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ABSTRACT

We present [Fe/H] and [α/Fe] abundances, derived using spectral synthesis techniques, for stars in

M31’s outer stellar halo. The 21 [Fe/H] measurements and 7 [α/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 [α/Fe] measurements in M31’s outer halo with [α/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 [α/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 [α/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.

Keywords: galaxies: halo — galaxies: individual (M31) — techniques: spectroscopic

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 &

Corresponding author: Karoline M. Gilbert

kgilbert@stsci.edu

∗ The data presented herein were obtained at the W.M. Keck
Observatory, which is operated as a scientific partnership among
the California Institute of Technology, the University of California,
and the National Aeronautics and Space Administration. The
Observatory was made possible by the generous financial support
of the W.M. Keck Foundation.
† Hubble Fellow.

Carnegie-Princeton Fellow.

Bell 2018a,b) or progenitors (Monachesi et al. 2019),

with the implication that a relatively simple measure-

ment can provide meaningful observational constraints

on the most significant merger event in a galaxy’s his-

tory. 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 stel-

lar halo, as well as the timescales over which these accre-

tion events occurred. The abundances of α-elements (O,

Ne, Mg, 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
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nature of the progenitor as well as the time of its ac-

cretion 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]phot), which generally re-

quires assuming a fixed age, distance, and [α/Fe] abun-

dance 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 indi-

cates M31’s stellar halo likely had a dominant progenitor

(or progenitors) more massive than the typical dominant

progenitors of MW- and M31-mass galaxies.

M31’s halo exhibits a significant gradient in metallic-

ity as a function of radius, with the mean metallicity

of the halo decreasing by ∼ 1 dex over ∼ 100 kpc, as

shown in global analyses of M31’s halo using spectro-

scopic (Gilbert et al. 2014) and photometric (Ibata et al.

2014) datasets (see Gilbert et al. (2014) for a review

of earlier work). However, each study assumed both a

single age and [α/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 de-

rived [Fe/H] distributions in M31’s halo are likely to dif-

fer from the true [Fe/H] distribution, with different age

or [α/Fe] assumptions affecting the [Fe/H] estimates by

. ±0.2 dex (Gilbert et al. 2014). If a gradient in mean

age or [α/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 Ca ii triplet absorption

feature provides an independent estimate of [Fe/H]

([Fe/H]CaT) for comparison to [Fe/H]phot (e.g., Arman-

droff & Da Costa 1991; Battaglia et al. 2008; Starken-

burg et al. 2010; Da Costa 2016). However, estimates

of [Fe/H] based on Ca ii 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 measur-

ing 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] esti-

mates in M31’s halo, although [Fe/H]CaT 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 Ca ii triplet

absorption feature. Still, the Ca ii triplet is able to pro-

vide only an estimate of metallicity, not an abundance

ratio like [α/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

[α/Fe] abundances. Unlike the photometric and Ca ii

triplet-based techniques, the spectral synthesis tech-

nique enables measurements of both [Fe/H] and [α/Fe],

using regions of the spectrum sensitive to the presence

of [Fe/H] and α-elements. These measurements provide

insight into the timescales and efficiency of star forma-

tion in the progenitors of M31’s outer halo. Moreover,

robustly determining both the mean [Fe/H] and [α/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

[α/Fe] for stars in M31’s inner halo (Escala et al. 2019).

We have measured [α/Fe] as a function of [Fe/H] for

inner halo fields targeting tidal debris features as well

as relatively smooth halo fields without identified sub-

structure. The [α/Fe] and [Fe/H] abundances provide

strong evidence that the progenitors of both the kine-

matically hot inner halo and M31’s giant stellar stream

had significantly different timescales and efficiencies of

star formation than those of M31’s surviving dSph satel-

lites (Gilbert et al. 2019b; Escala et al. 2020), indicat-

ing M31’s inner halo was built primarily from galaxies

more massive than M31’s surviving dSph satellites. We

have also significantly increased the sample of [α/Fe] and
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[Fe/H] measurements in M31’s dSph satellites, finding

that the trends of [α/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 [α/Fe] measurements for several of M31’s lower-

mass satellites (Wojno et al. 2020).

The above studies present significant progress in our

understanding of the chemical evolution of the progen-

itors of M31’s stellar halo and dSph satellites. How-

ever, the low density of M31’s outer halo makes com-

piling a sample of M31 outer halo stars with [Fe/H]

and [α/Fe] abundances derived from spectral synthesis

techniques challenging. Vargas et al. (2014b) presented

the first—and to date, only—measurements of [α/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 α-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 [α/Fe] and [Fe/H] measurements

derived using spectral synthesis techniques. We present

[α/Fe] measurements for seven stars, and [Fe/H] mea-

surements for 21 stars, in M31’s outer halo. Two of the

stars, both with [α/Fe] measurements, were also mea-

sured in the Vargas et al. (2014b) sample. Section 2 de-

scribes the spectroscopic datasets from which the M31

outer halo sample is drawn, the method for measuring

[α/Fe] and [Fe/H], the quality criteria applied to deter-

mine 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 [α/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. Sec-

tion 4 presents the [Fe/H] distribution of M31 outer halo

stars, and compares the [Fe/H] abundance distributions

derived from spectral synthesis with those derived from

photometry. Section 5 summarizes our conclusions.

All quoted distances in kpc from M31’s center re-

fer to the projected distance in the sky tangent plane

(Rproj), assuming a distance modulus of 24m.47 to M31

(Stanek & Garnavich 1998; McConnachie et al. 2005).

This allows direct comparisons with earlier literature re-

sults. However, we note that this distance is slightly

greater than the more recent distance modulus estimate

of 24m.38 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 Rproj.

