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Abstract

AGB Stars in the Disk, Satellites, and Halo of M31

by

Katherine M. Hamren

Asymptotic giant branch (AGB) stars are simultaneously one of the most important

and least well understood phases of stellar evolution. Luminous, red, AGB stars are excellent

tracers of kinematical and morphological structure, and track the presence of intermediate age

populations. In addition, they contribute significantly to the near-infrared flux and gas/dust

budgets of galaxies. As a result, they are essential for studying galaxies in both the local

and distance universe. However, their observable properties depend on complicated physical

processes, including dredge-up, dust production, and stellar pulsations. As a result, they are

difficult to model on both the individual and population-level scales. Homogenous samples

of AGB stars are necessary to calibrate ever improving models. In this thesis I use data from

the Spectroscopic and Photometric Landscape of Andromeda’s Stellar Halo survey to identify

and characterize clean, homogenous samples of carbon- and oxygen-rich AGB stars (carbon

stars and M-stars, respectively) in the disk, satellites and halo of the Andromeda galaxy (M31).

Using these stars, I constrain the ratio (C/M) of carbon- to oxygen-rich in fields throughout

the M31 system, compare the AGB stars to their observationally similar contaminants (extrin-

sic carbon stars and oxygen-rich red giant branch stars), and discuss major physical properties

(color, temperature, metallicity, dust production, and variability).

x



Let’s think the unthinkable, let’s do the undoable. Let us prepare to grapple with the

ineffable itself, and see if we may not eff it after all.

−Douglas Adams−
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Chapter 1

Introduction

The asymptotic giant branch (AGB) is simultaneously one of the most important and

one of the most uncertain phases of stellar evolution. Despite playing a major role in the in-

tegrated light of galaxies, the production of gas and dust, and the chemical enrichment of the

interstellar medium (ISM), neither the interior physical processes nor the population properties

of AGB stars are completely understood.

1.1 The physics of AGB stars

The asymptotic giant branch (AGB) is the final evolutionary stage for low to interme-

diate mass (0.8 < M� < 8) stars. It can be described as two phases, the early (E-AGB) phase

followed by the thermally pulsating (TP-AGB) phase. They begin once a star on the red giant

branch (RGB) has exhausted the He in its core.

The E-AGB phase begins with He-burning in a shell around the inert CO core and an

outer H-burning shell. The He-burning causes the He-rich intershell region to expand, which

1



lowers the temperature of the H-burning shell until it is extinguished. At this point, the ‘double

mirror’ effect caused by two concentric shells disappears, and the entire stellar envelope ex-

pands. In stars with M > 4M�, the outer convective envelope can extend below the now inert

H-shell, bringing He-enriched material to the surface. This is known as the second dredge-up

(2DU). In stars of all masses, the He-burning shell continues to expand until the H-burning shell

is reignited. This ends the E-AGB phase.

The TP-AGB stage is characterized by both the H and the He shells burning at uneven

and unstable rates, giving rise to thermal pulses. The H-burning shell adds mass to the intershell

region, which in turn increases the pressure and temperature on the now geometrically thin He-

burning shell. At some critical temperature, the He-burning shell ignites in a flash and a thermal

pulse begins. This release of energy expands the intershell region, extinguishing the H-shell

and mixing the intershell material. Without the H-burning shell to act as a barrier, the outer

convective envelope can penetrate into the intershell region, dredging up the enriched material.

This is referred to as the third dredge-up (3DU), and occurs whether or not there had been

a 2DU event. Eventually (after ∼ 100 years), the H-burning shell re-ignites, and the process

begins again.

This thermal pulse cycle has an important effect on the chemical makeup of the star.

The intershell region is primarily composed of He and 12C , while the outer convective atmo-

sphere contains a great deal of 16O . The 3DU brings 12C to the surface, where it binds with 16O

to form CO. Over successive dredge ups, all free 16O is caught up in CO, and additional 12C

remains free. The star can thus transition from an M-star with C/O< 1 and oxygen absorption

features in its observable spectrum to a carbon star with C/O> 1 and carbon absorption features

2



Figure 1.1: Post-main sequence HR diagram2, annotated with the dredge up events discussed
in the text, as well as the spectral type of the star (G, K, M, S, C) in green. The start of the
TP-AGB phase is marked as a shift from blue to red, and the end of the AGB phase is marked
as a shift from solid to dashed line.

in its observable spectrum. This transition occurs faster for metal-poor stars, in which there is

less oxygen and the 3DU is more efficient (Karakas et al., 2002).

While undergoing 3DU on the TP-AGB phase, these stars also undergo a tremendous

amount of mass loss. The stellar winds that drive this mass loss are believed to occur due

to a combination of dynamic pulsations and radiation pressure on dust that condenses in the

relatively cool stellar atmospheres. TP-AGB stars can lose up to 10−5M� per year (Srinivasan

et al., 2009; Boyer et al., 2011). This means that the lifetime of a TP-AGB star is typically

governed by its mass-loss rate rather than the rate at which the core mass increases (Marigo and

Girardi, 2001).

Figure 1.1 illustrates the effect that the processes outlined above have on the temper-
2Figure from lecture notes written by Dr. Onno Pols, available at http://www.astro.ru.nl/~onnop/

education/stev_utrecht_notes/
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ature and luminosity of a 1M� star. While the precise position on the H-R diagram changes

with mass and metallicity, E-AGB stars are typically found in the same temperature-luminosity

space (or color-magnitude space) as red giant branch (RGB, or in Figure 1.1, FGB) stars. TP-

AGB stars are typically more luminous than the tip of the red giant branch (TRGB). Stars just

beginning the TP-AGB phase and stars experiencing a thermal pulse driven luminosity dip may

be fainter than the TRGB, but contamination of TP-AGB stars in the RGB is modeled to be at

most a few percent (Girardi et al., 2010; Rosenfield and Marigo, 2014), even at low metallicity.

1.2 Observations of AGB Stars in the Local Group

The earliest work on AGB stars in the Local Group relied on prisms, gratings, and

GRISMS to identify carbon stars by their spectra (e.g., Aaronson et al., 1982; Azzopardi et al.,

1985; Azzopardi et al., 1986; Kontizas et al., 2001). These surveys focused on locating carbon

stars, and proving that while they were not seen in globular clusters, they were not uncommon

in satellite galaxies.

The development of the four-band photometry system (FBPS; Richer et al., 1984;

Aaronson et al., 1985; Richer and Crabtree, 1985; Cook et al., 1986) opened up the Local

Group to more efficient AGB surveys. This system employs four filters; two broad-band filters

to establish a color baseline (e.g., V − I, R − I), and two narrow-band filters centered on the

optical CN and TiO bands (8120.5 and 7778.4Å, respectively). CN–TiO color can separate cool

M- and C-stars very efficiently, and so FBPS has been used to identify and differentiate these

stars in many galaxies throughout the Local Group (e.g., Albert et al., 2000; Nowotny et al.,

4



2001; Letarte et al., 2002; Cioni and Habing, 2005; Brewer et al., 1995, and subsequent papers

in these surveys). The authors used the identified AGB populations to compute the ratio (C/M)

of C- to M-type AGB stars, and showed that it correlates with satellite metallicity (Battinelli

and Demers, 2005, and references therein). However, these surveys suffer from two issues. The

first is that the intense mass-loss on the AGB renders many AGB stars invisible in the optical

(Boyer et al., 2009), and the second is that photometric surveys cannot distinguish between

distant M-giants and foreground M-dwarfs.

As observational capabilities in the near to far-infrared increased, observations of

AGB stars shifted into the NIR and MIR. Broad-band JHK photometry (occasionally adding an

optical magnitude) has been used to identify and distinguish between different AGB stars (e.g.,

Cioni and Habing, 2005; Cioni et al., 2006; Davidge, 2005; Groenewegen, 2006; Whitelock

et al., 2006; Sohn et al., 2006; Menzies et al., 2007; Mauron, 2008; Sibbons et al., 2012).

The C/M ratios derived from these surveys allowed the visualization of spatial variations in

metallicity (Cioni, 2009) and a deeper understanding of the carbon star luminosity function

CSLF, and a quantification of the contribution of TP-AGB stars to the integrated NIR light of

galaxies (Melbourne et al., 2012; Melbourne and Boyer, 2013).

The launch of the Spitzer Space Telescope made it possible to observe AGB stars in

the infrared without complication from the Earth’s atmosphere. Thorough surveys have been

conducted of galaxies in the Local Group (Blum et al., 2006; Boyer et al., 2011; Jones et al.,

2015) searching for dust-enshrouded AGB stars. These surveys have identified new types of

AGB stars, including “extreme" stars (x-AGB; Boyer et al., 2011, 2014) likely undergoing a

“superwind" phase, and stars with anomalous abundances (a- or aO-AGB; Boyer et al., 2015).
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These surveys have quantified typical mass-loss rates as a function of composition (C versus

O; Srinivasan et al., 2009; Riebel et al., 2012) and metallicity (Boyer et al., 2012; Sloan et al.,

2012).

In parallel with these primarily photometric surveys, increasing numbers of AGB

spectra have also been obtained. Spectra have constrained carbon isotopic ratios (Abia and

Isern, 1997, 2000; Lebzelter et al., 2008) and peculiar abundances (Brewer et al., 1996), and

several databases now exist (Fluks et al., 1994; Lanï£¡on and Wood, 2000; Chen and Shan,

2012; Zhong et al., 2015) for comparison to ever-improving models.

1.3 Outstanding Questions

Despite this wealth of observations, there are still a number of outstanding questions

that impede our understanding of both the AGB stars themselves and other astronomical sub-

fields that rely heavily on AGB stars (e.g., Maraston, 2005; Conroy, 2013).

There are uncertainties at both the level of individual stars and the level of the AGB

population as a whole. On the small scale, a number of the internal AGB processes are poorly

understood. This includes their lifetimes (Girardi et al., 2010; Rosenfield and Marigo, 2014),

the dependence of the M- to C-star transition on metallicity (Boyer et al., 2013; Karakas, 2014),

the initial-final mass relation (Kalirai et al., 2014), and the details of dust production and mass

loss for C-, M-, and x-AGB stars. On the global scale, the contribution of AGB stars to a

galaxy’s dust budget (Matsuura et al., 2009; Srinivasan et al., 2016) and integrated NIR flux

(Melbourne et al., 2012; Girardi et al., 2013; Salaris et al., 2014) are also not well constrained.
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These uncertainties stem from the fact that these stars are extraordinarily difficult to

model. Even dust-free, hydrostatic models require thorough treatment of complicated opacities

and dredge-up processes (Loidl and Lan, 2001; Aringer et al., 2009; Aringer et al., 2016). As the

models become more realistic, they must take into account deviations from spherical symmetry,

pulsations, dust production, and stellar winds (Nowotny et al., 2011, 2013). Even with all these

processes properly accounted for, the calibration of the TP-AGB models to match a particular

set of observations often does not generalize to other environments (Marigo et al., 2013, and

references therein).

In addition to improved AGB models, large datasets of homogenous observations in

different environments are necessary to tackle some of these questions.

1.4 Why M31?

The M31 system is a perfect laboratory for studying stellar populations. The disk

of M31 is the only Milky Way-like environment that we can observe in its entirety while still

resolving individual stars. It is comparatively metal-rich, with age and metallicity gradients

(Sanders et al., 2012; Gregersen et al., 2015) and a complicated star formation history (Lewis

et al., 2015; Williams et al., 2015). The halo of M31 features remnants of historical accretion

events (Kalirai et al., 2006a; Gilbert et al., 2007, 2009a) on top of the smooth, virialized back-

ground (Guhathakurta et al., 2005; Gilbert et al., 2012). Within the halo there are (as of this

writing) 31 identified satellite galaxies, including dwarf spheroidals (dSphs), dwarf ellipticals

(dEs) and the Local Group’s only compact elliptical (cE). The satellites exhibit a range of sizes,
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metallicities, star formation histories, and miscellaneous quirks.

Recent large-scale surveys have opened up the vast majority of the M31 system to

thorough, uniform analysis. The Spectroscopic and Photometric Landscape of Andromeda’s

Stellar Halo (SPLASH; Guhathakurta et al., 2005, 2006; Gilbert et al., 2006, 2012; Dorman

et al., 2013; Dorman et al., 2015) has obtained optical photometry and moderate-resolution

optical spectra in ∼ 100 fields across the satellites, halo, and disk of M31. SPLASH spec-

troscopy has been obtained using the DEIMOS multi-object spectrograph on the Keck II 10-m

telescope. The disk of M31 has also been imaged by the Panchromatic Hubble Andromeda

Treasury (PHAT; Dalcanton et al., 2012), one of the largest HST programs to date. Combining

these surveys gives us six-filter (UV, optical, and NIR) PHAT photometry of∼ 117 million stars

in the disk of M31, and state-of-the-art spectra and photometry of 25000 stars in the disk, halo,

and satellites.

This represents an unprecedented amount of data on M31, a dataset that allows for a

more comprehensive look at the TP-AGB population than has yet been attempted. Until now,

observational coverage of AGB stars in M31 has been patchy. In the disk, crowding and dis-

tance mean work on the AGB population has been limited to relatively shallow ground-based

surveys (Brewer et al., 1995, 1996; Battinelli and Demers, 2005), Hubble Space Telescope

(HST) pencil beams (Stephens et al., 2003; Boyer et al., 2013), or adaptive-optics assisted ob-

servation (Davidge, 2001, 2005). Work on the satellites has been equally inconsistent. Some

larger, brighter examples have been probed in great detail (for example, the dEs; Nowotny et al.,

2003; Battinelli and Demers, 2004b,a; Jung et al., 2012). Others have been surveyed photomet-

rically (Harbeck et al., 2004, 2005), but conclusions have been hampered by the difficulty in
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distinguishing M31 giants from foreground MW dwarfs. Many dwarfs have only been verified

in the last few years (Tollerud et al., 2013), and so have escaped scrutiny altogether. AGB

observations in the halo have been largely serendipitous (Koch and Rich, 2010).

1.5 Chapter Descriptions

In this thesis, I use spectroscopic and photometric data from the SPLASH survey

to compile and characterize a clean and homogenous samples of C- and M-type AGB stars

throughout the M31 system. Chapters 2 and 3 were originally prepared for submission to astro-

nomical journals. They are presented here in their original format.

1.5.1 The C/M ratio in the disk of M31

In Chapter 2 I explore the ratio (C/M) of carbon-rich to oxygen-rich TP-AGB stars

in the disk of M31 using a combination of moderate-resolution optical spectroscopy from the

SPLASH survey and six-filter Hubble Space Telescope photometry from the PHAT survey. Car-

bon stars were identified spectroscopically by comparison against a suite of MW templates.

Oxygen-rich M-stars were identified using three different photometric definitions designed to

mimic, and thus evaluate, selection techniques common in the literature. I calculate the C/M

ratio as a function of galactocentric radius, present-day gas-phase oxygen abundance, stellar

metallicity, age (via proxy defined as the ratio of TP-AGB stars to red giant branch, RGB,

stars), and mean star formation rate over the last 400 Myr. I find statistically significant cor-

relations between log(C/M) and all parameters. These trends are consistent across different
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M-star selection methods, though the fiducial values change. Of particular note is our observed

relationship between log(C/M) and stellar metallicity, which is fully consistent with the trend

seen across Local Group satellite galaxies. The fact that this trend persists in stellar populations

with very different star formation histories indicates that the C/M ratio is governed by stellar

properties alone.

1.5.2 Carbon stars in the satellites and halo of M31

In Chapter 3 I spectroscopically identify a sample of carbon stars in the satellites

and halo of M31 using moderate-resolution optical spectroscopy from the SPLASH survey. I

present the photometric properties of my sample of 41 stars, including their brightness with

respect to the tip of the red giant branch (TRGB) and their distributions in various color-color

spaces. This analysis reveals a bluer population of carbon stars fainter than the TRGB and

a redder population of carbon stars brighter than the TRGB. I then apply Principal Compo-

nent Analysis (PCA) to determine the sample’s eigenspectra and eigencoefficients. Correlating

the eigencoefficients with various observable properties reveals the spectral features that trace

effective temperature and metallicity. Putting the spectroscopic and photometric information

together, I find the carbon stars in the satellites and halo of M31 to be minimally impacted by

dust and internal dynamics. I also find that while there is evidence to suggest that the sub-TRGB

stars are extrinsic in origin, it is also possible that they are are particularly faint members of the

asymptotic giant branch.
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1.5.3 M-giants in the satellites and halo of M31

In Chapter 4 I spectroscopically identify a sample of M-giants in the satellites and

halo of M31. I develop a random forest to classify spectra in the SPLASH survey as M-type

stars, and then use SPLASH photometry to separate the resulting sample of 533 M-giants into

those on the AGB and those on the RGB. I present the spatial distribution of these stars, and

calculate the C/M ratio in those fields which also harbor carbon stars. The photometric and

spectroscopic properties of the M-giant sample allow me to evaluate the stars’ effective temper-

atures (Teff), variability and mass loss, and metallicity. This analysis highlights uncertainties in

the models and empirical relationships that are often used to characterize cool stars, including

inconsistencies between different determinations of spectral type, and the unreliability of the

CaT in AGB stars or samples that contain AGB stars. I also apply PCA to attempt to identify

spectroscopic methods of distinguishing AGB and RGB stars. PCA analysis reveals that the

major differences between AGB and RGB stars are at the population level, and that while small

differences in spectra are prevalent they are extremely difficult to interpret physically.
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Chapter 2

The C/M Ratio in the Disk of M31

2.1 Introduction

Asymptotic giant branch (AGB) stars are important for understanding galaxies’ in-

tegrated light and resolved stellar populations. They are major contributors of near-infrared

(NIR) flux, contributing ∼ 20% of a galaxy’s NIR light in the local universe, and up to 70% at

high-redshift (Boyer et al., 2011; Melbourne et al., 2012; Conroy, 2013; Melbourne and Boyer,

2013; Villaume et al., 2015). They also remain one of the least understood phases of stel-

lar evolution, with outstanding questions regarding calibration of the thermally-pulsating AGB

(TP-AGB) phase, dredge-up, opacities and mass loss (e.g., Marigo et al., 2013, and references

therein).

AGB stars are broadly characterized by whether their ae.g.,]tmospheres contain ex-

cess carbon or excess oxygen. Stars with free oxygen (C/O < 1) are deemed M-type AGB

stars, or M-stars. These stars undergo the third dredge-up (3DU), which brings newly formed
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carbon and s-process elements to the surface. This pollution alters the atmospheric chemistry,

and causes the star to transition first to S-type (C/O∼ 1) and finally to C-type (C/O > 1). The

C-type stars with free carbon are also known as carbon stars.

Because the transition from M-star to C-star depends on metallicity and stellar mass,

the ratio (C/M) of carbon-rich to oxygen-rich AGB stars is a useful tool for studying the evo-

lution of TP-AGB stars, and the galactic environment in which the stars formed. For example,

C/M ratios obtained for galaxies throughout the Local Group (e.g., Cioni and Habing, 2003;

Battinelli and Demers, 2004b; Cioni et al., 2008; Battinelli and Demers, 2009; Boyer et al.,

2013), have been used to constrain models of AGB stars (Karakas, 2014) and metallicity gradi-

ents of the host galaxies (e.g., Cioni et al., 2008; Feast et al., 2010).

With its complicated star formation history (SFH) and metal-rich environment, M31

is a particularly powerful laboratory for continuing this work. Due to its size and distance,

past work on the AGB population in M31 has been limited to relatively shallow ground-based

surveys (Brewer et al., 1995, 1996; Battinelli and Demers, 2005), Hubble Space Telescope

(HST) pencil beams (Stephens et al., 2003; Boyer et al., 2013), or adaptive-optics assisted

observation (Davidge, 2001, 2005). Fortunately, recent large-scale surveys have opened up the

AGB stars of M31 to the same scrutiny as elsewhere in the Local Group.

In this work, we use data from both the Panchromatic Hubble Andromeda Treasury

(PHAT; Dalcanton et al., 2012) and the Spectroscopic and Photometric Landscape of An-

dromeda’s Stellar Halo (SPLASH; Guhathakurta et al., 2006) surveys. The pairing of HST

photometry and Keck spectroscopy across the disk of M31 allows us to not only distinguish

carbon-rich and oxygen-rich AGB stars, but also to evaluate the C/M ratio as a function of a
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wide variety of parameters. We can, for the first time, self-consistently evaluate the C/M ratio

across a variety of age, metallicity and SFH environments.

Section 2.2 describes our data, including the surveys from which we obtain our spectra

and photometry, and our method of distinguishing between carbon-rich and oxygen-rich AGB

stars. Section 2.3 examines the effect of different possible AGB classifications on the C/M

ratio. Section 2.4 presents the resulting C/M ratios as a function of radius, metallicity, and star

formation history (SFH). Section 2.5 discusses these results and possible biases.

2.2 Data

2.2.1 Photometry

The photometry used in this work is from the PHAT survey, which resolved ∼ 117

million stars in the disk of M31 (Williams et al., 2014). Images were taken with UV (F275W

and F336W ), optical (F475W and F814W ) and NIR (F110W and F160W ) filters, using HST

WFC3/UVIS, ACS/WFC and WFC3/IR, respectively. The photometry was performed using

DOLPHOT (Dolphin, 2002), and “good star" (gst) cuts were made using the signal-to-noise

(S/N), sharpness, and crowding parameters output by the photometry pipeline. For further

details, we refer the reader to Dalcanton et al. (2012) and Williams et al. (2014).

When comparing the C/M ratio to the stellar metallicity in § 2.4.2.2 and the age proxy

in § 2.4.3, we use the single camera ACS photometry (Dalcanton et al., 2012) further corrected

for bias, completeness, and foreground extinction by Gregersen et al. (2015, hereafter G15).

Photometric bias is caused by the effect of unresolved and bright stars in crowded regions,
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which leads stars to appear brighter and with a color closer to the mean color of the region.

Completeness, the fraction of stars observed vs. the number of stars present, has a color depen-

dent effect on the stellar population. While completeness does not impact the magnitude of a

star, it does impact quantities derived from the population (e.g. median metallicity). To correct

for foreground extinction, G15 assume AV = 0.17 mag. For further details on these corrections,

we refer the reader to the original paper.

2.2.2 Spectroscopy

The complete spectroscopic observations are documented elsewhere (e.g., Guhathakurta

et al., 2006; Gilbert et al., 2009a; Dorman et al., 2012; Gilbert et al., 2012; Dorman et al., 2015),

but those specific to the disk are briefly summarized here.

Our spectroscopic targets were selected from optical photometry. The majority (∼

63%) were targeted using HST photometry from PHAT. The rest were targeted using CFHT i′

photometry (discussed in Gilbert et al., 2012). In all cases, stars were selected to be isolated,

without close, bright neighbors (see Dorman et al., 2012, for details).

The disk dataset contains 10,619 optical spectra taken with the DEIMOS spectrograph

(Faber et al., 2003) on the Keck II 10-m telescope. Approximately half (5323) of these spectra

were observed with the 1200 line mm−1 grating, which has a dispersion of 0.33Å pixel−1 and a

central wavelength of 7760Å. The rest (5296) were taken with the 600 line mm−1 grating, which

has a dispersion of 0.65Å pixel−1 and a central wavelength of 7000Å.

The spectra were reduced using the spec2d and spec1d software modified for

the SPLASH survey (Cooper et al., 2012; Newman et al., 2013). The spec2d routine firsts
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Figure 2.1: Distribution of spectral types represented in our suite of high S/N Milky Way tem-
plate spectra. “C" denotes carbon stars.

extracts a one-dimensional spectrum from the two-dimensional spectral data, and the spec1d

routine determines the redshift of this spectrum by cross-correlating with a series of templates.

This cross-correlation also serves to distinguish galaxies and failed observations that returned

no flux.

We refer to these 10619 spectra as our “science spectra," and they have a median S/N

of 3.4 pix−1.

2.2.3 Spectroscopic Templates

To complement the Milky Way spectroscopic templates included in the spec2d

pipeline, we observed a series of Milky Way carbon stars to use as radial velocity and spec-

tral type templates. The stars were selected from the SIMBAD database (Wenger et al., 2000)

based on magnitude, position, and spectral type. Their apparent magnitudes are in the range
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7.74 > V > 6.21 and their spectral types span C5 to C8 based on the Keenan and Morgan

classification scheme (Keenan and Morgan, 1941).

The observations were carried out using the 600 line mm−1 DEIMOS grating centered

at 7000Å and the GG455 filter to block shorter wavelength light. We use the long-slit mask

LVMslits with a 0.8" wide slit. This instrumental configuration provides a wavelength coverage

of 4800-9500Å with a spectral resolution of 0.65Å pixel−1. The raw two-dimensional spectra

were reduced and extracted in the same manner as the science spectra.

