreover,
with mean uncertainties of 0.2 dex, the [Fe/H]nn measure-
ments presented here are more precise than the [Fe/H]car
measurements presented by Gl14. They thus provide an
important independent, direct estimate of [Fe/H] in M31’s
outer halo.

Figure 7 compares the [Fe/H]y distribution of the outer
halo star sample to the [Fe/ Hlphot distributions of M31 halo
stars in two large bins of projected distance from M31 (40-90
and 90-180kpc). These two bins encompass the range of
distances of the M31 outer halo stars with [Fe/ Hlsynin
measurements (43-165 kpc). The [Fe/ Hlphot values are those
published by G14 and were calculated by comparing each
star’s position in the (I, V — I) CMD to the VandenBerg et al.
(2000) stellar evolutionary models, assuming an age of 10 Gyr
and solar [«/Fe]. The outer halo [Fe/H]synn measurements
span a large range of [Fe/H] values, although the distribution is
on average more metal-poor than the G14 [Fe/ H]phot distribu-
tions. The cumulative distributions in the bottom panel of
Figure 7 were constructed using a sum of Gaussians, with

12 G14 computed [Fe/H],,hm using models from the Padova group (Girardi
et al. 2002) and the Yale-Yonsei group (Demarque et al. 2004) in addition to
the nominal VandenBerg et al. (2006) isochrones. We have also computed
[Fe/H]pho for the G14 halo sample using the PARSEC isochrones (Marigo
et al. 2017).
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Figure 8. M31 outer halo spectral synthesis [Fe/ Hlgynn measurements (small blue points) compared to the Gilbert et al. (2014) CMD-based [Fe/ H]phot measurements
for all securely identified M31 halo stars in the SPLASH survey (small gray points). Large cyan points show the mean of the [Fe/H]synn measurements (([Fe/H])syntn)
as a function of projected distance from M31, shown at the mean R, of the stars; the error bars on the abscissa denote the range of R, of the stars contributing to
<[Fe/HJ>5ymh. The ( [Fe/H])Symh values for fields at Ryoj S 26 kpc are computed from the measurements by Escala et al. (2020) and Gilbert et al. (2019b). Large gray
points are the mean [Fe/H]yho of all M31 RGB stars in each Gilbert et al. (2014) field. At a given Ry, the current outer halo [Fe/H]yn measurements show
reasonable agreement with the mean [Fe/H]yho and range of [Fe/H]no values. While the ([Fe /H] )synth Values appear systematically lower than the [Fe/H]yho Sample
as a whole, there are currently large uncertainties in the magnitude of the systematic bias against recovery of red (likely metal-rich) stars in fields at Ry; < 50 kpc, as
indicated by the asymmetric error bars on [Fe/H]synn (Section 4). Nevertheless, the [Fe/H]synp abundances are consistent with previous findings that M31’s halo
becomes increasingly more metal-poor on average with increasing Ry, out to Ry ~ 100 kpc.

means equal to the [Fe/H] measurement and standard deviation
equal to the uncertainty in the [Fe/H] measurement.

There are several subtleties to consider when comparing the
distributions in Figure 7. The first is measurement bias in the
distributions. The [Fe/H]pn distributions have been truncated
to [Fe/ Hlphot = —2.32 dex, corresponding to the most metal-
poor isochrone (VandenBerg et al. 2006). If the outer halo
[Fe/H]ynm values are similarly truncated, the metal-poor end of
the [Fe/ Hlsynn distribution is similar to the 90-180 kpc
[Fe/H]phot bin for [Fe/H] < —1.5dex. We also expect bias
in the [Fe/Hlyns distribution at the metal-rich end. The
innermost outer halo field (field And I) has a significant
population of securely identified M31 halo stars with
(V—1)y 2 2 (Figure 2), where either the typically lower
spectral S/N results in the spectral synthesis measurement
failing to pass all quality criteria, or molecular TiO absorption
bands are strong, necessitating removal of the star from the
sample (Gilbert et al. 2019b; Escala et al. 2020). Thus, we
anticipate that the [Fe/Hlsyn distribution in Figure 7, for stars
with Rp; < 90kpc, includes a significant bias against metal-
rich stars, which we discuss further below.

The second factor affecting the comparisons in Figure 7 is
the radial distribution of the stars included in each [Fe/H]
distribution. Because M31’s halo has been observed to contain
a significant metallicity gradient (Kalirai et al. 2006; Koch
et al. 2008; Gilbert et al. 2014; Ibata et al. 2014), [Fe/H]
distributions covering broad ranges of projected distance from
M31, such as those in Figure 7, will be sensitive to the
distribution of Ry of the stars in the bin.