2. M31 OUTER HALO SAMPLE SELECTION AND

ABUNDANCE MEASUREMENTS

2.1. Spectroscopic Data Sets

The abundance measurements are derived from spec-

tra obtained with the DEIMOS spectrograph (Faber

et al. 2003) on 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−1 (1200G) grating (R ∼ 6000,

λλ ∼ 6300− 9100 Å). The spectra of the targeted dSph

members were analyzed by Kirby et al. (2020) and Wo-

jno et al. (2020). The deep M31 observations, with to-

tal exposure times of approximately 6 hours per mask

(slitmasks “and1a”, “and3a”, “and5b”), are described

by Kirby et al. (2020). The shallow observations, with

typical total exposure times of approximately 1 hour 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 spec1d 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 ve-

locity, surface gravity-sensitive narrowband imaging, po-

sition in the color-magnitude diagram, measurement of

a surface gravity-sensitive absorption feature (Na i), and

a comparison of photometric ([Fe/H]phot) and spectro-

scopic ([Fe/H]CaT) metallicity estimates. 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 iden-

tified M31 outer halo stars are not significantly contam-

inated by misidentified MW stars.

All of the outer halo fields considered here targeted

dSphs in M31’s outer halo. Thus, M31 halo stars must
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PAndAS Starcount Map  
(McConnachie et al. 2018)
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And III
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And XIII

And XIV

And XV

M33

Figure 1. Locations of spectroscopic fields with spec-
tral synthesis–based abundance measurements that are dis-
cussed in this work. Fields containing M31 halo stars with
[Fe/H]synth or [α/Fe] measurements made in the course of our
M31 abundance survey are labeled in cyan. Fields with M31
halo stars with [Fe/H]synth or [α/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 (Sec-
tions 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 mem-
bers 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]phot < −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).

also be distinguished from probable dSph members (Fig-

ures 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 esti-

mates 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 pho-

tometric metallicity estimates ([Fe/H]phot, e.g., Gilbert

et al. 2009, 2012). We update the halo star classifica-

tions in this work using more recent estimates of the

mean velocity and velocity dispersion (〈v〉 and σv, re-

spectively; Tollerud et al. 2012) and the half-light ra-

dius (Martin et al. 2016) for each dSph. Stars are con-

sidered M31 halo stars if they are securely classified as

RGB stars by the diagnostic method of Gilbert et al.

(2006), and are more than 4σv 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 σv than found in pre-

vious studies—or more recently, by Kirby et al. (2020).

The Tollerud et al. (2012) σv estimates thus provide a

conservative choice for halo star selection.

The only exception to the criteria listed above is ap-

plied in the And I field. This field is located on M31’s

Giant Stellar Stream (GSS) and has been shown to in-

clude 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]phot vs.

heliocentric velocity space at [Fe/H]phot & −1.0. Fol-

lowing Gilbert et al. (2009), RGB stars in the And I

field with [Fe/H]phot>−0.95 were classified as M31 halo

stars, rather than dSph members, regardless of their ve-

locity or projected distance from the center of And I.

The above selection criteria make no distinction be-

tween halo stars recently accreted into M31’s stellar halo

and those that were accreted at earlier times. In partic-

ular, the selection criteria explicitly include both stars in

known tidal debris features (in the And I field) and po-

tential 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 signifi-

cant fraction of the M31 halo stars are in fact extratidal

stars recently stripped from a surviving M31 dSph, and

if M31s outer stellar halo was built from dwarf galaxies

with masses or star formation histories that are signifi-

cantly different from those of these existing dwarf satel-

lites, the properties of the current outer halo sample may

not be representative of M31s outer halo as a whole.

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

Measurements of [Fe/H] and [α/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 (Teff), [Fe/H], and [α/Fe]. This technique

enables elemental abundances to be measured from rel-

atively 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.
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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]phot (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]synth measurements that pass all quality criteria are shown by the large
purple stars, while stars with [α/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, [α/Fe]= 0, a distance modulus of 24.m47, 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).

An initial continuum normalization via polynomial fit-

ting 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 pa-

rameters 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 itera-

tive process. We first fit for initial estimates of Teff and

[Fe/H], and then held these values constant while com-

puting the bulk [α/Fe] abundance (from spectral regions

sensitive to Mg, Si, Ca, and Ti). We next refined the
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Figure 3. Same as Figure 2 for fields And V, And XIV and And XV.
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continuum normalization by dividing the observed spec-

trum by the best-fit synthetic spectrum. These steps

were then iterated until convergence of the continuum

normalization, as well as the Teff , [Fe/H] and [α/Fe]

values, was achieved. Random uncertainties were esti-

mated from the diagonal elements of the covariance ma-

trix, and added in quadrature to the systematic uncer-

tainty in [Fe/H] and [α/Fe] (σsys = 0.101 and 0.084, re-

spectively, 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. Wo-

jno et al. (2020) use the Python implementation (Es-

cala 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 re-

turn results consistent within the estimated uncertain-

ties (Wojno et al. 2020).

In this analysis, we consider only measurements pass-

ing the following quality criteria. In addition to conver-

gence, well-constrained minima in the Teff and [Fe/H]

χ2 contours are required for [Fe/H] measurements, and

additionally in the [α/Fe] χ2 contours for [α/Fe] mea-

surements. We regard the parameter as well-constrained

if the χ2 contours extend smoothly from the minimum

value to at least the ±1σ uncertainty thresholds; by def-

inition, this excludes measurements with a minimum χ2

at the edge of the spectral grid. In addition, only [Fe/H]

and [α/Fe] measurements with uncertainties ≤ 0.4 dex

are included. Finally, any stars showing TiO absorption

features (at λλ ∼ 7050 – 7250 Å) 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 re-

ferred to as [Fe/H]synth, to distinguish them from [Fe/H]

estimates derived via other methods.

The results of applying the M31 halo star sample selec-

tion criteria in conjunction with the abundance quality

criteria are illustrated in Figures 2 and 3. The selec-

tion criteria result in a total of 21 stars with [Fe/H]synth

measurements, in fields ranging from 43 to 165 kpc in

projected distance from M31’s center. Of these, 7 also

have [α/Fe] measurements passing all quality criteria.