Our final suite of spectroscopic templates contains 31 stars with a median S/N of 43

pix−1, significantly higher than our 10619 M31 spectra. The distribution of template spectral

types is shown in Figure 2.1. When referring to these spectra, we will use the term“template

spectra" to distinguish them from the “science spectra."

2.2.4 AGB Identification

We use position on the PHAT color-magnitude diagrams (CMDs) identify stars at

different evolutionary stages. The regions discussed in this section are illustrated in Figure 2.2.

Stars on the red giant branch (RGB) were identified using optical (F475W and F814W )

Padova PARSEC1.2s isochrones (Bressan et al., 2012). The RGB boundaries, and most im-

portantly the tip of the red giant branch (TRGB), were defined using isochrones with −2.1 <

[M/H] < 0.6 and a fiducial age of 10 Gyr. We assumed a foreground reddening of AV =

0.17 mag and a distance to M31 of 776± 18 kpc (Dalcanton et al., 2012). For an example

of the RGB footprint, see Figure 1 of G15. Super giants (SG) were identified as a distinct

branch in F336W − F475W vs. F110W − F160W color-color space. All objects not classi-
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Figure 2.2: Panel (a) shows an optical (F814W vs. F475W − F814W ) CMD of stars in the
SPLASH sample, color-coded by evolutionary stage as determined from the photometry. Main
sequence stars are plotted in blue, super giants in cyan, RGB stars in red, and AGB stars in
pink. We show those stars identified as spectroscopically as carbon stars as yellow stars. Panel
(b) shows the same stars on a NIR (F160W vs. F110W − F160) CMD. Panel (c) shows a
representative DEIMOS spectrum of each of the color-coded populations in the top panels.
Spectra are normalized, smoothed by a Gaussian with σ ∼ 3 pixels, and plotted with a vertical
offset. We also mask the telluric A band at 7600Å.
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fied as SG or RGB were classified based on optical color and magnitude. Those stars with

F475W − F814W < 1.2 are assumed to be main sequence (MS) stars, and those stars brighter

than the TRGB with F475W − F814W > 1.2 are assumed to be AGB stars. These designa-

tions are purely photometric, with no reliance on spectral features. Our spectroscopic sample is

dominated by RGB stars (5680), with 2489 MS stars and 1867 AGB stars. The remaining 583

objects are classified as either SG or PNe.

These designations are such that the bluest AGB stars may be bright supergiants

and/or core helium-burning stars. We cannot distinguish between these objects and early-type

AGB stars photometrically or spectroscopically at our resolution (Melbourne et al., 2012; Dal-

canton et al., 2012). Alternatively, some may be the reddest (and relatively few) Milky Way

stars that are observed at very red colors (Williams et al., 2014). In addition, the distinction

between RGB and AGB stars means our AGB sample is dominated by TP-AGB stars.

2.2.5 Carbon Star Identification

Our primary method of identifying carbon stars compares each science spectrum to

our suite of 31 Milky Way template stars. To compute whether a science spectrum is best fit by

a carbon template or a non-carbon template, we use a simple classification statistic K defined

as:

K = min
(
χ2(θNC)

)
− min

(
χ2(θC)

)
(2.1)

where θNC denotes the suite of non-carbon template stars, and θC is the suite of carbon template
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Figure 2.3: Evaluation of the K-statistic based carbon star identification method. The solid
histograms show the distribution of K values for our degraded templates with S/N> 2. For ease
of visualization, we truncate the x-axis, and note that templates degraded to a relatively high
S/N often have K values beyond these bounds.

stars. K is the difference between the χ2 statistic for the best fitting non-carbon template and

the χ2 statistic for the best fitting carbon template. By this definition, those stars with K > 0 are

likely carbon stars. This metric is loosely based on the ratio of evidence, or Bayes Factor, with

a minimization rather than a sum.

We verify this method by degrading the S/N of each template to mimic the range of

S/N present in our data, and then computing the degraded template’s K value by comparing it

to the remaining 30 templates. This process is repeated until there are ∼ 3000 degraded carbon

templates and ∼ 3000 degraded non-carbon templates. Figure 2.3 shows the distribution of K

for our degradation tests. They indicate that this method is∼ 88% accurate across the full range

of S/N, and ∼ 95% accurate for those stars with S/N ≥ 2 pix−1.

We apply our classification statistic to the 7903 stellar spectra with S/N pix−1 > 2,
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Figure 2.4: The left panel shows the five MW carbon stars used as templates for identification
via K-statistic. The right panel shows five M31 carbon stars chosen to demonstrate a range
of S/N. Spectra are smoothed by a Gaussian with σ ∼ 3 pixels, and the telluric A band at
7600Å is masked. The science spectra are labeled with their S/N pix−1. On both panels we
have labeled the region where C2 is prominent in blue (∼ 6100 − 6600 Å), and the region where
CN is prominent in red ∼ 7900 − 8200Å). These are the features we look for during the visual
inspection that follows any automated carbon star detection method.

and visually inspect the spectra that return K > 0. Specifically, we look for the CN features at

∼ 7900Å and C2 features between 6100 and 6600Å, shown in Figure 2.4 for the five carbon

templates and five randomly chosen carbon science spectra. We find a total of 94 carbon stars.

There are 316 objects whose spectra return K > 0 but upon inspection do not have the carbon

features highlighted in Figure 2.4. This is a higher false-positive rate than our tests predicted,
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because our tests did not simulate the bad sky subtraction or untrustworthy radial velocity mea-

surements common for a multi-slit spectrograph.

Figure 2.5: FBPS Color-color diagram (F475W − F814W vs. synthetic CN−TiO) used to iden-
tify potential carbon stars. The grey shaded region is defined by the bounds F475W −F814W >
2.0 and CN–TiO> 0.3, and represents where carbon stars are likely to lie. Carbon stars identi-
fied by the K classification statistic are plotted as yellow stars, and carbon stars identified using
this FBPS photometry (plus visual inspection of the spectra) are plotted as red stars. All other
stars are plotted as black points.

To catch carbon stars that may have escaped identification by the K-statistic, we run

a separate identification using synthetic narrow-band photometry modeled on the four band

photometry system (FBPS). FBPS has been used extensively throughout the Local Group (e.g.,

Nowotny et al., 2003; Battinelli and Demers, 2004a,b; Wing, 2007; Battinelli and Demers,

2009). FBPS uses broad band color (i.e. R − I, V − I) in conjunction with the color defined

by the narrow band CN and TiO filters (centered at 8120.5Å and 7778.4Å, respectively) to
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separate C- and O-rich AGB stars. It is one of two preferred photometric techniques for this

separation (the other being NIR J and Ks photometry, whose reliability has recently been called

into question; Menzies et al., 2015).

To compute synthetic CN and TiO magnitudes from our spectra, we perform a first-

order flux calibration. We create a transmission curve by dividing our MW template spectrum

of HD52005 with the fully flux-calibrated spectrum of HD52005 from the X-shooter Spectral

Library (Chen et al., 2014), and use this transmission curve to correct the shape of our spectra.

We then weight the spectra by the CFHT/CFH12k CN and TiO throughput curves to generate

synthetic photometry.1 We use F475W − F814W as our broad band color.

Because this method is computationally inexpensive, we run it on all stellar spectra

to catch any carbon stars whose S/N excluded them from the K-statistic method. The resulting

FBPS diagram is shown in Figure 2.5. We define the region of likely carbon stars using the

position of carbon stars identified by the K classification statistic. The bounds are F475W −

F814W > 2.0 and CN–TiO > 0.3, which is fully consistent with the bounds used throughout

the literature. We visually inspect the spectra of each star in the bounded region, and find an

additional 9 carbon stars.

In total, we find 103 carbon stars in our sample of stars in the disk of M31. By

using this combination of two automated-detection techniques plus visual inspection, we are

confident that these 103 stars represent the vast majority of carbon stars in our spectroscopic

sample. Their positions and magnitudes are listed in Table 2.1.

1http://svo2.cab.inta-csic.es/svo/theory/fps3/
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While the majority of these carbon stars lie predictably above the TRGB, four are

found in other areas of the CMD (see Figure 2.2). Three have colors and magnitudes matching

the RGB population, and one lies in the MS. To verify that these stars are members of the

M31 disk rather than foreground MW carbon dwarfs, we compute their line-of-sight (LOS)

velocities. We convert each star’s redshift measurement to a velocity, then apply a telluric A-

band correction and a correction for heliocentric motion on the date the spectrum was obtained

(for further details see Dorman et al., 2012, and references therein). These four carbon stars

have LOS velocities between −85 km/s and −300 km/s, making them likely M31 members.

Their unusual colors and magnitudes are likely due to a mismatch between the SPLASH and

PHAT catalogs.

2.3 Defining M

Our spectroscopic identification gives us an uncontaminated sample of unambiguous

carbon stars. There exists no equivalent spectroscopic selection that can separate M-type TP-

AGB stars from the RGB. And while the C/M ratio has been computed across the Local Group,

there is no standard photometric definition for M-stars. Even within M31, multiple criteria have

been devised to isolate M-stars based on available data. We examine three criteria based on the

work by Boyer et al. (2013, hereafter B13), Brewer et al. (1995, hereafter B95), and Battinelli

and Demers (2005, hereafter BD05). Our goal is not to define a single, “correct" method, but

rather to investigate the differences in results returned by each of these methods.
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2.3.1 Boyer et al. 2013

The first definition of M that we apply to our data is one modified from B13. As

they use WFC3/IR medium-band filters to discriminate between C- and M-type TP-AGB stars,

our dataset is certainly not identical. IR filters are far more sensitive to dust-enshrouded stars

than optical filters, and so the B13 sample will be substantially more complete. However, they

make two major assumptions that we can emulate: TP-AGB stars are brighter than TRGB, and

all AGB stars not classified as C-stars are M-stars. Their definition of the TRGB also comes

from PHAT photometry, so this identification of AGB stars matches our own. If we too take all

non-carbon AGB stars to be M-type, we get a sample of 1605 stars from our original sample of

10619 spectra.

Whenever this particular sample is used, it will be denoted by a red diamond and will

be referred to as the B13 method.

2.3.2 Brewer et al. 1995

B95 is one of the few large-scale AGB surveys of M31. The authors used FBPS in

five regions located along the southern major axis. They define M by the following criteria:

V − I > 1.8, CN−TiO < −0.2, I > 18.5, and Mbol < −3.5 (where Mbol = I + 0.3 + 0.34(V − I) −

0.14(V − I)2 − (m − M)0). They assume a distance modulus of 24.41, adopted from Freedman

and Madore (1990).

To replicate these criteria for our sample, we convert our F475W and F814W mag-

nitudes to V and I. To convert from F814W to I we use the 97 M-giant spectral templates

presented by Fluks et al. (1994). We convolve the Fluks et al. spectra with the HST/ACS
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Figure 2.6: The results of applying the FBPS-based M-giant selection criteria of Brewer et. al
1995 to our spectroscopic sample. The top panel includes all selection criteria; V − I > 1.8,
CN−TiO < −0.2, I > 18.5, and Mbol < −3.5. Mbol = I +0.3+0.34(V − I)−0.14(V − I)2 − (m−M)0.
The bottom panel includes all broad-band color and magnitude cuts but replaces the CN−TiO
with the criterium that a star not be a spectroscopically-identified carbon star. AGB, RGB, and
MS stars (denoted in grays) come from PHAT CMD-based identification. We adopt the cuts in
the top panel for the B95 selection used in the rest of this paper.

F814W bandpass and the CFHT/CFH12k I bandpass. The offset between F814W and I is a

function of color/spectral type. We fit a fourth-order polynomial to this relationship to deter-

mine a conversion function, getting residuals less than 0.002 magnitudes. To derive V − I we
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use the published transformations from Sirianni et al. (2005).

The application of B95 selection criteria is shown in Figure 2.6. When we apply

all selection criteria from B95, our final sample contains 843 M-stars (shown in blue in the

top panel of Fig 2.6). The sample is relatively uncontaminated, with only 2 stars having been

identified by PHAT as RGB stars rather than AGB stars. However, it misses the bluest AGB

stars (F475W − F814W < 3), the brightest AGB stars, and those stars close to the TRGB. The

latter effect grows more pronounced at redder colors, and thus the more metal-rich populations.

If we were to remove the CN−TiO criterium and replace it with the requirement that no star

be a spectroscopically identified carbon star (see § 2.2.5), the sample would increase to 1218

(shown in red in the bottom panel of Fig 2.6), decreasing the resulting C/M ratio. This expands

the sample to include many of the bluer AGB stars left out of the B95 sample.

In the remainder of the paper, we will use the unmodified B95 selection of 843 stars.

Whenever this sample is used it will be denoted by a blue square and will be referred to as the

B95 method.

2.3.3 Battinelli & Demers 2005

A common way to express the C/M ratio in the Local Group is C/M0+; i.e. the M-type

AGB stars counted are those with a spectral type of M0 or later. This spectral-type selection

is often defined photometrically using a color cut (e.g. R − I > 0.9). We can apply a color cut

and determine spectral types from the spectra themselves. However, we must first note that the

PHAT photometric observations and SPLASH spectroscopic observations were taken several

months (or in some cases years) apart. Since a significant fraction of TP-AGB stars are long-
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period variables of sizable amplitude, the measured PHAT colors may not reflect the colors of

the star at the time the spectrum was taken.

Figure 2.7: The results of applying the FBPS-based M-giant selection criteria of Battinelli &
Demers 2005 to our spectroscopic sample. The top panel includes all BD05 selection crite-
ria; R − I > 0.9, CN−TiO < 0, and Mbol < −3.5. Here, Mbol = I + 1.7103 − 2.2968(R − I) +

1.66464(R − I)2 − 0.43399(R − I)3 − (m − M)0. The bottom panel replaces the CN−TiO criteria
with the requirement that a star not be a spectroscopically identified carbon star. AGB, RGB,
and MS stars (denoted in grays) come from PHAT CMD-based identification. We adopt the
cuts in the top panel for the B05 selection used in the rest of this paper.
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BD05 define M0+ to be those stars with R − I > 0.9 and CN–TiO < 0. This broad-

band color criterium matches that used by B95, as R − I = 0.9 corresponds to V − I = 1.8. To

distinguish M-type AGB stars, they use a bolometric magnitude limit of Mbol < −3.5, where

they adopt a slightly different definition of Mbol than B95: Mbol = I + 1.7103 − 2.2968(R − I) +

1.66464(R − I)2 − 0.43399(R − I)3 − (m − M)0. BD05 adopt a distance modulus (m − M)0 = 24.41.

To apply these same criteria we first transform F475W and F814W magnitudes into I (using

the method outlined in the previous section), and then derive R using the transformations by

(Sirianni et al., 2005). The resulting sample is shown in blue in the top panel of Figure 2.7.

It contains only 736 stars, as the sample stops half a magnitude above the TRGB. This sample

also omits the bluest AGB stars, but unlike B95, it does contain the brightest. As with the

B95 criteria, if we were to replace the CN−TiO limit with the requirement that no star be a

spectroscopically identified carbon star the sample would increase to 960 stars (shown in red in

the bottom panel of Fig 2.7), decreasing the resulting C/M ratio. As before, this would extend

the sample in the blue but would have no effect on the proximity of the sample to the TRGB.

Since we have spectra in addition to photometry, we can also spectroscopically de-

termine which stars have a subtype of M0 or later. We use the TiO-based spectral parameters,

S1/2,Sp ,S1/3,Sp , and S2/3,Sp defined in Fluks et al. (1994). These three parameters are calculated

by integrating over the various TiO absorption features, and are monotonic functions of spectral

type. Stars with subtype M0 or later have S1/2,Sp < 0.517,S1/3,Sp < 0.754, and S2/3,Sp < 1.458.

There is no spectroscopic distinction between AGB and RGB stars at this resolution, so we

again apply the bolometric magnitude limit from BD05. This returns a sample of 773 M-stars,

shown in yellow on Figure 2.8. The 736 M-stars identified by the photometric M0+ criteria are
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plotted in red.

The sample of M-stars identified as M0+ by spectroscopic criteria are almost identical

to those identified by the photometric criteria. The top and right panels of Figure 2.8 shows the

marginal distributions of both the spectroscopic and photometric sample in color and magnitude.

The color criteria are slightly less sensitive to fainter and bluer stars (F814W > 18).

In the remainder of the paper, we will use the unmodified BD05 photometric selection

of 736 stars. Whenever this sample is used it will be denoted by a green circle and will be

referred to as the BD05 method.

Figure 2.8: The result of a spectrum-based M-giant selection criterion applied to our sample.
As in Figures 2.7 and 2.6, AGB, RGB, and MS stars are in greys. Yellow crosses represent
those stars with spectral types of M0 or later, as determined by the indices from Fluks et al.
(1994)
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2.4 C/M ratio across M31

The broad range of environments in M31 mean that we can compute the C/M ratio as

a function of a variety of properties. In this section we look at the C/M ratio as a function of

galactocentric radius (Rg, § 2.4.1), metallicity (§ 2.4.2), and SFH (§ 2.4.3) in spatial bins.

We create the spatial bins used throughout this section beginning with equal-area bins

on a flat circle with a radius of 20 kpc (roughly the outer limit of our data). We then incline the

bins to match M31’s inclination of 74◦ (Barmby et al., 2006) and tilt the bins to match M31’s

position angle of 50◦ (determined empirically). The final positions of these bins are shown

along with the positions of our C- and M-stars in Figure 2.9.

2.4.1 As a function of galactocentric radius

Using the bins shown in Figure 2.9, we determine the change in the C/M ratio as a

function of radius. We compute the center radius of each bin by taking the average Rg of all

PHAT stars within that bin. When computing this average, we leave out PHAT “Brick 1." Brick

1 covers the extremely crowded bulge region, extending only∼ 2.7 kpc from the center of M31,

where we have no spectroscopic coverage. Leaving those stars out of our average ensures that

the resulting distances represent the regions in which our AGB stars lie. The resulting C/M

ratios for each of the selection criteria discussed in §2.3 are shown in Figure 2.10.

There is a clear positive trend. A weighted least squares fit to the eight bins along
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Figure 2.9: Positions of all AGB stars in the SPLASH sample (pink points), with carbon stars
(yellow stars), overlaid on a GALEX image of M31. The spatial bins used throughout §2.4.1,
§2.4.2 and §2.4.3 are marked with black lines. Apparent structure in the positions of the AGB
stars is due to the SPLASH selection function, and is not a true physical effect.
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Figure 2.10: Log(C/M) ratio in bins of Rg. The radii are those of the mean stellar distance in
each bin. Red diamonds represent points calculated using the B13-based definition of M, blue
squares represent the B95-based definition of M, and green diamonds represent the BD05-based
definition of M. For ease of visualization, B95 and BD05 points are artificially offset from the
B13 points by 0.2 and -0.2 kpc, respectively. Bins along the major axis are shown as solid points
and bins along the minor axis are shown as transparent points.

major axis bins determines the following gradients:

log(C/MB13) = (0.06±0.016)×Rg−(1.92±0.22) (2.2)

log(C/MB95) = (0.05±0.016)×Rg−(1.56±0.23) (2.3)

log(C/MBD05) = (0.06±0.017)×Rg−(1.53±0.23) (2.4)

This trend is likely to be driven not by the radius itself, but by other quantities that

vary with radius. We consider correlations with these quantities in the following two sections.
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2.4.2 As a function of metallicity

We are in a unique position to compute the C/M ratio as a function of metallicity

calculated using different techniques and for different tracer populations. In this section we

focus on gas-phase metallicity, as determined from HII regions, and on photometrically derived

stellar metallicity.

2.4.2.1 Gas-phase metallicity

We first look at the gas-phase metallicities from Sanders et al. (2012). The authors

measure the oxygen abundance ([O/H]) in HII regions using strong-line diagnostics from Zarit-

sky et al. (1994), Kewley and Dopita (2002), Nagao et al. (2006), and Pilyugin and Thuan

(2005). They find the first three methods very consistent, but note that the method from Pi-

lyugin and Thuan (2005) has a median offset ∼ 5× that of the others. In light of this, when

compiling the data from Sanders et al. (2012) we disregard the measurements from Pilyugin

and Thuan (2005) and take a weighted average of the rest. The positions of the HII regions are

shown with respect to our data in Figure 2.11.

We compute the C/M ratio as a function of gas-phase [O/H] using the bins shown in

Figure 2.9. The [O/H] value for each bin is defined as the [O/H] value of the HII region closest

to the average position of all PHAT stars within the bin. We chose this method rather than

an interpolation because Sanders et al. (2012) find that the [O/H] distribution is quite clumpy.

While there is a global metallicity gradient of −0.0195± 0.0055 dex kpc−1, HII regions even

∼ 2 kpc apart may have dramatically different abundances.

Panel (a) of Figure 2.12 show the resulting relationship between log(C/M) and [O/H].
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Panel (b) shows the same relationship for only those bins along the major axis. There is a neg-

ative gradient, with the C/M ratio decreasing with increasing metallicity. We find the weighted

Figure 2.11: Positions of HII regions (circles) and PNe (triangles) from Sanders et al. 2012,
with respect to our spatial bins (black lines). Points are colored by their oxygen abundance.
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best-fit to the major axis bins to be:

log(C/MB13) = (−0.96±0.28)×[O/H]+ (7.31±2.48) (2.5)

log(C/MB95) = (−0.95±0.29)×[O/H]+(7.53±2.55) (2.6)

log(C/MBD05) = (−0.90±0.29)×[O/H]+(7.10±2.58) (2.7)

HII regions probe the metallicity of present-day star forming regions and young stars,

not the relevant fraction of AGB stars that formed several Gyr ago. As a result, correlations

between [O/H] in HII regions and the C/M ratio tell us more about the metallicity evolution of

the galaxy than the formation and evolution of the AGB stars themselves. An alternative source

of gas-phase oxygen abundances are planetary nebulae (PNe), whose ages are much closer to

those of AGB stars.

Sanders et al. (2012) compute the oxygen abundance of PNe in the disk of M31.

Unfortunately, there are not enough PNe in the vicinity of our data for us to look at the C/M

ratio as a function of their [O/H] measurements (see Figure 2.11). Recent work by Kwitter

et al. (2012) and Balick et al. (2013) compute oxygen abundances for PNe in the outer disk of

M31 (Rg > 18 kpc). Upcoming spectroscopic follow-up of the many PNe in the PHAT footprint

(Veyette et al., 2014) will provide reliable [O/H] measurements against which we can compare

the C/M ratio.
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Figure 2.12: Log(C/M) vs various properties of the M31 disk. In each panel, red diamonds are
calculated using the B13-based definition of M, blue squares represent the B95-based definition
of M, and green diamonds represent the BD05-based definition of M. Panel (a) shows the C/M
ratio vs. approximate [O/H] value at the center of each spatial bin. Panel (b) shows the C/M
ratio vs approximate [O/H] value at the center of bins along the major axis only. Panel (c) shows
the C/M ratio vs. mean photometric metallicity for all bins. Panel (d) shows the C/M ratio vs.
mean photometric metallicity for bins along the major axis only.
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Figure 2.13: Panel (e) shows the C/M ratio vs. our age proxy, NAGB/NRGB, for all spatial bins.
Panel (f) shows the C/M ratio against bins along the major axis only. Panel (g) shows the C/M
ratio vs. the mean SFR over the past 400 Myr for all spatial bins. Panel (h) shows the C/M ratio
against the mean recent SFR for bins along the major axis only.
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2.4.2.2 Stellar metallicity

In addition to a gas-phase metallicity, we can study the C/M ratio as a function of stel-

lar metallicity. We use the photometric metallicity estimates derived for RGB stars in the PHAT

fields by G15. While the photometric metallicity of the RGB population may not exactly match

the metallicity of the AGB population, it is a far better tracer than HII regions. In addition,

we find that the combination of many more stars and more robust models makes photometric

metallicity estimates derived from the RGB stars much more reliable than those we can derive

using the spectra of our AGB stars.

G15 determine stellar metallicities by interpolating bias and completeness corrected

photometry onto Padova PARSEC1.2s isochrones (Bressan et al., 2012), with a fixed age of

4 Gyr and a metallicity range −2.18 < [M/H] < 0.6 (0.0001 < Z < 0.06). To avoid being

heavily biased by very crowded regions, they restrict their interpolation to those stars with

F814W < 23. In the outer regions of the disk this cut corresponds to 100% completeness, while

in innermost regions it marks∼ 50% completeness. Within the spatial bins shown in Figure 2.9,

we compute the mean metallicity of all RGB stars satisfying the aforementioned magnitude and

metallicity criteria. We leave out the metallicities of stars in PHAT Brick 1, where we have no

spectra, so as not to artificially boost the average metallicity of the innermost bins beyond what

is representative of our spectral data.