Thus, it is instructive to look at the [Fe/H] abundances as a
function of projected distance from M31’s center. Figure 8
shows the [Fe/H]pno (G14) and the [Fe/H]gyns abundances of
all M31 halo stars (including substructure) as a function of
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projected distance from M31, as well as the mean [Fe/H]ppo
for each G14 spectroscopic field and means of the [Fe/Hlsynm
sample. To properly account for the small [Fe/H]synn samples,
especially in the outer halo, the mean [Fe/H]yn¢ measurements
shown in Figure 8 were computed in bins of projected distance
using bootstrap resampling of the data points in each bin, as
described in Section 3.

The mean [Fe/H]sym}1 in M31’s outer halo (Rpj > 43 kpc
for our sample) becomes increasingly metal-poor on average
with increasing Rpqj, out to Rpr; ~ 100 kpc, following the
trend previously observed in [Fe/H]yno. The mean [Fe/Hlgynn
of the outer halo fields are consistent with the mean [Fe/H]pnoc
value of the closest spectroscopic field in Ry, with the
exception of field And I at Ry ~ 45 kpc, discussed in more
detail below. Given the limited sampling of the distribution, the
spread of [Fe/H]Sym1 measurements in our outer halo fields
(Rproj = 43 kpc) is also largely consistent with the spread of
[Fe/Hlpho estimates at a given Ry,;. However, in aggregate, the
outer halo ([Fe/H])ynn values appear to be systematically
lower than the mean [Fe/H]phe trend line.

Also shown in Figure 8 are the mean [Fe/ Hlsynn values for
the five inner halo fields (Rpo; < 30 kpc; Gilbert et al. 2019b;
Escala et al. 2020). Three of the inner halo fields (at 12, 17, and
22 kpc) include known substructure in M31, primarily related
to M31’s Giant Stellar Stream; the abundance distributions as a
function of component are discussed in Gilbert et al. (2019b)
and Escala et al. (2020). The inner halo field at 26 kpc is
located in M31’s outer disk; for this field, the mean [Fe/Hlsynm
shown is for M31’s halo component, not for the field as a
whole.

In the inner fields, as many as 30%—40% of the stars with
otherwise successful [Fe/Hlynn measurements were not
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included in the final sample due to the presence of strong TiO
absorption in the stellar spectrum, which is not modeled in the
synthetic spectra. The majority of these stars are red [(g' — i')g
or (V—1) 2 2mag] and are expected to be metal-rich.
Moreover, there is an additional (although smaller) bias due to
a higher rate of successful [Fe/Hl]ynn measurements for
brighter, more metal-poor RGB stars. The asymmetric error
bars on the inner field values indicate the lower uncertainty in
the mean, and the upper uncertainty in the mean plus an
estimate of the potential systematic bias against recovering
[Fe/H]synn for metal-rich stars. The systematic bias estimates
are based on [Fe/HJy, estimates, computed using the
PARSEC isochrones (Marigo et al. 2017), which include the
effects of TiO absorption, for stars with failed or unreliable
[Fe/H]synm, as described in Escala et al. (2020).

The mean [Fe/H]yn of three of the inner fields are fully
consistent with the mean [Fe/H],ho measurements of previous
spectroscopic fields at comparable Rp.;. However, two inner
halo fields (at 12 and 23kpc on the minor axis) have
significantly lower mean [Fe/H]y,g than the corresponding
mean [Fe/ H]phot measurement of either the original, shallow
spectroscopic field, or spectroscopic fields at comparable Rp;o;.
One of these fields (23 kpc) contains no identified tidal debris
features, while the other (12kpc) is located on the SE shelf
feature thought to be an extension of the Giant Stellar Stream
(Fardal et al. 2007; Gilbert et al. 2007).

It is possible that real and significant variation in the mean
[Fe/H] between closely spaced fields in M31’s inner halo is
being revealed by the spectral synthesis measurements.
However, the systematic biases affecting the measurement of
the mean [Fe/H]yyns make it difficult to judge the significance
of the field-by-field [Fe/H]syna differences in the inner halo.

The bias against measuring [Fe/H]yn¢ for metal-rich stars is
less severe in M31’s outer halo. Only the outer halo field at
45 kpc (field And 1) is expected to suffer significantly from a
bias against the measurement of red stars that are expected to
be metal-rich (based on the colors and magnitudes of the stars;
see Figures 2 and 3). Of the outer halo fields, field And I is also
the one that has the largest discrepancy between the mean
[Fe/Hlphor and [Fe/Hlgyum values. Only two stars were
removed from the outer halo [Fe/Hly,n sample due to the
presence of TiO in the spectrum (<10% of the total outer halo
[Fe/ Hlsynn sample), but both were from the And I field,
resulting in the removal of 22% of the stars with successful
[Fe/H]synn measurements in this field. The And I field is also
the only outer halo field that contains a significant population
of likely M31 RGB stars with (V — I)g 2 2, none of which
resulted in [Fe/ Hlsynn measurements passing all quality
criteria. The systematic bias in our mean [Fe/ Hlsynn measure-
ment in this field is estimated to be as large as 0.55 dex.