Table 1 lists the abundance measurements for each star

in the final sample.
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Vargas et al. 2014b
Inner Halo stars

Figure 4. The distribution of [α/Fe] vs. [Fe/H]synth for the
M31 halo sample (Section 3). Our M31 outer halo stars are
shown as purple points; these 7 measurements double the
existing sample of four stars in M31’s outer halo with [α/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]synth and [α/Fe] measurements for these two stars,
and adjust the [Fe/H]synth 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). The outer halo stars
span a similar range of [α/Fe] as the inner halo stars. While
the mean [α/Fe] of the outer halo sample is lower than that
of the inner halo sample, the means are formally consistent
within one sigma (Section 3).

3. THE [Fe/H] AND [α/Fe] DISTRIBUTION OF

STARS IN M31’S OUTER HALO

Figure 4 displays the [Fe/H]synth and [α/Fe] measure-

ments of the 7 M31 outer halo stars passing all sample

selection (Section 2.2) and measurement quality (Sec-

tion 2.3) criteria, as well as [Fe/H]synth and [α/Fe] mea-

surements of M31 halo stars from the literature.

Of the four M31 outer halo stars with previous [α/Fe]

and [Fe/H]synth measurements (Vargas et al. 2014b,

hereafter V14), two are drawn from fields analyzed

here1. 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]synth between our measure-

ments 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 un-

1 The other two Vargas et al. stars were observed in the And II
and And XIII dSph fields.
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certainties), with standard deviation of 0.32 dex, be-

tween our [Fe/H]synth measurements and those of Var-

gas et al. (2014a), with Vargas et al. being on aver-

age higher. The mean [Fe/H]synth offset was measured

from an overlapping sample of M31 dSph stars, mea-

sured via the same abundance measurement pipelines

as used for the outer halo samples (Appendix A; Kirby

et al. 2020). Kirby et al. found no systematic offset

between their [α/Fe] measurements and those of Vargas

et al. (2014a). The standard deviation of the differ-

ence in [α/Fe] measurements between the two samples

was found to be 0.37 dex, and the measurement uncer-

tainties were found to fully account for the scatter in

[α/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/H]synth found between the

two pipelines, the [Fe/H]synth and [α/Fe] measurements

from the two pipelines are consistent within the ∼ 1σ

measurement uncertainties.

For the remainder of the paper, we use our measure-

ments 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 [α/Fe] values. We adjust the [Fe/H] val-

ues by the mean systematic offset of −0.3 dex discussed

above. In Figures 5 and 6, we also adjust the V14 [α/Fe]

values to remove an empirical correction applied by V14

with the goal of better representing an unweighted av-

erage 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 [α/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 [α/Fe] measure-

ments represents the relatively smooth outer halo of

M31, as it does not contain any stars likely to be asso-

ciated with known tidal debris features. The only field

analyzed in this contribution in which tidal debris fea-

tures have been previously identified is the And I field

(Gilbert et al. 2009), which has two previously identi-

fied tidal debris features: one at −383.3 ± 7.6 km s−1,

with a velocity dispersion (σv) of 32.4+8.7
−6.9 km s−1, which

is the GSS, and a faint feature at −288.7+5.6
−6.1 km s−1,

with a velocity dispersion of 11.0+9.6
−4.5 km s−1 (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 [α/Fe] esti-

mates, 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 2σv re-

moved from the mean velocity of one of the tidal debris

features in the And I field, land in a very different po-

sition in the color-magnitude diagram than that of the

stars associated with the tidal debris in And I. The stars

with [α/Fe] measurements are significantly bluer, with

metallicity estimates (both [Fe/H]phot and [Fe/H]synth)

significantly lower than that expected for stars in the

tidal debris features, based on [Fe/H]phot estimates as

well as [Fe/H]synth 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 pro-

jected distance from M31’s center and observed with

Keck/DEIMOS (Figure 1; 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 pub-

lished by Escala et al. 2019, 2020) were made from spec-

tra obtained with the lower-resolution 600 line mm−1

(600ZD) grating (R ∼ 2500, λλ ∼ 4500 − 9100Å). The

Gilbert et al. (2019b) inner halo field measurements were

made from spectra obtained with the same instrumental

setup as used for our outer halo measurements (namely,

with the 1200 line mm−1 grating). Escala et al. (2020)

compare [Fe/H] and [α/Fe] measurements from a sam-

ple of stars observed with both the 1200G and 600ZD

gratings; they find that both the [Fe/H] and [α/Fe] mea-

surements are broadly consistent, with no statistically

significant offsets between the two measurements.

As the outer halo stars with [α/Fe] measurements are

unlikely to be associated with known tidal debris fea-

tures, the inner halo sample shown in Figure 4 includes

only stars with a high probability of belonging to the un-

derlying, dynamically hot halo component (Phalo ≥ 0.8).

The value of Phalo 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 to 150 kpc, while the

inner halo stars span a range of 12 to 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 simi-

lar range of [α/Fe] values. To compare the mean (or

median) [α/Fe] of the inner and outer halo samples, we

account for the sampling uncertainty due to limited sam-

ple sizes using bootstrap resampling of the data. For

each draw, d, a mean (or median), 〈[α/Fe]〉d, was cal-
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culated using a random sampling (with replacement) of

the available measurements. For each measurement i

to be used in a given draw, the [α/Fe]i value used in

computing 〈[α/Fe]〉d was drawn from a Gaussian distri-

bution with mean and dispersion given by the [α/Fe]

measurement and its associated uncertainty for star i.

We report as 〈[α/Fe]〉 the mean of the 〈[α/Fe]〉d values,

with the uncertainty given by the standard deviation of

the 〈[α/Fe]〉d values, calculated using 104 draws.

Using this process, we find mean [α/Fe] values of

〈[α/Fe]〉= 0.45 ± 0.09 dex for the kinematically hot in-

ner halo sample2, 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 α-

enhanced than the inner halo stars, the 〈[α/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]synth as observed in the outer halo

sample: for inner halo stars with [Fe/H]synth< −1.1,

〈[α/Fe]〉= 0.47± 0.13 dex.