Figure 2.12, panel (c), shows log(C/M) as a function of mean metallicity for all spatial

bins. Panel (d) shows the relationship for only those bins along the major axis. We see a

statistically significant negative gradient in C/M with photometric metallicity. A weighted best-
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fit to the spatial bins along the major axis returns

log(C/MB13) = (−2.84±0.75)×[M/H]−(1.21±0.06) (2.8)

log(C/MB95) = (−2.63±0.78)×[M/H]−(0.95±0.07) (2.9)

log(C/MBD05) = (−2.71±0.79)×[M/H]−(0.89±0.07) (2.10)

G15 note that the radial metallicity gradient computed from photometric RGB metal-

licities depends on the underlying age distribution, and provide median metallicity measure-

ments for several fiducial ages. To test the dependence of the C/M ratio on age assumptions,

we compute the gradient in log(C/M) with photometric metallicity for fiducial ages of 6 Gyr

and 8 Gyr. For the B13 method, we find slopes of −2.78±0.73 and −2.73±0.72, respectively,

which is perfectly consistent with the slope determined for a fiducial age of 4 Gyr.

In addition to depending on the underlying age distribution, the metallicity determi-

nations from G15 are affected by the choice of isochrones, low level dust extinction throughout

the survey region, and any uncorrected photometric bias and completeness. As a result, the

absolute metallicity measurements have large uncertainties.

2.4.3 As a function of SFH

In addition to being a function of metallicity, the C/M ratio should depend on a

galaxy’s SFH. For a single-burst stellar population, the C/M ratio begins to increase from zero

once turn-off masses reach 3-4 M�. For ages older than a few Gyr, carbon stars are no longer

produced and the C/M ratio falls again to zero. The exact age at which the C/M ratio peaks
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is determined by star formation rate (SFR) and metallicity (Cioni et al., 2006; Marigo et al.,

2013). In a galaxy, this behavior is convolved with the SFH and smoothed. Using PHAT data,

we can evaluate the C/M ratio as a function of population age and SFR.

While the exact ages of the AGB stars in M31 are difficult to compute, we can use

the PHAT data to define a rough proxy. Again, we use the spatial bins shown in Figure 2.9. We

define our proxy to be the number of TP-AGB stars in a given bin divided by the number of

RGB stars (NAGB/NRGB). The value of this quantity as an age proxy relies on the fact that the

mean progenitor mass of TP-AGB stars is larger, and hence younger, than that of RGB stars. A

higher number ratio of TP-AGB stars to RGB stars implies a younger average population.

In order to be sensitive to the relative numbers of AGB and RGB stars independent of

photometric completeness, we set a lower magnitude limit of F814W = 23. We also leave out

the data from PHAT Brick 1, so as not to be biased by the crowded bulge in which we have no

spectra. With the crowded regions inward of Rg ∼ 4 kpc left out, our magnitude limit represents

100% completeness in our bins. We also set a color limit of F475W − F814W ≥ 2 to mitigate

contamination by younger helium burning stars (see § 2.2.4).

A plot of our age proxy as a function of Rg is shown in Figure 2.14. As this verification

does not require SPLASH data, whose smaller numbers limit how small we can bin, Figure 2.14

is made with polar bins created by splitting M31 into 31 equal-area bins rather than the thirteen

shown in Figure 2.9. As expected in the regime of hierarchical galaxy formation, we see that

populations are younger as you move farther out in the disk.

Figure 2.12, panel (e), shows log(C/M) as a function of this age proxy computed in

all spatial bins shown in Figure 2.9 . Panel (f) shows the same for bins along the major axis.
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Figure 2.14: Age proxy (NAGB/NRGB) as a function of Rg in kpc. Error bars represent 1σ Poisson
uncertainties.

The weighted best-fit lines to bins along the major axis are:

log(C/MB13) = (22.5±6.5)× NAGB
NRGB

−(2.46±0.40) (2.11)

log(C/MB95) = (18.8±6.6)× NAGB
NRGB

−(1.98±0.40) (2.12)

log(C/MBD05) = (19.1±6.6)× NAGB
NRGB

−(1.93±0.40) (2.13)

We next look at the C/M ratio as a function of recent SFR, using data from Lewis

et al. (2015, hereafter L15). L15 apply the CMD fitting program MATCH (Dolphin, 2002) to

PHAT data in over 9000 regions in the disk of M31, and compute SFRs and cumulative stellar

mass formation. To minimize the effect of model uncertainties their analysis focuses solely on
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the main sequence, and so probes the SFH of M31 over the last 400 Myr. While this timescale

does not match the period during which the bulk of the AGB stars formed, both models and

observations predict TP-AGB stars in populations as young as 100 Myr (e.g., Frogel et al.,

1990).

We take each of the 9000 regions investigated by L15 and group them by the spatial

bins shown in Figure 2.9 to compute a mean SFR. Log(C/M) as a function of mean recent SFR

is shown in Figure 2.12 for all bins (panel g) and for bins along the major axis (panel h). There is

considerably more scatter in these relationships than we saw for gas-phase oxygen abundance,

stellar metallicity, or age proxy. However a weighted best-fit line to major axis bins indicates a

statistically significant negative correlation.

log(C/MB13) = (−238±95)×SFR−(0.91±0.09) (2.14)

log(C/MB95) = (−229±98)×SFR−(0.67±0.09) (2.15)

log(C/MBD05) = (−241±99)×SFR − (0.59±0.09) (2.16)

2.5 Discussion

2.5.1 The C/M ratio vs. environment

We find statistically significant trends between log(C/M) and each of the five proper-

ties we investigate: Rg, present-day gas-phase [O/H], stellar [M/H], age proxy, and recent SFR.

In each case, the gradient is made clearer by restricting the analysis to the eight spatial bins

along the major axis. This is likely due to the increased uncertainty in the deprojection along
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Table 2.2: Coefficients of Multiple Regression Models

[O/H] [M/H] NAGB/NRGB SFR R

Model 1 −2.25±0.95 9.61±7.7
Model 2 −0.59±0.24 −0.99±0.86 11.4±4.9
Model 3 −1.79±1.48 12.5±9.8 −67.6±149
Model 4 −1.72±1.54 0.04±0.03
Model 5 −0.64±0.17 0.05±0.01
Model 5 −2.38±1.92 10.6±16.2 −0.01±0.07

Note. — Rows separate individual regression models, and columns represent which param-
eters were used in each model (gas-phase oxygen abundance [O/H], stellar metallicity [M/H],
age NAGB/NRGB, mean SFR over the past 400 Myr, or galactocentric radius Rg). A blank entry
indicates that the parameter was not used in that particular regression model.

the minor axis rather than an azimuthal change in the behavior of the C/M ratio.

The clearest trend we see is between log(C/M) and radius. Our slopes (∼ 0.06) are

perfectly in line with the gradients observed by B95 (excluding their measurement at ∼ 30 kpc)

and Battinelli et al. (2003) along the opposite axis of the M31 disk. While there is no reason

the C/M ratio should depend on geometry, this correlation points to a significant relationship

between the C/M ratio and properties that themselves vary with radius.

B13 measure the C/M ratio in the inner disk of M31 (Rg = 2 kpc), and find a C/M

ratio much lower than predicted given the metallicity at that radius. They interpret this as an

indication of a metallicity ceiling above which carbon stars do not form. If we extrapolate our

radial gradient to Rg = 2 kpc, we calculate log(C/M)= −1.81±0.22. This is considerably higher

than the value measured by B13 (log(C/M)= −3.48+0.85
−0.01). If the paucity of carbon stars observed

in the inner disk by B13 was due to a gradual fall off in carbon star production with increasing

metallicity, then our radial gradient should extrapolate to their measurement. The fact that the
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C/M ratio measured by B13 is so low is consistent with the suggestion that there is a hard

metallicity limit above which carbon stars do not form.

While stellar oxygen abundance is the major driver of whether a TP-AGB star can

become a carbon star, it is interesting that the [O/H] measurements from HII regions in the disk

of M31 show the expected trend when they themselves do not probe the metallicity of the AGB

stars. One possible explanation for the observed gradient is that the metallicities of present-day

star forming regions are correlated with the metallicities of star forming regions a few Gyr ago.

This would indicate that the metallicity gradient in M31 is long lived. Alternatively, the C/M

ratio and present-day gas-phase [O/H] may be independent, and the observed gradient is an

artifact of their shared relationship with radius.

The clear gradients we observe in log(C/M) with stellar metallicity and age are pre-

dicted by models and previous observations (e.g., Mouhcine and Lancon, 2003; Feast et al.,

2010; Held et al., 2010; Marigo et al., 2013). Our observed relationship between log(C/M) and

age indicates that young populations produce more M- than C-type TP-AGB stars, which could

be explained by hot bottom burning operating on the most massive TP-AGB stars. The fact that

the C/M ratio increases monotonically with our age proxy indicates that the average age of the

populations in all our bins are older than a few Gyr. If this were not the case, then we would see

the C/M ratio turn over and begin to decrease at the bins dominated by very young populations,

where stars evolving off the main sequence do not become AGB stars or remain M-type due to

hot bottom burning. Average ages consistently greater than a few Gyr is consistent with recent

work showing a disk-wide burst of star formation 2-4 Gyr ago (Williams et al., 2015), and the

age calculations by Dorman et al. (2015) and G15.
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Our derived trend with metallicity is fully consistent with the relationship established

across the Local Group (log(C/M)∼ (−2.12±0.04)× [Fe/H]; Cioni, 2009). The trend observed

in Local Group satellites appears to extend smoothly to the metal-rich regime of M31, irrespec-

tive of their drastically different SFHs. This implies that the C/M ratio is strongly determined by

the same population of intermediate-age stars in all environments, and depends only on stellar

properties (metallicity and age).

This interpretation of the log(C/M)-metallicity relationship would imply that our ob-

served gradient in the C/M ratio with recent SFR is driven by correlations between SFR, age

and metallicity rather than the impact of SFR itself on AGB evolution. The alternative explana-

tion for that trend is that star formation in M31 is long lived, and the SFR of the past 400 Myr

correlates with the SFR a few Gyr ago. This correlation could occur if the global burst of star

formation 2-4 Gyr ago (Williams et al., 2015) was spatially heterogeneous, and the regions of

the disk producing the most stars 2-4 Gyr ago also have the highest recent SFR.

To investigate whether we can decouple the effects of metallicity and age on the C/M

ratio and determine the dominant factor, we construct a series of multiple regression models.

Beginning with a simple linear relationship between log(C/M) and any property of the disk,

analysis of variance finds that the model improvement from the addition of a second (or third)

variable is insignificant. The coefficients of a sample of these models are shown in Table 2.2;

none are non-zero with high confidence. This is indicative of collinearity, and that age and

metallicity are so tightly coupled that we cannot claim that statistically one is more important

to the C/M ratio than the other.
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2.5.2 Possible effects of dust

Both ISM extinction within M31 and circumstellar dust may affect the measurement

of the C/M ratio, and ISM extinction may affect our metallicity, age proxy and SFR measure-

ments.

The C/M ratio will be affected by dust if it causes carbon stars or M-stars to be prefer-

entially excluded from the SPLASH sample. Since we identify carbon stars spectroscopically,

veiling of the prominent CN and C2 features would make the stars unidentifiable. This is not

the case for M-stars, as we identify them photometrically. However, recent models show that

even the dustiest carbon stars do not have their∼ 7900Å CN feature completely veiled (Aringer

et. al, private communication). It is far more likely that carbon stars escape our selection by

being too dust-reddened to be visible in the optical, and are thus not targeted for spectroscopy.

To investigate the effects of interstellar dust, we use the M31 dust maps from Dalcan-

ton et al. (2015) to determine the average extinction (AV ) at the position of each star. We com-

pare the distributions of AV at the locations of the carbon stars and M-stars via a Kolmogorov-

Smirnov (KS) test, and find no significant difference. Interstellar dust is thus not likely to have

a significant effect on our selection.

Circumstellar dust is known to have a major impact on the completeness of optical

AGB surveys (e.g., Boyer et al., 2011). Correcting for AGB stars reddened out of the optical

by circumstellar dust would steepen our measured age and metallicity gradients. In the case of

metallicity, this is because while dust production in carbon stars stays constant as metallicity

increases, dust production in M-stars goes up (Sloan et al., 2008). As metallicity increases the
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number of M-stars reddened from our sample will increase faster than the number of carbon

stars reddened from our sample. The gradient with age proxy will steepen because carbon stars

are typically more massive than M-stars, and produce more dust. Thus as the population gets

younger, and has more massive stars climbing the AGB, the fraction of carbon stars invisible in

the optical will be increasingly larger than the fraction of M-stars invisible in the optical.

Because both age and metallicity decrease with radius in M31, both effects discussed

above will contribute to our measuring a shallower gradient than reality.

By analyzing the AV and the fraction of reddened stars ( fred) G15 determine that their

median metallicity measurements are generally not dependent on dust. They do find that the

high metallicities found for stars along the north-west edge of the PHAT footprint track regions

of higher dust extinction, however our spatial bins are large enough that these regions make up

a small fraction of the stars do not substantially bias our median metallicities.

To evaluate the effect of dust on our age proxy, we first compare the distribution of

extinction values in the vicinity of the AGB and RGB stars of the PHAT sample using the dust

map from Dalcanton et al. (2015). A KS-test indicates that we can reject the hypothesis that

these populations are drawn from the same distribution of AV . AGB stars are found in slightly

dustier regions. However, we find no trend between age proxy and AV (R2 = 0.09), which

indicates that this does not heavily impact our results.

L15 have taken dust into account when determining SFRs, so we will not further

analyze the effect of dust on these measurements.
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2.5.3 Comparing definitions of M

Throughout Section 2.4 we see that the definition of M in the C/M ratio has a sig-

nificant impact on the intercept of gradients but a minimal impact on the slope. Consistently,

the B95 and BD05 methods return very similar results, despite having rather different effective

TRGBs. The B13 method, on the other hand, always counts more M giants and returns a lower

C/M ratio. This result indicates that care must be taken when comparing values within the lit-

erature, as inhomogeneous methods lead to different absolute values of log(C/M). The fact that

slopes are consistent between different selection methods while intercepts are not tells us that

the population of stars not being included – the bluer “AGB" stars – are distributed evenly across

the disk. As we see gradients in log(C/M) with both age proxy and metallicity, this blue popu-

lation is likely not the youngest or most metal poor AGB stars, but is instead either foreground

contamination or supergiants.

The major result from B13, that the C/M ratio calculated ∼ 2 kpc from the center of

M31 is highly discrepant with values calculated farther out in the disk, stems from a comparison

between the C/M ratios calculated by the B13 and B95 methods. B13 thoroughly investigate

whether this discrepancy stems from an underestimation of the number of C-stars, but do not

consider whether they are overestimating the number of M-stars (relative to the studies to which

they compare). We can estimate how much the B13 data point would change if the B95 criteria

were applied. In our data, using the B13 definition rather than the B95 definition amounts to

a difference of ∼ 800 M stars, or a difference of ∼ 0.35 in log(C/M). While this moves the

B13 point closer to the trend fit to B95 data, it is still significantly discrepant (off by ∼ 1 in
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log(C/M)). However, this rough approximation does not take into account the fact that B13 use

medium-band NIR photometry to count M-stars while we use optical photometry. We cannot

reproduce the effectiveness of medium-band NIR photometry, which is centered on distinctive

absorption features present in either C or M stars, with PHAT wide-band NIR photometry.

2.6 Conclusion

We have computed the C/M ratio in the disk of M31 using spectroscopic and pho-

tometric data from the SPLASH and PHAT surveys. An uncontaminated sample of carbon

stars was identified using moderate-resolution optical spectra. M-stars were identified pho-

tometrically in three different ways, following methods used by Boyer et al. (2013), Brewer

et al. (1995) and Battinelli and Demers (2005). We have calculated the C/M ratio as a function

of galactocentric radius, present-day gas-phase metallicity, stellar metallicity, age (via proxy

NAGB/NRGB), and mean SFR over the past 400 Myr.

From this, we conclude:

• The definition of “M" has a minimal effect on the slope of a relationship, but a substantial

effect on the fiducial value. This adds to the body of evidence that stresses the need for

homogenous samples when studying the C/M ratio as a function of other parameters.

• There are statistically significant correlations between log(C/M) and Rg, present-day gas-

phase [O/H], stellar [M/H], age proxy, and recent SFR.

• We reproduce the relationship between log(C/M) and stellar metallicity stated in Cioni

(2009), despite working in a substantially more metal-rich environment with a drastically
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different SFH.

• Age and metallicity are too closely connected to state that one is more important to the

C/M ratio in M31 than the other.
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Chapter 3

Carbon stars in the Satellites and Halo of M31

3.1 Introduction

Carbon stars are nominally defined as stars with more free carbon than free oxygen in

their atmospheres. This excess carbon builds up via the third dredge up (TDU) process in ther-

mally pulsating asymptotic giant branch (TP-AGB) stars. The TP-AGB stage is characterized

by unstable double shell burning. TDU occurs when the He-burning shell around the AGB star’s

inert C+O core ignites and extinguishes the outer H-burning shell. This allows the star’s outer

convective envelope to penetrate the intershell region and “dredge" 12C up to the surface. Over

time and successive dredge ups, the ratio (C/O) of 12C to 16O increases, eventually exceeding

unity. The stars in which C/O> 1 are carbon stars (C-stars).

However, carbon stars have been observed at luminosities below the (mass) limit nec-

essary for TDU. This ever growing population of faint carbon stars includes CH stars, dwarf

carbon (dC) stars, and carbon enhanced metal poor (CEMP) stars. These faint stars are the-

61



orized to have received their carbon via accretion from a carbon-rich AGB companion rather

than internal processes (de Kool and Green, 1995; Frantsman, 1997; Izzard and Tout, 2004).

Faint carbon stars are thus often termed “extrinsic", in contrast to their “intrinsic" TP-AGB

counterparts.

Carbon stars make very unique tracers of particular stellar populations. Carbon-rich

TP-AGB stars are easily identified photometrically or spectroscopically, and are more difficult

to confuse with other tracer populations (e.g., as is the case between blue stragglers and blue

horizontal branch stars). As a result, they have been used to map morphological structure, kine-

matical structure, mean age and metallicity of various hosts (e.g., Rowe et al., 2005; Battinelli

and Demers, 2005; Demers and Battinelli, 2007; Cioni et al., 2008; Huxor and Grebel, 2015).

These stars also trace intermediate-age populations, and so have been used to constrain the star

formation histories of various Local Group objects (Grebel, 2007, and references therein). Ex-

trinsic carbon stars provide information about earlier generations of AGB stars as well as the

binary systems in which they are found.

Both intrinsic and extrinsic carbon stars have been identified throughout the Local

Group. There have been dedicated carbon star surveys, or AGB surveys for which carbon stars

share priority with oxygen-rich M-stars, using photometry in the optical (e.g., Albert et al.,

2000; Nowotny et al., 2001, and subsequent papers in these series), near-infrared (e.g., Cioni

and Habing, 2005; Whitelock et al., 2006; Battinelli et al., 2007) and mid-infrared (e.g., Blum

et al., 2006; Boyer et al., 2011; Woods et al., 2011). In addition, non-dedicated surveys have

been mined for carbon stars, AGB or otherwise (e.g., Margon et al., 2002; Green, 2013; Hamren

et al., 2015). In many nearby dwarf galaxies, and various fields in the Milky Way (MW) halo,
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these surveys have enabled detailed abundance studies (e.g., Abia et al., 1993, 2002). How-

ever, the more distant satellite galaxies associated with M31 are fainter, and often difficult to

distinguish from the MW foreground and the M31 halo. As a result, studies in these objects

have largely been limited to C-star identification and the ratio (C/M) of carbon- to oxygen-rich

TP-AGB stars.

Recent advances have made these previously under-studied regions ripe for further

attention. Large-scale surveys like the Spectroscopic Landscape of Andromeda’s Stellar Halo

(SPLASH; Guhathakurta et al., 2005, 2006; Tollerud et al., 2012; Gilbert et al., 2012; Dorman

et al., 2012; Gilbert et al., 2014; Dorman et al., 2015) and the Pan-Andromeda Archaeological

Survey (PAndAS; McConnachie et al., 2009) have produced a wealth of spectroscopic and

photometric data that can be used to study carbon stars in a uniform way. In addition, the M31

satellites have been shown via thorough characterization of their kinematical properties to be

low-dispersion systems (Tollerud et al., 2012; Ho et al., 2012; Collins et al., 2013; Tollerud

et al., 2013). This improves the veracity of kinematical determination of satellite membership.

Finally, several M31 satellites now have star formation histories (SFHs) derived from deep

Hubble Space Telescope (HST) images (Weisz et al., 2014; Geha et al., 2015) and identification

of carbon stars can be put into a far broader context.

In this work we use photometric and spectroscopic data from SPLASH to study car-

bon stars in the satellites and halo of M31. Section 3.2 describes our dataset, including a sum-

mary of the observations, the photometric transformations and synthetic photometry used to

homogenize the sample, and criteria for determining membership. Section 3.3 discusses the

carbon stars themselves; identification, location, and the impact of the SPLASH selection func-
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tion on the final sample. Section 3.4 looks at the photometric properties of the carbon stars,

while Section 3.5 looks at their spectroscopic properties. We discuss the implications of our

findings in Section 3.6.

3.2 Data
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Figure 3.1: SPLASH survey map (including M32 but excluding the bright disk of
M31). Footprints of the images used for spectroscopic target selection are shown to scale
as blue (KPNO/MOSAIC), magenta (CFHT/MegaCam), pink (CFHT/CFH12k) or green
(Subaru/Suprime-Cam) rectangles. The footprints of the DEIMOS masks are shown to scale
as red rectangles. The center of M31 itself is marked as a bold black ×, and several of the more
prominent satellite galaxies are labeled. The dashed circles represent projected radii of 15, 30,
50, 100 and 200kpc.
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3.2.1 Spectroscopic and Photometric Observations

Our spectroscopic and photometric data were obtained over ∼ 10 years as part of the

SPLASH survey. In this paper, we focus on the subset of SPLASH data that excludes the bright

disk of M31. This includes fields targeting the dSphs, dEs, the smooth virialized halo, halo

substructure, and M32. The extent of these observations are shown in Figure 3.1. These data

include 14143 stellar spectra taken with the DEIMOS multi-object spectrograph on the Keck II

10m telescope. These spectra are spread across 151 individual DEIMOS masks, targeting ∼ 60

separate fields (red rectangles on Figure 3.1).

The SPLASH spectroscopic selection functions vary significantly from field to field,

as the observations were conducted with specific science goals in mind that varied from field

to field rather than following the strict guidelines of an overarching homogenous survey. As a

result, we will not go into details regarding those selection functions in this section. Instead,

we will discuss the selection functions to the extent that they affect the identification of carbon

stars in Section 3.3.2.

3.2.1.1 dSphs

SPLASH has observed 16 of the dSphs in the M31 system: And I, And II, And III,

And V, And VII, And IX, And X, And XI, And XII, And XIII, And XIV, And XV, And XVI,

And XVIII, And XXI, and And XXII. The properties of these dSphs relevant to this analysis

are shown in Table 3.1.

The majority of these spectra were targeted using Washington photometry (M, T2,

and DDO51) taken with the Mosaic Camera on the Kitt Peak National Observatory (KPNO)
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4m Mayall telescope. The DDO51 filter is centered on Mg absorption features (Mgb) that are

highly dependent on surface gravity, and so allows for the discrimination of M31 giant stars

from MW foreground dwarf stars (Majewski et al., 2000; Gilbert et al., 2006). We selected

spectroscopic targets using the M − DDO51 versus M − T2 color-color diagram. The spectra

in And X were targeted using Sloan Digital Sky Survey (SDSS) imaging (Adelman-McCarthy

et al., 2006). SDSS imaging was also used to supplement the Washington photometry imaging

for And II. The spectra in And XV and And XVI were targeted using archival Canada-France-

Hawaii Telescope (CFHT) imaging. Finally, the spectra in And XVIII and And XXII were

targeted using B- and V -band imaging from the Large Binocular Telescope (LBT).

All spectra were observed with the 1200 line mm−1 grating with a central wavelength

of 7800 Å. This configuration has a dispersion of 0.33 Å pixel−1, and a wavelength range from

Hα to the Calcium II triplet at 8500 Å. The typical integration time was 3600 s per mask.

For further descriptions of the original observations, we refer the reader to Majewski

et al. (2007, And XIV), Kalirai et al. (2009, And X), Kalirai et al. (2010, And I and III), Ho

et al. (2012, And II), and Tollerud et al. (2012, the remainder). There are 3778 stellar spectra

from dSph fields. All have associated Washington M, T2 and DDO51 photometry (either used

to target or taken after spectroscopic observations).