As discussed in Section 2.2, the And I field is spatially
coincident with M31°s GSS. The GSS comprises 56% =+ 13%
of the halo population in this field (Gilbert et al. 2018).
However, only one of the seven [Fe/Hlynn measurements
(14%) in this field is highly probable to be associated with the
GSS, falling within one o, of the mean velocity of the GSS
(v) = —383.3 km s~!, dispersion ¢, =324 kms~'; see
Table 4 of Gilbert et al. (2018)), while an additional two stars
are both within 20, of the mean velocity of the GSS and in a
CMD region compatible with that of the GSS (Figure 2,
Section 3; Gilbert et al. 2009, 2018). If stars potentially
associated with substructure in this field are removed, the mean
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Figure 9. Comparison of the [Fe/H]sn, measurements with the metallicity
gradient of M31’s stellar halo as measured by Gilbert et al. (2014). The
nominal Gilbert et al. gradient was measured assuming 10 Gyr, [a/Fe] = 0
isochrones (black line). The impact on the metallicity gradient of adopting
alternative assumptions when estimating [Fe/H]po is also shown, as well as
the gradient measured using [Fe/H]c,r estimates derived from the EW of the
Cal triplet absorption feature for a subset of stars with relatively high S/N
spectra (Gilbert et al. 2014). Large gray points show the median [Fe/H]yhor,
assuming 10 Gyr, [«/Fe] = 0 isochrones, of all M31 RGB stars in each
Gilbert et al. (2014) field. Cyan points show the median [Fe/H]synn for our
inner and outer halo fields (Gilbert et al. 2019b, Escala et al. 2020, and this
work). The median [Fe/H]s, measurements are most consistent with the
gradient computed assuming a-enhanced isochrones, as would be expected
given the mean a-enhancement observed in the inner and outer halo stars
(Section 3).

[Fe/Hlphot for this field is reduced from —0.60 + 0.07 to
—0.86 £ 0.25 dex, while the mean [Fe/H]gyun is reduced from
—1.27 £ 0.19 to —1.60 £ 0.11 dex.

Finally, we compare the [Fe/Hlynn outer halo measure-
ments with the halo metallicity gradient measured by Gl14,
which has a magnitude of ~—0.01 dex kpc ™' (with or without
the inclusion of substructure). Figure 9 compares the median
[Fe/Hleynm values in the outer halo with the nominal metallicity
gradient for M31’s stellar halo (including substructure), as well
as gradients measured using alternate assumptions (G14). Also
shown in Figure 9 are the median [Fe/H]sn abundances for
fields in M31’s inner halo (Escala et al. 2019, 2020; Gilbert
et al. 2019b). All median [Fe/ Hlsynn measurements, including
those in the inner halo fields, were computed using bootstrap
resampling as described in Section 3. All M31 halo stars,
whether or not they are associated with tidal debris features, are
included in the calculation of the median [Fe/H]synw, for
consistency with the analysis by G14.

The G14 metallicity gradients were measured using spectro-
scopic fields ranging from 9 to 90 kpc in projected distance
from M31’s center, and were computed using the median
[Fe/ Hlpho of all M31 halo stars in each field under varying
assumptions of age and a-enhancement, as well as using the
median [Fe/H]c,r. The effect of assuming a different age and
a-enhancement on the measured [Fe/H],ho gradient is clearly
shown in Figure 9. A gradient in mean age or a-enhancement
of the stellar halo population with Ry; could cause the true
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[Fe/H] gradient to be steeper or shallower than that measured
assuming a single age and a-enhancement at all radii.

Consistent with the comparison of the [Fe/H]p and
[Fe/H]synn measurements in Figures 7 and 8, the median
[Fe/H]gynn values are systematically lower than the nominal
gradient. They are most consistent with the gradient measured
assuming a-enhanced isochrones (10 Gyr, [a/Fe] £0.3), as
would be expected given the mean [«/Fe] of the inner and
outer halo samples (0.45 £ 0.09 and 0.30 4 0.16, respec-
tively). However, the median [Fe/Hlna values for the outer
halo fields may be systematically low compared even to the
[Fe/H]pno gradient derived using the a-enhanced isochrones.