Figure 5 shows the distribution of [α/Fe] vs. [Fe/H]synth

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 Figure 5 span a range of estimated stel-

lar mass of (0.12 – 16)×106M�, assuming the luminos-

ity estimates computed 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/H]synth abundances, as

well as the trend of [α/Fe] as a function of [Fe/H]synth,

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 associ-

ated with M31 dSphs, is necessary to draw any firm and

quantitative conclusions.

Figure 6 compares the [α/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

2 This value is fully consistent with the 〈[α/Fe]〉 computed with-
out imposing a Phalo cut on the inner halo sample. If the mean
[α/Fe] is computed from the full inner halo star sample, weight-
ing each star by Phalo, as well as the uncertainty in its [α/Fe]
measurement, 〈[α/Fe]〉= 0.44 dex.

et al. (2018) low-metallicity MW sample is drawn

from Apache Point Observatory Galactic Evolution

Experiment (APOGEE; Majewski et al. 2017) data

(R ∼ 22, 500) presented in the Sloan Digital Sky Sur-

vey (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 [α/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 de-

rived 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 abun-

dances of individual α-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 α-

enhanced compared to the MW halo stars, specifically

for stars with −1.8 . [Fe/H]synth . −1.0. The M31 in-

ner 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/H]synth. −1.8 appear

to have α-enhancement similar to that of the stars in the

MW sample.

In contrast, the [α/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 [α/Fe] abundances of the MW halo

sample, with a smaller fraction of stars with high [α/Fe]

measurements than found in M31’s inner halo. This may

indicate that the abundances of stars in M31’s outer stel-

lar 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 prop-

erties 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 rigor-

ous comparison of MW and M31 halo abundances will

require a larger sample of M31 halo stars, especially in

the outer halo.
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Figure 5. Comparison of [α/Fe] vs. [Fe/H]synth for M31 dSphs (small, grey 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 [α/Fe] vs. [Fe/H]synth abundances of stars in M31 dSphs (Section 3).

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]phot estimates, the most re-

cent being Gilbert et al. (2014) and Ibata et al. (2014).

Such metallicity estimates are sensitive to the assumed

(singular) age and α-enrichment of the stellar popula-

tion, and any change in the mean age or α-enrichment

of the stellar population as a function of radius will
affect the accuracy of a metallicity gradient measured

from [Fe/H]phot abundances (Gilbert et al. 2014, here-

after G14). For the G14 M31 halo sample, changing

the assumed age or [α/Fe] used in computing [Fe/H]phot

or adopting alternative stellar evolution models3 results

in systematic offsets on the order of 0.1 to 0.2 dex in

[Fe/H]phot 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 Ca ii

triplet absorption feature ([Fe/H]CaT) via the empirical

calibration by Ho et al. (2012), which uses the strongest

3 G14 computed [Fe/H]phot using models from the Padova
group (Girardi et al. 2002) and the Yale-Yonsei group (Demar-
que et al. 2004) in addition to the nominal VandenBerg et al.
(2006) isochrones. We have also computed [Fe/H]phot for the G14
halo sample using the PARSEC isochrones (Marigo et al. 2017).

two Ca ii triplet lines at 8542 and 8662Å. While the

[Fe/H]CaT estimates did not require an assumed age or

[α/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 individ-

ual [Fe/H]CaT estimates (on the order of 0.5 dex). Nev-

ertheless, G14 found reasonable agreement in the means

of the [Fe/H]phot and [Fe/H]CaT distributions as a func-

tion of Rproj. While both the [Fe/H]phot and [Fe/H]CaT

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 ran-

dom uncertainties (or of the systematic uncertainties)

for [Fe/H]phot, and significantly less than the random

uncertainties for [Fe/H]CaT (Gilbert et al. 2014). More-

over, 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/H]synth measurements do

not require assuming a single [α/Fe] for the stellar popu-

lation, 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/H]synth mea-

surements have also been shown to be insensitive to the

assumed line-of-sight distance over reasonable ranges for
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Figure 6. Distribution of [α/Fe] vs. [Fe/H]synth for stars in M31’s inner and outer halo (as described in Figure 5), compared to
several samples of MW halo star abundances. The Hayes et al. (2018) measurements are the bulk [α/Fe] measurements reported
by APOGEE’s ASPCAP pipeline (Garćıa 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. The Ishigaki et al. (2012) measurements have been converted to
a bulk [α/Fe] estimate using equal weighting of the individual [Mg/Fe], [Si/Fe], [Ca/Fe], and [Ti/Fe] measurements. The 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).

M31’s halo (Vargas et al. 2014b). Moreover, with mean

uncertainties of 0.2 dex, the [Fe/H]synth measurements

presented here are more precise than the [Fe/H]CaT mea-

surements presented by G14. They thus provide an im-

portant independent, direct estimate of [Fe/H] in M31’s

outer halo.

Figure 7 compares the [Fe/H]synth distribution of the

outer halo star sample to the [Fe/H]phot distributions of

M31 halo stars in two large bins of projected distance

from M31 (40 – 90 kpc and 90 – 180 kpc). These two

bins encompass the range of distances of the M31 outer

halo stars with [Fe/H]synth measurements (43 – 165 kpc).

The [Fe/H]phot 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. (2006) stel-

lar evolutionary models, assuming an age of 10 Gyr and

solar [α/Fe]. The outer halo [Fe/H]synth measurements

span a large range of [Fe/H] values, although the dis-

tribution is on average more metal-poor than the G14

[Fe/H]phot distributions. The cumulative distributions

in the bottom panel of Figure 7 were constructed us-

ing a sum of Gaussians, with means equal to the [Fe/H]

measurement and standard deviation equal to the un-

certainty in the [Fe/H] measurement.