3.2.1.2 dEs

In addition to the dSphs, our dataset contains SPLASH observations of the three dEs

of M31: NGC 147, NGC 185 and NGC 205. The properties of these dEs relevant to this analysis

are shown in Table 3.1.
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Spectra were targeted using CFHT CFH12K mosaic R and I band imaging (Battinelli

and Demers, 2004a,b). Priority was assigned based on apparent I-band magnitude, with highest

priority assigned to stars between 20.5 ≤ I0 ≤ 21. To minimize contamination by foreground

MW dwarfs, stars were required to have (R − I)> 0.2.

For the purposes of this work, we used the 12 masks designed to be observed in a con-

ventional mode, with grating and exposure times matching the observations of other SPLASH

fields (see § 3.2.1.1). The final mask (n205-4m) was designed for use with a blocking filter

centered on the CaT region at 8500Å. Since it did not cover the wavelength range necessary to

identify carbon stars, it was excluded.

For further descriptions of the original observations, we refer the reader to Geha et al.

(2006, NGC 205) and Geha et al. (2010, NGC 147 and 185). In total, there are 1924 stellar

spectra from dE fields with corresponding R and I magnitudes. In addition, these stars have CN

and TiO narrow-band photometry, which will be discussed in greater detail later.

3.2.1.3 M32

SPLASH has also observed the compact elliptical (cE) galaxy M32. It’s relevant

properties are also listed in Table 3.1. The photometry for identifying spectroscopic targets was

archival CFHT data imaged with MegaCam in the g′,r′ and i′ bands. Heavy crowding means

that the g′- and r′-band images were unreliable, so i′-band data drove the target selection. The

greatest weight was given to unblended photometric sources with 20.5≤ Io < 21.

All masks were observed with the same configuration described in § 3.2.1.1. For

further details on the observations, we refer the reader to Howley et al. (2013). In total, there
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are 1418 stellar spectra with i′-band magnitudes.

3.2.1.4 M31 Halo

The remaining SPLASH fields target the halo of M31, including areas of known sub-

structure (Guhathakurta et al., 2006; Kalirai et al., 2006a; Gilbert et al., 2007, 2009a) and areas

that are relatively smooth. The majority of these fields were targeted using KPNO Washington

photometry, allowing for efficient separation of M31 giants and MW dwarfs (Beaton, 2014).

Additional photometry includes V - and I-band images taken with the William Herschel Tele-

scope (Zucker et al., 2007), V - and I-band images taken with the Subaru Telescope’s Suprime-

Cam (Tanaka et al., 2010), and g′ and i′ images (transformed to Johnson-Cousins V and I) taken

with CFHT’s MegaCam.

Spectra were observed using the standard SPLASH configuration (see § 3.2.1.1). For

further description of these observations, see Gilbert et al. (2012), and references therein. There

are 7023 stellar spectra in our halo fields; 3451 in fields containing substructure and 3572 in

fields probing the smooth, virialized halo.

3.2.2 Synthetic Photometry and Photometric Transformations

The fields outlined above have been observed in a variety of filters: M,T2,V, I,R, CN

and TiO. To homogenize our dataset, we perform a series of photometric transformations to en-

sure that whenever possible stars have the equivalent of V, I and R-band photometry. The Wash-

ington photometry filters M and T2 are nearly identical to Johnson Cousins V and I. To convert

from one to the other, we apply the transformation established by Majewski et al. (2000). To
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transform V to R, we use the transformation between R−I and V −I established for red and “very

red" stars by Battinelli and Demers (2005). This relationship is color dependent, with the break

point at V − I = 1.7. After transforming V − I to R − I, we add the I-band magnitude to extract R

on its own. To transform R to V , we apply the same equations in the opposite direction. We do

not further transform V and I into M and T2, simply because the Washington photometry filters

are less commonly used in the literature and we do not require them for comparison. Typical

uncertainties of the transformed photometry are 0.09 mag in V and 0.02 mag in R. In contrast,

the typical uncertainties of the raw photometry are 0.04 mag in V and 0.05 mag in R.

We also calculate synthetic CN and TiO magnitudes. CN and TiO are narrow-band

filters centered at 8120.5Åand 7778.4Å, respectively. The CN filter is centered on the CN band

in carbon-stars and a continuum region of M-stars, while the TiO filter is centered on the TiO

band in M-stars and a continuum region of C-stars. CN–TiO color can thus distinguish between

C- and O-rich TP-AGB stars. Indeed many of the photometric surveys of AGB stars in the

Local Group have used a broad band color and CN–TiO color to identify carbon stars (the four-

band photometry system, FBPS; Wing, 1971). Broad-band photometry has too low spectral

resolution to contain the detailed spectral information provided by narrow-band filters, so we

instead compute synthetic CN and TiO magnitudes by weighting the spectra with CFHT/CH12k

CN and TiO throughput curves (see a full discussion of this method in Hamren et al., 2015).

3.2.3 Membership

We would like to confirm whether the carbon stars identified in this paper are members

of an M31 satellite, the M31 halo/extended disk, or the halo of the MW. To do this, we take
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advantage of the membership criteria established by the SPLASH team.

Membership in the halo and substructure fields is determined via the likelihood esti-

mates from Gilbert et al. (2006), which uses radial velocity, the equivalent width of the Na I line

at 8190.5Å (EWNaI), position in M-DDO51 versus M −T2 color-color space, position in I versus

V − I color-magnitude space, and estimated [Fe/H] to determine the probably that a given star

belongs to the M31 RGB or the MW foreground. Likelihood classes go from -3 (secure MW

classification) through -1 (marginal MW classification) and 1 (marginal M31 classification) to

3 (secure M31 classification). In this work we will take those stars with likelihood greater than

or equal to zero (i.e. those stars more likely to be associated with the M31 than the MW) to be

M31 members. Likelihoods have also been calculated for many stars in the dSphs.

Membership in the M31 dSphs has been calculated by Ho et al. (2012, And II) and

Tollerud et al. (2012, the remainder). In And II, the authors use a kinematical restriction, requir-

ing member stars to be within 3σ of the systemic velocity of the dSph (−228 km s−1 < v< −157

km s−1). They then apply a photometric and spectroscopic cut, V − I < 2.5 and EWNaI < 4, to

further eliminate foreground MW contamination. In the remaining dSphs, the authors calculate

membership probability using the distance of the star from the center of the dSph, the distance

from the fiducial isochrones in T2 versus M − T2 space, the equivalent width of Na I, and the

half-light radius of the dSph.

In NGC 147 and NGC 185, membership criteria have been established by Geha et al.

(2010), using a modification of the method set forth in Gilbert et al. (2006). The authors’ metric

uses line of sight velocity, EWNaI, position with respect to isochrones in I versus V − I space,

and Ca II triplet-based spectroscopic metallicity.
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Membership to NGC 205 is more difficult to determine: it’s proximity to M31 leads

to contamination from the M31 disk as well as the M31 and MW halos. As a rule of thumb,

stars with velocities more negative than the systemic velocity of the dE (vsys = −246±35 km s−1

) are likely M31 halo stars. Stars with velocities much less negative than the systemic velocity

of the dE are likely to be foreground contamination (Geha et al., 2006). While it is not used in

Geha et al. (2006), EWNaI can also be used to distinguish member stars from foreground dwarfs

(e.g., Gilbert et al., 2006). Here we will apply the condition that EWNaI < 3.

It is even more difficult to conclusively determine membership in M32, which is su-

perimposed on the M31 disk. Howley et al. (2013) define M32 candidate members to be stars

with −275≤ v≤ −125 km s−1. Stars with velocities more negative than this range likely belong

to either M31’s disk or inner spheroid. Stars with velocities less negative than this range are

likely MW foreground.

3.3 The Carbon Star Sample

3.3.1 Identification
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Figure 3.2: Maps of carbon stars within their host satellite. Each panel shows the RA and
DEC (in degrees) of the full photometric sample (plotted in grey) and the spectroscopic sample
(overlaid in blue). Carbon stars (§ 3.3) are plotted in pink. The fields have been stretched
slightly to ensure that the full galaxy is visible in all panels. Each panel is annotated with
the galaxy name, the galaxy center (white star), and an ellipse marking the half-light radius
(obtained from McConnachie, 2012). In several fields the half-light radius is so small as to be
hidden behind the star marking the galaxy center.
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Figure 3.3: Figure 3.2, continued
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The optical spectra of carbon stars are distinguished by prominent CN features at

∼ 7000 − 8200Å, and C2 bands at ∼ 6100 − 6600Å. Previous authors have used the CN band to

identify carbon stars, either by using narrow-band filters centered on CN and its oxygen-rich

counterpart TiO (e.g., Nowotny et al., 2003; Battinelli and Demers, 2004b,a; Wing, 2007), or

by cross-correlating spectra against templates with and without CN (Hamren et al., 2015).

In this work, we identify carbon stars using the spectroscopic classification statistic

demonstrated by Hamren et al. (2015) in the disk of M31. This method identifies carbon stars

by cross correlating the spectrum in question with a suite of Milky Way templates. Spectra that

are best fit by a carbon star template are flagged as likely carbon stars, and visually examined

for final confirmation. We refer the reader to Hamren et al. (2015) for further details about the

template observations and testing of the classification metric.

To make use of the high S/N carbon templates, which were observed with DEIMOS’s

600 line grating, we first rebin our spectra to match the template spectra’s 0.65Å pixel−1 dis-

persion. We then apply the classification statistic to the full SPLASH satellite/halo sample of

14143 stars and identify 41 carbon stars. The full list of carbon stars, including their SPLASH

ID number, their position, magnitude, and velocity, is presented in Table 3.2. For the carbon

stars found in the satellites, their position within the galaxy (whose center is denoted by a white

X) is shown in Figure 3.2. These maps are omitted for stars in the halo fields, as there is no

discernible structure or center to use as a useful reference point.

Using the membership criteria outlined in § 3.2.3, we find that all carbon stars in

the dSph fields are unambiguous members of their respective satellite. The same is true for

the carbon stars in NGC 185. Only two of the 12 carbon stars identified in NGC 147 fields
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satisfy the full set of membership criteria outlined in § 3.2.3. However, if we take into account

the rotational velocity of the dE and radial-dependent velocity dispersion (Geha et al., 2006),

then all the stars are within 3σ of the systemic velocity. We will thus mark all carbon stars in

NGC 147 as members.

Four of the five carbon stars identified in NGC 205 have kinematics consistent with

the dE. Star 83287 has a velocity of −423.8 km s−1, making it more likely to be a member of

the M31 halo. In M32, only star 240022 has a velocity consistent with the cE. Stars 160934 and

183365 have velocities that may indicate either foreground carbon dwarfs or stars in the tail of

the M31 spheroid’s kinematic distribution. Given that these masks are located on a relatively

high surface brightness part of M31, picking up a foreground star (let alone a rare dC star) is

unlikely. These two stars are thus more likely to belong to the M31 spheroid. Stars 263107 and

233791 have velocities consistent with either the M31 spheroid or disk.

We also identify four carbon stars in fields with known substructure, associated with

M31’s Northeast or Western Shelves. These shelves are debris from the Giant Southern Stream,

are are known to contain AGB stars (e.g., Tanaka et al., 2010).

3.3.2 Selection Functions

The presence, or lack thereof, of carbon stars in a particular field is highly dependent

on the spectroscopic selection function. The identification of carbon stars was never one of the

science goals of the SPLASH survey, and so the regions in color-magnitude space in which they

are typically found were not always prioritized.

To estimate the number of carbon stars we might expect to observe in each field, we
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begin with the assumption that our carbon stars are all TP-AGB stars brighter than the tip of the

red giant branch (TRGB). To estimate the total number of TP-AGB stars in each field (NAGB) we

count the number of spectral targets brighter than the TRGB that have V − I > 1.5 (equivalently,

R − I > 0.73). These limits are based on the region in color-magnitude space where carbon-rich

TP-AGB stars are typically found, with a slightly bluer color limit designed to encompass the

majority of our sample.

In the satellites, we can calculate the I-band magnitude of the TRGB using the cali-

bration from Bellazzini et al. (2004) adjusted by the distance moduli listed in Table 3.1. This

calibration requires [M/H] measurements, so we convert the [Fe/H] measurements in Table 3.1

using Equation 1 from Ferraro et al. (1999). We use the [α/Fe] measurements from Vargas et al.

(2014) where available, and assume [α/Fe]= 0.28 (the same value used by Ferraro et al., 1999)

for the remainder. Finally, we correct the calculated ITRGB for foreground extinction using the

dust maps from Schlafly and Finkbeiner (2011). Our calculated ITRGB are listed in Table 3.1.

Because the i′ photometry of M32 was specifically calibrated such that i′TRGB and ITRGB are

equivalent, our calculated ITRGB for M32 is still comparable to the i′ photometry. For the halo

fields, we assume that ITRGB is located at Mbol = −4, and adopt the distance modulus of M31

(24.47; Stanek and Garnavich, 1998), giving us ITRGB = 20.47.

In the fields with potential TP-AGB stars, we can estimate how many carbon stars

we would expect to observe using a theoretical C/M ratio — the number ratio of carbon- to

oxygen-rich TP-AGB stars. We calculate the C/M ratio in each field using the well-calibrated

relationship between log(C/M) and [Fe/H] from Cioni (2009). In satellite fields, we adopt the

[Fe/H] values listed in Table 3.1. In halo fields, we compute the projected line-of-sight distance
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from M31, and then derive [Fe/H] value using the metallicity gradient from Gilbert et al. (2014).

The probability of detecting a C-star in a TP-AGB population (assuming that the

region in color and magnitude space described above is populated entirely by C- and M-type

AGB) is

Pc =
1

(C/M)−1 + 1
(3.1)

Multiplying this probability by the number of likely TP-AGB stars gives us the number of

carbon stars expected in each field.

Table 3.3 outlines this analysis. For each field, it lists the theoretical C/M ratio, the

number of TP-AGB stars (NAGB), the number of predicted carbon stars (NCP), and the number

of observed carbon stars (NCO). We also include the projected radial distance for all fields,

although it was only used in the analysis of halo fields.

There are 25 fields in which there are zero predicted C-stars and zero observed C-

stars. Of these 25, five are dSphs (And XI, And XIII, And XV, And XVI and And XXII). These

five dSphs are some of the least massive of our sample, where the majority of bright stars would

have been put on a mask. There are four fields in which we do identify some carbon stars despite

there being none predicted; And X, NE2, NE4, and NE1. These carbon stars are either fainter

than the TRGB or bluer than V − I = 1.8, and will be discussed in detail later in this paper.

In most of the remaining fields, we observe roughly the number of carbon stars that

we expect (to within a factor of two). However, in And II, NGC 147, NGC 185 and NGC 205

we observe far more carbon stars than are predicted, despite the fact that our calculated C/M
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Table 3.3: Selection Function Data

Field Nmasks Da
M31,proj Theoretical C/M Nb

AGB Nc
C, pred Nd

C, obs
(kpc)

SE8 1 3.8 0.001 0 0.00 0
SE9 1 6.0 0.001 0 0.00 0
f109 1 8.9 0.002 1 0.00 0
f1 2 12.2 0.002 1 0.00 0
NW1V 1 13.1 0.002 1 0.00 0
f116 1 13.2 0.002 1 0.00 0
f115 1 14.5 0.002 3 0.01 0
f207 1 16.3 0.002 0 0.00 0
NW1dV 1 18.0 0.003 2 0.01 0
25kpc 1 20.0 0.003 0 0.00 0
NE3 1 20.6 0.003 0 0.00 0
f123 1 21.0 0.003 0 0.00 0
f2 2 21.3 0.003 2 0.01 0
NW2V 2 21.5 0.003 1 0.00 0
NE1 1 22.8 0.003 0 0.00 1

ratios match those in the literature. As in And X and the Northeast Shelf fields, many of these

stars are fainter than the TRGB and/or bluer than V − I = 1.8. In And I and And III, we predict

several carbon stars (∼ 4.5 in both fields), but do not observe any.
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Table 3.3 (cont’d): Selection Function Data

Field Nmasks Da
M31,proj Theoretical C/M Nb

AGB Nc
C, pred Nd

C, obs
(kpc)

NW2dV 1 24.2 0.004 2 0.01 0
M32 6 5.7 0.004 0 0.00 5
NE6 1 24.8 0.004 0 0.00 0
f130 2 25.3 0.004 3 0.01 0
NW3V 1 26.8 0.004 1 0.00 1
a0 3 29.8 0.005 4 0.02 0
NE4 1 32.9 0.006 0 0.00 1
g1 1 34.5 0.006 0 0.00 0
a3 3 35.4 0.006 4 0.03 0
mask4 1 36.8 0.007 0 0.00 0
f135 1 37.9 0.007 0 0.00 0
NE2 1 39.1 0.008 0 0.00 1
A240 3 55.2 0.017 0 0.00 0
A338 3 56.1 0.018 1 0.02 0
m4 5 56.6 0.018 4 0.07 0
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Table 3.3 (cont’d): Selection Function Data

Field Nmasks Da
M31,proj Theoretical C/M Nb

AGB Nc
C, pred Nd

C, obs
(kpc)

a13 4 58.0 0.019 5 0.10 0
NW9V 2 65.4 0.028 1 0.03 0
n205 3 32.6 0.056 34 1.79 7
a19 4 79.5 0.056 1 0.05 0
A220 3 85.2 0.075 2 0.14 0
m6 5 85.3 0.075 0 0.00 0
A310 3 87.1 0.082 1 0.08 0
A040 3 90.3 0.096 0 0.00 0
b15 5 91.9 0.104 1 0.09 0
NW13dV 1 92.3 0.106 0 0.00 0
NW14V 1 95.5 0.125 0 0.00 0
NW15V 1 100.3 0.158 0 0.00 0
N147 4 101.4 0.242 7 1.36 12
m8 2 116.8 0.356 1 0.26 0
N185 5 97.4 0.643 4 1.57 4
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Table 3.3 (cont’d): Selection Function Data

Field Nmasks Da
M31,proj Theoretical C/M Nb

AGB Nc
C, pred Nd

C, obs
(kpc)

d7 2 220.1 1.050 3 1.54 0
d1 2 44.8 1.342 8 4.58 0
d5 4 109.8 2.798 2 1.47 1
m11 4 158.6 2.827 2 1.48 0
A170 2 159.9 3.014 0 0.00 0
d2 12 140.5 3.403 11 8.50 5
A080 2 164.8 3.838 1 0.79 0
A305 2 169.5 4.842 0 0.00 0
d3 3 68.4 6.758 5 4.36 0
d18 1 113.0 7.453 1 0.88 0
d22 3 245.1 7.453 0 0.00 0
d15 2 93.7 7.453 0 0.00 0
d13 5 126.8 12.165 0 0.00 0
d10 2 76.7 14.091 0 0.00 2
d11 1 102.2 19.855 0 0.00 0
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Table 3.3 (cont’d): Selection Function Data

Field Nmasks Da
M31,proj Theoretical C/M Nb

AGB Nc
C, pred Nd

C, obs
(kpc)

d16 2 138.7 32.407 0 0.00 0
d12 1 114.0 32.407 1 0.97 0
d9 2 36.8 52.894 5 4.91 1
d14 1 159.8 70.968 1 0.99 0
a The projected distance (in kpc) of each field from
the center of M31
b The number of likely AGB stars observed in each
field (see text for details)
c The predicted number of carbon stars in each field
given the total number of observed AGB stars and
the theoretical C/M ratio
d The observed number of carbon stars in each field

3.4 Photometric properties

In this section we will examine the photometric properties of our sample of 41 carbon

stars. Several of these stars were identified in the previous section as being fainter than the

TRGB. They are located in And II, And IX, And X, and all three dEs, and are noted in Table 3.2.

As these faint (sub-TRGB) carbon stars may be extrinsic in origin, we will distinguish between

them and the bright (super-TRGB) sample.

The distribution of C-star magnitudes with respect to their host satellite’s TRGB is

shown in Figure 3.4. We restrict this figure to those C-stars within dSphs and dEs, because their

distance moduli and thus TRGB estimates are far more certain than in the halo fields. Only 13

(42%) of the carbon stars in the M31 satellites are brighter than the TRGB. The uncertainty in

this fraction is dominated by the uncertainties on the distance moduli, which can be as high as

0.2 magnitudes. Typical uncertainties on the I-band magnitudes of the carbon stars, on the other
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Figure 3.4: Distribution of carbon star I-band magnitude in the dEs and dSphs of our sample
with respect to the TRGB of their host galaxy; 42% are brighter than the TRGB and 58% are
fainter.
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hand, is 0.02±0.01 mag.

The bright carbon stars are concentrated close to the TRGB, with the brightest ob-

served C-star less than one magnitude away. This may be a selection effect, as very bright stars

were occasionally given low targeting priority to avoid possible foreground contamination. The

remaining 18 carbon stars are fainter than the TRGB by between 0.13 and 1.5 magnitudes.

Given the small number of carbon stars in each satellite, it is difficult to compare the observed

carbon star luminosity function with the observed SPLASH luminosity function, and we cannot

tell if carbon stars are represented down to the detection limit.

Figure 3.5 shows the distribution of colors, rather than magnitudes: V − I color, rep-

resenting the slope of the continuum, and CN–TiO color, representing the strength of the CN

features at ∼ 7900Å. We compare stars with no carbon features, carbon stars brighter than the

TRGB and carbon stars fainter than the TRGB. The bulk of the faint C-stars are bluer in V − I

than the bright C-stars, with a distribution more like that of the non-carbon stars. However

the faint carbon stars have comparable CN–TiO colors to the bright C-stars, both of which

are considerably higher than the non-carbon stars. This indicates comparable strength of car-

bon features. The distribution of CN–TiO color for non-carbon stars overlaps slightly with the

distributions of CN–TiO for both groups of carbons tars. However visual examination of the

spectra shows that this to due to artifacts introduced by the sky subtraction process, and not the

presence of carbon stars we failed to identify.

In addition to the one-dimensional distributions of color in Figure 3.5, it is also con-

structive to look at these distributions in two dimensions. Figure 3.6 shows two color-color

diagrams. The left panel plots CN–TiO versus V − I, with the full SPLASH sample (black
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Figure 3.5: Distributions of non-carbon stars (left), C-stars brighter than the TRGB (center),
and C-stars fainter than the TRGB (right) in V − I (top) and CN−TiO (bottom). Solid red lines
indicate the median of the distribution, grey boxes encompass the quartiles, and the whiskers
extend 1.5 times the interquartile range past the quartiles. Outliers are displayed as circles. The
bright C-stars are redder in V − I than the faint C-stars, despite having comparable CN–TiO
colors (i.e. CN band strength).
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Figure 3.6: Color-color diagrams of observed and synthetic carbon stars. The left panel shows
synthetic CN–TiO versus SPLASH V − I color, and the right panel shows DUSTiNGS [3.6]–
[4.5] versus SPLASH V − I. In both panels SPLASH carbon stars are shown as blue points sized
by whether the star is fainter (small points) or brighter (large points) than ITRGB. Diamonds and
squares represent the dust-free hydrostatic models from Aringer et al. (2016). On the left panel
we also the full SPLASH sample as small grey points.

points) overlaid with the dust-free, hydrostatic synthetic photometry from Aringer et al. (2016).

The carbon stars are plotted as blue points, with faint and bright stars differentiated by point

size. The carbon stars are fairly consistent with the models, which indicates that they are not

particularly dusty. In general, the bright C-stars (larger points) are a better fit, as many of the

fainter carbon stars (smaller points) are bluer than the models. However there is not a clear

dichotomy; some of the faint C-stars fit the models better than some of the bright C-stars, and

visa versa. There are no stars substantially redder than the models in V − I. This is likely a

selection effect, as the photometry with which SPLASH spectroscopic targets were selected is

less complete at these colors. Indeed the sample of non-carbon stars falls off dramatically at

V − I > 3 as well.

The right panel of Figure 3.6 takes advantage of the fact that many of our dSph and

94



Table 3.4: Carbon stars in the DUSTiNGS sample

ID Mask 3.6µm 4.5µm

1000019 d10_1 18.87 18.93
1000009 d10_2 19.64 19.38
131 d2_12 20.48 20.15
3005915 d5_1 19.18 18.78
60001744 d9_1 19.97 19.99
9245 N147_2 19.86 19.93
20866 N147_3 18.40 18.50
16315 N147_4 19.69 19.57
os2 N147_4 17.58 17.13
3523 N185_3 18.75 18.84
7625 N185_3 20.31 19.41

dE fields have also been imaged by the Survey of Dust in Nearby Galaxies with Spitzer (DUST-

iNGS Boyer et al., 2015). DUSTiNGS imaged 50 nearby dwarf galaxies at 3.6 and 4.5 µm

using the InfraRed Array Camera (IRAC Fazio et al., 2004) on the Spitzer Space Telescope. In

total there are 1749 stars with SPLASH spectra that fall within the DUSTiNGS footprints, 11 of

which are carbon stars. The 3.6 and 4.5 µm photometry of these 11 stars is shown in Table 3.4.