Given the intrinsic field-to-field variation observed in the
[Fe/H]pho sample, measurements of [Fe/Hlsny in additional
outer halo fields are needed to confirm that the outer halo
[Fe/H]ynn measurements are indeed systematically lower than
the mean [Fe/H]y,. Moreover, as noted above, there is
significant uncertainty in the magnitude of the systematic bias,
due both to failed [Fe/H]ynn measurements and removal of
stars with TiO absorption in fields at R < 45 kpc. Recovery
of [Fe/Hleynn for a larger fraction of metal-rich stars in the
inner halo fields will also be required before we can confirm
significant intrinsic field-to-field variation in the inner halo as
well as determine whether the slope of the gradient is consistent
between measurements based on [Fe/Hlsnn and [Fe/H]phor
Nevertheless, the current [Fe/ Hlgynn data are consistent with a
metallicity gradient being present in M31’s stellar halo to large
radius.

5. Conclusions

We have presented [Fe/H] and [a/Fe] measurements,
derived from spectral synthesis, for stars in M31’s outer halo
spanning a range of projected distance from M31’s center of
43-165 kpc. Previous to this work, only four M31 outer halo
stars, at projected distances from M31’s center of 70-140 kpc,
had [a/Fe] or [Fe/H]synn abundances (Vargas et al. 2014b).
With our 21 [Fe/Hlynn and 7 [a/Fe] measurements (two of
which overlap the Vargas et al. 2014b sample), we have
increased the sample of M31 outer halo stars with [Fe/H]synn
measurements by a factor of five, and doubled the sample of
M31 outer halo [c/Fe] measurements. The final halo sample of
23 stars with [Fe/H]syng and nine stars with [« /Fe] measure-
ments were drawn from spectroscopic fields targeting seven of
M31’s dSph satellites.

We compared the outer halo star abundances to recent
[Fe/H] and [«/Fe] measurements of stars in five fields in
M31’s inner halo (12 S Ry S 26 kpe; Gilbert et al. 2019b;
Escala et al. 2020), M31’s dwarf satellites (Kirby et al. 2020;
Wojno et al. 2020), and the MW. In contrast to M31’s inner
halo (Escala et al. 2020), the abundances of the M31 outer halo
stars are fully consistent with the range of [«/Fe] versus
[Fe/Hlsynn abundances of stars in M31’s dSph satellites. The
[a/Fe] abundances of stars in M31’s outer halo are also more
similar to the abundances of MW halo stars (as measured by
Kirby et al. 2010; Ishigaki et al. 2012; Hayes et al. 2018) than
are the abundances of stars in M31’s dynamically hot inner
halo. The stars in the outer halo also have [«/Fe] patterns that
are consistent with the largest of M31’s dSph satellites (And I
and And VII). A more rigorous comparison of the abundances
of stars in M31’s outer halo with M31’s inner halo, dwarf
satellites, and the MW’s halo will require a larger sample of
outer halo abundances.
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We also compared the [Fe/H]synn measurements of M31
halo stars to previous CMD-based [Fe/H]yho estimates for a
large sample of M31 halo stars drawn from 38 spectroscopic
fields (9 S Rproj S 175 kpe; Gilbert et al. 2014). The 23 stars
with [Fe/ H]synt measurements are broadly consistent with both
the range and mean of [Fe/H]phot measurements for stars at
similar radii in M31’s outer halo. When the mean [Fe/Hlynm
measurements of stars in M31’s inner halo are considered, the
[Fe/Hlsynn measurements appear to be largely consistent with
the metallicity gradient measured from [Fe/H]ppno, albeit with
indications of a lower normalization. However, a robust
measurement of the metallicity gradient in M31’s stellar halo
based on [Fe/Hlynm, as well as a determination of the
significance level of field-to-field variation in ([Fe/H])synn in
M31’s stellar halo, will require both larger sample sizes and the
recovery of [Fe/H]synn for stars with strong TiO absorption.

The low yield of M31 halo stars at projected distances of
240 kpc per observation with current multi-object spectro-
graphs precludes significant near-term progress in measuring
[a/Fe] for a large sample of M31 outer halo stars. The current
sample is based on observations totaling approximately 45 hr
of exposure time with Keck/DEIMOS. A similar amount of
time spent on dedicated halo masks at these projected distances
would produce approximately a factor of two improvement in
the number of M31 outer halo stars with [Fe /H]synn and [a/Fe]
measurements, since we have found that the yield of M31 halo
stars per slitmask is typically comparable in slitmasks targeting
dSph and halo fields at large distances (Table 1 of Gilbert et al.
2012). A promising avenue for near-term progress is utilizing
the archive of existing Keck/DEIMOS spectroscopic observa-
tions to measure mean [Fe/H]syns and [a/Fe] from coadded
spectra (Wojno et al. 2020) from a large number of spectro-
scopic fields. Longer-term, wide-field (21 square degree),
highly multiplexed (several thousand targets), multi-object
spectroscopic facilities on 28 m class telescopes have the
potential to revolutionize the study of chemical abundances in
M31’s outer halo (e.g., Takada et al. 2014; McConnachie et al.
2016; Gilbert et al. 2019a; The MSE Science Team et al. 2019).
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