There are several subtleties to consider when compar-

ing the distributions in Figure 7. The first is measure-

ment bias in the distributions. The [Fe/H]phot distri-

butions have been truncated to [Fe/H]phot≥ −2.32 dex,

corresponding to the most metal-poor isochrone (Van-

denBerg et al. 2006). If the outer halo [Fe/H]synth val-

ues are similarly truncated, the metal-poor end of the

[Fe/H]synth distribution is similar to the 90 – 180 kpc

[Fe/H]phot bin for [Fe/H]. −1.5 dex. We also expect

bias in the [Fe/H]synth distribution at the metal-rich end.

The innermost outer halo field (field And I) has a sig-

nificant population of securely identified M31 halo stars

with (V − I)0 & 2 (Figure 2), where either the typically

lower spectral S/N results in the spectral synthesis mea-

surement 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/H]synth

distribution in Figure 7, for stars with Rproj< 90 kpc,

includes a significant bias against metal-rich stars, which

we discuss further below.

The second factor affecting the comparisons in Fig-

ure 7 is the radial distribution of the stars included

in each [Fe/H] distribution. Because M31’s halo has
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Figure 7. Top: The M31 outer halo [Fe/H]synth measure-
ments (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
Rproj of the M31 outer halo stars with [Fe/H]synth measure-
ments. The outer halo sample [Fe/H]synth measurements
span a large range of [Fe/H], as is also seen in the [Fe/H]phot

sample. Bottom: Cumulative [Fe/H] distributions for each
sample. Also shown are the [Fe/H]synth distributions of the
outer halo stars in bins of Rproj matching those used by
G14 (blue dashed and dotted curves). The [Fe/H]synth outer
halo distributions appear to be, on average, more metal-poor
than the [Fe/H]phot distributions. However, there are several
sources of bias in the samples shown that preclude a simple
inference based on these comparisons (Section 4).

been observed to contain a significant metallicity gradi-

ent (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

Rproj of the stars in the bin.

Thus, it is instructive to look at the [Fe/H] abun-

dances as a function of projected distance from M31’s

center. Figure 8 shows the [Fe/H]phot (G14) and the

[Fe/H]synth abundances of all M31 halo stars (including

substructure) as a function of projected distance from

M31, as well as the mean [Fe/H]phot for each G14 spec-

troscopic field and means of the [Fe/H]synth sample. To

properly account for the small [Fe/H]synth samples, espe-

cially in the outer halo, the mean [Fe/H]synth measure-

ments shown in Figure 8 were computed in bins of pro-

jected distance using bootstrap resampling of the data

points in each bin, as described in Section 3.

The mean [Fe/H]synth in M31’s outer halo (Rproj≥ 43 kpc

for our sample) becomes increasingly metal-poor on av-

erage with increasing Rproj, out to Rproj∼ 100 kpc,

following the trend previously observed in [Fe/H]phot.

The mean [Fe/H]synth of the outer halo fields are con-

sistent with the mean [Fe/H]phot value of the closest

spectroscopic field in Rproj, with the exception of field

And I at Rproj∼ 45 kpc, discussed in more detail be-

low. Given the limited sampling of the distribution, the

spread of [Fe/H]synth measurements in our outer halo

fields (Rproj≥43 kpc) is also largely consistent with

the spread of [Fe/H]phot estimates at a given Rproj.

However, in aggregate, the outer halo 〈[Fe/H]〉synth val-

ues appear to be systematically lower than the mean

[Fe/H]phot trend line.

Also shown in Figure 8 are the mean [Fe/H]synth values

for the five inner halo fields (Rproj< 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/H]synth 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/H]synth measurements were not

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′)0 or (V − I)0 & 2 mag] and are

expected to be metal-rich. Moreover, there is an addi-

tional (although smaller) bias due to a higher rate of

successful [Fe/H]synth measurements for brighter, more
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Figure 8. M31 outer halo spectral synthesis [Fe/H]synth 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]synth measurements (〈[Fe/H]〉synth) as a function of projected distance from M31, shown
at the mean Rproj of the stars; the error bars on the abscissa denote the range of Rproj of the stars contributing to 〈[Fe/H]〉synth.
The 〈[Fe/H]〉synth values for fields at Rproj . 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]phot of all M31 RGB stars in each Gilbert et al. (2014) field. At a given
Rproj, the current outer halo [Fe/H]synth measurements show reasonable agreement with the mean [Fe/H]phot and range of
[Fe/H]phot values. While the 〈[Fe/H]〉synth values appear systematically lower than the [Fe/H]phot 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
Rproj< 50 kpc, as indicated by the asymmetric error bars on [Fe/H]synth (Section 4). Nevertheless, the [Fe/H]synth abundances
are consistent with previous findings that M31’s halo becomes increasingly more metal-poor on average with increasing Rproj,
out to Rproj∼ 100 kpc.

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 re-

covering [Fe/H]synth for metal-rich stars. The system-

atic bias estimates are based on [Fe/H]phot 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]synth, as described

in Escala et al. (2020).

The mean [Fe/H]synth of three of the inner fields are

fully consistent with the mean [Fe/H]phot measurements

of previous spectroscopic fields at comparable Rproj.

However, two inner halo fields (at 12 kpc and 23 kpc on

the minor axis) have significantly lower mean [Fe/H]synth

than the corresponding mean [Fe/H]phot measurement

of either the original, shallow spectroscopic field, or

spectroscopic fields at comparable Rproj. One of these

fields (23 kpc) contains no identified tidal debris fea-

tures, while the other (12 kpc) 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 in-

ner halo is being revealed by the spectral synthesis mea-

surements. However, the systematic biases affecting the

measurement of the mean [Fe/H]synth make it difficult

to judge the significance of the field-by-field [Fe/H]synth

differences in the inner halo.

The bias against measuring [Fe/H]synth for metal-rich

stars is less severe in M31’s outer halo. Only the outer

halo field at 45 kpc (field And I) 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/H]phot

and [Fe/H]synth values. Only two stars were removed

from the outer halo [Fe/H]synth sample due to the pres-

ence of TiO in the spectrum (< 10% of the total outer
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halo [Fe/H]synth sample), but both were from the And I

field, resulting in the removal of 22% of the stars with

successful [Fe/H]synth 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)0 & 2, none of which resulted in [Fe/H]synth mea-

surements passing all quality criteria. The systematic

bias in our mean [Fe/H]synth measurement in this field

is estimated to be as large as 0.55 dex.