The right panel of Figure 3.6 displays [3.6]–[4.5] versus V − I. Included are the dust-

free hydrostatic models from Aringer et al. (2016) and the photometry of the ten carbon stars

with optical and MIR photometry. We have omitted the matched DUSTiNGS-SPLASH pho-

tometry for the full SPLASH sample, because it is highly biased. The SPLASH sample extends

far below the DUSTiNGS detection limit, meaning that many of the matched stars are some

of the faintest in the DUSTiNGS sample. Stars so close to the detection limit are more of-

ten observed when random noise makes them brighter and as the detection limit in 4.5µm is

higher than in 3.6µm this translates to artificial reddening. Most TP-AGB C-stars should not be
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affected by this bias.

The fit between the observed C-star photometry and the synthetic photometry is worse

in [3.6]–[4.5] versus V − I color-color space than it is in CN–TiO versus V − I. As before, while

the faint carbon stars (small points) are often a poor fit to the models, there are some faint C-stars

that fit the models better than the bright C-stars, and visa versa. Some of the mismatch may be

due to internal stellar dynamics, as the optical and MIR photometry was taken at very different

times. A one dex shift in V − I, at least for the bright C-stars, would lead to a far better fit to

the models. This shift is well within the variation amplitude of a carbon-rich variable star, and

models predict larger color amplitudes in the optical than at longer wavelengths (Nowotny et al.,

2011, 2013). That said, none of these stars (faint C-stars included) appear in the DUSTiNGS

variable star/extreme-AGB star catalog (Boyer et al., 2015) (though with only two DUSTiNGS

epochs this does not definitively rule out variability). Pulsation is unlikely to be enough to

explain the position of the three bluest faint-carbon stars. That these are such a poor fit to the

models suggests that they are not AGB stars at all.

3.5 Spectroscopic Properties

The optical spectra of carbon stars are characterized by strong bands of CN, C2, and

CH. Of these three molecules, only CN and C2 are visible within the wavelength range covered

by the SPLASH spectra (Hα to the Ca II triplet). These features do not vary as strongly with

temperature as their counterparts in oxygen-rich stars (namely TiO), and, as a result, optical

carbon star spectra are remarkably uniform (e.g., van Loon et al., 2005).
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Figure 3.7: Spectra of all carbon stars in our sample, with regions of missing data reconstructed
with PCA. Spectra have been smoothed by a Gaussian with σ = 1.95Å, and the telluric A-band
has been replaced with a linear interpolation. Sections of the spectra that are reconstructed using
eigenvectors are highlighted in grey, while the “raw" spectra are plotted in black.
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To identify the fundamental components of our spectra, we apply Principal Compo-

nent Analysis (PCA) to derive “eigenspectra." Broadly, PCA is a technique for dimensionality

reduction, which converts a set of observations of potentially correlated properties to an orthog-

onal, uncorrelated, basis set. It has been used to classify the spectra of galaxies (Connolly et al.,

1995), quasars (Yip et al., 2004), and stars (McGurk et al., 2010), in addition to being widely

used by other disciplines.

Briefly, eigenspectra are computed in much the same way as standard eigenvectors.

We begin with a symmetric correlation matrix C, such that Ci j is the normalized scalar product

of spectra i and j. We then find the matrix U, such that

UTCU = Λ (3.2)

where C is the correlation matrix, and Λ is a diagonal matrix of eigenvalues. The i-th column

of U contains the i-th eigenspectrum. The “weight" of each eigenspectrum in the observed

spectra is called the eigencoefficient, and is obtained by projecting the observed spectra onto

the eigenspectra.

In the end, each observed spectrum can be described by the following expression

xi = µ+

N∑
j=1

ai je j (3.3)

where xi is the spectrum in question, µ is the mean spectrum, e j are the eigenspectra, and ai j

are the eigencoefficients.
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To compute the eigenspectra, eigenvalues, and coefficients of our set of carbon stars,

we use the iterative PCA formalism set forth by Yip et al. (2004, hereafter Y04) in the astroML

Python library (Vanderplas et al., 2012). Iterative PCA allows us to use successively regener-

ated eigenvectors to fill holes of missing data, essential for our spectra, which have variable

wavelength coverage. However, iterative PCA cannot reconstruct regions in which no spectra

have data. This is an issue for the telluric A-band, which was improperly corrected during

data processing. Because the telluric A-band contains no stellar information, we remove it

(7591 − 7703Å) and linearly interpolate across the gap. We then smooth the spectra with a

Gaussian of σ = 1.95Å and perform iterative PCA with l2 normalization.

The reconstructed spectra are shown in Figure 3.7. We can see that the spectra are

all very similar, but do have small differences in the strength of the CN bands and the overall

slope. Very few of the spectra have measurable C2 at 7700Å, just to the right edge of the telluric

A-band masking. It is possible that this indicates that these spectra all have a fairly low C/O

ratio, but it is more likely that the proximity of C2 to the strong telluric feature has led to its

being engulfed by the noise. Two of the spectra show prominent Hα emission at 6562.8Å, and

an additional two show weak emission. This fraction is far lower than the ∼ 40% of carbon

stars observed with Hα emission in the halo and satellites of the MW (Mauron et al., 2007).

Figure 3.8 shows the first five carbon star eigenspectra, which account for 42% of

the variance in the sample. The fifth eigenspectrum, as well as the subsequent eigenspectra not

shown, is dominated by noise. Not only does it not correlate strongly with any of the physical

properties shown in Figure 3.9, its eigencoefficients are all very small. With this noise, it takes

30 eigenspectra to account for 90% of the variance in the carbon star sample. Higher S/N
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Figure 3.9: C-star eigencoefficients versus physical properties (V − I color, [Fe/H] of the host
satellite, CN−TiO color, and absolute I-band magnitude) of the star. Coefficients of the second
eigenspectrum are plotted as red circles, coefficients of the third are plotted as blue diamonds,
coefficients of the fourth are plotted as inverted green triangles, and coefficients of the fifth are
plotted as magenta triangles. The Spearman’s rank correlation coefficient for each eigenspec-
trum is printed in the corresponding color, in the format “all carbon stars / bright carbon stars
only / faint carbon stars only."
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spectra will be necessary to tease out finer features than CN.

The first eigenspectrum is the mean of the full carbon star sample. At a glance it is

indistinguishable from many of the spectra in Figure 3.7, with prominent CN features. Visible

here but not in each individual spectrum are some of the finer structure in the carbon features,

such as the sawtooth shape of the CN band heads at ∼ 6900 and ∼ 7900Å. There is also a

visible Ca II triplet, and what could be the C2 feature at 7700Å. However, there is no discernible

signature of C2 at 8800Å.

The second eigenspectrum shows similar CN features to the first, as well as a general

increase in flux at red wavelengths. Unlike the first eigenspectrum, it has no visible Ca II, and

stronger C2 at 7700 and 8800Å. This eigenspectrum governs, at least in part, the temperature

and metallicity dependent aspects of the carbon star spectra. This suggests that the strength of

CN varies with temperature and metallicity. The top two panels of Figure 3.9 show the rela-

tionship between the eigencoefficients of this eigenspectrum (EC2) as a function of V − I color

and [Fe/H] of the host satellite. The Spearman correlation coefficients (displayed on each panel

in Figure 3.9 for the full sample, the bright carbon stars alone, and the faint carbon stars alone,

in that order) indicate positive correlations for both. This reflects the degeneracy seen in the

models, where the combination of low metallicity and low temperature can result in a spectrum

that looks remarkably similar at optical wavelengths to a star with high temperature and high

metallicity (Aringer et al., 2009; Aringer et al., 2016). Interestingly, EC2 also correlates with

absolute I-band magnitude, but only for the faint (sub-TRGB) carbon stars.

The fourth eigenspectrum does not have the same CN features as the first two. Its

most prominent feature is a break in flux at∼ 7900Å, just blueward of the 7900Å CN bandhead.
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Figure 3.10: EC2 (a tracer of metallicity) versus EC4 (a tracer of Teff) for all carbon stars in
the sample. Colors and shapes denote the type of field/object to which the star is a member,
as designated in Table 3.2: stars in the dSphs are plotted as yellow triangles, stars in the dEs
are plotted as red diamonds, stars in substructure fields are plotted as magenta pentagons, and
the stars in M32 are plotted as blue circles. Finally, stars in the M31 disk or halo (which are
kinematically difficult to separate) are plotted as cyan squares.

There is a similar break just blueward of the 6900Å CN bandhead. Figure 3.9 illustrates that

it correlates strongly with CN−TiO color for the full carbon star sample as well as the two

subsamples (with a Spearman correlation coefficient less than -0.8 for all three), but weakly

with the other properties. Carbon star models indicate that at fixed metallicity CN−TiO color

increases smoothly as Teff, whereas at fixed temperature the change in CN−TiO with metallicity

is far less predictable (Aringer et al., 2009). The coefficients of this eigenspectrum (EC4) are
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thus likely a more direct indicator of Teff than EC2, with EC2 correlating inversely with Teff.

The third and fifth eigenspectra are more difficult to interpret. The only significant

correlation seen in either comes out when looking only at the bright (super-TRGB) subset of

carbon stars. The third eigenspectrum correlates with CN–TiO color, and the fifth eigenspec-

trum correlates with [Fe/H].

The eigencoefficients of the 2nd and 4th eigenspectra thus contain most of the infor-

mation regarding the temperature and metallicity of the carbon stars. Figure 3.10 shows EC4

versus EC2 for all carbon stars in the sample, coded by their environment (dE, dSph, M32,

halo, or substructure). Following our interpretation of these eigencoefficients, this plot can be

thought of as Teff versus [Fe/H]. This figure suggests several trends. First, the single carbon

star belonging to M32 has the highest values of both EC2 and EC4, indicating that it is both

metal-rich and particularly cool. This is consistent with the metallicity of M32 being higher

than the other satellites. Next, the carbon stars in the substructure and most dSphs fields have

lower values of EC2 than the other fields, but comparable values of EC4. This suggests that they

are more metal poor than the other fields. The dEs span the full range of EC2.

The range of EC2 values is far larger than the range of EC4 values. While the eigen-

coefficient ranges do not correspond directly to the range in Teff or metallicity, this may indicate

that the carbon stars have comparable temperatures regardless of their metallicity. This would

be consistent with models indicating that the formation of AGB carbon stars is bound within a

relatively narrow range of mass (Suda and Fujimoto, 2010; Karakas, 2014)

None of the first five eigenspectra correlate strongly with absolute I magnitude. There

is thus no clear spectroscopic difference between the faint carbon stars in our sample and the
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Figure 3.11: Eigencoefficients of bright (red) versus faint (blue) carbon stars. Black lines in-
dicate the median of the distribution, red/blue boxes encompass the quartiles. Outliers are
displayed as red/blue crosses.The distributions of eigencoeffients of the second and fifth eigen-
coefficients (EC2 and EC5) differ markedly, with the bright carbon stars typically having larger,
more positive coefficients. The eigencoefficients of the third and fourth eigenspectra are nearly
indistinguishable.
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bright carbon stars. Figure 3.11 illustrates this more clearly, with boxplots representing the

distribution of eigencoefficients for all bright and faint carbon stars. There is considerable

overlap in the distributions of the faint and bright populations for each eigencoefficient. The

two that show a significant difference are EC2 and EC5. The median EC2 value for the bright

carbon stars is higher than the majority of the faint carbon stars, which suggests that the bright

carbon stars are more metal rich.

3.6 Discussion

In the previous sections we have presented the photometric and spectroscopic prop-

erties of the carbon stars found by the SPLASH survey in the satellites and halo of M31. This

includes their distribution in various color-color spaces, their luminosities with respect to the

ITRGB of their respective regions, and the eigenspectra that make up the fundamental compo-

nents of their spectra. Here, we will discuss the implications of these properties.

3.6.1 General properties of the SPLASH carbon stars

We identify 41 carbon stars in the satellites and halo of M31. Many are located in

fields in which significant numbers of intermediate-age AGB stars have already been identified,

including the dEs NGC 147, NGC 185 and NGC 205, and the dSph And II (e.g. Nowotny

et al., 2003; Kerschbaum et al., 2004; Battinelli and Demers, 2004a,b). We also identify several

carbon stars in the vicinity of M32, which is known to have a substantial intermediate-age

population (Davidge, 2014; Jones et al., 2015). However, the majority of our sample have
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kinematics suggesting membership to M31 rather than M32 itself. We identify a small number

of carbon stars in the dSphs And V, And IX and And X. However this combined sample of

four stars, three of which are fainter than the TRGB, indicates no significant intermediate-age

population in these galaxies. Finally, we see four carbon stars in regions known to contain

substructure from the Giant Southern Stream.

Analysis of the carbon star photometry also reveals that a significant fraction of our

sample is fainter than the TRGB. These may be extrinsic in origin, and we will explore their

nature fully in the next section.

Our sample of carbon stars appears to be largely dust-free and hydrostatic. Their

optical colors are fairly well fit by the dust-free hydrostatic models from Aringer et al. (2016),

though the models do not extend blue enough to fully match the colors of the faint carbon

stars. The introduction of MIR colors complicates this picture, as the dust-free models do not

match the observations well in optical versus MIR color-color space. However, none of the

carbon stars in our sample appear in the DUSTiNGS variable star/extreme-AGB star catalog,

which further supports the idea that they are not heavily effected by dust and dynamics (though

again, two epochs is insufficient to rule out variability completely). Finally, very few of our

carbon stars exhibit Hα emission, which is associated with presence of shock waves induced by

pulsation in the stellar atmosphere. Of the carbon stars in the solar neighborhood, 70% of the

Miras, 66% of the SRa type, and 20% of SRb and Lb type stars show Hα in emission (Mauron

et al., 2014). The carbon stars in the satellites and halo of M31 are comparatively quite quiet,

which would be consistent with a significant population being extrinsic.

Application of PCA to the carbon star spectra illustrates the effects of temperature
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Table 3.5: Fraction of faint carbon stars in the Local Group

Field NC NFC/NC Ilimit − ITRGB Reference

IC 1613 195 0.0870.02
0.01 1.6 Albert et al. (2000)

Leo I 27 0.1480.06
0.04 1 Demers and Battinelli (2002)

Aquarius 3 0.0000.16
0.00 0.85 Battinelli and Demers (2000)

Pegasus 40 0.1500.05
0.04 1.1 Battinelli and Demers (2000)

Sagittarius dIrr 33 0.2420.06
0.05 1.6 Demers and Battinelli (2002)

LMC 7760 0.0170.00
0.00 . . . Kontizas et al. (2001)

NGC 6822 907 0.1630.01
0.01 1.9 Letarte et al. (2002)

Phoenix 2 0.5000.23
0.23 . . . Martínez-Delgado et al. (1999)

Draco 6 1.0000.00
0.09 . . . Shetrone et al. (2001)

Ursa Minor 7 1.0000.00
0.07 . . . Shetrone et al. (2001)

And III 1 1.0000.00
0.36 1.6 Harbeck et al. (2004)

And VI 2 0.5000.23
0.23 1.6 Harbeck et al. (2004)

And VII 5 0.4000.17
0.15 1.4 Harbeck et al. (2004)

Cetus 3 0.6670.16
0.22 1.5 Harbeck et al. (2004)

And X 2 1.0000.00
0.22 1.92 This work

M32 1 0.0000.36
0.00 0.25 This work

and metallicity. We find that the depth of the broad CN bands (governed by the second eigen-

spectrum) correlates most strongly with metallicity, while the depth and shape of the break in

the spectrum at ∼ 7900Å traces Te f f (governed by the fourth eigenspectrum). Comparing the

coefficients of the eigenspectra governing these features illustrates that the carbon stars in M32

and the M31 disk/halo are typically more metal-rich than the carbon stars in the substructure

and dSphs.
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Table 3.5 (cont’d): Fraction of faint carbon stars in the Local Group

Field NC NFC/NC Ilimit − ITRGB Reference

And IX 1 1.0000.00
0.36 2.2 This work

NGC 205 6 0.1670.14
0.08 0.3 This work

And V 1 0.0000.36
0.00 1.71 This work

NGC147 158 0.3010.03
0.03 2.6 This work + Nowotny et al. (2003)

NGC185 157 0.3250.03
0.03 3.0 This work + Nowotny et al. (2003)

And II 10 0.3000.12
0.10 2.5 This work + Kerschbaum et al. (2004)

3.6.2 Characterizing the faint carbon stars

In many of our satellites we see a significant number of carbon stars fainter than

the TRGB. There are three possible explanations. The first is that these are extrinsic carbon

stars, whose carbon was obtained by mass transfer from a carbon-rich AGB star onto a binary

companion rather than through dredge-up of He-burning products during the TP-AGB phase

(de Kool and Green, 1995; Frantsman, 1997; Izzard and Tout, 2004). The second possible

explanation is that they are genuine TP-AGB stars experiencing the post-flash luminosity dip

(Boothroyd and Sackmann, 1988) or in a minimum of their dynamic phase (Nowotny et al.,

2011). Finally, they may be bright AGB stars extincted by circumstellar dust. Both sections 3.4

and 3.5 treat the bright (super-TRGB) and faint (sub-TRGB) carbon stars as separate popula-

tions, to help determine which of the above explanations is most likely.

From the photometry, we can rule out dust as a likely explanation for the faint carbon

stars. If the faint carbon stars are heavily extincted then they should appear redder than the

brighter population in V − I. However, as noted in the previous section, our sample appears to

be well fit by the dust-free hydrostatic models. In addition, both the one and two dimensional
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color distributions (Figures 3.5 and 3.6, respectively) indicate that the faint carbon stars are

typically bluer in V − I than the bright carbon stars.

If the faint carbon stars are extrinsic, we would expect them to be present down to

the SPLASH detection limit, while carbon stars on the TP-AGB would be clustered around the

TRGB. The observed distribution of I-band magnitudes suggests the former: Figure 3.4 illus-

trates that the faint carbon stars are present down to 1.5 magnitudes below the TRGB (though

this varies from field to field given inhomogeneous detection limits).

We would also expect extrinsic carbon stars to be warmer than their intrinsic counter-

parts. Both Figures 3.5 and 3.6 illustrate that many of the faint carbon stars are indeed bluer in

(V − I) than the bright carbon stars, despite comparable CN–TiO color. They are also typically

bluer than the dust-free hydrostatic AGB models from Aringer et al. (2016). The effects of dust

and dynamics are not likely to make C-stars so optically blue (V − I < 1.5), so this suggests that

these stars do not in fact belong to the AGB.

Spectroscopically, many of the known differences between intrinsic and extrinsic car-

bon stars fall beyond our wavelength coverage (e.g., G band of CH at ∼ 4300Å, 12C/13C ratio).

The major difference between the bright and faint carbon stars in our sample is the eigencoef-

ficients of the second eigenspectrum (EC2) (see Figure 3.11). The faint carbon stars typically

have negative EC2 values, while the bright carbon stars have positive EC2 values. Observa-

tionally, this translates to the faint carbon stars having weaker CN bands and appearing more

metal-poor than the bright carbon stars. This is fully consistent with observations of extrinsic

carbon stars in the Local Group, which are often characterized by their lack of metals (e.g.

the CEMP stars). Within the subset of faint carbon stars, we find that EC2 anticorrelates with
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absolute I-band magnitude. Observationally, this means that the brightest/most massive of the

faint carbon stars have the strongest CN. Finally, the eigencoefficients of the fifth eigenspectrum

(EC5) also differ between the bright and faint samples, perhaps due to more noise in the fainter

stars.

However, all of the figures discussed in this section also illustrate that the colors and

magnitudes of the faint carbon stars cover a significant range. Some are fully consistent with

the bright carbon stars. It is probable that the faint population consists of a mix of intrinsic and

extrinsic carbon stars. Models based on the Magellanic Clouds suggest that < 10% of TP-AGB

stars are fainter than the TRGB (e.g., Marigo and Girardi, 2007; Melbourne and Boyer, 2013)

at any given time. This places an upper limit on the number of intrinsic interlopers in the faint

population at 1.8 stars.

3.6.3 Carbon star luminosity by environment

At first glance, we appear to observe more faint carbon stars in our less luminous

galaxies. To parametrize this, we calculate NFC/NC, the fraction of faint (sub-TRGB) carbon

stars in the full sample of carbon stars, for each galaxy. To place these findings within a broader

context, we also calculate NFC/NC in other Local Group satellites. To compare similar groups

of stars, we limit ourselves to optical carbon star surveys, leaving aside surveys in the NIR and

MIR and serendipitous carbon (or CH) star discoveries. We assemble C-star counts in IC 1613

(Albert et al., 2000), Leo I, Sagittarius dIrr (Demers and Battinelli, 2002), DDO 210/Aquarius,

Pegasus (Battinelli and Demers, 2000), NGC 6822 (Letarte et al., 2002), Phoenix (Martínez-

Delgado et al., 1999), Draco, Ursa Minor (Shetrone et al., 2001), the LMC (Kontizas et al.,
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Figure 3.12: Fraction of faint carbon stars as a function of [Fe/H] of the host satellite. Samples
from the literature are plotted as black points, samples from the present work are plotted as
red diamonds, and samples that combine new and existing data are plotted as red diamonds
filled with black. Also shown are the 1σ binomial proportion confidence intervals. Though the
uncertainties are large, the fraction of the full carbon star sample fainter than the TRGB appears
to increase in smaller, metal-poor galaxies.
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2001), And III, And VI, And VII and Cetus (Harbeck et al., 2004). These data are provided in

Table 3.5.

The majority of these fields (IC 1613, Pegasus, Aquarius, NGC 6822, Leo I, Sag dIrr)

rely on optical FBPS to identify carbon stars. All survey the full galaxy area and extend to

1-2 magnitudes fainter than the TRGB. The approximate extent below the TRGB is listed in

Table 3.5. This is roughly equivalent to the SPLASH coverage and detection limit, so we will

not worry tremendously about differences in depth for these fields. However, all require C-stars

to have R−I> 0.9 (though Letarte et al. 2002 also look at “bluer" C-stars with 0.8<R−I< 1.1).

This makes them biased against the faint carbon stars, which we find to be bluer. As a result,

the NFC/NC that we calculate in these fields are likely lower limits. In each field we compute

ITRGB following the same prescription outlined in Section 3.3.2 and count the number of C-stars

fainter than that limit.

We consider the carbon star samples in Phoenix, Draco, Ursa Minor, the LMC,

And III, And VI, And VII and Cetus to be representative of the full carbon star population.

The two carbon stars in Phoenix were confirmed spectroscopically by Da Costa (1994), though

our data come from Martínez-Delgado et al. (1999). Subsequent work by Menzies et al. (2007)

did not identify any other carbon stars visible in the optical, so we consider this sample of two

to be complete. The carbon star census presented in Shetrone et al. (2001) for Draco and Ursa

Minor relies on the identification of carbon stars via photographic plates (Aaronson et al., 1982;

Azzopardi et al., 1986). These stars have been thoroughly vetted (e.g., Dominguez et al., 2004;

Abia et al., 2008), and no new carbon stars have been identified. The Kontizas et al. survey

of the LMC was conducted with objective-prism plates and visual identification of carbon-stars
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using the Swan C2 bands at 4737Å and 5165Å. Because this is a spectroscopic rather than

photometric identification, there is not a strong bias against faint C-stars. This survey is likely

incomplete in the most crowded central regions, but we do not expect the extrinsic and intrinsic

carbon stars to have different spatial distributions and this incompleteness is not likely to skew

our counts. Thus, the NFC/NC fraction we calculate in the LMC is likely representative. These

four fields rely on spectroscopic identification of carbon stars, so their photometric limits are

excluded from Table 3.5. Finally, Harbeck et al. (2004) use FBPS to identify carbon stars in

And III, And VI, And VII and Cetus, but do not apply a limit in V − I. They thus sample the

bright and faint carbon stars uniformly.

Because Shetrone et al. (2001) provide V -band magnitudes of the carbon stars in

Draco and Ursa Minor, we compute VTRGB using relationships from Bellazzini et al. (2004) and

Mager et al. (2008). For Phoenix and the LMC, for which provide I-band magnitudes have

been provided, we once again calculate the TRGB magnitude using the method described in

Section 3.3.2. Harbeck et al. (2004) have provided designations of C versus dC (which translate

to super- and sub-TRGB), which we use to calculate NFC/NC in their four fields.

In addition to the new fields discussed above, we also compile carbon star populations

in And II, NGC 147 and NGC 185 from the literature. We combine our carbon star samples

observed by SPLASH with these samples from the literature. The observations of And II (Ker-

schbaum et al., 2004), NGC 147 and NGC 185 (Nowotny et al., 2003) also use FBPS, but

with V and i0 as the broad-band colors rather than R and I. Both authors’ observations extend

∼ 0.5 magnitudes below the TRGB, and they require C-stars to have (V − i)0 > 1.16 and (TiO–

CN)0 < −0.3. This limit in (V − i)0 is equivalent to (R − I) > 0.53, which encompasses the full
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color range over which we observe carbon stars. As a result, we consider this a representative

sample. As Bellazzini et al. (2004) do not provide a TRGB calibration for i0, we use the values

calculated by Kerschbaum et al. (2004), iTRGB = 20.5, and Nowotny et al. (2003), iTRGB = 19.96

for NGC 185 and iTRGB = 20.36 for NGC 147, when computing NFC/NC.