As discussed in Section 2.2, the And I field is spa-

tially 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 7 [Fe/H]synth

measurements (14%) in this field is highly probable to

be associated with the GSS, falling within one σv of the

mean velocity of the GSS (〈v〉 = −383.3 km s−1, dis-

persion σv = 32.4 km s−1; see Table 4 of Gilbert et al.

(2018)), while an additional two stars are both within

2σv 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

[Fe/H]phot for this field is reduced from −0.60± 0.07 to

−0.86± 0.25 dex, while the mean [Fe/H]synth is reduced

from −1.27± 0.19 to −1.60± 0.11 dex.

Finally, we compare the [Fe/H]synth outer halo mea-

surements with the halo metallicity gradient measured

by G14, which has a magnitude of ∼ −0.01 dex kpc−1

(with or without the inclusion of substructure). Fig-

ure 9 compares the median [Fe/H]synth 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]synth abun-

dances for fields in M31’s inner halo (Escala et al. 2019,

2020; Gilbert et al. 2019b). All median [Fe/H]synth mea-

surements, 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]synth, for consistency

with the analysis by G14.

The G14 metallicity gradients were measured using

spectroscopic fields ranging from 9 to 90 kpc in projected

distance from M31’s center, and were computed using

the median [Fe/H]phot of all M31 halo stars in each field

under varying assumptions of age and α-enhancement,

as well as using the median [Fe/H]CaT. The effect of as-

suming a different age and α-enhancement on the mea-

sured [Fe/H]phot gradient is clearly shown in Figure 9.

A gradient in mean age or α-enhancement of the stellar

halo population with Rproj could cause the true [Fe/H]
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Figure 9. Comparison of the [Fe/H]synth measure-
ments 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, [α/Fe] = 0
isochrones (black line); the impact on the metallicity gra-
dient of adopting alternative assumptions when estimating
[Fe/H]photis also shown, as well as the gradient measured us-
ing [Fe/H]CaT estimates derived from the EW of the Ca ii
triplet absorption feature for a subset of stars with relatively
high S/N spectra (Gilbert et al. 2014). The large grey points
show the median [Fe/H]phot, assuming 10 Gyr, [α/Fe] = 0
isochrones, of all M31 RGB stars in each Gilbert et al. (2014)
field. Cyan points show the median [Fe/H]synth for our in-
ner and outer halo fields (Gilbert et al. 2019b, Escala et al.
2020, and this work). The median [Fe/H]synth measurements
are most consistent with the gradient computed assuming α-
enhanced isochrones, as would be expected given the mean
α-enhancement observed in the inner and outer halo stars
(Section 3).

gradient to be steeper or shallower than that measured

assuming a single age and α-enhancement at all radii.

Consistent with the comparison of the [Fe/H]phot and

[Fe/H]synth measurements in Figures 7 and 8, the me-

dian [Fe/H]synth values are systematically lower than the

nominal gradient. They are most consistent with the

gradient measured assuming α-enhanced isochrones (10

Gyr, [α/Fe]±0.3), as would be expected given the mean

[α/Fe] of the inner and outer halo samples (0.45± 0.09

and 0.30 ± 0.16, respectively). However, the median

[Fe/H]synth values for the outer halo fields may be sys-

tematically low compared even to the [Fe/H]phot gradi-

ent derived using the α-enhanced isochrones.
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Given the intrinsic field-to-field variation observed in

the [Fe/H]phot sample, measurements of [Fe/H]synth in

additional outer halo fields are needed to confirm that

the outer halo [Fe/H]synth measurements are indeed sys-

tematically lower than the mean [Fe/H]phot. Moreover,

as noted above, there is significant uncertainty in the

magnitude of the systematic bias, due both to failed

[Fe/H]synth measurements and removal of stars with

TiO absorption in fields at Rproj≤45 kpc. Recovery

of [Fe/H]synth 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/H]synth and [Fe/H]phot. Nevertheless, the current

[Fe/H]synth data are consistent with a metallicity gradi-

ent being present in M31’s stellar halo to large radius.

5. CONCLUSIONS

We have presented [Fe/H] and [α/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 to 165 kpc. Previous to this work, only four

M31 outer halo stars, at projected distances from M31’s

center of 70 to 140 kpc, had [α/Fe] or [Fe/H]synth abun-

dances (Vargas et al. 2014b). With our 21 [Fe/H]synth

and 7 [α/Fe] measurements (two of which overlap the

Vargas et al. 2014b sample), we have increased the sam-

ple of M31 outer halo stars with [Fe/H]synth measure-

ments by a factor of five, and doubled the sample of M31

outer halo [α/Fe] measurements. The final halo sample

of 23 stars with [Fe/H]synth and 9 stars with [α/Fe] mea-

surements were drawn from spectroscopic fields target-

ing seven of M31’s dSph satellites.

We compared the outer halo star abundances to recent

[Fe/H] and [α/Fe] measurements of stars in five fields

in M31’s inner halo (12.Rproj . 26 kpc; 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 [α/Fe] vs. [Fe/H]synth abundances of stars in

M31’s dSph satellites. The [α/Fe] abundances of stars

in M31’s outer halo are also more similar to the abun-

dances 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 [α/Fe] pat-

terns that are consistent with the largest of M31’s dSph

satellites (And I and And VII). A more rigorous compar-

ison 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.

We also compared the [Fe/H]synth measurements of

M31 halo stars to previous CMD-based [Fe/H]phot es-

timates for a large sample of M31 halo stars drawn

from 38 spectroscopic fields (9.Rproj . 175 kpc; Gilbert

et al. 2014). The 23 stars with [Fe/H]synth measure-

ments 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/H]synth

measurements of stars in M31’s inner halo are consid-

ered, the [Fe/H]synth measurements appear to be largely

consistent with the metallicity gradient measured from

[Fe/H]phot, albeit with indications of a lower normaliza-

tion. However, a robust measurement of the metallicity

gradient in M31’s stellar halo based on [Fe/H]synth, as

well as a determination of the significance level of field-

to-field variation in 〈[Fe/H]〉synth in M31’s stellar halo,

will require both larger sample sizes and the recovery of

[Fe/H]synth for stars with strong TiO absorption.