Finally, two of the SPLASH fields (M32 and NGC 205) were surveyed so shallowly

that they too should be considered lower limits on NFC/NC. We calculate this limit in SPLASH

fields using the full SPLASH sample (independent of membership or strength of carbon fea-

tures).

Figure 3.12 plots NFC/NC in the galaxies listed in Table 3.5 as a function the absolute

magnitude and metallicity of the host satellite (obtained from McConnachie, 2012). Also plot-

ted are the 1σ binomial proportion confidence intervals, save in the cases discussed above where

the calculated fraction represents a lower limit. With the exception of the LMC, NGC 147 and

NGC 185, the small sample sizes translate to large uncertainties. A trend is still evident; the

fraction of faint carbon stars decreases as the galaxy gets brighter and its metallicity increases.

The serendipitous detections of CH and dC stars in MW globular clusters adheres to this trend,

increasing the number of faint, low-metallicity systems in which NFC/NC = 1.

There are two possible explanations for this trend. The first presumes that the faint

carbon stars are extrinsic and owe their composition to a binary companion. If the fraction of

stars in binary systems increases in smaller satellites (as it has been shown to increase in smaller

globular clusters, Milone et al., 2012), then so will the fraction of faint carbon stars. However

this explanation would also require a sizeable population of AGB stars in earlier generations to

provide the binary companions. The second explanation presumes that the entire carbon star
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sample is made up of intrinsic TP-AGB stars. In this case, the trend could be explained by

the effect of metallicity on carbon star formation. At low metallicity, dredge-up efficiency is

higher, the range of masses over which carbon stars can form is larger, and TDU begins earlier

(Karakas et al., 2002; Marigo et al., 2013; Karakas, 2014). It is possible that at low metallicities

these effects combine to produce carbon stars that are fainter than the TRGB. Indeed both

explanations may be occur simultaneously. The more massive companion in an earlier binary

pair is likely to go through the AGB. In metal-poor galaxies, that AGB star is more likely to be

carbon-rich and the low-mass companion is more likely to become carbon enhanced.

3.7 Conclusions

We identify 41 unambiguous carbon stars in the satellites and halo of M31. We

present optical, synthetic narrow-band, and MIR photometry of these stars, as well as moderate-

resolution optical spectra. Photometric and spectroscopic analysis suggests that they are rela-

tively unaffected by dust and dynamics.

Many of the carbon stars we identify are fainter than the TRGB. In addition to being

fainter, these stars are also often bluer and more metal-poor than their super-TRGB counterparts.

They are likely to be extrinsic carbon stars. However, this designation is far from unambiguous.

Observations at different wavelengths (bluer to capture features known to distinguish intrinsic

and extrinsic chemistry, redder to capture any effects of dust), and the extension of carbon-star

models to low metallicity ([Fe/H] < −1.5) will be necessary to classify these stars definitively.
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Chapter 4

M-giants in the Satellites and Halo of M31

4.1 Introduction

M-giants are late-type stars whose atmospheres are cool enough to support oxygen

molecules. On the red giant branch (RGB), M-giants nominally begin with a H-burning shell

around a degenerate He-core before eventually commencing He-burning. On the asymptotic gi-

ant branch (AGB), they have both He- and H-burning shells around an inert C+O core. Despite

these physical differences, M-giants on both branches are observationally very similar. They

are luminous, red, and have unmistakable bands of TiO and other oxygen features. This unique

spectral signature combined with their high luminosity means that M-giants can be easily iden-

tified at large distances, making them useful tracers of kinematical structure (e.g., Majewski

et al., 2003; Sharma et al., 2010).

The M-giants on the AGB are particularly interesting due to their relationship with

their carbon rich counterparts (carbon stars). AGB stars all begin as oxygen-rich M-giants, with
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the ratio of free carbon to free oxygen (C/O) in their atmospheres less than unity. However,

the third dredge-up (3DU) that occurs during the thermally pulsating AGB (TP-AGB) phase

brings carbon from the stellar interior to the surface. Given sufficiently efficient dredge-up, the

free oxygen that characterizes M-giants can be overwhelmed with carbon, leading to a carbon

star with C/O greater than unity. The number ratio (C/M) of carbon- to oxygen-rich AGB stars

traces the environmental metallicity gradient (e.g., Cioni et al., 2008; Feast et al., 2010; Hamren

et al., 2015), and has been used to constrain theories and models of AGB evolution (Boyer et al.,

2013; Karakas, 2014). In addition, there are significant differences between dust formation and

mass loss in M-giants versus carbon stars that are still not entirely understood (e.g., Boyer et al.,

2009; Srinivasan et al., 2009; Boyer et al., 2011; Riebel et al., 2012).

Selecting the M-giants on the AGB can present some observational challenges. First

is the ubiquity of M-dwarfs, which can contaminate photometric M-giant surveys (and visa

versa). Fortunately, many surface gravity sensitive metrics have been developed to assist with

this problem (Bessell and Brett, 1988; Reid et al., 1995; Gilbert et al., 2006; Mann et al., 2012)

and spectroscopic surveys can separate dwarfs and giants fairly easily (e.g., Zhong et al., 2015).

The second challenge is the fact that M-giants on the AGB have little to distinguish them from

M-giants on the RGB (Sneden et al., 2000) or red supergiants (Blum et al., 1996). The clearest

delineator is absolute magnitude. Separating the less common M-type AGB stars from the

RGB can thus be done using the magnitude of the tip of the red giant branch (TRGB) (Albert

et al., 2000; Nowotny et al., 2001, and subsequent papers in these series), while the distinction

between AGB stars and red supergiants requires a distance estimate.

In this chapter we will identify and characterize a sample of M-type AGB stars in the

118



satellites and halo of M31, with this work providing a companion to our work on carbon stars

in Chapter 3. To do this we leverage data from the Spectroscopic and Photometric Landscape

of Andromeda’s Stellar Halo survey (SPLASH; Guhathakurta et al., 2005, 2006). We combine

the wealth of photometric and spectroscopic observations from SPLASH with recent advances

characterizing the halo and satellites, including satellite distances, systemic velocities and ve-

locity dispersions (e.g., Kalirai et al., 2010; Tollerud et al., 2012; Ho et al., 2012; Collins et al.,

2013; Ho et al., 2015); identification of regions of halo substructure (Gilbert et al., 2006; Kalirai

et al., 2006a; Gilbert et al., 2007, 2009a); and characterization of the halo’s global properties

(Tanaka et al., 2010; Gilbert et al., 2012; Gilbert et al., 2014).

This chapter is organized as follows. Section 4.2 summarizes our dataset. In Sec-

tion 4.3 we describe our identification of M-giants, including the random forest we construct

to identify M-giants from their spectra and the distinction between AGB and RGB stars based

on luminosity. Section 4.4 discusses the spatial distribution of the final M-giant sample, and

in Section 4.5 we evaluate their physical properties (Teff - § 4.5.1, dust and dynamics - § 4.5.2,

metallicity - § 4.5.3, and the differences between M-giants on the AGB and the RGB - § 4.5.4).

Throughout this chapter we will compare the M-giants on the AGB to both carbon stars from

Chapter 3 and M-giants on the RGB.
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4.2 Data

4.2.1 Spectroscopic and Photometric Observations

The SPLASH observations on which this work is based are described in detail in

Chapter 3, and references therein. Briefly, the observations cover ∼ 60 separate fields in the

M31 system, targeting M32 (Howley et al., 2013), 16 dSphs (Ho et al., 2012; Tollerud et al.,

2012), all three dEs (NGC 147, NGC 185 and NGC 205; Geha et al., 2006, 2010) the smooth

virialized halo, and known halo substructure (Gilbert et al., 2006, 2009a, 2012).

Each field has optical photometry in V and I; M, T2 and DDO51; or R and I, taken

from a variety of ground-based telescopes. M32 is the exception, with only i′ photometry. This

photometry was used to select spectroscopic targets to observe with the DEIMOS multi-object

spectrograph (Faber et al., 2003) on the Keck II 10m telescope. In most cases, the spectra were

observed with the 1200 line mm−1 configuration centered at 7800Å. This enables wavelength

coverage from Hα to the near-infrared Ca II triplet (CaT) with a dispersion of 0.33Å pixel−1.

With a typical integrration time of 3600s per mask, the average S/N is ∼ 5 pixel−1.

The full SPLASH sample (not including the disk fields featured in Chapter 2) contains

14143 stellar spectra. Each spectrum has a measured radial velocity and a quality assessment of

that radial velocity measurement (zqual). In addition to the photometric observations in the filters

listed above, we also perform a series of photometric transformations so that each spectrum

(save those in M32) has V , R, and I-band photometry. The full details of these transformations

are given in Chapter 3. Finally, we calculate synthetic CN–TiO, where CN and TiO refer in this

context to narrow-band filters centered on their namesake absorption features at 8120.5Å and
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7778.4Å, respectively. We compute the synthetic magnitudes by weighting each spectrum with

CFHT/CH12k throughput curves (see Chapter 2).

In this chapter we restrict the sample of SPLASH stars that we study to those with

S/N> 2 pixel−1, and with a zqual value associated with a confident radial velocity measurement.

4.2.2 Membership

This work depends heavily on our ability to distinguish M31 M-giants from MW M-

dwarfs. To do this, we draw upon previous work by SPLASH team members (see Chapter 3 for

a thorough description).

Membership in the satellites and halo fields has been determined through a combi-

nation of photometric and spectroscopic measurements. In various fields, the following stellar

properties have been used: radial velocity, 8190Å Na I equivalent width, position in the gravity-

sensitive M−DDO51 versus M −T2 color-color space, position in I versus V −I color-color space,

photometric and spectroscopic [Fe/H] estimates, and position with respect to the center of the

(possible) host satellite (Gilbert et al., 2006; Geha et al., 2006, 2010; Tollerud et al., 2012; Ho

et al., 2012; Howley et al., 2013). In the fields targeting the smooth halo, substructure, and

most satellites, these properties have been combined to create likelihood classes (Gilbert et al.,

2006), which range from -3 (secure MW classification) to 3 (secure M31 classification).

For the purposes of this analysis, we require that stars have a likelihood greater than

or equal to zero (which corresponds to the probability of belonging to M31 being greater than

the probability of belonging to the MW). In fields where likelihoods are unavailable, we use the

membership criteria set forth by the authors of the paper that originally presented the data. Our
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one addition is to require that stars have EWNaI <= 3Å. This criterium well separates M31 RGB

stars from MW dwarfs at redder colors (V − I > 2), though it is less effective at distinguishing

hotter dwarfs (Gilbert et al., 2006). Due to the level of foreground contamination, the precise

limit we set for EWNaI can have a large effect. For example, increasing the EWNaI limit in

NGC 205 from 3Å to 4Å adds > 100 stars.

Applying these membership criteria reduces the number of stars in the SPLASH sam-

ple to 3272.

4.3 The M-giant sample

M-type stars of all luminosity classes are characterized by cool atmospheres (Teff <

4000K) dominated by broad oxygen features. At optical and NIR wavelengths (< 1µm), TiO is

the most prominent source of absorption, followed by VO, ZrO and YO. At longer wavelengths,

H2O, SiO, OH and CO take over.

At the wavelengths covered by SPLASH (Hα through the Ca II triplet), TiO dom-

inates the spectrum. For late-type M-stars in the SPLASH sample, the TiO bandheads at

∼ 7000Å and ∼ 7500Å are unmistakable, even at very low S/N. However for early-type M-

stars in the SPLASH sample, low S/N obscures these features and makes the stars difficult to

distinguish from warmer K-types. In this section, we use a combination of TiO-based features

to spectroscopically identify M-stars across the full range of S/N and break them up into AGB

and RGB subsamples.
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Figure 4.1: Sample SPLASH M-giant with the regions parametrized by our computed features
marked. Blue regions refer to the TiO5 index from Reid et al. (1995), yellow regions govern
the S-indices from F94, and red hatched regions are where we compute slopes m1 and m2.

4.3.1 Automated M-star classification

To spectroscopically identify M-stars in the SPLASH sample, we use a random forest

(Breiman, 2001). A random forest is well suited to this binary (M versus not-M) classifica-

tion problem in which features may not be linearly separable. In this section, we describe our

training set, the features that we use, the performance of our classifier, and the final sample.

To explain the random forest (sometimes called a random forest of trees) algorithm,

we will begin by describing decision trees. A single decision tree is a flowchart-like algorithm

based upon a series of nodes through which an observation travels based on criteria with binary

outcomes (e.g.,“Is CN–TiO> 0?"). At each node, we choose the split criterium to maximize the

decrease in impurity from the parent node to its children (i.e. the information gain). Impurity

(also known as entropy) is measured as

Entropy = −

∑
i

pi logpi (4.1)
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where pi is the probability of class i. In the context of M-giant identification, the classes are “M"

and “not-M." It thus follows that pi is the fraction of M or not-M stars in the sample contained

within a node.

A random forest is a collection of decision trees. It is less likely to overfit than a

single tree, though its interpretation is less straight forward. Each component tree is built from

a subset of the training set, created by randomly sampling the full training set with replacement.

At each node, a split is selected using a random sample n of the full set of N features, where we

have chosen n =
√

(N). Once the forest is built, it classifies new observations by averaging the

probabilistic predictions of each individual tree. We build our random forest using the Python

implementation available through Scikit-learn (Pedregosa et al., 2011).

We use 44 M-stars and 157 non-M-stars from the X-Shooter Library (XSL, Chen

et al., 2014) as the base of our training set. To match the underlying stellar population in the

SPLASH sample, we include XSL stars with spectral types from O through M, and disregard

those in the “Other" category (namely L-stars and those without classification). We also remove

the three M-dwarfs, as the SPLASH sample has already been cleaned of M-dwarfs. To mimic

the resolution and S/N of the SPLASH sample (which are considerably lower than the spectra

in the XSL), we rebin each XSL spectrum onto the SPLASH wavelength grid and randomly add

Gaussian noise to each XSL spectrum to degrade its quality. Each XSL M-star spectrum was

degraded 40 times, giving a final sample of 1399 stars with 1 < S/N pixel−1 < 20. The XSL

non-M-star spectra were each degraded only 15 times, to achieve a more balanced distribution

of M- versus non-M-type. To this set we add 69 known M-stars from the SPLASH sample.

We restrict the training set to those spectra with S/N> 2, giving us a final training set of 1415
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M-type spectra and 2176 non-M-type spectra.

For each training spectrum we compute ten features designed to parametrize major

TiO bands. The regions covered by these indices are shown in Figure 4.1. Six are based on the

work by Fluks et al. (1994, hereafter F94), who define three indices (S1/2,S1/3 and S2/3, which

we will collectively term S-indices) as follows:

S1/2 =

∫ 7240
7060 F(λ)dλ∫ 8070
7700 F(λ)dλ

(4.2)

S1/3 =

∫ 7240
7060 F(λ)dλ∫ 8570
8290 F(λ)dλ

(4.3)

S2/3 =

∫ 8070
7700 F(λ)dλ∫ 8570
8290 F(λ)dλ

(4.4)

These regions are shown in yellow in Figure 4.1. The three S-indices form a locus in

three-dimensional space parametrized by spectral type (illustrated in Figure 4.2). We compute

the three indices, their sum (ΣS), the M-type (mmin) that minimizes the distance between the

SPLASH star in S-index space and the locus defined by F94, and the magnitude of that distance.

While these features are correlated, we find that including them all improves the performance

of the resulting classifier. We also compute the TiO5 index defined by Reid et al. (1995), shown

in blue in Figure 4.1, synthetic CN–TiO color, and S/N.

Finally, we measure the slopes of the spectrum in the regions 7250<λ< 7500Å (m1),

and 7800 < λ < 8150Å (m2) using a least squares fit of a 1st order polynomial over the wave-

length range. These regions are shown in red in Figure 4.1. We add these two slopes to the
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Figure 4.2: The 3272 M31 member stars from SPLASH plotted in grey in S-index space. Axes
are S1/2, S1/3 and S2/3 (F94). Plotted in black are the canonical S-indices F94 compute for the
10 M spectral subtypes, connected to show the locus that they form. We refer to this locus as
being parametrized by M-type, as each M-type (and fractions thereof) corresponds to a unique
point in S-index space.
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features from the literature because several SPLASH spectra have wavelength coverage that

stops short of the regions necessary for S-indices or TiO5.

To illustrate the classification power of some of these features, Figure 4.3 illustrates

the distribution of several properties for the M-type spectra (blue) versus non-M-type spectra

(green) in our training set. The top three panels illustrate the distribution of the three S-indices

from F94, with the limit the authors find to correspond to M0 marked as a dashed black line.

We annotate these panels with the fraction of M-type spectra and non-M-type spectra found in

the M0+ region. The bottom left panel shows distance from the F94 locus as a function of S/N,

and the bottom right panel shows the distributions of CN–TiO. In each panel, we see that while

the M-type spectra are concentrated, there is still a significant amount of overlap between the

M-type distributions and non-M-type distributions.

We set aside 30% of our training set to use for testing, and train the random forest

(consisting of 10 trees) on the remaining 70%. When optimizing the algorithm parameters

(number of trees, split evaluation, etc.) we prioritized a clean sample over a complete sample,

and as a result our false positive rates are always lower than the false negative rates. The

resulting classifier has a training accuracy of 99.8%, a false positive rate of 0% (i.e., training

precision of 100%) and a false negative rate of 0.5% (i.e., training recall of 99.5%). When

tested on the withheld data, it has a testing accuracy of 96.8%, a false positive rate of 2.2% (i.e.,

testing precision of 97.8%) and a false negative rate of 6.7% (i.e., testing recall of 93.3%). The

features most important to the classifier, in order of decreasing importance, are TiO5, CN–TiO,

minimum distance between the star in S-index space and the F94 locus, S1/3, m2, S1/2, S2/3, m1,

S/N, and mmin.
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Figure 4.3: Sample features for M and non-M-type stars in the training set. M-type stars are
shown in blue, and all others are shown in green. The top row of panels shows distributions
of S-indices, with the limit corresponding to values typical of an M0 star (F94) marked as a
dashed black line. Each of these three panels is annotated with the fraction of M and non M
stars that fall within the M0+ region. The bottom left plot shows distance from the F94 locus
as a function of S/N of the training spectrum. The bottom right panel shows distributions of
synthetic CN–TiO. In all panels there is a considerable amount of overlap between the fairly
concentrated M-star values and the non-M-star values.
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A small fraction of the 3272 SPLASH spectra contains artifacts that impede classi-

fication. First, 45 stars have wavelength coverage beginning at ∼ 7300Å, preventing us from

directly calculating the F94-based features. To impute these missing values we interpolate on

the relationships between m1 + m2 and S1/2 and S1/3 (which have Spearman correlation values

of -0.89 and -0.9, respectively). With estimated values for S1/2 and S1/3 we can calculate the

other four F94-based indices. Next, some spectra do not have sufficient wavelength coverage to

calculate TiO5. TiO5 correlates strongly with m1 (ρ = −0.85), so we impute these missing val-

ues by interpolating on the relationship between TiO5 and m1. Finally, some spectra suffer from

bad sky-subtraction that causes a mismatch in flux levels between the blue and red DEIMOS

chips. Unfortunately, this gap mimics the 7500Å TiO bandhead, and so can result in a false

positive classification. We visually inspect the spectra whose flux increases by more than 150%

across the chip gap, and remove those without true TiO features. This eliminates 39 stars from

the sample, leaving us with 3237 members.

Applying the random forest to the cleaned sample of SPLASH members returns 533

M-giants. Figure 4.4 shows a small fraction of this sample (specifically, every eleventh spec-

trum), ordered by increasing mmin. Many have regions of missing data, which we have filled in

using eigenspectra obtained through iterative PCA (to be discussed in § 4.5.4). These regions

are shown in grey, while the raw data are shown in black. The TiO bandheads are clearly visi-

ble, and increase in strength as mmin increases from the minimum (lower left) to the maximum

(upper right). Almost all stars exhibit the Ca II triplet, while almost none show prominent VO

bands (which appear around M7).
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Figure 4.4: Sample M-giant spectra plotted in order of increasing mmin. Earliest M-types are at
the bottom left, and increase such that latest M-types are at the top right. Raw data is shown in
black, while grey regions represent missing data that were reconstructed using iterative PCA.
To select a representative sample, we sorted by M-type and plotted every eleventh spectrum.
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4.3.2 Separating the AGB and RGB

Our sample of 533 M-giants contains both AGB and RGB stars. Spectroscopically,

these populations can be differentiated by the presence of s-process elements brought to the

surface of AGB stars by the TDU. However such signatures are difficult to observe, particularly

at the S/N typical of SPLASH spectra. Photometrically (at least at optical wavelengths), the

simplest distinction between AGB and RGB stars is where they lie with respect to the TRGB,

as AGB stars increase in luminosity after the onset of the TP-AGB phase. Current models

indicate that the fraction of TP-AGB stars fainter than the TRGB does not exceed 5% (Girardi

et al., 2010; Rosenfield and Marigo, 2014). As a result, the TRGB has been assumed the lower

limit of the TP-AGB “region" in many observational surveys (e.g. Albert et al., 2000; Battinelli

and Demers, 2000; Melbourne et al., 2012; Boyer et al., 2013).

To differentiate between AGB and RGB stars, we will thus compare their magnitudes

to the TRGB. In the satellites of M31 we calculate ITRGB using the relationship between [M/H]

and the TRGB magnitude from Bellazzini et al. (2004). We use the metallicity measurements

presented in McConnachie (2012), converted from [Fe/H] to [M/H] using the relationship from

Ferraro et al. (1999). Like Ferraro et al. (1999) we assume [α/Fe]= 0.28, except in the nine

satellites in which [α/Fe] has been measured by Vargas et al. (2014). Finally, we convert the

calculated absolute magnitudes to apparent magnitudes using the distance moduli listed in Mc-

Connachie (2012) (and Chapter 3). The uncertainties on these distance moduli are the most

significant contributor to the uncertainties on ITRGB, and are on order 0.05-0.2 mag. In the M31

halo an accurate ITRGB is much more difficult to compute. We will adopt the distance modulus of
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M31 (24.47; Stanek and Garnavich, 1998) for all halo fields, which translates to ITRGB = 20.47.

We define likely AGB stars to be those M-giants at least 0.1 magnitudes brighter

than the TRGB, and likely RGB stars to be those M-giants at least 0.1 magnitudes fainter than

the TRGB. The stars brighter/fainter than the TRGB but within the 0.2 mag buffer region we

classify as tentative AGB/RGB stars. We also classify stars as tentative AGB/RGB if they are

located in a halo field, as we cannot be sure that our assumption of ITRGB is accurate. This splits

our sample of 533 M-giants into 58 likely AGB stars, 20 uncertain AGB stars, 89 likely RGB

stars, 348 tentative RGB stars, and 18 that could not be classified.

4.4 Spatial distribution of M31 M-giants

We identify M-giants in 41 of the∼ 60 SPLASH fields, including seven of the dSphs,

all three dEs, M32, and 19 fields with known substructure. RGB stars (including the uncertain

RGB stars) are ubiquitous, and are present in 38 of these fields. AGB stars (including the

uncertain AGB stars) are slightly less common, and we observe them in 16 fields. For the

satellite fields, Figure 4.5 shows the M-giants’ positions within their host galaxy. These maps

do not cover the halo and substructure fields, where there is no central reference point. In

this section we will discuss the significance of the regions in which we do/do not see AGB

stars. Because each field was observed using a different spectroscopic selection function, we

cannot easily compare the M-giant populations in different fields. However, the probability

of observing oxygen-rich versus carbon-rich AGB stars is independent of the spectroscopic

selection, and so the fraction of C- versus M-stars will be discussed.
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Figure 4.5: Map of M-giants in their host satellites. The full photometric sample is plotted grey,
with the SPLASH spectroscopic targets overlayed in light blue. M-giants on the RGB are noted
as blue circles, while M-giants on the AGB are in red. Each panel shows RA and DEC (in
degrees), and is slightly stretched such that the full spectroscopic survey area fills the panel. We
have annotated the galaxy center with a star, and included the half-light radius (McConnachie,
2012) as an ellipse.
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Figure 4.6: Figure 4.5, continued
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The presence of a significant number of M-type AGB stars in a field points to a pres-

ence of an intermediate-age population. The only galaxies in which we observe many M-giants

on the AGB are NGC 147, NGC 205 and M32, which have been previously identified as having

intermediate-age stars (e.g., Nowotny et al., 2003; Battinelli and Demers, 2004b,a; Davidge,

2005, 2014; Jones et al., 2015). In each of these fields more than 50% of our M-giant sample

is on the AGB, and AGB M-giants represent between 15% (NGC 147) and 74% (M32) of the

full spectroscopic sample. We do not see many AGB stars (or indeed M-giants of any type)

in NGC 185, which is surprising given the number of M-giants found by photometric surveys

(Nowotny et al., 2003; Battinelli and Demers, 2004b; Davidge, 2005). This is an effect of our

Na I criterium, as only 22 of the 627 stars observed by SPLASH in the vicinity of NGC 185

have EWNaI <= 3. We also observe two M-type AGB stars in And IX (14% of the M-giant

sample), and one M-type AGB star in And XVIII (100% of the M-giant sample). However,

these stars represent 3% and 5% of the spectroscopic samples in their respective satellites, and

thus do not constitute an intermediate age population.

In several of the satellites in which we see M-type AGB stars, we have also identified

carbon stars (Chapter 3 of this work). There is no difference in how carbon stars and M-giants

were selected for observation by SPLASH, so we can use these carbon star counts to calculate

rudimentary C/M ratios. We restrict the carbon star count to those brighter than the TRGB, to

ensure that we are counting only the intrinsic carbon stars on the AGB. Table 4.1 shows the

calculated C/M ratios for these six fields.

In the three dEs, our computed C/M ratio is much higher than was calculated by

previous authors (Demers et al., 2003; Battinelli and Demers, 2004a,b) because we include a
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Na I criterium to limit contamination from foreground dwarfs while previous (photometric)

surveys relied on statistical arguments to address foreground contamination. The true C/M

ratios are likely somewhere between our spectroscopic results and previous photometric results.

In M32 we detect a significant number of M-type AGB stars, and one (member) car-

bon star. We thus compute a C/M ratio of 0.03± 0.03. Using the relationship between [Fe/H]

and log(C/M0+) from Cioni (2009), this corresponds to [Fe/H]= −0.64±0.27. The stellar pop-

ulations within M32 are known to vary with radius (Coelho et al., 2009), so it also instructive to

look at the C/M ratio in a more defined region. If we restrict our counts to within five effective

radii of the galaxy center, our measured C/M ratio increases to C/M= 0.05±0.05, and the asso-

ciated [Fe/H] decreases to [Fe/H]= −0.79±0.25. Both of these estimates are more metal-poor

than recent isochrone-based metallicity measurements (Monachesi et al., 2012); mass-weighted

mean metallicity of [M/H]= −0.01± 0.08 dex or the peak of the mean metallicity distribution

[M/H]' −0.2. They are, however, consistent with the mean metallicity computed using inte-

grated light spectroscopy, [M/H]' −0.6 (Coelho et al., 2009).

We have also identified carbon stars in And II, And V, and And X though we see no

M-type AGB stars. In And V and And X this is unsurprising, as no significant intermediate age

population has ever been observed. And II, however, has been shown to have an intermediate

age population (Kerschbaum et al., 2004; Weisz et al., 2014). We do not observe M-type AGB

stars because only ∼ 8% of the stars given high priority for spectroscopic selection are brighter

than the TRGB, many of which are then removed by the membership criteria. This is thus an

observational effect.

Of the eight halo fields that contain AGB stars (with the caveat that our distance
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Table 4.1: C/M ratios in SPLASH satellite/halo fields

Field NM
a NC

b C/M ratio

NGC 147 5 3 0.6±0.44
NGC 185 1 2 2.02.4

2.0
NGC 205 16 6 0.38±0.18
M32 (average) 39 1 0.03±0.03
M32 (r ≤ 5reff) 19 1 0.05±0.05
And IX 2 0 0
And XVIII 1 0 0
Northwest shelf 4 1 0.250.28

0.25
Northeast shelf† 9 3 0.33±0.22
a Number of M-type AGB stars
b Number of carbon stars brighter than the
TRGB
† Using the ITRGB described in the text

modulus assumption may not be accurate), four contain substructure known to be associated

with the M31’s giant southern stream (GSS). Several of these fields target the Northwest Shelf,

in which we have also found carbon stars. We find C/M= 0.250.28
0.25, which corresponds to [Fe/H]=

−1.11±−0.24. In the other halo fields, the total number of identified AGB stars is too small to

be significant.

The final fields we will pay particular attention to are those associated with the North-

east shelf. We identify eight M-giants with magnitudes slightly fainter than our assumed ITRGB

of 20.47. However we also observed three carbon stars, also all fainter than ITRGB. It is possible

that this represents an intermediate age population that has been affected by some systematic

offset in the calibration of the original photometry. If we instead adopt ITRGB = 21.41, cho-

sen to encompass the faintest carbon star, then all eight M-giants would be classified as AGB

stars. This would return C/M= 0.38± 0.25, which corresponds to [Fe/H]= −1.19± 0.15. This
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is consistent with observations that the metallicities of the NE and NW shelves are very similar

(Ferguson et al., 2005). Note that a one magnitude change in the distance modulus represents a

tremendous change in physical distance, so it is highly unlikely that these stars are AGB stars

that are truly as distant as their magnitudes suggest. It is however possible that they are RGB

stars and extrinsic carbon stars in the M31 halo. However, given that intermediate age popula-

tions are known to exist in debris associated with the GSS, we believe that a calibration error is

the most likely explanation for these luminosities.

4.5 Physical Properties of M31 M-giants

Our sample of M-giants covers a wide range of environments. In this section we

explore the range of properties they possess, and the nuances involved in calculating these

properties. We focus on effective temperature (Teff), dust and dynamics, and metallicity. Finally,

we discuss difference between the AGB and RGB populations.

4.5.1 Effective Temperature

M-giants are characterized by atmospheres cool enough to harbor TiO, typically Teff <

4000K. As TiO is highly temperature-dependent, its strength is a good way to measure an M-

giant’s Teff. Indeed it is one of the only ways to measure Teff, as the broad TiO bandheads

obscure many features that can be used as temperature proxies in warmer stars. In this section

we will attempt to measure Teff in our sample using empirical relationships from the literature

and direct comparison to models.
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In Section 4.3.1 we parametrized the TiO band strength and calculated a spectral

subtype for each star. As a reminder, we defined a star’s M-type to be that which minimizes

the distance between each SPLASH star in S-index space and the locus defined by F94 (see

Figure 4.2). The top panel of Figure 4.7 illustrates the distribution of M-types for AGB and

RGB stars. In general, the type varies from M2 to M9. The AGB population is skewed to

slightly higher M-types (i.e., cooler temperatures), regardless of whether or not the uncertain

designations are included. This is not unexpected, as AGB stars are are known to be particularly

red and particularly dusty.

The relationship between spectral type and Teff is well documented (e.g., Dyck et al.,

1996, 1998; van Belle et al., 1999). Panels a and b of Figure 4.7 demonstrate Teff derived

with two of these relationships, one from the table provided by F94 and the second from the

empirical equation in van Belle et al. (1999). The two methods return very different temperature

distributions, with the mean F94 distribution ∼ 585K cooler than the van Belle et al. (1999)

distribution. In both, the AGB stars are cooler than their RGB counterparts (which follows

directly from their different M-types).

We can also estimate Teff by comparing our M-giant spectra directly to synthetic

spectra. To do this, we perform a χ2 fit against a grid of model spectra from Aringer et al.

(2016, hereafter A16). These models cover a range of surface gravities, effective temperatures,

metallicities, stellar masses, and C/O ratios. For the purposes of Teff estimation we include

all stellar masses and C/O ratios in our grid, but do not include those models with unusual

O/N/Zr/Y abundances. The basic grid we use span the following properties; −1.5< log g< 1.5,

−2 < [Fe/H] < 1.0, 2600 < Teff < 5000K. Because temperature and metallicity are highly de-
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Figure 4.7: The top panel shows the distribution of M-types for both AGB (red) and RGB (blue)
stars, in which AGB stars are skewed to slightly later types. The next two panels show the
distribution of Teffs given two empirical relationships between M-type and temperature. Panel
(a) uses an interpolation on the relationship from F94, and panel (b) uses the equation from
van Belle et al. (1999). The final panel (c) shows the distribution of Teff derived by comparison
to A16 models. The temperature distributions derived using each of these methods are quite
different. 140



generate, we also compute the best fitting Teff for different metallicity-based subsets of this

grid.

The distributions of computed Teff is shown in Figure 4.8 for three subsets of our grid

of A16 models. The first (shown in blue) uses all available parameters. The next two show

the best fitting temperatures for those models with −0.5 < [Fe/H] < 0 (green) and [Fe/H]< −1

(red). The temperature of a single star changes by an average of 90K from the full grid to the

more metal rich subset (while the minimum χ2 value increases by an average of 8%), and by an

average of 300K from the full or metal rich subset to the metal poor subset (where the average

best χ2 increases by 50%). The temperature difference does not depend on V − I, CN–TiO, or

either of the temperature estimates themselves.

The bottom-most panel of Figure 4.7 shows the distributions of χ2 calculated Teff for

AGB and RGB stars using the full A16 grid. Both distributions peak at ∼ 3900K, essentially

centered between the F94 and van Belle et al. (1999) based temperatures. The range of tem-

peratures estimated by this method is much wider than either of the two spectral typed based

methods.

Overall, AGB stars have higher M-types than RGB stars. When spectral type drives

the temperature estimate, this results in AGB stars appearing cooler than the RGB stars. How-

ever, when temperature is calculated independent of spectral type, this difference disappears.

Statistically, this can be represented by the results of K-S tests; when comparing the distribu-

tions of AGB and RGB M-type we get p = 0.002, while when comparing the distributions of Teff

we find p = 0.4. This suggests that metallicity the driver of the difference in M-types, and AGB

stars have higher metallicities than RGB stars. This could be an effect of location, where AGB
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Figure 4.8: M-giant Teff derived by χ2 comparison with A16 models. We include the results
from three subsets of the A16 model grid, including all available [Fe/H] (blue), −0.5< [Fe/H]<
0.0 (green) and [Fe/H]< −1.0 (red). Due to the degeneracy between [Fe/H] and Teff, the tem-
perature of a star’s best fitting model changes significantly at different metallicities.
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stars are preferentially located in the higher metallicity fields (e.g., M32 and the dEs). However,

we do not have a large enough sample of AGB stars in any single field type (dE, dSph, halo,

cE) to do a statistically meaningful comparison of homogenous populations.

4.5.2 Stellar Dust and Variability

TP-AGB stars are known for their variability and dust production. M-giants (and their

carbon-rich counterparts) on the AGB have been observed with photometric variations on time

scales from a few tens to several hundred days with amplitudes of up to several magnitudes. In

addition, they return significant amounts of mass (in the form of gas and dust) to the interstellar

medium via stellar winds (e.g., Gehrz, 1989). Many are so extincted as to become invisible at

optical wavelengths (e.g., Nowotny et al., 2013). While RGB stars may also be variable, they

do not lose their mass to a a comparable extent.

These particular properties are best studied using multiple epochs of mid-infrared

(MIR) observations. Several large-scale surveys have used the Spitzer Space Telescope to this

end (e.g., Blum et al., 2006; Boyer et al., 2011). Fortunately, there is overlap between the

fields observed by Spitzer and the SPLASH fields. In addition, our broad-band photometry

was observed at a different epoch than the spectroscopy, and can thus provide a modicum of

multi-epoch information.

We begin by looking at the M-giants in CN–TiO versus V − I color-color space (Fig-

ure 4.9). Combined, these two colors make up the four-band photometry system that has been

used to study AGB stars throughout the Local Group (e.g., Nowotny et al., 2003; Battinelli and

Demers, 2004a,b, 2009; Wing, 2007). As we synthesized CN–TiO directly from the spectra,
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it represents the properties of the star at a different point in time than the V − I color. In Fig-

ure 4.9 the full SPLASH sample is shown in grey, while the AGB and RGB stars are plotted

in red and blue (respectively). We distinguish between certain and uncertain designations by

shape (circles and crosses, respectively). We also plot synthetic photometry from the dust-free

hydrostatic models from A16.

Overall there is a good fit between the models and the observations. Approximately

5% of the M-giants are redder in V − I than predicted for their CN–TiO color (we include a

dashed black line on Figure 4.9 marking this sample). The majority of those that deviate from

the models are AGB stars, and by fraction more AGB stars lie outside the model sequence

than RGB stars. This is consistent with conventional wisdom that AGB stars are more dusty

and more dynamic than RGB stars. Very few M-giants are scattered in the opposite direction,

blueward of the V − I color predicted for the CN–TiO color. There is a small clump of stars at

V − I ' 1.3 with stronger TiO features (i.e., more negative CN–TiO color) than predicted by the

models. Four these are early M-type stars with a slight gap between the blue and red DEIMOS

chips. However, three have very deep TiO bands.

Next we compare the SPLASH sample with Spitzer observations. The Survey of Dust

in Nearby Galaxies with Spitzer (DUSTiNGS, Boyer et al., 2015) imaged 50 nearby dwarf

galaxies at 3.6 and 4.5 µm using the InfraRed Array Camera (IRAC; Fazio et al., 2004). Of

the 1749 stars with SPLASH spectra that fall within the DUSTiNGS footprints, 23 are M-

giants. These 23 stars are comprised of 13 RGB stars, 5 AGB stars, 3 uncertain RGB stars,

and 2 uncertain AGB stars. These stars are shown in their corresponding DUSTiNGS [3.6]

versus [3.6]–[4.5] CMDs in Figure 4.10. Interestingly, many of the AGB stars are fainter than
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Figure 4.9: CN–TiO versus V − I color-color diagram. AGB stars are shown in red while RGB
stars are shown in blue, with certain and uncertain designations plotted as circles and plus signs
respectively. For comparison, the non M-giant portion of the SPLASH sample is plotted in grey,
and the cool star models from Aringer et al. (2016) are overlaid as black squares. The black
dashed line indicates the edge of what may be considered the region of stars effected by dust
and/or dynamics.
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the TRGB in 3.6µm despite being brighter than ITRGB. This is unlikely to be due solely to

uncertainties on the (optical or MIR) TRGB, as typical uncertainties are far less than the ∼ 2

magnitude differences we see here.

Figure 4.11 shows our sample of M-giants in [3.6]–[4.5] versus V − I color-color

space. To avoid Eddington bias, we restrict the M-giants plotted to AGB stars, and RGB/uncertain

stars at least one magnitude brighter than the DUSTiNGS detection limit (M3.6 ≤ −6mag). This

removes 13 stars, as well as the match in M32 that has no V − I color. There is a significant

amount of scatter towards large [3.6]–[4.5] colors. This is particularly true at bluer V − I colors,

though this may be a selection effect given the paucity of M-giants observed with V − I > 3.

The scatter pushes many of the stars into the regime that might classify them as “extreme" (x-)

AGB stars were it not for their very blue V − I color (e.g., Blum et al., 2006; Boyer et al., 2015).

X-AGB stars are known to be highly variable, and are typically losing dusty mass at such a

rate as to be invisible in the optical and extremely red in the MIR. However, x-AGB stars are

brighter than the 3.6µm TRGB, and none of the stars in the SPLASH-DUSTiNGS overlap are

both bright in 3.6µm and particularly red in [3.6]–[4.5].

The nature of this scatter is unclear, as it has not been observed in other fields (Aringer,

private communication). Overall, the AGB stars do not seem to exhibit any more deviation from

the models than their RGB counterparts, despite being typically more impacted by dust and

dynamics (for which these hydrostatic models do not account). It is likely a purely observational

effect, a result of photometric uncertainties at these magnitudes, as Figure 4.10 illustrates that

there is more scatter redward of [3.6]–[4.6]= 0 than blueward.

We find that only the three reddest (two AGB stars and one RGB star) stars in Fig-
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Figure 4.10: DUSTiNGS [3.6] versus [3.6]-[4.5] color magnitude diagrams for the six fields in
which there are M-giants spectroscopically identified by SPLASH. DUSTiNGS photometry is
shown in grey, and SPLASH points are highlighted as red (likely AGB stars) and blue (likely
RGB stars). The TRGB (at roughtly M[3.6] = −6.6 is noted by a dashed red line. Despite being
selected to be brighter than the optical TRGB, many of the SPLASH AGB stars are fainter than
the TRGB in 3.6µm.
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ure 4.11 lie in the “dynamic" region of Figure 4.9 (i.e., to the right/above the black dashed line).

Two of these stars are perfectly coincident with the models in [3.6]–[4.5] versus V − I color-

color space, while the third is red enough to be an x-AGB candidate ([3.6]–[4.5]> 0.5). It is

possible that this star is an “extreme" AGB (X-AGB) candidate that resides below the 3.6µm

TRGB temporarily due to its variability. However, none of these three stars (or the other 20

M-giants in the SPLASH-DUSTiNGS overlap) appear in the DUSTiNGS variable/X-AGB star

catalog. While this does not rule out variability completely, as the catalog is based on only two

epochs, it makes it less likely. In particular, those AGB stars fainter than the 3.6µm TRGB but

brighter than ITRGB are likely variable.

M32 has also been imaged with Spitzer (Jones et al., 2015). Of the nine total matches

between SPLASH footprint and the catalog from Jones et al. (2015), one is a confirmed M-

giant. This single match is harder to interpret. It is detected in 3.6 and 5.8µm. Howver, X-AGB

criteria rely on either [3.6]–[4.5] or [3.6]–[8] color, so it is not immediately apparent whether

this star (with [3.6]–[5.8] = 0.368± 0.13) is an X-AGB candidate. However, we do have the

distribution of [3.6]–[5.8] colors for X-AGB candidates and non X-AGB candidates in M32.

Applying Bayes theorem, we determine that our M-giant is twice as likely not to be an X-AGB

star than it is to be an X-AGB star.

Our takeaway from this analysis is that our sample of M-giants is at most mildly

pulsating, and minimally effected by dust.
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Figure 4.11: [3.6]–[4.5] versus V − I color-color diagram. Colors and shapes are the same as
Figure 4.9. There is a plume of stars that are quite red in [3.6]–[4.5] while quite blue in V − I,
which we cannot explain.
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4.5.3 Metallicity

A common method of measuring the metallicity of low resolution or low S/N spec-

tra is using the Ca II triplet (CaT) at ∼ 8500Å. The relationship between the CaT equivalent

width (EW) and [Fe/H] has been well calibrated for RGB stars at a range of ages and metallic-

ities(Rutledge et al., 1997; Carrera et al., 2007; Starkenburg et al., 2010; Carrera et al., 2013),

and has been used throughout the Local Group (e.g., Gilbert et al., 2006, 2012; Ho et al., 2015).

While age has not found to significantly impact this calibration (Cole et al., 2004), the CaT

is sensitive to surface gravity in temperature and metallicity dependent ways (Jorgensen et al.,

1992; S.V., 1997). As a result, it manifests differently in AGB stars versus RGB stars, and may

well be different in M-giants versus warmer stars. Observations have found that there is a dis-

crepancy between spectroscopic and photometric metallicities when intermediate-age stars are

present (Lianou et al., 2011), but the precise differences between the CaT on the AGB and the

RGB have not been thoroughly mapped out. While a complete calibration of the relationship

between the CaT and [Fe/H] requires higher resolution spectra than we have available, we can

still explore the differences in how the CaT appears in our sample.

We restrict our CaT EW calculations to those spectra with S/N> 3 pixel−1 at the CaT

(8560< λ < 8640Å). This is the limit at which Ho et al. (2015) find that the true EW of model

spectra could be recovered within an error of 30%. This removes 33 spectra, all RGB stars. For

the remaining 445 M-giants, we compute the total equivalent width to be the unweighted sum

of the two stronger lines.

ΣCa = EW8542 + EW8662 (4.5)
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Figure 4.12: Distributions of ΣCa for AGB (red) versus RGB (blue) stars. The left panel shows
mean ΣCa as a function of environment, where the x-axis is the estimated [Fe/H] of the field
to which the stars belong. In seven of the nine fields the AGB stars have a lower average ΣCa
than the RGB stars. The right panel shows these distributions in aggregate, and the AGB stars
are skewed to smaller ΣCa values.

We exclude the weakest line, which Ho et al. (2015) found add more noise than signal at the

S/N of these data.

Figure 4.12 illustrates the distribution of mean ΣCa in fields with measurements for

both AGB and RGB stars. In the satellite fields, the metallicity shown is the mean [Fe/H] from

the literature (McConnachie, 2012). In the halo fields, we compute the mean projected distance

from M31 and compute [Fe/H] given the radial gradient from Gilbert et al. (2014). In seven of

the nine fields, the mean ΣCa of the AGB stars is smaller than that of the RGB stars. The right

panel of Figure 4.12 illustrates this in aggregate, with the distribution of ΣCa for the AGB stars

skewing slightly lower than the distribution for the RGB stars (with means of 5.22± 0.3 and

6.1±0.17, respectively).
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For the fields with known distance modulus, we can convert ΣCa to [Fe/H] using the

two-line calibration from Carrera et al. (2013), as presented in Ho et al. (2015),

[Fe/H] = −3.51 + 0.12×MI + 0.57×ΣCa

−0.17×ΣCa−1.5
+ 0.02×ΣCa×MI (4.6)

where MI is the absolute I-band magnitude.

Figure 4.13 illustrates the results of this conversion. Despite the interaction term in

this equation, the offsets between the AGB and RGB distributions match those in Figure 4.12.

In four of the six fields, the RGB stars have higher average metallicities than the AGB stars

(with the mean marked by a star). It is unlikely that AGB stars are systematically more metal-

poor than their RGB counterparts, particularly given that § 4.5.1 indicated that their TiO bands

are consistent with being more metal-rich. Instead, the offsets that we observe are likely due to

differences in the temperature structure of the outer atmospheres of AGB versus RGB stars.

If the CaT appears systematically weaker AGB stars, then using the CaT to calculated

[Fe/H] will return a lower metallicity in fields with RGB and AGB stars than in fields with AGB

stars alone. The effect of AGB contamination has been modeled using NTLE line-formation

data and theoretical stellar evolution models, and was found to be minimal (with an error in

[Fe/H] of ∼ 0.02 dex per star, Cole et al., 2000). We can use the information in Figure 4.13

to investigate this contamination. We begin with the full sample of RGB stars (whose mean is

shown as a dashed red line in Figure 4.14). To this we add increasingly large numbers of AGB

stars randomly sampled without replacement from the AGB sample. We then compute the mean
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Figure 4.13: CaT-based [Fe/H] of M-giants as a function of mean environmental metallicity.
Calculated [Fe/H] values for individual AGB and RGB stars are plotted as red or blue circles,
respectively, while the means for each field are plotted as stars. AGB stars are offset slightly
to teh left estimated [Fe/H] of their host satellite/field, while RGB stars are offset slightly to
the right. The dashed black line indicates the 1-to-1 relationship. Both panels contain the same
information, the right is presented on a different x-axis scale to allow easier visualization.

ΣCa of the combined RGB+AGB sample and convert it to [Fe/H]. To estimate the uncertainties,

we do this 250 times and combine the results. Figure 4.14 shows the results of this exercise.

The change in mean [Fe/H] increases with the fraction of AGB stars, increasing to 0.2dex when

AGB contamination is∼ 50%. This is comparable to typical error in abundance measurements,

so may be problematic for the best-measured [Fe/H].

Finally, neither ΣCa (Figure 4.12) nor CaT-based [Fe/H] (Figure 4.13) show a tight

relationship with the mean metallicity of the field. The mean metallicities were derived using

several methods, including CaT EW of coadded spectra (And IX, Collins et al., 2010), CaT

EW of un-coadded spectra (NGC 185, NGC 147, Geha et al., 2010), isochrones (M32 Grillmair

et al., 1996), and interpolation on the M31 halo metallicity gradient at different radial distances

(Gilbert et al., 2014). The closest matches are with NGC 205 and NGC 147, whose mean
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Figure 4.14: Mean ΣCa as a function of fraction of AGB contamination, with 1σ uncertainties
computed through repeated trials. The mean of the clean RGB sample is shown as a dashed red
line. The population’s mean ΣCa decreases steadily as more AGB stars are included.
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metallicities were calculated using SPLASH data. The offset is not in a consistent direction; in

the metal-poor fields the CaT-based metallicities are higher than the mean metallicities, while in

metal-rich fields the CaT-based metallicities are lower than the mean metallicities. This suggests

that the CaT is not a well-calibrated absolute metallicity indicator for M-giants.

4.5.4 The AGB versus the RGB

The previous subsections have illustrated minor differences between the AGB and

RGB spectra. Our AGB sample have slightly later spectral types than the RGB stars, are more

likely to deviate from the relationship between CN–TIO and V − I, and have slightly weaker

CaT EWs. In this section, we apply Principle Component Analysis (PCA) to tease out any

significant differences we have not yet observed.