The low yield of M31 halo stars at projected distances

of & 40 kpc per observation with current multi-object

spectrographs precludes significant near-term progress

in measuring [α/Fe] for a large sample of M31 outer

halo stars. The current sample is based on observa-

tions totaling approximately 45 hours 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]synth and

[α/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 dis-

tances (Table 1 of Gilbert et al. 2012). A promising

avenue for near-term progress is utilizing the archive

of existing Keck/DEIMOS spectroscopic observations

to measure mean [Fe/H]synth and [α/Fe] from coadded

spectra (Wojno et al. 2020) from a large number of spec-

troscopic fields. Longer-term, wide-field (& 1 square

degree), highly multiplexed (several thousand targets),

multi-object spectroscopic facilities on & 8 m class tele-

scopes 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; The MSE Science

Team et al. 2019; Gilbert et al. 2019a).
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et al. 2018, AJ, 156, 123

Battaglia, G., Irwin, M., Tolstoy, E., et al. 2008, MNRAS,

383, 183

Brown, T. M., Smith, E., Ferguson, H. C., et al. 2006, ApJ,

652, 323

Brown, T. M., Beaton, R., Chiba, M., et al. 2008, ApJL,

685, L121

Bullock, J. S., & Johnston, K. V. 2005, ApJ, 635, 931

Cooper, A. P., Cole, S., Frenk, C. S., et al. 2010, MNRAS,

406, 744

Cooper, M. C., Newman, J. A., Davis, M., Finkbeiner,

D. P., & Gerke, B. F. 2012, Astrophysics Source Code

Library, 3003

Da Costa, G. S. 2016, MNRAS, 455, 199

Demarque, P., Woo, J.-H., Kim, Y.-C., & Yi, S. K. 2004,

ApJS, 155, 667

D’Souza, R., & Bell, E. F. 2018a, MNRAS, 474, 5300

—. 2018b, Nature Astronomy, 2, 737

Eisenstein, D. J., Weinberg, D. H., Agol, E., et al. 2011,

AJ, 142, 72

Escala, I., Gilbert, K. M., Kirby, E. N., et al. 2020, ApJ,

889, 177

4 http://www.astropy.org

Escala, I., Kirby, E. N., Gilbert, K. M., Cunningham,

E. C., & Wojno, J. 2019, ApJ, 878, 42

Faber, S. M., Phillips, A. C., Kibrick, R. I., et al. 2003, in

Presented at the Society of Photo-Optical

Instrumentation Engineers (SPIE) Conference, Vol. 4841,

Instrument Design and Performance for Optical/Infrared

Ground-based Telescopes. Edited by Iye, Masanori;

Moorwood, Alan F. M. Proceedings of the SPIE, Volume

4841, pp. 1657-1669 (2003)., ed. M. Iye & A. F. M.

Moorwood, 1657–1669

Fardal, M. A., Guhathakurta, P., Babul, A., &

McConnachie, A. W. 2007, MNRAS, 380, 15

Font, A. S., Johnston, K. V., Bullock, J. S., & Robertson,

B. E. 2006, ApJ, 646, 886

Font, A. S., McCarthy, I. G., Crain, R. A., et al. 2011,

MNRAS, 416, 2802

Garćıa Pérez, A. E., Allende Prieto, C., Holtzman, J. A.,

et al. 2016, AJ, 151, 144

Gilbert, K., Tollerud, E. J., Anderson, J., et al. 2019a,

BAAS, 51, 540

Gilbert, K. M., Kirby, E. N., Escala, I., et al. 2019b, ApJ,

883, 128

Gilbert, K. M., Guhathakurta, P., Kalirai, J. S., et al. 2006,

ApJ, 652, 1188

Gilbert, K. M., Fardal, M., Kalirai, J. S., et al. 2007, ApJ,

668, 245

Gilbert, K. M., Guhathakurta, P., Kollipara, P., et al. 2009,

ApJ, 705, 1275

Gilbert, K. M., Guhathakurta, P., Beaton, R. L., et al.

2012, ApJ, 760, 76

Gilbert, K. M., Kalirai, J. S., Guhathakurta, P., et al. 2014,

ApJ, 796, 76



Alpha and Iron Abundances in M31’s Outer Halo 17

Gilbert, K. M., Tollerud, E., Beaton, R. L., et al. 2018,

ApJ, 852, 128

Girardi, L., Bertelli, G., Bressan, A., et al. 2002, A&A, 391,

195

Harmsen, B., Monachesi, A., Bell, E. F., et al. 2017,

MNRAS, 466, 1491

Hayes, C. R., Majewski, S. R., Shetrone, M., et al. 2018,

ApJ, 852, 49

Ho, N., Geha, M., Munoz, R. R., et al. 2012, ApJ, 758, 124

Hunter, J. D. 2007, Computing in Science and Engineering,

9, 90

Ibata, R. A., Lewis, G. F., McConnachie, A. W., et al.

2014, ApJ, 780, 128

Irwin, M. J., Ferguson, A. M. N., Ibata, R. A., Lewis,

G. F., & Tanvir, N. R. 2005, ApJL, 628, L105

Ishigaki, M. N., Chiba, M., & Aoki, W. 2012, ApJ, 753, 64

Johnston, K. V., Bullock, J. S., Sharma, S., et al. 2008,

ApJ, 689, 936

Kalirai, J. S., Gilbert, K. M., Guhathakurta, P., et al. 2006,

ApJ, 648, 389

Kirby, E. N. 2011, Publications of the Astronomical Society

of the Pacific, 123, 531

Kirby, E. N., Gilbert, K. M., Escala, I., et al. 2020, AJ,

159, 46

Kirby, E. N., Guhathakurta, P., & Sneden, C. 2008, ApJ,

682, 1217

Kirby, E. N., Xie, J. L., Guo, R., Kovalev, M., &

Bergemann, M. 2018, ApJS, 237, 18

Kirby, E. N., Guhathakurta, P., Simon, J. D., et al. 2010,

ApJS, 191, 352

Kirby, E. N., Guo, M., Zhang, A. J., et al. 2015, ApJ, 801,

125

Koch, A., Rich, R. M., Reitzel, D. B., et al. 2008, ApJ, 689,

958

Majewski, S. R., Schiavon, R. P., Frinchaboy, P. M., et al.

2017, AJ, 154, 94

Marigo, P., Girardi, L., Bressan, A., et al. 2017, ApJ, 835,

77

Martin, N. F., Ibata, R. A., Lewis, G. F., et al. 2016, ApJ,

833, 167

McConnachie, A., Babusiaux, C., Balogh, M., et al. 2016,

arXiv e-prints, arXiv:1606.00043

McConnachie, A. W., Irwin, M. J., Ferguson, A. M. N.,

et al. 2005, MNRAS, 356, 979

McConnachie, A. W., Ibata, R., Martin, N., et al. 2018,

ApJ, 868, 55

Monachesi, A., Bell, E. F., Radburn-Smith, D. J., et al.

2016, MNRAS, 457, 1419
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Table 1. Parameters of M31 Halo Stars with Abundance Measurements.a

Field Object Sky Coordinates Slitmask Rproj
b I0 (V − I)0 Velocity

Name Name RA Dec Name (kpc) (km s−1)

And I 7000728 00:45:17.07 +37:54:36.3 and1a 46.5 21.2 1.1 −303.7

And I 7000611 00:45:18.22 +37:55:59.4 and1a 46.2 21.4 1.3 −156.7

And I 6000883 00:45:19.80 +37:58:28.7 and1a 45.6 21.8 1.9 −373.5

And I 7000018 00:45:24.58 +37:55:30.8 and1a 46.3 22.0 1.4 −436.9

And I 1007290 00:45:46.98 +38:11:28.0 d1 1 42.9 21.8 1.2 −435.2

And I 1007432 00:45:43.67 +38:11:55.7 d1 1 42.8 21.9 1.4 −419.9

And I 2006273 00:46:41.27 +38:03:3.6 d1 2 45.3 20.5 1.3 −439.5

And III 3007800 00:35:29.64 +36:25:02.3 and3a 69.4 22.3 1.2 −411.3

And III 8000203 00:35:12.60 +36:21:07.5 and3a 70.5 22.3 1.0 −432.0

And III 4002365 00:35:30.57 +36:19:15.8 d3 2 70.7 20.6 1.3 −329.0

And III 4002335 00:35:39.72 +36:21:9.3 d3 2 70.1 21.0 1.3 −360.7

And III 3006203 00:35:39.14 +36:24:37.3 d3 2 69.4 21.7 1.3 −288.6

And III 4001981 00:35:30.76 +36:15:31.2 d3 2 71.5 21.9 1.4 −304.6

And III 2001738 00:36:0.41 +36:37:5.4 d3 3 66.3 21.7 1.3 −306.8

And XV 2070 01:15:1.53 +38:05:21.4 d15 1 96.3 21.3 1.1 −303.8

And XV 497 01:14:58.26 +38:00:59.1 d15 2 96.7 21.1 1.1 −408.5

And V 3007277 01:09:56.51 +47:37:49.8 and5b 110.7 21.5 1.5 −213.8

And V 3007616 01:10:02.05 +47:36:25.5 and5b 110.6 22.4 1.1 −268.4

And V 3008720 01:09:54.41 +47:35:18.3 and5b 110.2 20.7 1.4 −221.7

And V 2006635 01:10:6.50 +47:42:41.2 d5 1 111.9 21.3 1.2 −305.9

And XIV 5007496 00:51:28.10 +29:42:10.6 d14 3 164.5 21.2 1.1 −248.4

SN Teff σ(Teff) log g [Fe/H] σ([Fe/H]) [α/Fe] σ([α/Fe])

(Å−1) (K) (K) (dex) (dex) (dex) (dex) (dex)

20.2 4597 50 1.03 −1.44 0.13 0.03 0.36

13.5 4291 33 0.98 −1.74 0.16 0.94 0.4

10.0 3794 21 0.94 −0.37 0.13 ... ...

8.7 4167 34 1.17 −1.23 0.15 ... ...

5.4 4467 53 1.25 −1.73 0.29 ... ...

3.5 4121 42 1.13 −0.86 0.21 ... ...

10.6 4313 10 0.65 −1.51 0.10 −0.24 0.32

9.8 4420 58 1.43 −1.61 0.18 ... ...

7.6 4897 74 1.58 −0.63 0.15 ... ...

15.7 4330 6 0.70 −1.73 0.09 0.24 0.21

12.6 4231 10 0.79 −2.31 0.15 0.13 0.34

5.1 4300 26 1.11 −1.47 0.17 ... ...

5.0 4118 28 1.15 −1.54 0.25 ... ...

4.1 4235 35 1.11 −0.97 0.17 ... ...

11.2 4669 50 1.07 −2.65 0.39 ... ...

14.1 4687 41 1.02 −1.21 0.09 0.10 0.34

15.6 4041 29 0.90 −1.34 0.12 ... ...

8.0 4482 88 1.45 −2.09 0.33 ... ...

30.6 4143 24 0.61 −2.95 0.15 0.98 0.18

8.2 4521 29 1.01 −2.18 0.28 ... ...

6.9 4726 27 1.10 −1.53 0.29 ...0 ...

aMeasurements of [Fe/H] and [α/Fe] included here pass all quality and sample selection criteria discussed in Section 2.

bThe projected distance of the star from the center of M31 in the tangent plane, assuming a distance modulus of 24m.47 (Stanek
& Garnavich 1998; McConnachie et al. 2005).