The PCA algorithm as it relates to spectra has been thoroughly laid out elsewhere

(e.g., Yip et al., 2004, and Chapter 3 of this work), but we will briefly summarize it here. PCA

in general is a technique for dimensionality reduction, which converts a set of observations

of potentially correlated properties to an orthogonal, uncorrelated, basis set. Within the PCA

framework, each spectrum can be described as a linear combination of “eigenspectra". Mathe-

matically, this is represented as

xi = µ+

N∑
j=1

ai je j (4.7)

where xi is the i-th spectrum of the sample, µ is the mean spectrum (which is also the first

eigenspectrum), e j is the j-th eigenspectrum, and ai j is the j-th eigencoefficient of spectrum i.
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To compute the eigenspectra, eigenvalues, and eigencoefficients of our sample of M-giants, we

use the iterative PCA formalism set forth by Yip et al. (2004) in the astroML Python library.

A major limitation of PCA in this case is the typical S/N of the SPLASH spectra.

PCA endeavors to capture all the variance, which in a sample with low S/N is quite substantial.

The effect of noise on the eigenspectra is illustrated in Figure 4.15, which presents the predictive

power of the first five eigenspectra as a function of various S/N limits and degrees of smoothing.

Both S/N limits and smoothing increase the percentage of variance described by the first several

eigenspectra, and as a result decrease the number of eigenspectra necessary to represent the full

sample. However both also have negative effects; applying a S/N limit reduces the sample size

and biases us towards AGB stars and the brightest RGB stars, and large amounts of smoothing

removes features that we would like to use PCA to represent. We thus choose modest changes

to the sample, with a minimum S/N of 3.5 and Gaussian smoothing with σ ' 10Å. This results

in the first five eigenspectra representing 42% of the total variance.

Figure 4.16 show the first five eigenspectra of the full M-giant sample. Each of these

eigenspectra features prominent TiO bands (the strongest of which have been labeled), though

they do not necessarily show the same TiO bands. All major TiO bands appear in the first (mean)

eigenspectrum, though the 8400Å TiO feature is weak. However, the second eigenspectrum

does not show TiO absorption at 7000Å while the next three eigenspectrum show very strong

7000Å features. Finally, while the first three eigenspectra show substantial TiO absorption

redward of 8000Å, the final two eigenspectra are largely featureless at those wavelengths.

The appearances of TiO in the first five eigenspectra suggest several things. First, that

the mean eigenspectrum has TiO absorption at 7000Å while the second eigenspectrum does not
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Figure 4.15: Effect of smoothing and S/N cuts on the cumulative percentage of variance ex-
plained by the first five eigenspectra. The minimum S/N used to make the sample is indicated
on the left y-axis, the number of spectra that meet that S/N criteria is on the right y-axis, and the
σ of the smoothing Gaussian applied to that sample is indicated on the x-axis. Color represents
the cumulative percentage of variance covered by the first five eigenspectra. Both smoothing
and S/N cuts increase the amount of variance explained by the first few eigenspectra, with S/N
cuts providing a larger change due to the dual effect of less noise and fewer spectra.
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Figure 4.16: First five M-giant eigenspectra, accounting for∼ 42% of the population’s variance.
We annotate the major spectral features, including TiO at 7050Å, 7500Å and 8453Å, and the
CaT at ∼ 8500Å. In the fourth panel we have flipped the eigenspectra over zero such that TiO
bands are recognizable as absorption. The y-axis reflects this transformation, and goes from
positive to negative.
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tells us that many of the M-giants in our sample have very similar 7000Å features. This suggests

that this TiO feature saturates before those at redder wavelengths. Very early M-type stars

should have weaker features, so the fact that they are not seen suggests that our sample is biased

against the earliest M-types. The major difference between the first and second eigenspectra is

the strength of the 8400Å and 8900Å TiO bands, illustrating that for our sample these features

are the most variable. The very strong TiO features at all locations in the third eigenspectrum

likely represents our sample’s late-type M-giants. Finally, the relatively featureless red halves

of the final two eigenspectra are likely an artifact of our data processing, in which the red and

blue DEIMOS chips are not processed identically.

Correlating the eigencoefficients of these eigenspectra (as well as the several hundred

eigenspectra not shown) with other observable properties indicates that only two have strong

relationships (which we define to be a Spearman’s rank correlation coefficient ρ ≥ 0.5). The

second eigenspectrum correlates with V − I, CN–TiO, and M-type (ρ = 0.68,−0.76 and 0.88, re-

spectively). The third eigenspectrum correlates with CN–TiO (ρ = −0.72) and M-type (ρ = 0.62),

but when compared to V − I is below our correlation threshhold (ρ = 0.45). Also just below our

threshold is the second eigenspectrum’s correlation with ΣCa (ρ = −0.48). No eigenspectrum

correlates strongly with the mean metallicity of the field.

If we look at the AGB stars alone, some of these correlations strengthen and several

other correlations emerge. Both the second and third eigenspectra correlate with ΣCa (ρ =

−0.57,−0.62, respectively). This is particularly interesting given that the CaT is only clear to

the eye in the second eigenspectrum. These two eigenspectra also correlate with V − I (ρ =

0.63 for both), CN–TiO (ρ = −0.84,−0.85), and M-type (rho = 0.85,0.78). Finally, the 30th
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eigenspectrum emerges as correlating with V − I (ρ = 0.57). There is still no eigenspectrum that

correlates strongly with the mean metallicity of the field.

If we compare AGB versus RGB eigencoefficients for every eigenspectrum, we find

27 cases for which a K-S test returns p < 0.05. We have plotted the first three differing distri-

butions of eigencoefficients in Figure 4.17. As the eigencoefficients of the second (EC2) and

third (EC3) eigenspectra correlate with various observables, we can interpret these distributions.

AGB stars have, on average, slightly lower EC2 values. This corresponds to redder V − I colors,

more positive CN–TiO colors (i.e. weaker TiO bands), and later Mtypes. This is consistent with

what we observed in the previous sections. The remaining eigencoefficients are more difficult

to interpret.

The primary result of this exercise, and the application of PCA to M-giants as a whole,

is that TiO is a complicated molecule. Its depth and shape depends on both the stellar properties

that are easily observable (color, temperature, metallicity), but also on a host of properties that

we are unable to distinguish. The spectra of AGB and RGB stars do differ, but by small amounts

and in ways that are difficult to predict and understand. There are, however, takeaways. First,

the 7000 TiO feature appears in most of our spectra at comparable strength, while the 8400 TiO

feature changes significantly. Next, the CaT always appears in eigenspectra that also have a

significant TiO feature at similar wavelengths, suggesting that the behavior of the CaT in M-

giants is very tightly related to the behavior of TiO.
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Figure 4.17: Distribution of eigencoefficients of the second M-giant eigenspectrum, which cor-
relates with V − I, CN–TIO, and M-type. The distribution for AGB stars is shown in red, while
the RGB stars are represented in blue. The median is indicated by a black line, the first and third
quartiles indicated by the colored box. The whiskers extend 1.5 times the interquartile range
past the quartiles. Outliers beyond that are shown as circles.
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4.6 Summary and Conclusions

We have used a random forest to spectroscopically identify 533 M-giants in the satel-

lites and halo of M31. These stars have passed rigorous membership criteria, ensuring that the

sample is not significantly contaminated by M-dwarfs in the MW foreground. They have been

separated into likely AGB stars, uncertain AGB stars, likely RGB stars, and uncertain RGB stars

based on their absolute magnitudes. We have evaluated their spatial distribution, and various

physical properties (Teff, dust and dynamics, metallicity, and differences between the AGB and

RGB stars). Our major results can be summarized as follows

• We identify M-type AGB stars in 16 fields, including all three dEs, M32, two dSphs

(And IX and And XVIII), and four fields containing debris from the GSS.

• We have computed C/M ratios seven fields, including three for which this is the first

measurement. In M32 we find C/M= 0.14± 0.07, in the Northwest shelf we compute

C/M= 0.250.28
0.25, and in the Northeast shelf we find C/M= 0.38±0.25. Using the calibration

from Cioni (2009), these valeus correspond to [Fe/H]= −0.99±0.15, [Fe/H]= −1.1±0.24,

and [Fe/H]= −1.2±0.15, respectively.

• We find that M-type AGB stars have slightly later spectral types than M-type RGB stars,

despite having statistically indistinguishable Teff distributions. This suggests that M-type

AGB stars are either intrinsically more metal-rich than their RGB counterparts, or pref-

erentially located in metal-rich regions (e.g., the dEs of M31 rather than the dSphs).

• The M-giants in the satellites and halo of M31 appear to be largely dust-free and hydro-
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static, consistent with our previous observations of carbon stars in the same fields.

• Calculations of the CaT in M-giants consistently returns lower ΣCa values and lower

metallicities for AGB stars than for RGB stars in the same fields. As a result, AGB

contamination can considerably decrease the average metallicity of a sample.

• PCA reveals that the spectra of the AGB and RGB M-giants in our sample are mea-

surably different. In addition to AGB stars having deeper TiO features than their RGB

counterparts, there are minute differences in shape and depth that do not correlate with

observable properties.
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Chapter 5

Conclusions and Future Directions

In this thesis, I have presented a sample of carbon and oxygen-rich AGB stars in the

disk, satellites, and halo of M31. These stars were obtained by leveraging the full suite of

photometric and spectroscopic observations from the SPLASH and PHAT surveys, including

ground-based optical photometry, HST six-filter photometry, and over 34,0000 moderate reso-

lution optical spectra. They represent the largest spectroscopically identified sample of AGB

stars outside the MW.

In the disk of M31, I used high S/N MW templates and FBPS photometry to identify

103 carbon stars. Using three methods of identifying M-stars on the AGB, I computed the C/M

ratio in spatial bins across the disk. I demonstrate that the precise definition of “M" changes the

resulting C/M ratio, but does not effect the relationship between the C/M ratio and environmen-

tal properties. This confirms the need for homogenous samples when studying the C/M ratio as

a function of other parameters. I have also demonstrated statistically significant correlations be-

tween the C/M ratio and galactocentric radius, present-day gas-phase [O/H], stellar [M/H], age,

164



and recent SFR. The relationship that I find between log(C/M) and [Fe/H] within M31 matches

the relationship derived across the Local Group, despite significant differences in SFH.

In the satellites and halo of M31, I identify an additional 41 carbon stars which I

characterize through a combination of color-color diagrams and the application of PCA. I show

that, unlike the carbon stars observed in the MW, these stars are relatively unaffected by dust and

dynamics, suggesting that their mass-loss is minimal. I also identify a significant population of

carbon stars that are fainter than the TRGB, and bluer than expected. I show that these stars are

likely a mix of intrinsic and extrinsic carbon stars. The fraction of faint carbon stars in a given

field is highly dependent on the mass/metallicity of their host galaxy, which suggests that they

form where low-metallicity enables more efficient carbon star formation via TDU, and higher

binary fraction enables mass transfer onto a companion.

I pioneer a random forest approach to spectroscopically identifying M-giants in the

satellites and halo of M31. I identify 533 M-giants, of which X are likely to be on the AGB.

Using these stars, I compute the C/M ratios in several fields, and present the first C/M ratios

in M32, and M31’s Northeast and Northwest shelves. Like the carbon stars, I find these M-

giants to be minimally affected by dust and dynamics, and thus minimally affected by mass

loss. I also show that the CaT - [Fe/H] calibration derived for RGB stars returns systematically

lower metallicities when applied to AGB stars, and calculate the change to mean [Fe/H] one

can expect given different levels of AGB contamination. Finally, through application of PCA I

show that the appearance of the TiO molecule that characterized M-giants is very complicated,

and depends in a degenerate way on temperature, metallicity, and a host of properties we have

yet to quantify.
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5.1 Future directions: M31AGES

There is much work to be done studying AGB stars in M31 and its satellites, par-

ticularly in the context of AGB stars as tracers of intermediate age populations. AGB stars

can be used to constrain the age distribution function of the M31 halo and provide insight into

halo formation mechanisms. The M31 Asymptotic Giant Extended Survey (M31AGES; Beaton

et al., in preparation) was created to leverage the power of NIR photometry to break the age-

metallicity degeneracy and identify AGB stars in M31 in order to study the formation of the

halo.

5.1.1 Motivation

ΛCDM predicts hierarchical galaxy formation: large galaxies are built out of smaller

galaxies. In this paradigm, this growth begins with the small star-forming satellite galaxies that

are bound to a more massive host. Over time these satellites begin to accrete, a process with

several observable states. When a satellite first begins to fall into the halo of its host, it loses

its gas through ram-pressure stripping (Grcevich and Putman, 2009). Next its spherical form

begins to distort, forming bright, cold substructure (Kalirai et al., 2006b; Gilbert et al., 2009a;

Fardal et al., 2012). Over time, this substructure mixes, forming a smooth, virtualized halo.

Satellites have been observationally documented at all phases of accretion. We see

star forming satellites that have not yet undergone ram-pressure stripping (Geha et al., 2012),

satellites that have been quenched but not yet tidally disrupted (Grcevich and Putman, 2009),

satellites disrupted to a range of extents (McConnachie et al., 2009; Martin and Jin, 2010;
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Ibata et al., 1994), and substructure on the verge of being well mixed (Gilbert et al., 2006).

The accretion process has also been documented by increasingly sophisticated N-body and

hydrodynamical simulations.

Much of the observational research into galaxy formation by accretion has been done

in the halo of M31. As discussed throughout this thesis, data from the SPLASH and Pan-

Andromeda Archaeological (PAndAS, McConnachie et al., 2009) surveys have been used to

characterize the kinematics (e.g., Kalirai et al., 2010; Tollerud et al., 2012; Collins et al., 2013)

and metallicities (e.g., Ho et al., 2015; Vargas et al., 2014) of intact satellite galaxies, char-

acterize prominent streams (e.g., Ibata et al., 2001; Ferguson et al., 2005; Ibata et al., 2004;

Guhathakurta et al., 2005; Gilbert et al., 2009b), detect faint substructure (e.g., Gilbert et al.,

2006, 2009a) and map the properties of the smooth halo (Gilbert et al., 2012; Gilbert et al.,

2014). We are close to being able to paint a complete panoramic picture of evolution by accre-

tion.

However, there are several open questions. It is difficult to distinguish between the

ancient accretion of a massive progenitor and recent accretion of a smaller progenitor using

surface brightness or kinematical arguments. As a result, the properties of the progenitors that

caused presently observable substructure are largely unknown (with the exception perhaps of

the giant southern stream Fardal et al., 2006, 2007, 2012). Existing data is also insufficient to

distinguish between halo stars “formed" by accretion, halo stars formed in situ and stars that

have been kicked out of the disk (Dorman et al., 2015).

These topics can be addressed with stellar ages. However, stellar age is a difficult

parameter to estimate. One method is by comparing [α/Fe] and [Fe/H] measurements (Tins-
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ley, 1979). While many [Fe/H] measurements have been made in M31 (McConnachie, 2012,

and references therein), to date there have been very few measurements of alpha enhancement

(Vargas et al., 2014). It is simply difficult to obtain spectra of sufficient S/N at the distance of

M31. An alternate method is to use isochrones. NIR (e.g. J and Ks) isochrones in particular

break much of the age-metallicity degeneracy present in the optical, and allows for the distinc-

tion of intermediate-age (2-10 Gyr) TP-AGB stars and old (> 10Gyr) RGB stars. It also can

distinguish between carbon-rich TP-AGB stars and oxygen-rich TP-AGB stars (e.g., Battinelli

et al., 2007; Battinelli and Demers, 2009; Cioni, 2009; Held et al., 2010; Jung et al., 2012),

whose proportions trace the metallicity and star formation history of their environment (e.g.,

Cioni et al., 2008; Cioni, 2009; Hamren et al., 2015).

5.1.2 Survey progress and next steps

M31AGES aims to capitalize on the power of NIR photometry to estimate stellar ages.

The survey has used the NEWFIRM wide-field imager (Probst et al., 2004) on the Kitt Peak

4m Mayall telescope to observe 61 M31 fields spanning the accreted, accreting, and yet-to-be-

accreted populations. The positions of these fields are shown in Figure 5.1, and their general

properties are listed in Table 5.1. Typcial fields consists of four blocks of J-band imaging

(3840s) and six blocks of Ks imaging (5760s) (for full details of these observations we turn the

reader upcoming survey papers).

The next stage of analysis is to identify AGB stars in the M31AGES survey area, an

endeavor to which the clean samples of AGB stars presented in this thesis will be of great help.

They can be used to verify the NIR-based classification of TP-AGB stars, which may be unre-
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Figure 5.1: M31AGES Survey Map. NEWFIRM fields are overlaid to scale on a surface bright-
ness map of M31 as colored circles, with yellow representing inner halo fields, green repre-
senting outer halo fields, turquoise representing known substructure, and purple representing
satellite galaxies. M31 itself is marked with a white ×.
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liable in certain cases (Menzies et al., 2015). Figure 5.2 illustrates an example of this, with the

carbon stars identified in Chapter 3 overlaid on preliminary M31AGES photometry. The major-

ity of the carbon stars are consistent with the regions defined by Cioni (2009) and the 2.8 Gyr

Padova isochrone (Bressan et al., 2012). The extension of the carbon star sequence beyond the

end of the isochrone is due to the treatment (or lack thereof) of dust in this particular isochrone

sequence. Next, the properties estimated from the spectra either in this thesis or in future work

(e.g., metallicity, [α/Fe]) can be compared to properties derived from the NIR photometry. This

will provide an external source of information with which to calibrate photometry-based analy-

sis.

The identification of AGB stars in the M31AGES survey area will enable several

science goals. First, they will help determine the epoch of the last major star formation event

in each field. This effectively age-dates the ram pressure stripping that marks the accretion

of the (visible or progenitor) satellite onto the M31 halo. Next, we may be able to replicate

the properties of the AGB populations in halo fields using a combination of AGB populations

in satellite fields. This will allow us to roughly characterize the properties of the progenitor

satellite. Finally, by comparing the AGB stars identified in the NIR to those identified in the

optical and the MIR we will be able to precisely determine the fraction and properties of AGB

stars visible/invisible at particular wavelengths. This will provide important information about

dust production, and will allow future AGB surveys to correct their observed counts to represent

the full AGB sample.
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Figure 5.2: M31AGES photometry (grey) overlaid with SPLASH carbon stars (black), and
Padova isochrones (colored by age). The regions delineating C- and M-stars from Cioni (2009)
are marked as dashed lines.
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Table 5.1: Properties of M31 Fields Targeted by M31AGES

Field RA DEC Type M∗ (m − M)0 dM31
(106M�) degrees kpc

a0 0:52:17 39:59:09 Inner Halo ... ... 2.219 30.33
a13 0:41:46 36:59:02 Inner Halo ... ... 4.289 58.6
a3 0:49:11 39:07:44 Inner Halo ... ... 2.468 33.73
And I 00:45:30.00 37:55:54.00 dSph 3.9 24.36 3.379 58.93
And X 01:06:33.70 44:48:15.80 dSph 0.096 24.23 5.605 109.42
And XI 00:45:58.32 33:52:35.00 dSph 0.049 24.4 7.42 102.61
And XII 00:47:05.17 34:26:58.99 dSph 0.031 24.7 6.873 132.46
And XIII 00:51:51.00 33:00:16.00 dSph 0.041 24.8 8.461 179.4
And XIV 00:51:35.00 29:41:49.00 dSph 0.2 24.33 11.71 162.05
And XV 01:14:18.70 38:07:03.00 dSph 0.49 25 6.839 173.59
And XVI 00:59:29.80 32:22:36.00 dSph 0.41 23.6 9.5 279.0
And XVII 00:37:07.00 44:19:20.00 dSph 0.26 24.5 3.223 45.69
And XVIII 00:01:48.97 45:09:50.00 dSph 0.63 25.66 8.403 114.73
And XIX 00:19:32.10 35:02:37.10 dSph 0.43 24.85 7.713 189.0
And II 01:16:28.30 33:25:42.00 dSph 7.6 24.07 10.305 183.39
And XX 00:07:30.70 35:07:56.50 dSph 0.029 24.52 9.24 129.07
And XXI 23:54:47.70 42:28:15.00 dSph 0.76 24.67 8.998 149.44
And XXII 01:27:40.0 28:05:25 dSph 0.034 24.5 16.062 220.59

172



Table 5.1 (cont’d): Properties of M31 Fields Targeted by M31AGES

Field RA DEC Type M∗ (m − M)0 dM31
(106M�) degrees kpc

And XXVII 0:37:27 45:23:13 dSph 0.12 24.59 4.229 74.53
And XXIX 23:58:55.6 30:45:20.0 dSph 0.18 24.32 13.725 188.12
And III 00:35:17.00 36:30:30.00 dSph 0.83 24.37 4.976 75.1
And V 01:10:17.00 47:37:46.00 dSph 0.39 24.44 8.032 109.43
And VI 23:58:48 24:35:42 dSph 2.8 24.47 19.015 258.67
And VII 23:26:33.50 50:41:30.00 dSph 9.5 24.41 16.169 218.27
And IX 00:53:00.00 43:05:00.00 dSph 0.15 24.42 2.628 39.38
GSS70 00:53:18.74 36:36:23.76 Substructure ... ... 5.095 69.6
GSS89 00:55:01.22 35:28:20.28 Substructure ... ... 6.275 85.71
H13d 00:50:04.55 42:36:36.00 Inner Halo ... ... 1.913 26.14
hst_stream 00:44:18.00 39:47:21.00 Substructure ... ... 1.509 20.62
m1 00:45:57.59 40:50:27.62 Inner Halo ... ... 0.743 10.15
m11 01:30:19.20 34:21:44.61 Outer Halo ... ... 11.644 158.85
m14 01:42:00.00 32:30:00.00 Outer Halo ... ... 14.707 200.43
M33 01:33:51.00 30:39:36.00 dSpiral 2900 24.54 14.784 206.44
m4 01:00:04.68 38:54:58.52 Inner Halo ... ... 4.065 55.54
m6 01:09:04.58 37:37:39.46 Inner Halo ... ... 6.251 85.38
m8 01:17:46.55 36:19:50.69 Outer Halo ... ... 8.418 114.94
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Table 5.1 (cont’d): Properties of M31 Fields Targeted by M31AGES

Field RA DEC Type M∗ (m − M)0 dM31
(106M�) degrees kpc

NGC 147 00:33:12.1 48:30:32 dE 62 24.15 7.434 142.64
NGC 185 00:38:58.0 48:20:15 dE 68 23.95 7.1 186.99
Off AndVI 23:58:48 23:35:41 Outer Halo ... ... 19.918 270.83
R06A220 00:22:21.38 36:24:27.80 Inner Halo ... ... 6.273 85.68
R06A250 00:11:57.60 39:05:48.00 Inner Halo ... ... 6.264 85.57
R06A310 00:15:18.70 45:20:52.00 Inner Halo ... ... 6.441 87.97
R08A071 01:27:40.50 44:04:21.89 Outer Halo ... ... 8.714 118.98
R08A311 00:05:09.90 46:54:51.59 Outer Halo ... ... 8.786 119.96
R11A057.5 01:42:09.40 47:44:20.60 Outer Halo ... ... 12.383 168.89
R11A080 01:47:11.69 43:21:46.00 Outer Halo ... ... 12.078 164.75
R11A110 01:41:27.07 38:30:06.99 Outer Halo ... ... 11.582 158.01
R11A215 00:10:25.99 31:25:32.99 Outer Halo ... ... 11.786 160.78
R11A260 23:42:03.15 39:10:25.80 Outer Halo ... ... 11.756 160.38
R11A282.5 23:38:18.60 43:52:43.39 Outer Halo ... ... 12.124 165.38
R11A305 23:44:33.39 48:10:27.42 Outer Halo ... ... 12.398 169.1
R11A327.5 00:02:05.20 51:23:59.10 Outer Halo ... ... 12.299 167.75
R11A350 00:29:06.89 53:04:49.29 Outer Halo ... ... 12.033 164.14
R4A240 00:24:19.76 39:13:04.41 Inner Halo ... ... 4.067 55.57
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Table 5.1 (cont’d): Properties of M31 Fields Targeted by M31AGES

Field RA DEC Type M∗ (m − M)0 dM31
(106M�) degrees kpc

R4A289 00:21:44.67 42:36:12.77 Inner Halo ... ... 4.125 56.36
R8A250 00:03:21.03 37:37:43.32 Outer Halo ... ... 8.423 115.01
R8A281 23:56:53.70 42:54:44.20 Outer Halo ... ... 8.655 118.17
SE35 00:54:47.75 39:34:09.40 Inner Halo ... ... 2.855 39.02
StrmE 00:22:27.94 44:11:54.50 Substructure ... ... 4.736 64.7
StrmF 00:11:11.90 45:36:31.70 Substructure ... ... 7.179 98.04
West 00:33:25.50 41:16:09.00 Inner Halo ... ... 1.75 23.92
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